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Abstract

With increasing renewable energy penetration, maintaining active power balance in power 
systems has become increasingly challenging. Repeated frequency crossings of the primary 
frequency regulation deadband may degrade frequency quality and shorten the service life 
of frequency regulation resources. To address this problem, a coordinated wind–storage 
frequency regulation strategy is proposed to suppress frequency fluctuations. First, a 
deadband boundary crossing model and evaluation metrics are developed to characterize 
crossing severity, crossing count, and repeated boundary switching. Second, a risk predic-
tion method combining frequency deviation, rate of change of frequency, and short-term 
frequency forecasts is proposed to identify potential crossing periods. Based on the pre-
dicted risk, a hierarchical coordinated control strategy considering resource suitability is 
designed. Supercapacitor energy storage preferentially suppresses short-term fluctuations 
when the frequency approaches the deadband boundary, whereas wind turbines and energy 
storage jointly provide frequency regulation after the frequency deviation crosses the dead-
band boundary. Case studies demonstrate that the proposed strategy improves frequency 
quality, appropriately allocates frequency regulation duties among system resources, and 
reduces the overall operating cost.

Keywords: frequency fluctuation; wind–storage coordination; frequency regulation control; 
frequency regulation deadband

1. Introduction
Increasing penetration of wind, photovoltaic (PV), and other renewable sources chal-

lenges power-system active power balance [1,2]. Declining aggregate frequency-response 
capability increases system sensitivity to active power disturbances [3], while frequent re-
newable generation fluctuations disrupt this balance, causing greater frequency fluctuations 
during normal operation than in conventional systems [4].

Primary frequency regulation (PFR) typically incorporates a deadband to avoid fre-
quent responses to minor disturbances [5]. Under high renewable penetration, frequency 
may remain within operational limits yet repeatedly cross PFR deadband boundaries, fre-
quently activating and deactivating regulation resources, degrading frequency quality, and 
shortening their service life. In conventional generating units, frequent PFR operation 
increases movements of steam valves, guide vanes, and associated actuators, accelerating 
mechanical wear [6]. Frequent wind turbine participation may induce torque fluctuations 
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and increase mechanical loads, reducing fatigue life [7]. Despite their rapid response, 
energy storage systems subjected to prolonged high-frequency, small-amplitude bidirec-
tional regulation experience more charge–discharge transitions and equivalent full cycles, 
shortening battery life and reducing usable capacity [8].

Research on frequency regulation in power systems with high renewable penetration 
generally falls into four categories. The first examines how renewable integration affects 
system frequency characteristics. Ref. [9] investigates the impacts of system inertia, primary 
frequency regulation (PFR) reserve, and PFR ramping rate on frequency stability. Ref. [10] 
accounts for uncertainties in renewable energy generation and load demand, proposes 
frequency stability indicators, and assesses the inertial support requirements under different 
renewable energy penetration levels. Ref. [11] employs eigenvalue and sensitivity analyses 
to quantify the impacts of renewable energy penetration on the rate of change of frequency 
(RoCoF), frequency nadir, and system stability. These studies mainly address unit trips and 
other large generation deficits, with limited attention to persistent fluctuations caused by 
stochastic renewable generation, particularly repeated PFR deadband boundary crossings.

The second investigates wind-power participation through virtual inertia control [12], 
primary frequency control [13], overspeed control [14], and pitch-angle control [15]. Ap-
propriately designed strategies improve system frequency response and reduce deviations. 
However, wind-turbine regulation capability is constrained by wind speed and de-loading 
level, among other factors, making available capacity time-varying [16–18].

The third addresses energy-storage participation. Ref. [19] incorporates the state of 
charge (SOC) into a hierarchical frequency regulation scheme to coordinate frequency 
restoration with charging and discharging constraints. Ref. [20] proposes a distributed 
frequency regulation strategy for multiple energy storage systems, while accounting 
for operating costs, frequency regulation requirements, and uncertainties in renewable 
energy generation.

The fourth investigates coordinated wind–storage regulation to improve frequency 
performance and reduce individual resource burdens. Ref. [21] proposes a coordinated 
frequency regulation strategy in which wind power provides the primary regulation re-
sponse and the energy storage system compensates for the remaining regulation error. The 
proposed strategy improves frequency regulation accuracy without compromising bat-
tery lifetime. Ref. [22] develops a hierarchical model predictive control (MPC) strategy to 
coordinate the power outputs of the wind farm and battery energy storage system, thereby re-
ducing the maximum frequency deviation and improving SOC recovery. Ref. [23] proposes 
a coordinated wind–storage primary frequency regulation strategy with variable control 
coefficients determined by wind speed and SOC, which improves the frequency nadir, 
reduces the number of battery frequency regulation actions, and alleviates the regulation 
burden that would otherwise be borne solely by the energy storage system. Nevertheless, 
most studies emphasize improving the frequency nadir and reducing maximum frequency 
deviation, with insufficient attention to frequent resource activation caused by repeated 
crossings near PFR deadband boundaries.

Complementary to studies on frequency response and coordinated regulation, recent 
research has also advanced wind speed forecasting. Ref. [24] proposed a stacked hybrid 
framework combining artificial neural networks, support vector regression, and random 
forest regression for one-hour-ahead wind speed forecasting. Such forecasting advances can 
inform wind power scheduling and reserve allocation. However, wind speed forecasting 
and short-term frequency trend prediction address different variables and time scales. The 
present study focuses on the latter by combining frequency deviation, the rate of change of 
frequency (RoCoF), and short-term frequency forecasts to identify PFR deadband boundary 
crossing risks and enable preemptive coordinated wind–storage frequency regulation.
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To address these issues, this paper investigates frequency fluctuations in power systems 
with a high penetration of renewable energy, with particular emphasis on the repeated 
crossing of PFR deadband boundaries. A coordinated wind–storage frequency-regulation 
strategy for suppressing frequency fluctuations is proposed. The main contributions are 
summarized as follows:

(1) A model of the PFR deadband crossing process is established. Evaluation metrics 
are developed in terms of the magnitude of excursions beyond the deadband boundaries, 
the number of boundary crossings, and the characteristics of repeated switching between 
the inside and outside of the deadband. These metrics enable a quantitative characterization 
of repeated frequency crossings near the PFR deadband boundaries.

(2) A frequency-feature-based activation rule is developed for preemptive supercapac-
itor support. Filtered RoCoF is used for short-term frequency trend extrapolation, and the 
current and extrapolated frequency deviations are combined into a normalized crossing-
risk signal. This signal determines the activation level of supercapacitor support while the 
current frequency deviation remains within the PFR deadband.

(3) A hierarchical coordinated wind–storage frequency regulation strategy tailored to 
the operating characteristics of different resources is proposed. Based on the rapid response 
capability of supercapacitor energy storage and the regulation constraints of wind turbines, a 
hierarchical coordination mechanism is designed. During the deadband-crossing risk stage, 
the supercapacitor is preferentially utilized to suppress short-term frequency fluctuations. 
Once the frequency actually crosses a deadband boundary, wind power and energy storage 
are coordinated to provide joint frequency regulation. The proposed strategy therefore 
reduces the frequent activation and deactivation of frequency-regulation resources while 
improving the cost-effectiveness of frequency regulation.

2. Modeling and Evaluation Metrics for Primary Frequency Regulation 
Deadband Boundary Crossings
2.1. Modeling of Primary Frequency Regulation Deadband Boundary Crossings

Let f 0  denote the nominal system frequency and f (t) the instantaneous grid frequency. 
The frequency deviation Δf (t) is then defined as given in (1).

Δ𝑓 (𝑡) = 𝑓 (𝑡) − 𝑓0 (1)

Let Δf db  denote the width of the primary frequency regulation deadband and the 
half-width of the primary frequency regulation (PFR) deadband. The frequency deviation 
within the deadband satisfies the condition given in (2).

|Δ𝑓 (𝑡)| ≤ Δ𝑓db (2)

To characterize the nonlinear behavior of the primary frequency regulation deadband, 
a deadband function is defined as given in (3).

𝜑(Δ𝑓 (𝑡)) =
{


0, |Δ𝑓 (𝑡)| ≤ Δ𝑓db

Δ𝑓 (𝑡) − sgn(Δ𝑓 (𝑡))Δ𝑓db, |Δ𝑓 (𝑡)| > Δ𝑓db
(3)

where sgn(·) denotes the signum function. When |Δ𝑓 (𝑡)| ≤ Δ𝑓db, 𝜑(Δ𝑓 (𝑡)) = 0, indicating 
that the frequency deviation remains within the deadband and the frequency-regulation 
resources remain inactive. When |Δ𝑓 (𝑡)| > Δ𝑓db, 𝜑(Δ𝑓 (𝑡)) ≠ 0, indicating that the frequency 
deviation has crossed the deadband boundary and the frequency regulation resources 
are activated. Here |𝜑(Δ𝑓 (𝑡))| represents the effective frequency deviation beyond the 
deadband boundary.
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As can be seen from (3), the deadband function introduces pronounced piecewise 
nonlinearity into primary frequency regulation control. When the frequency deviation 
fluctuates repeatedly near the deadband boundary, the output of the deadband function 
switches frequently between zero and nonzero values, resulting in the repeated activation 
and deactivation of frequency regulation resources.

Grid frequency is fundamentally determined by the active power imbalance. For an 
equivalent system incorporating conventional frequency regulation resources, wind power 
frequency regulation, and energy storage frequency regulation, the frequency dynamics 
can be expressed as follows.

2𝐻
𝑓0

𝑑Δ𝑓 (𝑡)
𝑑𝑡 = Δ𝑃g(𝑡) + Δ𝑃w(𝑡) + Δ𝑃es(𝑡) − Δ𝑃L(𝑡) − Δ𝑃re(𝑡) − 𝐷Δ𝑓 (𝑡) (4)

where H is the equivalent inertia constant of the system; D is the system damping co-
efficient; ΔPg (t), ΔPw (t), and ΔPes (t) denote the primary frequency regulation power 
provided by conventional resources, wind power, and the energy storage system, respec-
tively; ΔPre (t) represents fluctuations in renewable power generation; and ΔPL (t) represents 
load variations.

Equation (4) indicates that the frequency deviation is jointly affected by power dis-
turbances, system inertia, damping, and the response capabilities of frequency regulation 
resources. With a high penetration of renewable energy, increasingly pronounced stochastic 
fluctuations in wind and photovoltaic power generation exacerbate the active power imbal-
ance. Meanwhile, the reduction in system inertia makes the grid frequency more sensitive 
to power disturbances and, consequently, more likely to approach or cross the frequency 
regulation deadband boundaries. Therefore, frequency regulation deadband boundary 
crossings result from the combined effects of stochastic renewable power fluctuations and 
reduced system inertia.

2.2. Evaluation Metrics for Frequency Regulation Deadband Boundary Crossings
For discretely sampled data, let 𝜑𝑘 = 𝜑(Δ𝑓 (𝑘)), where Δf (k) denotes the frequency 

deviation at the kth sampling instant, k = 1, 2, …, N, and Δt denotes the sampling interval. 
The maximum deadband exceedance magnitude is used to quantify the largest frequency 
excursion beyond the frequency regulation deadband boundary.

𝐴max
db = max

1≤𝑘≤𝑁
|𝜑𝑘| (5)

The deadband boundary crossing count quantifies the number of transitions of the 
frequency deviation from inside to outside the PFR deadband.

{


𝑁+
db =

𝑁
∑
𝑘=2

𝐼[𝜑𝑘−1 = 0, 𝜑𝑘 > 0]

𝑁−
db =

𝑁
∑
𝑘=2

𝐼[𝜑𝑘−1 = 0, 𝜑𝑘 < 0]

𝑁db = 𝑁+
db + 𝑁−

db

(6)

where I[·] is the indicator function, which equals 1 when the condition in brackets is satisfied 
and 0 otherwise. 𝑁+

db and 𝑁−
db denote the numbers of crossings of the positive and negative 

deadband boundaries, respectively, and Ndb  is the total deadband boundary crossing count.
To quantify repeated switching between the inside and outside of the deadband, the 

deadband boundary switching intensity is defined as given in (7).

𝑆db =
𝑁

∑
𝑘=2

|𝐼[|𝜑𝑘| > 0] − 𝐼[|𝜑𝑘−1| > 0]| (7)
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This metric compares the deadband states of two consecutive samples. A switch is 
counted whenever the state changes. A large Sdb db  indicates pronounced repeated crossings 
near the frequency regulation deadband boundaries.

Together, these metrics characterize deadband boundary crossings in terms of ex-
ceedance magnitude, crossing count, and repeated boundary switching. 𝐴max

db  quantifies 
the maximum magnitude of a single excursion beyond the deadband, Ndb db  represents 
the number of times frequency regulation is triggered, and Sdb db  measures the intensity 
of repeated switching between the inside and outside of the deadband. In addition to 
the deadband exceedance magnitude, deadband boundary crossing count, and deadband 
boundary switching intensity, mean absolute error (MAE) and root mean square error 
(RMSE) are used to evaluate the frequency response over the complete simulation interval. 
MAE and RMSE quantify its average magnitude and overall error level, respectively.

3. Deadband Boundary Crossing Risk Prediction
Conventional primary frequency regulation (PFR) generally employs a post-crossing 

activation logic, whereby frequency regulation resources respond only after the frequency 
deviation crosses a PFR deadband boundary. In conventional power systems, this ap-
proach prevents the resources from responding frequently to minor frequency disturbances. 
However, in power systems with high renewable penetration, such a passive post-crossing 
response may cause frequent activation and deactivation of frequency regulation resources.

This paper adopts a strategy of prediction and suppression before deadband boundary 
crossing. The key idea is to determine whether the frequency deviation tends to cross a PFR 
deadband boundary based on the frequency deviation and the rate of change of frequency 
(RoCoF). Preemptive support is requested when the combined frequency risk magnitude 
defined below exceeds the warning threshold while the current frequency deviation remains 
within the PFR deadband. Additional wind turbine frequency support is enabled only after 
actual deadband exceedance.

The RoCoF can be calculated from the frequency deviations at two consecutive sam-
pling instants as follows.

𝑟f(𝑘) =
Δ𝑓 (𝑘) − Δ𝑓 (𝑘 − 1)

Δ𝑡 (8)

Because frequency measurements may contain noise, a first-order smoothing filter is 
applied to obtain a smoothed RoCoF and reduce the sensitivity of the RoCoF estimate to 
measurement noise.

𝑟f(𝑘) = 𝛽𝑟f(𝑘 − 1) + (1 − 𝛽)𝑟f(𝑘) (9)

where 𝛽 is the filter coefficient. A larger 𝛽 produces a smoother RoCoF estimate but results 
in a slower response, whereas a smaller 𝛽 makes the RoCoF estimate more sensitive to 
short-term fluctuations.

The trend extrapolation based on the current frequency deviation and RoCoF.

Δ̂𝑓 (𝑘 + 𝜏) = Δ𝑓 (𝑘) + 𝜏𝑟f(𝑘) (10)

where 𝜏 is the short-term prediction horizon.
Equation (10) indicates that, if the current frequency trend remains unchanged over the 

short prediction horizon, the frequency deviation at time t + 𝜏 is predicted to be Δ̂𝑓 (𝑘 + 𝜏). 
To enable preemptive control, a deadband warning threshold is introduced.

Δ𝑓th = Δ𝑓db − 𝜀 (11)

where 𝜀 is the preemptive control margin satisfying (0 < 𝜀 < Δf db ), such that the warning 
threshold lies within the PFR deadband. This threshold is applied to the combined frequency 
risk magnitude Zf (k) defined in (12).
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Based on the current and predicted frequency deviations, a combined frequency risk 
magnitude is defined.

𝑍f(𝑘) = max(|Δ𝑓 (𝑘)|, |Δ̂𝑓 (𝑘 + 𝜏)|) (12)

The role of Zf (k) is twofold. When the current frequency deviation has crossed a 
deadband boundary, the regulating action is maintained even if the predicted deviation de-
creases as the frequency recovers. When the current frequency deviation remains within the 
deadband but the predicted deviation approaches a deadband boundary, the control strat-
egy intervenes preemptively. Based on Zf (k), a normalized deadband boundary crossing 
risk index is defined.

𝑅db(𝑘) = max(
𝑍f(𝑘) − Δ𝑓th

𝜀 , 0) (13)

Equation (13) quantifies the normalized risk level associated with the combined 
frequency risk magnitude. Since 𝑍f(𝑘) accounts for both current and predicted fre-
quency deviations, 𝑅db(𝑘) represents the combined risk rather than an indicator of actual 
deadband exceedance.

A risk activation coefficient Γ(k) is further defined to convert the deadband boundary 
crossing risk into frequency regulation intensity.

Γ(𝑘) = min(𝑅db(𝑘), 1) (14)

When Γ(𝑘) = 0, no additional frequency support is requested. For 0 < Γ(𝑘) < 1, the 
supercapacitor response intensity increases with the risk level. When Γ(𝑘) = 1, the current or 
predicted frequency deviation reaches or exceeds the deadband boundary, and the activation 
coefficient is saturated. This condition does not necessarily indicate actual exceedance. Wind 
turbine participation is determined separately by the current frequency deviation.

The warning margin γ and the RoCoF smoothing coefficient β are fixed parameters in 
this study. Increasing γ moves the warning threshold farther inside the PFR deadband and 
may initiate supercapacitor support earlier. Increasing β strengthens noise attenuation but 
slows RoCoF tracking.

4. Coordinated Wind–Storage Frequency Regulation Strategy 
Considering Resource Suitability

Suppressing frequency fluctuations near the PFR deadband does not necessarily re-
duce the total number of control actions performed by all frequency regulation resources. 
PFR is automatically activated once the frequency deviation crosses a deadband boundary, 
making the corresponding resource response unavoidable. Simply widening the deadband 
to reduce the number of control actions would decrease the sensitivity of frequency reg-
ulation, increase the frequency deviation, and adversely affect frequency stability. This 
study focuses on reducing the repeated activation and deactivation of frequency-regulation 
resources near PFR deadband boundaries without widening the deadband. Its performance 
is evaluated in terms of system frequency response and modeled operating cost. Accord-
ingly, a risk activation signal is constructed from frequency deviation, filtered RoCoF, and 
short-term trend extrapolation to determine when preemptive supercapacitor support is 
requested. Hierarchical regulation is then implemented according to the characteristics of 
different resources.

4.1. Analysis of Resource Suitability for Frequency Regulation
Coordinated frequency regulation requires allocating tasks according to each resource’s 

physical characteristics. To avoid sustained energy production losses, wind turbines gener-
ally operate in maximum power point tracking (MPPT) mode, with superimposed inte-
grated virtual inertia control enabling rotor kinetic energy release for active power support 
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when the frequency deviation crosses a PFR deadband boundary. This support shifts rotor 
speed from its optimum, reducing wind energy capture if prolonged. Rotor speed recovery 
must be carefully managed to avoid secondary frequency fluctuations. To limit repeated 
wind-turbine adjustments in response to high-frequency, small-amplitude fluctuations, the 
proposed strategy prioritizes the supercapacitor for short-term support and coordinates 
wind-turbine participation after an actual PFR deadband crossing. This allocation may help 
moderate dynamic loading; its implications for turbine fatigue life can be further assessed 
using turbine-level torque and load histories.

Table 1 summarizes the key technical characteristics of several energy storage technolo-
gies. Pumped hydro storage and compressed air energy storage offer large storage capacities 
but have relatively long response times, making them more suitable for energy regulation 
over longer time scales. Lithium-ion batteries provide substantial energy support; however, 
their cycle life is relatively limited, making them unsuitable for sustained high frequency 
regulation near the deadband boundaries. Flywheel energy storage is a form of mechanical 
energy storage, and frequent regulation may still cause operational losses in its rotating 
mechanical components. By contrast, supercapacitors offer millisecond-scale response, high 
round-trip efficiency, and long cycle life. They are therefore well suited to short-duration, 
high-frequency, and low-energy power regulation tasks. These characteristics closely match 
the control requirements of the proposed strategy for the short-term preemptive suppression 
of high-frequency, small-amplitude fluctuations. Accordingly, supercapacitors are selected 
as the preferred energy storage resource for mitigating deadband boundary crossing risks 
before an actual crossing occurs in coordinated wind–storage frequency regulation.

Table 1. Types and key characteristics of energy storage.

Category Power/MW Capacity/MW·h Response 
Time

Discharge 
Duration at 
Rated Power

Round Trip 
Efficiency/%

Cycle 
Life/Cycles

Mechanical 
Energy Storage

Pumped Hydro 
Storage 10~5000 1000~105 minutes 1~24 h 70~85 15,000~20,000

Flywheel Energy 
Storage 0.001~5 0.025~5 4 ms~s s~15 min 80~9 5 105 ~106 

Compressed Air 
Energy Storage 10~1000 200~4000 3~10 min 1~24 h 50~75 10,000

Electrochemical 
Energy Storage

Lithium Ion Battery 0.001~100 1~1000 ms to s 0.5~10 h 85~95 2000~10,000

Lead Acid Battery 0.001~100 0.01~100 ms s~5 h 70~85 >500

Vanadium Redox 
Flow Battery 0.01~10 4~40 ms to s 4~10 h 60~75 13,000

Sodium Sulfur 
Battery 0.001~10 8~245 ms tos 1~8 h 75~85 2000~5000

Electrical 
Energy Storage

Superconducting 
Magnetic Energy 

Storage
0.01~10 0.015~0.1 1~5 ms ms to s 90~95 >105 

Supercapacitor 0.01~1 10−6 ~0.02 1~20 ms s~1 min 90~98 105 ~106 

Hierarchical coordinated control leverages the complementary response speeds and 
energy-support capabilities of different frequency regulation resources. The supercapacitor 
energy storage system, characterized by fast response and high power density, compensates 
for transient active power imbalances at the onset of disturbances, thereby reducing the 
rate of change of frequency (RoCoF) and maximum frequency deviation. Slower-response 
resources provide sustained power support.

Previous studies have employed fast nonsingular terminal sliding mode (FNTSM) 
control to improve coordination speed and convergence in voltage–power coordinated 
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control. Although FNTSM is not directly adopted here, its concepts of multi-timescale coor-
dination and rapid dynamic compensation provide a theoretical reference for the proposed 
hierarchical mechanism [25]. These concepts guide the allocation of frequency regulation 
power between the supercapacitor and other resources to suppress short-term frequency 
fluctuations and sustained active power imbalances. Based on time-scale separation and 
dynamic power balance, the proposed control procedure integrates deadband boundary 
crossing risk prediction, primary frequency regulation (PFR) deadband state identification, 
rapid supercapacitor power compensation, and SOC constraints.

4.2. Integrated Virtual Inertia Control of Wind Turbines
Integrated virtual inertia control incorporates both the RoCoF term and the frequency 

deviation term. According to ref. [16], the short-term upward regulation capability of wind 
power is expressed as follows.

𝑃up
w (𝑘) =

𝑇j(𝜔2
r (𝑘) − 𝜔2

min)
2𝑇f cos 𝜑 − 𝑃up

loss(𝑘) (15)

where Tj  is the rotor inertia time constant; Tf  is the average frequency regulation duration; 
cos 𝜑 is the power factor; 𝜔MPPT (k) is the optimal rotor speed at the current wind speed; 
𝜔r (k) is the current rotor speed; and 𝑃up

loss(𝑘) is the mechanical power loss caused by rotor 
deceleration away from the MPPT operating point.

𝑃up
loss(𝑘) can be calculated from (16).

𝑃up
loss(𝑘) =

(𝑃MPPT(𝑘) − 𝑃min)(𝜔r(𝑘) − 𝜔MPPT(𝑘))2

(𝜔MPPT(𝑘) − 𝜔min)2 (16)

where 𝜔min  is the minimum rotor speed; Pmin  is the power output corresponding to the 
minimum rotor speed; and PMPPT (k) is the MPPT power output of the wind turbine at the 
current wind speed.

Similarly, the short-term downward regulation capability of wind power is expressed 
as follows:

𝑃down
w (𝑘) =

𝑇j(𝜔2
max − 𝜔2

𝑟(𝑘))
2𝑇f cos 𝜑 + 𝑃down

loss (𝑘) (17)

𝑃down
loss (𝑘) arises because rotor acceleration causes the wind turbine to deviate from the 

MPPT operating point, thereby reducing the captured mechanical power and, consequently, 
the active power delivered to the grid. 𝜔max  denote the maximum allowable rotor speeds of 
the wind turbine. 𝑃down

loss (𝑘) can be calculated from (18).

𝑃down
loss (𝑘) =

(𝑃MPPT(𝑘) − 𝑃max)(𝜔r(𝑘) − 𝜔MPPT(𝑘))2

(𝜔max − 𝜔MPPT(𝑘))2 (18)

where 𝜔max  is the maximum rotor speed, and Pmax  is the power output corresponding to 
the maximum rotor speed.

During the simulation, the wind-speed trajectory is supplied to the wind-turbine 
model at each time step. The MPPT power, optimal rotor speed, and available upward and 
downward regulation capacities are updated according to (15)–(18). The rotor speed is 
updated using the turbine rotor dynamic equation and is constrained by the specified rotor-
speed limits. The wind-turbine rotor inertia time constant Tj  is a turbine-side parameter, 
whereas the equivalent inertia constant H describes the system frequency response. They 
represent the rotor dynamics and the aggregate system frequency dynamics, respectively.

4.3. Supercapacitor Energy Storage System
Let Psc (k) denote the output power of the supercapacitor. A positive value indicates 

discharging and active power injection into the system, whereas a negative value indicates 
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charging and active power absorption from the system. Its state of charge (SOC) is given 
by (19).

{


SOC𝑠𝑐(𝑘 + 1) = SOC𝑠𝑐(𝑘) − 𝑃+
sc(𝑘)Δ𝑡

3600𝜂dis
sc 𝐸sc

+ 𝜂ch
sc 𝑃−

sc(𝑘)Δ𝑡
3600𝐸sc

𝑃+
sc(𝑘) = max(𝑃sc(𝑘), 0)

𝑃−
sc(𝑘) = max(−𝑃sc(𝑘), 0)

(19)

where Esc  is the rated energy capacity of the supercapacitor, and 𝜂dis
sc  and 𝜂ch

sc  are its discharge 
and charge efficiencies, respectively. 𝑃sc is expressed in MW, Δ𝑡 is converted to hours, and 
𝐸sc is expressed in MWh.

The supercapacitor is represented at the supervisory active-power level in the present 
system model. Converter switching and inner-loop power-tracking dynamics are not explic-
itly resolved. Recent research on variable-gain NTSM control for DC–DC buck converters 
which demonstrates the importance of converter dynamics under parameter perturba-
tions [26]. That converter-level controller is not adopted here; consequently, the present 
results do not establish robustness to converter parameter variations.

4.4. Coordinated Wind–Storage Frequency Regulation Strategy
Based on the deadband boundary crossing risk prediction method developed above, a 

coordinated wind–storage frequency regulation strategy considering resource suitability is 
proposed. Before a deadband boundary crossing, the supercapacitor preferentially handles 
high-frequency, small-amplitude fluctuations because of its fast response and long cycle 
life, while the wind turbines remain in MPPT operation whenever possible. Once the 
frequency deviation crosses a PFR deadband boundary, the wind turbines participate in 
coordinated regulation within their rotor speed and power limits. This strategy reduces 
frequent wind turbine responses near the deadband boundaries, thereby limiting rotor 
speed deviations and mechanical stress. Meanwhile, the supercapacitor’s rapid charging 
and discharging capability suppresses the tendency toward boundary crossing and reduces 
repeated crossings.

The operating state is determined jointly by the combined frequency risk magnitude 
𝑍f(𝑘) and the current frequency deviation |Δ𝑓 (𝑘)|. When 𝑍f(𝑘) ≤ Δ𝑓th, neither resource pro-
vides additional frequency support. When 𝑍f(𝑘) > Δ𝑓th while |Δ𝑓 (𝑘)| ≤ Δ𝑓db, only the super-
capacitor provides preemptive support according to Γ(𝑘). Additional wind turbine support 
remains disabled in this state, even if the predicted risk causes Γ(𝑘) = 1. When |Δ𝑓 (𝑘)| > Δ𝑓db, 
the wind turbines and supercapacitor provide coordinated frequency regulation.

4.4.1. Supercapacitor Frequency Regulation Before Deadband Boundary Crossing
The supercapacitor provides frequency support according to the risk activation co-

efficient. The control law in (20) applies both before actual deadband exceedance, when 
preemptive support is required, and after exceedance during coordinated regulation. Its 
final output is subject to the power and SOC constraints in (21) and (22).

Δ𝑃sc(𝑘) = −Γ(𝑘)[𝐾sc,fΔ𝑓 (𝑘) + 𝐾sc,r𝑟f(𝑘)] (20)

where Ksc,f  and Ksc,r  are the frequency deviation and RoCoF control gains of the superca-
pacitor, respectively. The supercapacitor injects positive active power when frequency is 
below nominal and falling, and absorbs active power when frequency is above nominal and 
rising, preventing further deviation from nominal frequency.

Considering the limited energy capacity of the supercapacitor, its actual frequency 
regulation power must satisfy both power and SOC constraints.

{


−𝑃ch.max
sc (𝑘) ≤ Δ𝑃sc(𝑘) ≤ 𝑃dis.max

sc (𝑘)
SOCmin

sc ≤ SOCsc(𝑘) ≤ SOCmax
sc

(21)
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where 𝑃ch.max
sc  and 𝑃dis.max

sc  denote the maximum charging and discharging power of 
the supercapacitor, respectively; SOCmin

sc  and SOCmax
sc  denote its upper and lower SOC 

limits, respectively.

4.4.2. Coordinated Wind–Storage Frequency Regulation After Deadband Boundary 
Crossing

Before deadband boundary crossing, the wind turbine does not participate in frequency 
regulation and remains in MPPT operation.

𝑃w(𝑘) = 𝑃MPPT(𝑘) (22)

After the frequency deviation crosses a PFR deadband boundary, the wind turbine 
participates in coordinated frequency regulation. The frequency regulation power command 
generated by its integrated virtual inertia controller is given by (23).

Δ𝑃w,vi(𝑘) = −Γ(𝑘)[𝐾w,fΔ𝑓 (𝑘) + 𝐾w,r𝑟f(𝑘)] (23)

where Kw,f  and Kw,r  are the frequency deviation and RoCoF control gains of the wind turbine, 
respectively.

After providing frequency support, the rotor speed of the wind turbine deviates from 
its optimal value. To prevent a prolonged rotor speed deviation, rotor speed recovery control 
is required. The power command for rotor speed recovery is given by (24).

Δ𝑃rec
w (𝑘) = −(1 − Γ(𝑘))𝐾rec[𝜔MPPT(𝑘) − 𝜔r(𝑘)] (24)

where Krec  is the rotor speed recovery gain.
When the deadband boundary crossing risk is high, Γ(𝑘) is large, which suppresses 

rotor speed recovery and prevents the recovery process from interfering with frequency 
fluctuation mitigation. When the deadband boundary crossing risk is low, Γ(𝑘) is small, 
allowing the wind turbine to gradually restore its rotor speed.

Considering both integrated virtual inertia control and rotor speed recovery control, 
the frequency regulation power command of the wind turbine is given by (25).

Δ𝑃w(𝑘) = Δ𝑃w,vi(𝑘) + Δ𝑃rec
w (𝑘) (25)

The frequency regulation power of the wind turbine is limited by the available rotor 
kinetic energy and rotor speed limits and must satisfy the corresponding constraints.

{


𝜔min ≤ 𝜔r(𝑘) ≤ 𝜔max
−𝑃down

w (𝑘) ≤ Δ𝑃w(𝑘) ≤ 𝑃up
w (𝑘)

(26)

Combining the frequency regulation power contributions of the supercapacitor and 
the wind turbine, the coordinated wind–storage power output is given by (27).

Δ𝑃total(𝑘) = Δ𝑃w(𝑘) + Δ𝑃sc(𝑘) (27)

Figure 1 illustrates the resource activation logic. Following frequency prediction 
and risk assessment, 𝑍f(𝑘) > Δ𝑓th is first checked. If this condition is not satisfied, no 
additional frequency support is activated. Otherwise, the current frequency deviation is 
compared with the PFR deadband boundary. The supercapacitor provides preemptive 
support when |Δ𝑓 (𝑘)| ≤ Δ𝑓db, whereas the wind turbines and supercapacitor provide 
coordinated regulation when |Δ𝑓 (𝑘)| ≤ Δ𝑓db. The zero wind turbine command shown in the 
inactive branches refers to Δ𝑃w,vi(𝑘); rotor speed recovery is described separately by (24) 
and (25).
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Figure 1. Procedure of the wind–storage coordinated frequency regulation control strategy.

5. Case Study
5.1. Case Study Setup

A case study is conducted on a modified IEEE 10-machine 39-bus system to verify 
the effectiveness of the proposed coordinated wind–storage frequency regulation strategy. 
The synchronous generator connected to bus 34 is replaced by an aggregated wind farm of 
equivalent capacity, and a supercapacitor energy storage system is connected to the same 
bus. The parameters of the wind farm and supercapacitor are listed in Table 2, while the 
parameters of the synchronous generators are set according to ref. [27]. The topology of 
the test system is shown in Figure 2.

The random power fluctuations of the wind farm over a 600-s period are used as the 
equivalent active power disturbance input to the system, as shown in Figure 3. The case 
study compares two frequency regulation strategies. Strategy 1, conventional coordinated 
wind–storage regulation, activates the wind farm and supercapacitor based on frequency 
deviation and RoCoF only after a PFR deadband boundary crossing, reflecting the passive 
response of conventional PFR. Strategy 2 activates only the supercapacitor for preemptive 
suppression when 𝑍f(𝑘) > Δ𝑓th while the current frequency deviation remains within the 
PFR deadband. Once |Δ𝑓 (𝑘)| > Δ𝑓db, the wind farm and supercapacitor provide coordinated 
frequency regulation subject to their respective operating constraints.
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Table 2. Parameters of wind farm and supercapacitor energy storage system.

Parameter Value

Wind Farm

Rated Apparent Power Capacity 1000 MVA
Inertia Time Constant 10 s

Frequency Deviation Control Gain 20
RoCoF Control Gain 8

Rotor Speed Recovery Gain 0.2
Initial Wind Speed 9.096 m/s
Reference Output 508 MW

Rotor-Speed Initial Point 11.052 rpm

Supercapacitor Energy 
Storage System

Rated Apparent Power Capacity 100 MVA
Rated Energy Capacity 1 MWh
Initial State of Charge 0.5

SOC Range [0.2, 0.8]
Charging and Discharging Efficiency 95%
Frequency Deviation Control Gain 20

RoCoF Control Gain 8
Specific Supercapacitor Investment 

Cost 70 million CNY/MWh

Rated Cycle Life 1.0 × 106  cycles

Deadband Width 0.033 HZ
Warning Margin 0.01 HZ

Prediction Horizon 0.3 s
RoCoF Filter Coefficient 0.905

Sampling Interval 0.02 s

Figure 2. Topological diagram of the example system.
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Figure 3. Wind power output fluctuation.

5.2. Comparison of Deadband Boundary Crossing Evaluation Metrics
Figure 4 compares the system frequency responses under the two frequency regulation 

strategies. Figures 5–7 compare the frequency regulation power provided by the thermal 
units, wind farm, and supercapacitor energy storage system, respectively. As shown by the 
frequency responses, the system frequency decreases and fluctuates following the distur-
bance under both strategies. With Strategy 1, the wind farm and supercapacitor participate 
in frequency regulation only after the frequency deviation crosses a deadband boundary. 
Consequently, pronounced frequency fluctuations occur near the deadband boundaries, 
resulting in repeated deadband boundary crossings. By contrast, Strategy 2 enables the su-
percapacitor to respond in advance at smaller frequency deviations and provide preemptive 
frequency support before the frequency deviation increases further. Therefore, the number 
of times that the frequency deviation crosses the deadband boundaries is significantly 
reduced, and the frequency fluctuations are effectively mitigated.

Figure 4. Comparison of frequency fluctuation curves.
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Figure 5. Comparison of frequency regulation power of thermal units.

Figure 6. Comparison of frequency regulation power of wind power.

Figure 7. Comparison of frequency regulation power of supercapacitor.
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Under Strategy 1, the thermal units and wind farm undergo relatively large changes 
in frequency regulation power, resulting in large output power fluctuations and strong 
regulating actions when the frequency deviation becomes large. Under Strategy 2, the 
overall magnitudes of the frequency regulation power provided by the thermal units and 
wind farm are significantly reduced, and their regulating actions are smoother during 
most periods. This demonstrates that the preemptive frequency regulation mechanism can 
redistribute the regulation burden as the frequency deviation develops.

The frequency regulation power response of the supercapacitor energy storage system 
further illustrates the control differences between the two strategies. Under Strategy 2, the 
supercapacitor participates in frequency regulation in advance at relatively small frequency 
deviations. It therefore exhibits a more proactive power response and provides power 
support during the early stage of the disturbance, thereby preventing the frequency from 
deviating further from its nominal value. Combined with the frequency responses, these 
results show that Strategy 2 suppresses the post-disturbance frequency deviation at an 
earlier stage through the fast response of the supercapacitor and the coordinated allocation 
of frequency regulation power among the supercapacitor, thermal units, and wind farm. 
Consequently, the number of deadband boundary crossings is reduced.

Table 3 presents the calculated deadband boundary crossing evaluation metrics for 
the two control strategies. As shown in the table, Strategy 2 achieves better suppression 
of deadband boundary crossings than Strategy 1. Specifically, the maximum deadband 
exceedance magnitude is reduced by 0.0126 Hz, the deadband boundary crossing count is 
reduced by 25, and the deadband boundary switching intensity is reduced by approximately 
92.59%. This improvement is achieved because the proposed strategy uses the supercapaci-
tor for preemptive suppression when the frequency deviation has not yet crossed a PFR 
deadband boundary. Under the proposed activation logic, the supercapacitor responds 
preemptively when the combined frequency risk magnitude exceeds the warning threshold 
while the current frequency deviation remains within the deadband. Wind turbine fre-
quency support is enabled only after actual deadband exceedance. This effectively reduces 
repeated deadband boundary crossings. Once the frequency deviation crosses a deadband 
boundary, the wind farm and supercapacitor jointly participate in frequency regulation, 
further limiting the increase in frequency deviation. Therefore, Strategy 2 not only re-
duces the maximum deadband exceedance magnitude but also significantly decreases the 
deadband boundary crossing count and deadband boundary switching intensity, demon-
strating superior suppression of deadband boundary crossings and improved frequency 
regulation performance.

Table 3. Evaluation metrics for deadband boundary crossing corresponding to the two strategies.

Amax
db  /Hz Ndb Sdb MAE/Hz RMSE/Hz

Strategy 1 0.0158 27 54 0.0299 0.0311
Strategy 2 0.0032 2 4 0.0211 0.0228

The present case study evaluates the closed-loop performance of the coordinated 
controller. It does not independently quantify the forecasting error, warning lead time, 
or false-alarm and missed-event rates of the risk activation method. Such an assessment 
would require explicit event definitions, temporal matching rules, and suitable reference 
trajectories that account for the effect of control intervention.
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5.3. Four-Strategy Ablation Study
To examine the effects of the individual control mechanisms on the frequency response, 

four control strategies are compared under identical simulation conditions. Strategy 1 is the 
conventional coordinated regulation strategy in which the wind farm and supercapacitor 
participate after a deadband boundary crossing. Strategy 2 is the proposed risk-prediction 
strategy: the supercapacitor participates preemptively according to the risk activation coeffi-
cient Γ(k) during the deadband-crossing risk stage, and the wind farm and supercapacitor 
provide coordinated regulation after a boundary crossing. Strategy 3 does not include the 
supercapacitor, and the wind farm participates only after the frequency crosses a deadband 
boundary. Strategy 4 determines the pre-crossing participation of the supercapacitor using 
the current frequency deviation and a fixed warning threshold, without using the short-term 
predicted frequency or the normalized crossing-risk index; its post-crossing control law 
and resource limits are identical to those of Strategy 1. The frequency response curve is 
shown in Figure 8.

Figure 8. Frequency responses under four strategies.

Table 4 presents the frequency evaluation results of the four strategies under the same 
representative disturbance. Comparing Strategies 3 and 1, the inclusion of the supercapacitor 
reduces the maximum deadband exceedance magnitude from 0.1222 Hz to 0.0162 Hz, while 
MAE and RMSE decrease from 0.0319 Hz and 0.0366 Hz to 0.0302 Hz and 0.0341 Hz, 
respectively. The crossing count changes from 24 to 30 for this trajectory, indicating that 
error magnitude and crossing count characterize different aspects of the frequency response. 
Compared with Strategy 1, Strategy 4 reduces the crossing count from 30 to 8 and MAE 
from 0.0302 Hz to 0.0223 Hz. Relative to Strategy 4, Strategy 2 further reduces MAE and 
RMSE to 0.0220 Hz and 0.0230 Hz, respectively, and reduces the crossing count from 8 to 7. 
These results illustrate the respective effects of the supercapacitor, preemptive participation, 
and risk prediction for the representative trajectory.
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Table 4. Comprehensive Performance Comparison of Four Frequency Regulation Strategies in the 
Ablation Study.

Amax
db  /Hz Ndb Sdb MAE/Hz RMSE/Hz

Strategy 1 0.0162 30 60 0.0302 0.0341
Strategy 2 0.0125 7 14 0.0220 0.0230
Strategy 3 0.1222 24 48 0.0319 0.0366
Strategy 4 0.0132 8 16 0.0223 0.0233

The comparison between Strategies 3 and 1 assesses the effect of supercapacitor partici-
pation under post-crossing regulation. The comparison between Strategies 1 and 4 assesses 
preemptive supercapacitor support using a fixed warning threshold. The comparison be-
tween Strategies 4 and 2 assesses the combined contribution of short-term prediction and 
the risk index relative to fixed-threshold activation. Because prediction and risk-index use 
are changed together in the last comparison, their individual contributions are not sepa-
rately identified. Within the evaluated conditions, pre-crossing support provides the main 
reduction in repeated boundary crossings, while the combined prediction and risk-index 
mechanism provides smaller additional improvements in frequency error.

5.4. Multi-Scenario and Statistical Robustness Analysis
Four additional disturbance scenarios—load increase, load decrease, wind-power drop, 

and wind gust—are considered, and the four strategies are compared using 100 paired 
random realizations.

Table 5 reports the mean metrics across the 100 realizations. Strategy 1 reduces the 
maximum deadband exceedance magnitude, MAE, and RMSE compared with Strategy 3, 
Strategy 4 reduces the mean crossing count from 115.36 to 17.78, compared with Strategy 1, 
and Strategy 2 further reduces MAE and RMSE to 0.0354 Hz and 0.0418 Hz. The responses 
show that pre-crossing support delays the first crossing and reduces repeated switching 
near the boundary. Under sustained power imbalances, however, finite storage capacity also 
affects the subsequent frequency peak; a lower crossing count therefore does not always 
accompany a lower peak deviation. Values are sample means across 100 realizations. 𝐴max

db
is the average of the maximum deadband exceedance obtained in each realization; Ndb db 
and Sdb db  are the mean crossing count and switching intensity.

Table 5. Mean evaluation metrics across 100 paired realizations.

Amax
db  /Hz Ndb Sdb MAE/Hz RMSE/Hz

Strategy 1 0.1114 115.36 230.12 0.0371 0.0429
Strategy 2 0.1118 17.37 34.34 0.0354 0.0418
Strategy 3 0.1352 22.97 45.29 0.0426 0.0501
Strategy 4 0.1117 17.78 35.16 0.0357 0.0420

The multi-scenario, noise, and parameter-sensitivity results show that pre-crossing 
supercapacitor participation primarily improves switching characteristics near the dead-
band boundaries, while short-term prediction and the risk index provide smaller reductions 
in average frequency error. MAE and RMSE are reduced within the tested parameter 
combinations, whereas crossing count and maximum exceedance are more dependent on 
the disturbance and measurement noise. These findings support allocating short-term 
regulation duties according to the response characteristics of the wind turbine and super-
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capacitor, with performance assessed using the available resource energy and multiple 
frequency metrics.

5.5. Comparison of Overall Operating Costs
The proposed strategy reduces the frequency regulation actions of the wind turbines 

and thermal units by increasing those of the supercapacitor energy storage system. To 
assess the economic justification of its preemptive activation, an overall operating cost is 
introduced, including the frequency regulation loss costs of the supercapacitor, thermal 
units, and wind farm, as well as the loss of generation revenue caused by the wind farm 
operating away from its MPPT point.

During frequency regulation, the supercapacitor undergoes frequent charging and 
discharging, often with shallow variations in its state of charge. To estimate its cycling-
related degradation cost, the rainflow-counting method is applied to the supercapacitor 
SOC trajectory. Each full cycle is counted as one cycle, and each half cycle as one-half 
cycle. For the simplified cost assessment in this study, the degradation per counted cycle is 
assumed to be independent of cycle depth within the specified SOC range. The resulting 
cycle count is normalized by the rated cycle life to estimate the degradation cost, as given 
in (28).

𝑁sc,rf = 𝑁full +
1
2𝑁half,   𝐶sc = 𝐶sc,inv

𝑁sc,rf

𝑁sc,life
(28)

where Csc,inv  is the total investment cost of the supercapacitor system; Csc  denotes the 
supercapacitor degradation cost accumulated over the simulation period, in CNY; Nsc,rf  is 
the rainflow-counted cycle number, with Nfull  and Nhalf  denoting the numbers of full and 
half cycles, respectively; and Nsc,life  is the rated cycle life of the supercapacitor.

During frequency regulation, the governors and steam-turbine valves of thermal units 
are adjusted frequently, resulting in additional operating wear and losses. An equivalent 
cost model based on the frequency regulation power and its variation is adopted to quantify 
the losses associated with frequency regulation by thermal units.

𝐶th =
𝑁th

∑
𝑖=1

𝑐th

𝑁
∑
𝑘=2

|Δ𝑃th,𝑖(𝑘) − Δ𝑃th,𝑖(𝑘 − 1)| (29)

where Nth is the number of thermal units participating in frequency regulation; ΔPth, i (k) is 
the frequency regulation power of the i thermal unit at the k sampling instant; and cth is 
the unit cost of frequency regulation losses for thermal units.

Wind turbines provide supplementary active-power support by adjusting their output 
and rotor speed. The wind-regulation cost in the economic comparison represents the 
power-variation-related regulation burden under the adopted model. Its implications for 
component fatigue and turbine service life can be further evaluated through turbine-level 
torque and load analysis.

𝐶w =
𝑁w

∑
𝑖=1

𝑐w

𝑁
∑
𝑘=2

|Δ𝑃w,𝑖(𝑘) − Δ𝑃w,𝑖(𝑘 − 1)| (30)

where Nw  is the number of wind turbines participating in frequency regulation; ΔPw,i(k) 
is the frequency regulation power of wind turbine i at sampling instant k; and cw  is the unit 
cost of frequency regulation losses for wind turbines.

When a wind turbine participates in system frequency regulation, its actual active 
power delivered to the grid deviates from the MPPT operating point, resulting in a loss 
of wind energy production. This loss can be calculated as the product of the reduction in 
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energy production caused by operation away from the MPPT point and the wind power 
feed-in tariff.

𝐶w,MPPT = 𝜆w

𝑁w

∑
𝑖=1

𝑁
∑
𝑘=1

Δ𝑃loss,𝑖(𝑘)
Δ𝑡

3600 (31)

where 𝜆w  is the wind power feed-in tariff. Δ𝑃loss,𝑖(𝑘) is determined from Equation (16) or 
Equation (18), according to the regulation direction and rotor-speed state of the ith wind 
turbine at time k.

The overall operating cost is the sum of the frequency regulation loss costs of the 
supercapacitor, thermal units, and wind turbines, as well as the loss of wind power 
generation revenue.

𝐶total = 𝐶sc + 𝐶th + 𝐶w + 𝐶w,MPPT (32)

Table 6 presents the modeled operating costs of the two strategies. Strategy 1 adopts the 
conventional wind–storage regulation scheme, in which the wind farm and supercapacitor 
respond after a deadband crossing. Its supercapacitor cycling cost is CNY 140.00, while 
its thermal-regulation, wind-regulation, and MPPT-loss costs are CNY 71.20, CNY 21.40, 
and CNY 216.77, respectively. Under Strategy 2, the supercapacitor is activated in advance 
when the frequency enters the warning region and continues to move toward the deadband 
boundary. The corresponding costs are CNY 70.00, CNY 70.91, CNY 19.19, and CNY 214.79. 
Thus, the calculated supercapacitor cycling cost is lower under Strategy 2, and the other 
three cost components also decrease, although their reductions are comparatively small. 
The reduction in the wind-regulation cost term reflects a lower power-variation-related cost 
under the adopted model; its implications for turbine fatigue life require further assessment 
using turbine-level torque and load data.

Table 6. The overall operating cost corresponding to the two strategies.

Strategy 1 Strategy 2

Nsc,rf 2 1
Csc /CNY 140 70
Cth/CNY 71.2 70.91
Cw /CNY 21.4 19.19

Cw,MPPT /CNY 216.77 214.79
Ctotal /CNY 449.36 374.88

The total modeled costs of Strategies 1 and 2 are CNY 449.36 and CNY 374.88, respec-
tively. Strategy 2 therefore reduces the modeled cost by CNY 74.48. The supercapacitor 
cycling cost accounts for CNY 70.00 of this difference, approximately 94% of the total; the 
thermal-regulation, wind-regulation, and MPPT-loss costs together account for the remain-
ing CNY 4.48. The lower cost in this case is consequently driven mainly by the change in the 
counted supercapacitor cycles, rather than by a substantial reduction in wind- or thermal-
regulation costs. Compared with Strategy 1, Strategy 2 reduces the overall operating cost 
by 16.57%. These results indicate that the proposed strategy improves frequency quality 
while achieving a reasonable allocation of the frequency regulation burden among different 
resources, thereby providing an advantage in terms of overall operating cost.

6. Conclusions
To address the frequent activation of frequency regulation resources, deterioration 

of frequency quality, and increased operating costs caused by repeated PFR deadband 
boundary crossings, this paper proposes a coordinated frequency regulation strategy for 
wind power and energy storage to suppress frequency fluctuations. The proposed method 
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predicts the risk of deadband boundary crossing based on the frequency deviation, RoCoF, 
and frequency predictions over a short time horizon. It then implements hierarchical 
coordinated regulation according to the response characteristics of the supercapacitor 
energy storage system and wind turbines. The following conclusions are drawn from the 
case study:

(1) The proposed strategy can effectively identify the risk of deadband boundary 
crossing as the frequency approaches a PFR deadband boundary. It then activates the super-
capacitor energy storage system in advance to rapidly suppress frequency fluctuations over 
a short time scale. Compared with the conventional control strategy, the proposed strategy 
reduces repeated deadband boundary crossings, the deadband exceedance magnitude, and 
the deadband boundary switching intensity, thereby improving system frequency quality.

(2) Under the case-study settings, Strategy 2 achieves a lower modeled total cost, 
with most of the reduction arising from the supercapacitor cycling-cost term. The wind-
regulation cost term also decreases, reflecting a lower power-variation-related cost under 
the adopted model. By assigning rapid, short-duration fluctuations primarily to the super-
capacitor, the proposed strategy reduces repeated short-term adjustments by wind turbines 
and may help moderate dynamic loading. The implications for turbine fatigue and service 
life warrant further assessment using turbine-level torque, load, and fatigue analyses.
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