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Battery energy storage systems (BESSs) are required to provide frequency support
to the grid in some cases, which increases the charge-discharge cycles of battery
and accelerates its aging, especially in primary frequency control (PFC). However,
the conventional PFC of BESS mainly focuses on the frequency support
performance without adequately considering battery health. This paper
proposes an adaptive PFC of BESS for battery aging mitigation, which adopts
a novel overshoot-tolerant principle to recover the state of energy (SOE) of
battery. Once the frequency support demand aligns with the SOE recovery
demand, the BESS responds to the frequency deviation in a reverse way.
Then, the battery can be charged or discharged more vigorously, and the SOE
of battery can be adequately maintained at an ideal level. A multi-objective online
optimization model is proposed to update the optimal PFC coefficient, which is
solved by the non-dominated sorting genetic algorithm (NSGA-I1). The simulation
results verify the proposed method, which can effectively recover the SOE of
battery with an improved frequency support performance. Moreover, the case
study results also validate that the aging of battery can be mitigated by recovering
the SOE.

KEYWORDS

battery energy storage system, primary frequency control, battery aging mitigation,
overshoot-tolerant, multi-objective optimization

1 Introduction

Battery energy storage systems (BESSs) have become increasingly important in modern
power systems due to their rapid response speed, high energy density, and flexible
deployment. They can provide auxiliary services to the grid, where the frequency
support is crucial (Pusceddu et al., 2021; Shu et al., 2024). However, frequency control,
especially primary frequency control (PFC) will accelerate the aging of the battery and
shorten its life. The operational costs of BESSs are then increased, limiting their wide
application (National Standardization Administration, 2021; Xiang et al., 2023; Zhai
et al., 2017).

Specifically, battery aging consists of calendar aging and cycle aging (Xia et al., 2018;
Zhang et al., 2018). The calendar aging reflects the natural degradation of battery capacity
over time, while the cycle aging represents the battery capacity loss in charge-discharge
cycles. As the frequency disturbance is relatively irregular, the battery would be randomly
and frequently charged or discharged to meet the grid demand. The state of energy (SOE) of
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FIGURE 1

PFC coefficient of BESS considering SOE limitation.

battery may fluctuate within a random range in this case, which
largely aggravates the aging of battery (Perez et al., 2016; Grimaldi
et al,, 2023). However, the aging mechanism of battery is impacted
by multiple factors, e.g., temperature, charge-discharge rate, SOE
level, which are complicated to quantify. Then, the mitigation of
battery aging in PFC scenario is challenging. Fortunately, it has been
found that battery aging, including the calendar and the cycle aging,
can be comprehensively alleviated when the SOE is shallowly
charged around an intermediate level (Wei et al,, 2022). Then,
controlling the SOE could be a reasonable solution to mitigate
the battery aging in PFC scenario, and how to incorporate the
SOE management in the PFC is the key.

PEC adjusts the battery output power in response to frequency
dynamic via certain control coefficients (Kottick et al., 1993; Wang
etal., 2019; Rui et al., 2020). Different with synchronous generators,
the PFC coefficient of BESS can be flexibly regulated, and the
performance of PFC is greatly dependent on the parameter
tuning. For example, by applying an adaptive fuzzy blending

Conventional PFC

10.3389/felec.2025.1633951

algorithm to adjust the BESS output power, the emulation of
inertia and frequency damping (i.e., frequency droop) can be
realized (Xing et al, 2021; Wang et al, 2020). Then, the
frequency regulation capability of grid is enhanced. The PFC
coefficient can also be regulated piecewise. For example, the
inertia control and frequency droop control can be enabled in
the frequency decrease stage and frequency recovery stage,
respectively (Li et al, 2022a). In this way, the key indices, e.g.,
the rate of change of frequency (RoCoF) and the maximum
frequency deviation, of frequency quality can be comprehensively
improved. However, the PFC coefficient regulation of BESS is for
improving the frequency quality, while the battery health is barely
considered. Moreover, those control methods may stimulate a
sudden and large change in battery output power. The long-term
operation under such conditions will largely shorten the life of
battery (Stroe et al., 2017; Xu et al., 2018a).

Several studies have incorporated battery aging into frequency
control. Certain studies focus on economically managing the SOE of
battery by fully considering battery aging (Shi et al., 2018; Zheng
etal, 2023; Lietal., 2023). The goal is to maximize the profit of BESS
in frequency regulation markets within battery lifespan constraints.
However, the models developed face challenges arising from the
dynamic changes of policies in the power market, particularly
differences across regions and countries. Therefore, relying on
regulation through the economics of the electricity market may
hinder the overall improvement of battery lifespan and the
To the
improvement of BESS operation, it is perhaps more effective to

applicability of health management. enhance
directly mitigate battery aging based on the fundamental principles
of frequency control (Li et al, 2022b; Tan et al, 2020). Some
methods adaptively adjust the PFC coefficient according to the
SOE level. For example, the PFC coefficient can be reduced when
the SOE gradually deviates from the median (Tan et al., 2020; Liu
et al, 2013). The change rate of SOE and further the charge-
discharge ratio can be constrained in this way. However,
reducing PFC coefficients decreases the performance of frequency

SOE recovery in conventional PFC
SOE recovery in proposed adaptive PFC

Proposed adaptive PFC

Frequency

FIGURE 2

SOE recovery schemes of conventional PFC and proposed adaptive PFC, where Kgi-Kg, are the example PFC coefficients in the proposed PFC.
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FIGURE 3

Frequency regulation principles of conventional PFC and proposed adaptive PFC, where Af is the frequency deviation and SOE,¢ is the SOE
reference, P, and P, are the output power of BESS in response to frequency deviation under the conventional PFC and the proposed PFC, respectively.

support. It makes the design of control law difficult considering the
tradeoff between battery aging mitigation and frequency support
performance. Moreover, as battery aging is also impacted by SOE
level in addition to the SOE change rate, the mitigation performance
of battery aging by only reducing SOE change rate requires further
verification.

As discussed Dbefore, maintaining the SOE around an
intermediate level exhibits lower battery aging. Thus, an idea of
SOE recovery is further proposed. The SOE of battery in PFC
scenario is conventionally recovered when the frequency enters
into the PFC dead band (PFC-DB), where the BESS does not
need to provide frequency support and the PFC is suspended (Fu
et al,, 2022; Zhu and Zhang, 2019). Unfortunately, although the
previous studies can recover SOE to a preferable range, the recovery
is only activated in the PFC-DB. In this case, the SOE may have
already accumulated to a certain extent before entering the PFC-DB.
Then, a large depth of charge and discharge (DOD/C) of battery will
be generated to recover the SOE, which will aggravate the aging of
battery. To achieve more efficient SOE recovery, it should be
conducted along with the PFC process (i.e., outside the PFC-DB),
instead of within the PFC-DB. Nevertheless, it is difficult to realize
the SOE recovery in the PFC process, as the conventional PFC
methods adjust the BESS output power in a unidirectional way.
Specifically, the BESS increases its output power when the frequency
deviation is negative (indicating a power shortage of grid) and
decreases the output power when the frequency deviation is
positive. In this way, there is limited adjustment space for the
BESS to recover SOE along with the PFC process.

To overcome the limitation of existing PFC methods in terms of
battery aging mitigation, this paper proposes an adaptive control
mode with tolerance to overshoot frequency response, which is
solved by a multi-objective online optimization model. The
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proposed method reforms the conventional PFC where the BESS
responds to the frequency deviation in a unidirectional way. It also
overthrows the convention that the SOE should be recovered within
the PFC-DB. Then, more adjustment space is released for BESS to
achieve balance between frequency support and battery lifespan. The
rest of this paper is organized as follows. Section 2 presents the
conventional PFC for BESS. Section 3 discusses the principle of the
overshoot-tolerant adaptive PFC. Case studies are presented in
Section 4. Finally, conclusions are given in Section 5.

2 Conventional primary frequenc
control for BESS g g

The BESS can participate in PFC through droop control.
Specifically, when the grid frequency deviates from its nominal
value, the BESS automatically adjusts its power output based on the
droop coefficient to mitigate frequency deviations. This control
strategy enables the BESS to respond rapidly to grid frequency
disturbances: during frequency drops, the BESS discharges to
provide additional power support; during frequency rises, it
charges to absorb excess power. In this way, the BESS achieves
effective frequency regulation. In this process, the active power
output of the BESS can be expressed as in Equation 1.

Pggss (t) = —Kg (SOE)Af (1), (1)

where Kg(SOE) is the PFC coefficient that adjusts with the battery’s
SOE, which aims to prevent rapid depletion or saturation of the SOE
during prolonged PFC, Af(t) represents the grid’s frequency
deviations at time ¢ This formulation enables the BESS to
dynamically adjust its power output in response to grid
frequency disturbances while effectively controlling the SOE levels.
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The periodic operation of the adaptive PFC, where t, and t,,; are the start moments of control period n and n+1, respectively, T is frequency
sampling period, yis the duration time for PFC coefficient calculation, At is the duration time from PFC coefficient updating moment to the next frequency

sampling moment, and Kg is the adaptive PFC coefficient.

The PFC coefficient of the BESS is established to ensure that the
battery’s power output remains within its energy limitations. This
coefficient, composed of a discharge component Ky and a charge
component K, adjusts dynamically based on the battery SOE. When
the SOE is low, K. is set to its maximum value to maximize charging
and frequency control, while Ky is reduced and decreases further as
the SOE lowers. Conversely, when the SOE is high, K is maximized
to enhance discharging for frequency support, whereas K. is
the SOE The
relationships between Ky, K., and the battery SOE are formulated
in Equation 2 (Tan et al., 2020; Liu et al., 2013).

minimized and diminishes as increases.

K Bmax
1 (SOE-SOEyin)
1+ 100K gaxe’ owOkmin

K Bmax
1 (SOEmax ~SOE)
1 + 100K gace  Omes~OFhigh

K, =
, 2

K. =

where Kgax is the maximum value of the PFC coefficient, SOE,;,,
and SOE, . are the minimum and maximum values of battery SOE,
SOEo\, and SOEyg, are the lower and higher values of battery SOE,
and m is the adaptive coefficient of the curve and is normally set to
25 (Tan et al., 2020).

Figure 1 gives the visualization of determining values of Kz(SOE)
with the change of SOE. The curve constrains the discharging power
coefficient of BESS to maintain SOE when its level is low. When the
battery SOE is high, reducing the charging power coefficient
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prevents BESS from overcharging. The amplitude of the PFC
coefficient Kppnay is related to the rated power of BESS and the
adjustment rate, as shown in Equation 3.

BESS
P N

KBmax =x  7F
6BESSf N

©)
where PEESS is rated power of BESS, ggss is the adjustment rate of
BESS and fy is the rated frequency of power grid.

3 Adaptive PFC with tolerance to
overshoot frequency response for
battery aging mitigation

In this paper, a novel adaptive PFC with tolerance to overshoot
frequency response is proposed to mitigate battery aging. The
principle of the adaptive PFC will be demonstrated in this
section, and the online optimization method for solving the
coefficient will be developed.

3.1 Principle of adaptive PFC for battery
aging mitigation

The comparison of the conventional PFC and the proposed
adaptive PFC about the principles of SOE recovery is shown in
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Battery aging assessment under PFC mission.

Figure 2. As shown in the left area of Figure 2, the conventional PFC
adjusts the BESS output power in a unidirectional way in response to
the frequency dynamic, which limits the adjustment space of BESS
for SOE recovery. Specifically, the power imbalance in the grid
results in frequency fluctuation, and the BESS regulates its output
power in proportion to the frequency deviation. With this control
law, the BESS increases its output power when the frequency
deviation is negative (indicating a power shortage of grid) and
decreases the output power when the frequency deviation is
positive. The conventional PFC usually sets the dead band to
prevent unnecessary frequent actions. Once the frequency turns
back to the predefined dead band (i.e., PFEC-DB), it indicates that the
frequency is relatively stable, and the PFC is not needed
provisionally. Thus, the PFC is suspended in the PFC-DB. In the
conventional PFC, the SOE is usually recovered within the PFC-DB
to avoid conflict with frequency support. However, this principle
separates the functionalities of BESS in terms of frequency
regulation and SOE recovery, which is inefficient.

In this paper, the SOE recovery is conducted along with the PFC,
i.e, out of the PFC-DB, which is realized by adaptively adjusting the
PFC coefficient, which is shown in the right area of Figure 2. With the
proposed PFC, the frequency regulation and SOE recovery can be
efficiently coordinated, and the battery aging can be mitigated without
violating the frequency support performance. It is worth mentioning

Frontiers in Electronics

that the frequency deviation in the proposed method is not
unidirectional compared to the conventional PFC. Instead, the
frequency deviation can be responded in a reverse way, striving for
more adjustment room for the BESS to recover the SOE.

The regulation principles of the conventional PFC and the
proposed PFC in different SOE and frequency deviation states are
shown in Figure 3. As shown in Figure 3, under the conventional PFC,
the output power direction of BESS is always consistent with the
direction of frequency deviation, despite the SOE level. Then, the
amplitude of frequency deviation can be reduced. Differently, the
output power of BESS in under the proposed PFC is determined by
the SOE in addition to the frequency deviation. For instance, if the grid
frequency deviation is negative, indicating a power shortage, the battery
is supposed to be discharged to compensate for the power shortage.
Here two cases are considered. First, the SOE of battery is below the
reference, as shown in case I in Figure 3. It denotes that the frequency
support demand conflicts with the SOE recovery demand (which means
the battery should be charged for SOE recovery). In this case, the
frequency support demand is guaranteed as a matter of priority, and the
battery will be discharged as the same in the conventional PFC to
compensate for the power shortage. Another case is that the SOE is
larger than the reference, which means the frequency support demand
aligns with the SOE recovery demand. In this context, a moderately
larger discharging power can be applied to recover the SOE in a more

frontiersin.org
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TABLE 1 Single step optimization result analysis.
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Af(t,) (Hz) Kg(n-1) (MW/Hz)  SOE(t,)  Kgln) (MW/Hz)  SOE(t,,4) Af(t,+y) (Hz) |Af (t0)|-|Af (t,+9)] (HZ)
0.8 —8.4375 0.7525 0.0676 0.0324
0.7 —-8.143 0.6509 0.0724 0.0276
-0.1 -1 0.6 -10 0.5896 0.05 0.05
0.5 3.15 0.4890 0.042 0.058
0.4 1 0.3938 —0.060 0.04
% Position of objective function value Polar region * Position of objective function value
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FIGURE 6

s

K(n) (MW/Hz) e

(b)

Three-dimensional distribution of objective function values J; and J, under different initial conditions: (a) Af (t,) = —0.1 Hz, Kg(n-1) = -1 MW/Hz, SOE

(t,) = 0.6 and (b) Af (t)) = 0.1 Hz, Ka(n-1) = =1 MW/Hz, SOE (t,) = 0.4.

efficient way, and the frequency deviation may cross the zero axis (as
indicated by P, in case VI). The adjustment principle is the same when
the frequency deviation is positive. A smaller charging power is applied
when the SOE is larger than the reference (case III in Figure 3), while an
adaptively larger charging power is designed when the SOE is smaller
than the reference (case II in Figure 3).

In all, if the frequency support demand aligns with the SOE
recovery demand, the proposed PFC allows overshoot-tolerant
response of frequency deviation of BESS for SOE recovery. It
should be noted that the reversed frequency deviation should
also be constrained by the operational thresholds. That is to say,
the frequency deviation is expected to be restricted within a band,
instead of approaching zero as close as possible. This adaptive PFC
can make full use of the adjustment room of BESS. Then, it can
recover the SOE of battery more efficiently by improving the
frequency support performance.

3.2 Optimization model for solving adaptive
PFC coefficient

As demonstrated, the proposed method allows the PFC
respond to the frequency deviation in a reverse manner,

Frontiers in Electronics

leading to a wide range of PFC coefficients. In this case, the
design of the PFC coefficient is important. A multi-objective
optimization model is developed in this paper to solve the
coefficient of the proposed PFC. To facilitate the analysis of
long-period PFC, the grid frequency is sampled with a certain
period, and the PFC coefficient is updated periodically, as shown
in Figure 2. The sampled frequency deviation of each period will
be input to the optimization model, and the optimal PFC
coefficient of this period can be solved. Figure 4 demonstrates
the periodic operation of the proposed PFC method, which will
be explained in the following.

The grid frequency deviation at the moment ¢, (the start
moment at nth sampling period) is calculated by Equation 4.

Af(ta) = f(ta) = s (4)

where fis the actual frequency, fy is the rated grid frequency, and Af
is the frequency deviation.

Defining the PFC coefficient to be optimized as K, the change of
frequency deviation can be obtained according to the BESS output
power increment under PFC, as shown in Equation 5.

_ Kg(n=1DAS (t,) = Ky (MAf (t. +y)

Af (tn + )’) - Af (tn) - KG > (5)
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where Kg(n) is the PFC coefficient to be optimized in the nth
sampling period, Kg is the frequency modulation coefficient of the
grid, which is given by Equation 6.

P]C\i’rid

K = )
SGridi

(6)

where Pf,‘id is the rated power of grid and §g,;q is the adjustment rate
of synchronous generators in the grid.

After simplifying Equation 5, a transform coefficient between
the sampling data and the supposed value can be extracted, then the
sampling grid frequency deviation will change as given in
Equation 7.

KB(n 1) +Kg

Ks (1) + Ko Af (). (7)

Af (ta+y) =
As shown in Figure 4, one sampling period can be divided into
two parts as given in Equation 8.

T=y+At. (8)

During the sampling period, battery will be charged or
discharged under the PFC. Assuming that the frequency
deviation is consistent with previous moment except at both the
sampling moment and PFC coefficient updating moment. Thus, the
SOE of battery at the next sampling moment (f,,,1) can be calculated
by Equation 9.

- D)AS (t,)y + Kg (m)Af (£, + p)At
Eggss

SOE (tu1) = SOE(t,) +
)

where Epggs is the capacity of BESS.
Since y is greatly smaller than Af, Equation 9 can be further
simplified by Equation 10.

Ky (m)Af (¢, + y)At

SOE (tn+1) = SOE(t,,) +
Eggss

(10)
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Then, the optimization objectives for solving the adaptive PFC
coefficient can be determined. The first optimization objective is to
maintain the frequency stability. It is realized by minimizing the
frequency deviation, which is expressed by Equation 11.

1 (n) = |Af (ta + )| (11)

Another objective is to mitigate battery aging. As illustrated
previously, battery aging can be efficiently alleviated by maintaining
the SOE of battery within the desired range. In this paper, this
principle is adopted. The objective for battery aging mitigation is
expressed as in Equation 12.

J2(n) = [SOE (t,41) — SOE, |, (12)

where SOE, is the predefined SOE reference.

It is worth mentioning that recovering the SOE does not only
benefit the battery aging mitigation but also help to maintain the
frequency modulation capability of BESS.

The adjustment of the PFC coefficient is constrained by
several conditions, including the capacity of BESS, the
threshold of transform coefficient, and the threshold of SOE
for security consideration. Those constraints are given in
Equations 13-15

BESS
Kg(n)| < (13)
|Kp (n)] 5BEsst
|[Ko(n-1)+Kg|_, P "
| Ko +Ke |- PG
SOElow < SOE( n+1) < SOEhigh> (15)

where PEESS is the rated power of BESS, Opgss is the minimum
adjustment rate of BESS, SOE,,,, and SOEjg, are the upper and
lower limits of SOE, respectively.

Note that if a severe grid fault drives the measured frequency
deviation beyond the safety range specified by power grid. The
proposed controller immediately abandons the optimization loop

frontiersin.org
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and executes an emergency strategy. The PFC coefficient is saturated
at its maximum value, and the battery should fully provide
frequency support without considering the optimization, as given
by Equation 16.

BESS
P N

Ke(n) = § e

(16)

Under this condition, the BESS operates in a constant-power
mode: it injects or absorbs the full available power without regard
to SOE recovery or optimization objectives. Once the frequency
returns within the permissible range, the controller seamlessly re-
engages the
coordinated

multi-objective optimization,

support

restoring the
regulation of frequency and SOE
restoration.

According to the above, the optimal coefficient of the adaptive
PEC can be solved by minimizing the objectives given by Equations

11, 12 subjected to constraints given by Equations 13-15, i.e.,

n}<15n J1 (1), ], (n). (17)

Frontiers in Electronics

subjected to Equations 13-15.

3.3 Online solving of optimization model

In multi-objective optimization, due to the trade-offs between
different objectives, there are often multiple feasible solutions that
satisfy the constraints (known as the Pareto front). This paper
employs the Non-Dominated Sorting Genetic Algorithm II
(NSGA-II) to determine the Pareto front for optimizing the PFC
coefficient. NSGA-II is suitable for dynamic optimization of PFC
coefficients as it can search the entire population with fewer design
parameters and lower computational costs (Mohammadi et al.,
2020). After obtaining the Pareto front, a weighted sum of the
objective values corresponding to the Pareto solutions is calculated.
This approach comprehensively filters the results to minimize
frequency deviation and SOE deviation, ultimately selecting the
solution with the smallest combined deviation as the optimal PFC
coefficient.
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The basic principle of NSGA-Il is to sort the individuals of the
population through the non-dominated relationship of them and
select individuals which is the closest to the value of the objective.
Then, the optimal solution of each step can more likely retain the
advantages of the last iteration. Taking the objective functions J;
(frequency deviation) and J, (SOE deviation) as an example, the
Pareto front includes several solutions that satisfy the constraints.
All the solutions in the set can be referred to as the optimal solution
corresponding to comprehensively minimized J; and J,. Then, the
most optimal solution in the solution set is searched according to the
designer’s preference for different control targets. For example,
different objective functions can be weighted and summed up to
a composite objective. Then, the optimal composite objective can be
picked up, based on which the optimal solution can be extracted.
The adaptive PFC coefficient is just optimized in this manner.

Since J; and J, may have great differences in amplitude, the data
in the Pareto solution set need to be normalized at first, as shown in
Equation 18.

. S (m)
J1 (m) - ma)f{jl (m)} , (18)
ity = 2

max{ j, (m)}

where j,(m) is the mth value of J; in the Pareto solution set, j,*(m) is
the normalized value of j,(m), j>(m) is the mth value of J, in the
Pareto solution set, j,*(m) is the normalized value of j,(m).

With the normalized values of J; and J,, the weighted composite
objective is formed in Equation 19.

j = min{aj* (m) + Bj,* (m)}, (19)

where « and f3 are the weight factors for j;*(m) and j,*(m),
respectively, and j is the minimum composite objective. The
weight factors can be set according to actual situation, where
a+f =1 in all cases.

After obtaining the minimum composite objective by
Equation 19, the corresponding optimal PFC coefficient can be
determined.
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4 Case studies

This paper applies the frequency data of the UK power grid
(National Grid ESO) in entire year of 2021 (National Grid ESO,
2020) to verify the proposed method. In the case study, P5ESS is
2.5 MW, PGrid N is 10 MW, PFC-DB is set to +£0.05 Hz (National
Standardization Administration, 2021), SOE,¢ is 0.5, Ogriq is 5%,
Ogess is 0.5% (National Standardization Administration, 2021),
SOE)4y, is 0.1, SOELgp is 0.9, a and f both are 0.5.

4.1 Assessment of PFC performance and
battery aging

In the case studies, the performance of the proposed PFC will be
assessed from the perspectives of control performance and the
economics feasibility. The assessment framework is demonstrated
in the following.

4.1.1 Assessment of control performance

Aiming at continuous power disturbance and PFC in a long-
term timescale, the root mean square (RMS) of frequency deviation
and SOE deviation are applied as the performance assessment
indices, which are given in Equation 20.

RMSSOE =

LS (4 )’
N7 Hi = Pre
N i=1 f

where RMS; and RMSgog are the root mean square values of
frequency deviation and SOE deviation, respectively, f; and y; are
the frequency and SOE of sampling point i, and N is the total
number of sampling points. The smaller the two index values are, the
lower the deviation of frequency and SOE, indicating better
performance in frequency support and battery aging mitigation.
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TABLE 2 Assessment indices of the proposed adaptive PFC and
conventional PFC.

Method RMSf RMSSOE RMSstation-grid
No PFC 0.0545
Conventional PFC ‘ 0.0528 0.1570 0.1050
Adaptive PFC ‘ 0.0510 0.0081 0.0295

The two indices are combined to obtain a comprehensive index
as given in Equation 21.

RMSf + RMSSOE

RMSstation—grid = 2

(1)
where RMSation-gria is the comprehensive assessment index, which
evaluates the effect of PFC from the perspectives of grid support and
battery aging mitigation.

4.1.2 Assessment of battery aging

To further validate the effectiveness of the proposed method for
suppressing battery aging, the aging model for lithium-ion batteries
of Xu et al. (2018b) is adopted to assess the capacity degradation,
considering both the calendar and cyclic aging process. The loss of
battery capacity can be calculated by Equation 22.

{

where L is the extend of battery aging, SOH is the battery state of

L=1-asge % - (1 - agg)e ™

, 22
SOH = aggre P94 — (1 — agr)e % 22

health, asg, Bser are empirical coefficients, which depend on the
specific surface area of the graphite (Laresgoiti et al., 2015; Han et al.,
2014), gsgr and g4 are the degradation rates of battery during SEI
formation and after this period, respectively.

Since evaluating battery aging is not the focus of this research,
this model is not specified in this paper, and the detailed information
can be found in Xu et al. (2018b).

10.3389/felec.2025.1633951

4.1.3 Economic analysis of battery aging mitigation

Based on the estimated SOH of battery, this paper further
utilizes levelized cost of storage (LCOS) index (Beltran et al,
2019) to evaluate the economics of battery aging mitigation,
which is given by Equation 23.

IO X EBESS + Zg(opcost X Wy)
VBxX3SOH(y)

where I, is the initial construction investment of the BESS (¥/kWh),
y is the test duration which converts to years, Op . is the operating
cost (¥/kWh) of BESS, W, is the amount of electricity consumed
(kWh) during the test duration, and f is the energy conversion

LCOS =

(23)

efficiency of BESS converter. A lower LCOS indicates improved
economic performance.

The process of battery aging assessment is shown in Figure 5.
First, the output profile of BESS with PFC is obtained
according to frequency data, which is then used to obtain the
SOE profile of battery under PFC mission. The SOE profile is
then input to the program of rain flow counting algorithm
(RFCA). The RFCA method can decompose the historical load
data into multiple cycles by considering both dynamic and static
strength. This benefits the
characteristics of fatigue load and is commonly applied for
estimating the fatigue life of battery. Thus, the RFCA method
the
discharging cycles that the battery undergoes during PFC.

process capturing inherent

can provide equivalent number of charging and
Finally, the battery aging model introduced in Section 2 is
employed to evaluate the results, and the battery aging is

quantitively assessed.

4.2 Single step optimization process of
adaptive PFC analysis

The multi-objective online optimization model includes two
objective functions, i.e., frequency deviation and SOE deviation. To
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Increments of battery capacity attenuation under long-term cycle.
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TABLE 3 Analysis of battery aging mitigation.

Method Working Battery capacity LCOS
years (I V] (¥/kWh)
Conventional 15.7 20% 2.4796 x 10°
PFC
Adaptive PFC 221 20% 8.0506 x 10*

understand the optimization mechanism accurately, the single-step
optimization process of the PFC coefficient is demonstrated as an
example. In the following analysis, f, and f,,; represent the start
moment of the nth and (n+1) th sampling periods, respectively.
According to Figure 4, Af (t,), Kg(n-1), SOE (t,,) are the inputs of the
optimization model, while Kp(n) is the PFC coefficient to be
optimized. SOE (t,,,) and Af (t,+y) are recorded to assess the
performance of the optimized control under Kg(n).

Table 1 shows the example of PFC coefficient optimization
under different SOE states and frequency deviation in a single
step. For instance, when Af (t,) is —0.1 Hz, indicating a power
shortage in the grid, the BESS needs to be discharged to supply the
grid for frequency stability. However, it conflicts with the SOE
recovery when the SOE is lower than the reference (0.5 sis applied in
this paper), as shown in the last line in Table 1. In such cases, the
priority is given to the grid frequency support, and the SOE recovery
requirement is laid aside. Conversely, if the SOE is higher than the
reference when Af (¢,) is 0.1 Hz, the demand for SOE recovery aligns
with the frequency support demand (i.e., the battery needs to be
discharged), as shown in the first three lines in Table 1. In this case,
the optimal PFC coefficient can be obtained via the NSGA-II
program. As shown in Table 1, through this inverse frequency
deviation response pattern, the absolute values of the frequency
deviation under the proposed method can be achieved lower than
the actual sampled frequency deviation.

Figure 6 shows the three-dimensional distribution of objective
function J; (frequency deviation) and objective function J, (SOE
deviation) under different initial conditions, i.e., with different
current SOE and different previous PFC coefficient. As shown in
Figure 6, different initial conditions lead to various distribution of
objective values. It should be mentioned that according to Equation
7, the value of objective function will increase indefinitely when
Kg(n) equals -Kg. For the sake of legibility, a polar region between
(-3, -5) of Ky axis is set in Figure 6. The values of the two objective
functions under the initial settings (ie., Af (f,) = —0.1 Hz,
Kp(n-1) = -1 MW/Hz, and SOE (t,) = 0.4/0.6) corresponding to
the results in Table 1 are marked with red dots in Figure 6. The

corresponding Kg(n) is the optimal PFC coefficient to be updated in
this single step.

The experimental platform for NSGA-II online optimization
runs on the Windows 10 X64 operating system with an Intel i5-7500
CPU. For ensuring real-time performance, the NSGA-II algorithm is
configured with specific parameters tailored to balance optimization
accuracy and computational efficiency: the population size is set to
50 individuals, the maximum number of generations is limited to 10,
the crossover probability is 0.9, and the mutation probability is 0.1.
According to the statistics, the time scale for the update periodicity
of PFC coefficient typically falls within the range of 107°~107%s level
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seconds. Within this brief timeframe, BESS performs frequency
control by using the previous updated PFC coefficient in the last
period, as illustrated in Figure 4. Since the fluctuations in grid
frequency during this timescale are negligible in real-world
engineering scenarios (National Standardization Administration,
2021), the transient delay resulting from the PFC coefficient
update barely has impact on the quality of frequency control.

4.3 Distribution of adaptive PFC coefficient

When Kg(n-1) is set to —8.5 MW/Hz as the initial condition for
the entire PFC, the optimal PFC coefficients under different
frequency deviation and SOE are solved by the NSGA-II
program, and their distribution is shown in Figure 7.

Based on the distribution characteristic of the optimal PFC
coefficient, they can be classified into four areas, i.e., Area |: Af > 0.05,
SOE>0.5, Area Il: Af > 0.05, SOE<0.5, Area lll: Af < —0.05, SOE<0.5,
and Area IV: Af < —0.05, SOE>0.5. The region with Afe[-0.05, 0.05]
Hz is PFC-DB, where PFC is not activated, and the PFC coefficient is
zero. In both Area | and Ill, the BESS mainly responds to the
frequency support demand, thus Kp(n) remains unchanged to
provide full frequency support. The battery is charged in Area |
and discharged in Area lll. Differently, in Area Il and IV, the SOE
recovery demand aligns with the frequency support demand. In such
cases, Kg(n) is no longer fixed but a varying value adapting to real-
time frequency deviation and SOE, making the distribution surface
of Kg(n) oscillate irregularly as shown in Figure 7.

Currently, many research studies have proposed using logistic
functions to adjust PFC coefficient (Tan et al., 2020; Liu et al., 2013).
These methods divide the PFC coefficient into charging and
discharging coefficients. Specifically, the value of the discharging
coefficient increases with increasing battery SOE, allowing the BESS
to have sufficient power to address frequency drops. On the other
hand, the charging coefficient declines as the SOE increases to
prevent overcharging during PFC. These studies aim to achieve
stable BESS output by limiting the rate of SOE variation during PFC,
thereby avoiding accelerated battery aging. To validate the
effectiveness of the proposed strategy in this paper, the approach
proposed in Tan et al. (2020) is adopted as a comparison method
(defined as the conventional PFC) in this case study. To visualize the
differences between the conventional PFC and the proposed
adaptive PFC, this paper uses K-means method to cluster all Ky
data sets of the two methods, the data points with similar values are
clustered and marked with the same color. The spatial distributions
of K under the two PFC methods are shown in Figure 8. It can be
observed in Figure 8b that the distribution interval of Ky of the
adaptive PFC is wider than that of the conventional PFC, while Kg of
conventional PFC only distributes in the positive area in Figure 8a.
The reason is that the conventional PFC refers to the differential
adjustment mode of traditional generator units, which adjusts its
output power in the same direction as the frequency deviation, and
the output space is quite limited. Differently, the adaptive PFC gets
rid of the passive control mode and responds to the frequency
deviation with an overshoot-tolerant manner. It flexibly adjusts the
PEC coefficient to be positive or negative according to frequency
support demand and SOE recovery demand, as explained
in Section 3.
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4.4 Performance of adaptive PFC

In the context of a 10 MW grid capacity, to ensure BESS can
continuously provide frequency support and to better demonstrate
the control effects of the proposed method in simulations, the capacity
of BESS (i.e., Eggss) is set to 4 MWh in this case study. It is worth
mentioning that the proposed method is versatile for BESS across a
range of capacities. The dynamics of battery SOE under the proposed
adaptive PFC and the conventional PFC are shown in Figure 9. It can
be seen from Figure 9 that the amplitude of SOE fluctuation under the
conventional PFC is larger than that under the adaptive PFC. It
indicates that the battery faces overcharging or discharging risks, and
the battery aging is accelerated. Differently, the adaptive PFC
considers the SOE recovery as one of the optimization objectives
when designing the PFC coefficient, thus leading to a more stable SOE
dynamic around the reference value. As shown in Figure 9, the highest
SOE deviation under the conventional PFC is 21.48%, which turns to
be 2.68% under the proposed adaptive PFC, exhibiting an 87.5%
improvement.

In terms of the frequency support, the frequency dynamics under
the conventional and the proposed PFC methods are shown in
Figure 10. Note that at some sampling points, the frequency is
reversed under the adaptive PFC, as indicated by points A and B
in Figure 10. This is due to the principle of the adaptive PFC that
allows overshoot response to frequency deviation if the SOE recovery
demand is consistent with the frequency regulation demand. It is
worth mentioning that the absolute value of frequency deviation at
point B is smaller than that at point A, indicating an improved
frequency support performance. Then, observing area I in Figure 10
can realize that the frequency deviation is reverse with the same
amplitude under the proposed adaptive PFC at some point. Also, the
results in area II show that there are sampling points where the
frequency dynamic under the proposed PFC is exactly consistent with
that of the conventional PFC. The results validate the merit of the
proposed PFC, i.e., improving the SOE recovery performance with
improved frequency support performance.

The frequency support performance is further quantitatively
analyzed through the assessment indices presented in Section 4. A.
The results are shown in Table 2. It can be seen from Table 2 that
with the help of NSGA-Il optimization, the adaptive PFC can not
only diminish the frequency deviation further but also significantly
reduce the RMS of battery SOE. This demonstrates that the adaptive
PFC achieves more comprehensive control performance compared
to conventional methods.

However, the battery lifetime normally measured in years, and
acquiring long-term data sets to simulate the aging process of battery
over several decades is challenging. To further validate the long-term
effects of battery aging mitigation under the proposed strategy, this
paper addresses the scarcity of long-term battery output datasets by
utilizing the continuous cycling of battery SOE under PFC
throughout the year 2021 (Stroe et al, 2016). The analysis
focuses on extended periods of battery operation. The cycling
process will cease when the empirical model (Xu et al, 2018b)
determines that the battery has reached its end of life (EOL) (Liu
et al,, 2023; Meng et al., 2023), which is defined as the point where
the remaining useful capacity of the battery is 80% of its initial
capacity. Figure 11 shows the increments of battery capacity

attenuation under the proposed adaptive PFC and the
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conventional PFC during prolonged operation. It can be seen
from Figure 11 that the adaptive PFC significantly reduces the
attenuation of battery capacity compared with the conventional
PEC. The estimated lifetime of battery under the adaptive PEC is
22.1 years, which exhibits 6.4 years improvement compared to
conventional PFC. It is important to note that this improvement
is demonstrated for lithium-ion battery chemistry with an SOE set
point of 50%. However, the core control logic of the framework
remains universally applicable for other types of batteries: the aging
model parameters and SOE reference value can be recalibrated for
other battery chemistries without modifying the underlying control
architecture. This ensures that the framework retains its ability to
provide effective primary frequency support while mitigating aging
across diverse energy storage technologies. The results further
validate the performance of the proposed adaptive PFC in terms
of battery aging mitigation. From an economic perspective, when f
is 0.9 (Beltran et al., 2019), I and Op.g are set to 1,200¥/kWh and
0.8¥/kWh respectively (Zhao et al., 2015), the results of LCOS are
shown in Table 3. It is evident that the LCOS can be reduced by
approximately 1.6 x 10° ¥/kWh throughout the battery’s lifespan by
implementing the adaptive PFC to alleviate battery aging.

5 Conclusion

An adaptive PFC of BESS with tolerance to overshoot frequency
response is proposed in this paper to mitigate the battery aging. The
battery aging mitigation is realized by recovering the SOE of battery.
By assessing the real-time frequency deviation and SOE, the cases
where the frequency support demand is in accordance with the SOE
recovery demand can be identified. In those cases, the proposed
method implements a reverse PFC coefficient that turns the
frequency to the opposite side of the rated value, and the battery
is charged or discharged more vigorously. This overshoot response
principle is validated to be effective in recovering the SOE and
enlarging the adjustment room of battery with improved frequency
quality. The PFC coefficient is periodically updated based on a
multi-objective optimization model, which is solved by the NSGA-II
algorithm. The case study results verify the proposed method in
long-term frequency support and SOE recovery, which is
comprehensively improved to a large extent compared to the
conventional unidirectional PFC. Moreover, the case study results
also validate that battery aging can be efficiently reduced by
recovering the SOE. While the current study assumes a
homogeneous BESS to enable initial validation, future work will
embed a hierarchical allocation layer that dynamically distributes
the aggregate PFC command among heterogeneous modules
according to their real-time battery aging and response dynamics.
should
implementation considerations for large-scale deployment, such

Furthermore, future work also address practical
as providing guidelines for industrial-grade hardware, including
the selection of appropriate Real-Time Operating Systems
(RTOS) and the potential for FPGA acceleration to enhance the
real-time performance of the control algorithm. Moreover, a more
holistic approach to battery aging mitigation, incorporating factors
such as temperature and charge/discharge rates, promises to further
refine the control efficacy and extend the longevity of BESS in

frequency regulation applications.
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