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Abstract

With the large-scale integration of wind power, modern power systems are facing reduced
equivalent inertia, weakened primary frequency regulation capability, and insufficient
coordination between wind turbines and energy storage during joint frequency support.
To address these issues, this paper investigates a wind–storage hybrid system composed of
doubly fed induction generators (DFIG) and supercapacitor energy storage and proposes a
coordinated primary frequency regulation strategy combining fuzzy logic control (FLC)
and model predictive control (MPC). Considering the variations in rotor kinetic energy
reserve and frequency support capability under different wind speed regions, a coordinated
regulation mechanism is developed for multiple operating conditions. In addition, a
variable-coefficient synthetic inertia control scheme with rotor speed safety constraints is
designed to adaptively adjust the turbine regulation coefficients, while an SOC-feedback-
based adaptive virtual droop strategy is introduced to improve the sustained support
capability of the energy storage unit. On this basis, a multi-objective model predictive
control framework is established to optimize the reference power allocation between the
wind turbine and the energy storage unit in a rolling manner. The proposed method is
characterized by three coordinated features, namely, multi-region wind–storage frequency
regulation, rotor-speed-safe adaptive support of the wind turbine and SOC-aware adaptive
support of the storage unit, as well as MPC-based rolling power allocation. Simulation
results show that the proposed strategy improves the frequency nadir, reduces the steady-
state frequency deviation, and enhances coordinated power sharing, thereby improving
the primary frequency regulation performance and overall frequency stability of the wind–
storage hybrid system.

Keywords: doubly fed induction generator; energy storage; wind-storage combined
frequency regulation; fuzzy logic control; model predictive control

1. Introduction
Driven by the ongoing advancement of the “dual-carbon” targets, wind power has

been integrated into power systems on an increasingly large scale. Unlike conventional
synchronous generators, wind turbines are interfaced with the grid through power elec-
tronic converters, which decouple rotor kinetic energy from grid frequency dynamics.
Consequently, during frequency disturbances, wind turbines cannot inherently deliver
inertial support in the same way as conventional units [1–4]. To enhance frequency se-
curity, modern wind turbines have gradually been endowed with frequency regulation
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functions. At the same time, the fast progress of energy storage technology has created
new possibilities for grid frequency support. Benefiting from its high power tracking
capability [5] and rapid response, energy storage can be deployed alongside wind farms to
form a wind–storage hybrid system capable of meeting frequency regulation requirements
under different operating scenarios [6,7]. Nevertheless, when frequency regulation is un-
dertaken solely by wind turbines, secondary frequency dips or rebounds may arise during
the recovery stage [8]. Conversely, if energy storage alone provides frequency support,
an excessively large storage capacity may be required [9], and the regulation potential of
wind energy may not be fully utilized. Therefore, it is of practical importance to develop
an effective coordinated control strategy for the wind–storage hybrid system so that wind
turbines and energy storage can jointly participate in primary frequency regulation.

In recent years, considerable efforts have been devoted to the control strategies of
wind–storage hybrid systems for primary frequency regulation. In [10], a synthetic inertia
control strategy was incorporated while the wind turbine operated in maximum power
point tracking mode; however, the virtual inertia coefficient was not analyzed in detail.
In [11], an SOC-adaptive frequency regulation strategy was developed for wind energy
storage systems under wind speed uncertainty, and the storage-side regulation capability
was further improved through predictive optimization. In [12], a coordinated frequency reg-
ulation strategy for DFIG-based variable-speed wind turbines and battery energy storage
systems was proposed, in which wind-speed zoning and SOC-adaptive droop control were
jointly considered to improve the frequency nadir and mitigate the secondary frequency
dip. In [13], the balance between energy storage charging and discharging was considered
in the coordinated frequency modulation process of a wind–storage combined system.
In [14], a wind–storage coordinated control strategy for inertia enhancement was proposed
for high-renewable-energy power systems, showing that wind–storage coordination can
effectively improve fast frequency response capability. In [15], the effective inertia margin
of wind turbines in different wind speed intervals was quantified, and the turbine regula-
tion parameters, together with storage power variation, were optimized through model
predictive control. In [16], adaptive primary frequency regulation of a DFIG equipped with
ultracapacitor energy storage was investigated by integrating adaptive virtual inertia and
variable droop control. Nevertheless, these studies still do not fully address the coupling
among multi-region operating logic, rotor-speed-safe fuzzy coefficient regulation, and
upper-layer rolling power allocation. As a consequence, the complementary frequency
support capability of wind turbines and energy storage cannot be fully utilized. For clarity,
Table 1 summarizes the main methodological characteristics of recent representative studies
on wind–storage coordinated primary frequency regulation.

Table 1. Comparison of recent representative studies on wind–storage coordinated primary frequency
regulation.

Reference Wind-Speed
Awareness

Rotor-Speed
Safety

SOC-Adaptive
Storage

MPC-Based
Allocation

[10] Explicit Not explicit Partial Not explicit
[11] Partial Not explicit Explicit Partial
[12] Partial Not explicit Explicit Not explicit
[13] Not explicit Not explicit Partial Not explicit
[14] Not explicit Not explicit Partial Not explicit
[15] Explicit Not explicit Not explicit Explicit
[16] Not explicit Partial Explicit Not explicit

To address the above limitations, this paper proposes a wind–storage coordinated
primary frequency regulation strategy integrating fuzzy logic control and model predictive
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control. Different from conventional methods that mainly focus on a single local control
law or standalone power optimization, the proposed method aims to establish a unified
coordinated framework for the wind turbine and the energy storage unit under varying
operating conditions. In particular, the proposed strategy explicitly links the wind speed
region, the available rotor kinetic energy margin, the storage SOC state, and the rolling
power allocation process, so that frequency support performance, operational safety, and
coordination between wind power and storage can be improved simultaneously.

The main contributions of this work are summarized as follows:
A coordinated frequency regulation mechanism for a wind–storage hybrid system

is established under multiple wind speed regions. According to the turbine operating
condition and the variation in its available frequency support capability, the respective
regulation roles of the wind turbine and the energy storage unit are differentiated, which
improves the operating adaptability of the coordinated control strategy.

For the wind turbine, a multivariable fuzzy synthetic inertia control strategy with
rotor-speed safety attenuation is developed so that the virtual inertia and droop coefficients
can be adaptively adjusted while preventing excessive kinetic energy release near the
rotor-speed safety boundary. For the energy storage unit, an SOC-feedback-based adaptive
virtual droop strategy is introduced to improve the sustainability of storage participation
during primary frequency regulation.

On the basis of the above local control laws, an MPC-based upper-layer power alloca-
tion method is further incorporated to coordinate the reference power commands of the
wind turbine and the energy storage unit in a rolling manner. In this way, the proposed
method not only suppresses frequency deviation but also smooths the power transition
between the two units during both the support stage and the recovery stage.

2. Materials and Methods
2.1. Frequency Response Analysis of Wind–Storage Hybrid Systems
2.1.1. Mathematical Model of the DFIG

The output mechanical power of the DFIG can be expressed as [17]:

Pm =
1
2

ρSv3Cp(λ, β) (1)

where ρ is the air density, S is the swept area of the rotor blades, v is the wind speed, and
Cp(λ, β) is the power coefficient. is a nonlinear function of the blade pitch angle β and the
tip-speed ratio λ, which can be expressed as:

Cp = 0.52
(

116
δ − 0.4β − 5

)
e−

21
δ + 0.0068λ

1
δ = 1

λ+0.08β − 0.035
β3+1

λ = ωRW
v

(2)

where δ is an introduced intermediate variable, ω is the rotor speed of the wind turbine,
and RW is the blade radius of the wind turbine.

When the pitch angle β remains constant, there exists an optimal tip-speed ratio λopt

at which the power coefficient Cp(λ, β) reaches its maximum value, thereby enabling
maximum wind energy capture under different wind speed conditions.

2.1.2. Mathematical Model of the Supercapacitor

In view of the relatively complex internal operating mechanism of supercapacitor
energy storage, an equivalent simplification is required for simulation and modeling. The
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simplified model can be represented by an RC unit composed of an equivalent resistance R
and an ideal capacitor C, and its mathematical expression can be written as [18]:

U = Ic + R +
1
C

∫
Icdt (3)

where U denotes the terminal voltage of the equivalent supercapacitor model, and
Ic denotes the current of the supercapacitor.

The SOC of the supercapacitor can be expressed as:

Ssoc =
1
2 CU2

1
2 CU2

max
=

U2

U2
max

(4)

where Umax is the maximum operating voltage of the supercapacitor.
When a load disturbance occurs in the system, constraints on the SOC should be

imposed to prevent overcharging or overdischarging of the supercapacitor during the
charging and discharging process. It is therefore necessary to determine whether the
current SOC satisfies the corresponding charging/discharging constraint conditions. The
mathematical expression of the SOC constraints can be written as:

Ssoc.min ≤ Ssoc ≤ Ssoc.max (5)

where Ssoc.min and Ssoc.max denote the upper and lower operating limits of the state of
charge, respectively.

To ensure reliable operation of the supercapacitor during the charging and discharging
process and to prolong the service life of the energy storage device, the operating current of
the storage unit is required not to exceed its rated current. During charging, when Ssoc > 0.9,
the supercapacitor approaches the charging limit region, and further charging should
therefore be restricted. During discharging, when Ssoc < 0.1, the supercapacitor approaches
the discharging limit region, and further discharging should likewise be restricted.

2.1.3. Frequency Response Model of the Wind–Storage Hybrid System Based on
Power Optimization

The overall structure of the wind–storage coordinated frequency regulation system
adopted in this paper is shown in Figure 1. In this configuration, the wind turbine is
connected to the AC bus through AC/DC and DC/AC converters, while the energy storage
unit is connected to the AC bus through a bidirectional converter. In Figure 1, ∆PG, ∆PW,
and ∆PE denote the power increments of the conventional generating unit, wind turbine,
and energy storage unit, respectively; ∆PW.ref and ∆PE.ref denote the reference output
powers of the wind turbine and energy storage unit, respectively; and ∆ f denotes the grid
frequency deviation.

A load disturbance in the power grid gives rise to frequency variation owing to the
active power mismatch on the AC bus. On the basis of the present system frequency and its
future predicted trajectory, the model predictive controller coordinates the operating states
of the wind turbine and the energy storage unit to generate their respective reference power
commands. Through this coordinated optimization process, the system frequency regula-
tion performance can be improved, and the frequency support power can be distributed
more appropriately between wind power and energy storage [19].

In the analysis of primary frequency regulation, the electromagnetic transient pro-
cess is neglected, and a frequency response model of the wind–storage hybrid system is
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established. After the power grid is subjected to a power disturbance, the corresponding
frequency response equation can be expressed as:

∆ f (s) =
∆PG(s) + ∆PW(s) + ∆PE(s)− ∆PL(s)

2Hs + D
(6)

where H denotes the equivalent inertia time constant of the system, D denotes the load
damping coefficient, and ∆PL(s) denotes the power increment caused by the load disturbance.

Figure 1. Structure of the wind-storage coordinated system.

The primary frequency regulation characteristics of the conventional synchronous
generating unit can be described by the governor–turbine model, and its transfer function
can be expressed as:

∆PG(s) = Ggov(s)Ggen(s)
[
− 1

RG
∆ f (s)

]
(7)

where Ggov(s) and Ggen(s) denote the transfer functions of the governor and the turbine, re-
spectively, and RG denotes the droop coefficient adopted by the conventional synchronous
generating unit in primary frequency regulation.

For the purpose of system-level primary frequency regulation analysis on the elec-
tromechanical time scale, the wind turbine active-power response is represented in this
study by an equivalent reduced-order model combining synthetic inertia and droop sup-
port. Rather than reproducing detailed converter-interfaced electromagnetic transients, this
representation is intended to capture the dominant frequency-support behavior relevant
to upper-layer coordinated control. Accordingly, the wind turbine frequency response
transfer function can be written in the following equivalent form:

∆PW(s) =
Kbs + Kp

TWs + 1
∆ f (s) (8)

where Kb denotes the virtual inertia control coefficient of the wind turbine, Kp denotes the
virtual droop control coefficient, and TW denotes the equivalent response time constant of
the wind turbine.

Similarly, on the same electromechanical frequency-regulation time scale, the superca-
pacitor energy storage unit is represented by an equivalent reduced-order active-power
response model under virtual droop control. This formulation is adopted to describe the
dominant power-support dynamics required for coordinated frequency-response-oriented
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analysis, while detailed converter-level transients are beyond the modeling scope of the
present study. Accordingly, its transfer function can be expressed as:

∆PE(s) =
KE

TEs + 1
∆ f (s) (9)

where KE denotes the virtual droop control coefficient of the energy storage unit, and TE

denotes the equivalent response time constant of the energy storage unit.
By further combining the above components, the overall hierarchical coordinated

control framework together with the equivalent frequency response model of the wind–
storage hybrid system can be obtained, as shown in Figure 2.

Figure 2. Overall hierarchical coordinated control framework and equivalent frequency response
model of the wind–storage hybrid system.

As shown in Figure 2, the proposed strategy adopts a hierarchical coordinated control
structure composed of a local adaptive control layer and an upper-layer MPC coordina-
tor. At the local control layer, the wind turbine support capability is determined by the
multivariable fuzzy logic controller and the rotor-speed safety attenuation mechanism,
whereas the storage-side support capability is adjusted by the SOC-dependent adaptive
droop law. On this basis, the MPC serves as the upper-layer coordinator to update the
reference power commands of the wind turbine and the energy storage unit in a rolling
manner according to the predicted system states and frequency response. In this way, the
local controllers provide state-dependent fast support, while the upper layer coordinates
the power allocation between the two units.

In this study, several reduced-order modeling assumptions are adopted to focus on
the system-level primary frequency regulation mechanism of the wind–storage hybrid sys-
tem on the electromechanical time scale. Accordingly, the converter-related active-power
responses of the wind turbine and the energy storage unit are represented by equivalent
first-order links with corresponding time constants, the communication process between
the upper-layer coordinator and the local controllers is assumed to be ideal, and the
supercapacitor is described by an equivalent RC-based model. Under this framework,
the upper-layer MPC is formulated on the basis of a reduced-order prediction model
for frequency-response-oriented coordinated power allocation, rather than for detailed
converter-level EMT or RMS transient reproduction. Therefore, the conclusions of the
present work should be interpreted within the scope of electromechanical time-scale pri-
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mary frequency regulation analysis, while the influence of higher-fidelity device dynamics
and communication imperfections will be further investigated in future work.

2.2. State-Aware Coordinated Frequency Regulation Strategy for the Wind–Storage Hybrid System
2.2.1. Coordinated Frequency Regulation Strategy for the Wind–Storage Hybrid System
Under Multiple Wind Speed Regions

The DFIG is connected to the grid through a back-to-back converter, by which the
rotor speed is decoupled from the grid frequency. To enable the wind turbine to participate
in frequency regulation, a synthetic inertia control scheme is introduced in this paper, such
that the turbine provides additional active power associated with the system frequency
rate of change df /dt and the frequency deviation ∆f. The corresponding response equation
can be expressed as:

∆PW = Kb
d∆ f
dt

+ Kp∆ f (10)

The frequency regulation capability of a wind turbine is inherently limited by its
available rotor kinetic energy reserve, rotor-speed safety margin, and remaining active
power regulation margin under the current operating condition. Accordingly, the wind
speed is classified in this paper into three operating regions, and the corresponding wind–
storage coordinated frequency regulation roles are assigned according to the effective and
safe regulation capability available in each region.

Low wind speed region: In this region, the rotor speed remains close to the minimum
grid-connection threshold, and the available kinetic energy reserve is insufficient. If rotor
kinetic energy is further extracted for frequency support, the rotor speed may readily
decrease below the safety limit, which can lead to cascading disconnection of the unit.
Therefore, the wind turbine is excluded from primary frequency regulation in this region,
and the energy storage system, owing to its fast response capability, is solely responsible
for providing frequency support.

Medium wind speed region: In this region, the wind turbine operates under MPPT
conditions and possesses sufficient rotor kinetic energy reserve together with adequate
converter margin, thereby offering the most favorable operating condition for frequency
regulation. Under this circumstance, the wind turbine acts as the major frequency support
source and adopts synthetic inertia control, while the energy storage system provides
supplementary support in a coordinated manner according to the turbine operating state
so as to jointly mitigate frequency fluctuations.

High wind speed region: In this region, the wind turbine approaches rated full-power
operation, and both the rotor speed and active power output become close to their physical
limits. As a result, the available rotor kinetic energy margin is extremely restricted, and
forced participation in frequency regulation may cause equipment overload or control
instability. Accordingly, the wind turbine is also prevented from participating in frequency
regulation in this region, and the energy storage system assumes the principal role in
frequency support instead.

Based on the above analysis, the energy storage system is mainly employed to reduce
the steady-state frequency deviation and compensate for the power shortfall of the wind
turbine. Hence, virtual droop control is adopted, and the corresponding output power can
be expressed as:

∆PE = −KE∆ f (11)

2.2.2. Multivariable Fuzzy Synthetic Inertia Control of Wind Turbines Considering Rotor
Speed Constraints

In the medium wind speed region, when the wind turbine releases kinetic energy to
participate in frequency regulation, the rotor speed must be strictly constrained within the
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safe operating range to prevent the turbine from disconnecting from the grid due to stall
or overspeed. According to the safe operating characteristics of the doubly fed induction
generator, the safe rotor speed range is set to 0.7~1.2 p.u. in this paper. To evaluate the
frequency regulation potential of the wind turbine, the available rotor kinetic energy margin
is introduced, which can be expressed as:

Em =


ω2

r −ω2
min

ω2
opt−ω2

min
, ∆ f < 0

ω2
max−ω2

r
ω2

max−ω2
opt

, ∆ f > 0
(12)

where ωopt is the optimal reference rotor speed under MPPT operation, and Em ∈ [0, 1] is
the available energy margin, which dynamically characterizes the energy reserve that can
be used for frequency support.

When the unit operates close to ωopt, Em ≈ 1, which indicates sufficient kinetic energy
reserve. As the rotor speed approaches the safety boundary, Em ≈ 0, in which case the unit
loses its frequency regulation capability.

Under the medium wind speed operating condition, different frequency regulation
capabilities of the wind turbine can be achieved by adjusting the relevant control coefficients.
However, it is difficult for the wind turbine to determine its output level directly from
real-time operating states. To address this highly uncertain, nonlinear, and multi-objective
coordinated control process, FLC provides an effective solution with flexible dynamic
response and strong robustness, without relying on an accurate mathematical model [20].

Taking advantage of the fact that FLC does not require an explicit mathematical
relationship among variables, a multivariable fuzzy logic controller is constructed in this
paper. The available kinetic energy margin Em, rate of change in frequency df /dt, and
frequency deviation ∆f are selected as the input variables, while the initial virtual inertia
coefficient K′

b and the initial virtual droop coefficient K′
p are taken as the output variables.

For a typical frequency drop condition, the available kinetic energy margin, the rate
of change in frequency, and the frequency deviation are respectively defined within [0, 1],
[−0.6, 0] Hz/s, and [−1, 0] Hz. Meanwhile, both the virtual inertia coefficient and the
virtual droop coefficient vary within [5, 20]. To construct the fuzzy controller, five linguistic
subsets are assigned to both the input and output variables, namely VL, L, M, S, and
VS, which represent very large, large, medium, small, and very small, respectively. Their
membership functions are illustrated in Figure 3.

The universes of discourse of Em, df /dt, and ∆ f were determined according to the
typical operating range of the studied system under the considered frequency-drop sce-
narios and preliminary simulation tests. The output ranges of K′

b and K′
p were selected as

[5, 20] to provide sufficient transient support capability while keeping the initial coefficient
tuning within a reasonable range under different operating conditions. In addition, five
linguistic subsets were adopted as a compromise between control sensitivity and rule-
base complexity. The final membership distribution and rule base were further refined
through repeated simulation tests to obtain a satisfactory compromise among response
speed, support strength, and rotor-speed safety.

In this study, a Mamdani-type fuzzy inference structure is adopted for the wind-
turbine-side controller, with the min operator used for fuzzy implication and the max
operator used for aggregation. The output variables K′

b and K′
p are obtained by centroid

defuzzification. Since the universes of discourse of all input and output variables are
explicitly predefined according to the expected operating range of the studied system, the
normalization and scaling processes are embedded in the selected variable ranges and
membership mappings, rather than introduced as additional independent gain blocks. The
complete fuzzy rule base used to generate K′

b and K′
p is listed in Appendix A.
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Figure 3. Membership relation curve of input/output variables.

The fuzzy controller proposed in this paper is constructed to reconcile turbine operat-
ing safety with the need for system frequency support. Its basic design philosophy is to
release the available rotor kinetic energy as much as possible to provide rapid frequency
response to the grid while ensuring stable wind turbine operation. The associated fuzzy
control rules are given as follows:

Initial stage of frequency decline: At this stage, a sudden power deficit causes the grid
frequency to drop rapidly. The absolute value of the rate of change in frequency, |d f /dt|,
is relatively large, whereas the absolute value of the frequency deviation, |∆ f |, remains
relatively small. Under this condition, the virtual inertia response of the wind turbine
plays a dominant role. If the available kinetic energy margin Em is at a relatively high
level, it indicates that the rotor speed is close to the synchronous speed or in the super
synchronous operating state, and that the kinetic energy reserve is sufficient. In this case,
the controller outputs a relatively large initial virtual inertia coefficient K′

b and a relatively
small initial virtual droop coefficient K′

p, so that rotor kinetic energy can be released rapidly
within a short time to provide strong transient inertial support for the grid. In contrast,
when Em is low, the rotor speed is already close to the lower safety limit and the frequency
regulation potential is severely limited. Under such circumstances, the controller gives
priority to the grid-connected stability of the turbine and constrains K′

b to a relatively low
level, thereby suppressing the initial power release and avoiding turbine disconnection
caused by excessive depletion of rotor kinetic energy.

Middle and later stages of frequency decline: As the primary frequency regulation process
proceeds, the rate of frequency decline gradually slows down, |d f /dt| decreases progressively,
while |∆ f | continues to increase in magnitude and approaches its maximum deviation. At this
stage, the virtual droop response of the wind turbine becomes dominant, and K′

p should be
gradually increased with the increase in |∆ f | to compensate for the power deficit. Meanwhile,
K′

b should rapidly converge as |d f /dt| decreases. If the available kinetic energy margin Em
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drops sharply during this discharge stage, maintaining high-intensity power support would
easily break the rotor energy balance. Therefore, when Em becomes small, the controller limits
K′

p to a relatively low level, prompting the wind turbine to actively reduce its output, while the
subsequent frequency support is transferred to the energy storage system.

Through the logical inference of the above fuzzy rules, the controller can output the
initial synthetic inertia coefficients K′

b and K′
p of the wind turbine in real time. When the

available kinetic energy margin Em is set to 0.8 and 0.2, respectively, the three-dimensional
relationship of the initial synthetic inertia coefficients is shown in Figure 4.

(a) Initial Frequency Regulation Coefficients at an Energy Margin of 0.8 

Figure 4. Fuzzy logic inference result of fan comprehensive inertia coefficient.

The coefficients K′
b and K′

p obtained through fuzzy logic inference represent the expected
coefficient values under ideal conditions. However, under extreme grid load disturbances,
even if the fuzzy controller reduces the frequency regulation coefficients to their minimum
values, sustained active power output may still cause the wind turbine to disconnect from
the grid due to excessive response. To compensate for the limitations of FLC under extreme
operating conditions, a nonlinear safety attenuation function S(ωr) is introduced in this paper to
dynamically modify the boundaries of the initial frequency regulation coefficients, as given by:

S(ωr) =

{
1 − e−µ(ωr−ωmin), ∆ f < 0
1 − e−µ(ωmax−ωr), ∆ f > 0

(13)

where µ denotes the penalty adjustment coefficient, which is used to characterize the
sensitivity and smoothness of the turbine when withdrawing from frequency regulation.
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The parameter µ governs the sensitivity and smoothness of the attenuation process
when the rotor speed approaches the safety boundary. A relatively small µ leads to overly
early attenuation and may weaken the transient frequency support capability of the wind
turbine, whereas an excessively large µ makes the attenuation too slow to effectively restrain
further rotor-speed decline near the safety limit. Therefore, µ = 30 is selected in this study
as a compromise between rotor kinetic energy utilization and rotor-speed protection under
the considered operating conditions. The attenuation function curve during a frequency
drop event under this parameter setting is shown in Figure 5.

Figure 5. Curve of the Nonlinear Safety Attenuation Function.

As shown in Figure 5, the nonlinear attenuation mechanism divides the wind turbine
operation into three dynamic response regions:

Normal operating region (ωr > 0.95 p.u.): In this region, the rotor speed has sufficient
margin, and the available kinetic energy is abundant. The attenuation function, therefore,
introduces almost no intervention, i.e., S(ωr) ≈ 1, which ensures the maximum release of
the wind turbine’s frequency regulation potential.

Smooth warning region (0.75 < ωr < 0.95 p.u.): As the rotor speed decreases, the
available kinetic energy margin is gradually reduced. When the rotor speed drops to the
warning boundary of 0.75 p.u., the attenuation function decreases to 0.777, and the system
starts to forcibly restrain the frequency regulation output of the wind turbine so as to
prevent the rotor kinetic energy from being depleted too rapidly.

Safety blocking region (ωr < 0.75 p.u.): When the rotor speed approaches the mini-
mum safety limit of 0.7 p.u., the attenuation function decays exponentially to zero.

Accordingly, the variable-coefficient tuning formula of the synthetic inertia control for
the wind turbine can be written as:

Kb = K′
b · S(ωr) (14)

Kp = K′
p · S(ωr) (15)

Since the attenuation function satisfies 0 ≤ S(ωr) ≤ 1 within the admissible rotor-
speed range, the actual coefficients always satisfy 0 ≤ Kb ≤ K′

b and 0 ≤ Kp ≤ K′
p. Therefore,

the proposed attenuation mechanism does not amplify the initial fuzzy control outputs,
but only provides a bounded safety correction when the rotor speed approaches its lower
operating boundary.

2.2.3. Adaptive Droop Control of Energy Storage Considering Asymmetric SOC Constraints

To maintain the SOC of the energy storage system within a reasonable range, its
regulation gain should be properly designed. Conventional virtual droop control generally
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employs a fixed droop coefficient; that is, the maximum coefficient is continuously applied
in response to frequency deviation regardless of the SOC level [21]. This strategy can
effectively suppress frequency fluctuations when the SOC is sufficient. However, when the
SOC approaches the lower safety limit, continuous output at the maximum power level
will lead to rapid depletion of the storage capacity. This not only weakens the subsequent
frequency regulation capability of the system but may also cause secondary disturbances
during grid frequency recovery due to the premature withdrawal of the energy storage
unit from operation. Owing to its monotonicity and convex–concave characteristics, the
Logistic function naturally satisfies the requirement that the droop coefficient should vary
adaptively with SOC. On this basis, an adaptive control strategy for energy storage based
on the Logistic function is proposed in this paper so that the output of the storage unit
can be adjusted in real time during frequency regulation [22]. The SOC is divided into
different regions, where 0.1, 0.45, 0.55, and 0.9 are defined as the minimum, relatively low,
relatively high, and maximum SOC values, respectively. The corresponding expression can
be written as [23]:

Kc =


Kmax, SOC ∈ (0, 0.1]

KmaxP0·e
n·(0.9−SOC)

0.35

Kmax+P0·
(

e
n·(0.9−SOC)

0.35 −1
) , SOC ∈ (0.1, 0.9]

0, SOC ∈ (0.9, 1]

(16)

Kd =


0, SOC ∈ (0, 0.1]

KmaxP0·e
n·(SOC−0.1)

0.35

Kmax+P0·
(

e
n·(SOC−0.1)

0.35 −1
) , SOC ∈ (0.1, 0.9]

Kmax, SOC ∈ (0.9, 1]

(17)

where Kc is the charging control coefficient; Kd is the discharging control coefficient;
Kmax is the maximum value of the virtual unit regulation power; p0 and n are the
adaptive factors of the curve, which can influence the trend and shape of the curve.
The curves corresponding to p0 and n under different parameter values are shown in
Figures 6 and 7, respectively.

To ensure that the SOC of the energy storage system remains within its prescribed
limits while also taking the response speed of the storage system into account, p0 = 0.01
and n = 20 are selected in this paper. The resulting KE-SOC curve is shown in Figure 8.

Figure 6. Change curve of stored energy SOC with p0.
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Figure 7. Change curve of stored energy SOC with n.

It should be noted that the zero-coefficient segments in (16) and (17) are introduced as
protective blocking regions rather than ordinary regulation regions. Specifically, when the
SOC falls into the lower protection interval, the discharging-side droop action is blocked to
prevent further over-discharge; similarly, when the SOC enters the upper protection inter-
val, the charging-side droop action is blocked to avoid over-charge. Owing to the adopted
Logistic-function-based design, the corresponding droop coefficient already approaches
its limiting value smoothly before reaching the protection boundary. In particular, with
p0 = 0.01, the coefficient is already very close to zero near the blocking boundary, so the
transition to the zero-coefficient protection state does not introduce an obvious discontinu-
ity in the control signal. In addition, the actual storage power response is still filtered by
the equivalent first-order dynamic link, while the remaining frequency support demand
is coordinated by the wind turbine, conventional units, and the upper-layer MPC frame-
work. Therefore, the proposed protection mechanism mainly acts as a smooth directional
withdrawal of storage support, rather than an abrupt destabilizing switching action.

Figure 8. Adaptive change trend of energy storage SOC.

2.3. Coordinated Output Power Optimization of the Wind–Storage Hybrid System Based on MPC
2.3.1. Establishment of the Predictive Control Model

In this study, the MPC is employed as an upper-layer coordinator to generate rolling
reference power commands for the wind turbine and the energy storage unit on the basis
of the local control laws described in Section 2.2.
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As can be seen from Figure 1, the set of equations of the wind–storage hybrid system
during the primary frequency regulation process can be expressed as:

∆PG = − 1
R Ggov(s)Ggen(s)∆ f

∆PW = ∆PW.refGW(s)

∆PE = ∆PE.refGE(s)

∆ f = (∆PG + ∆PW + ∆PE − ∆PL)
1

2Hs+D

(18)

For the energy storage unit, the state of charge varies dynamically during the charging
and discharging process. Neglecting the effect of charging/discharging efficiency, the SOC
can be expressed as:

∆Ssoc = Ssoc − ∆PET/Es (19)

where Ssoc denotes the state of charge of the energy storage unit, T denotes the sampling
interval in the predictive control model, and Es denotes the rated capacity of the energy
storage system.

For the system under study, the linearized prediction model in standard form can be
written as: {

x(k + 1) = Ax(k) + B∆u(k) + Rr(k)
y(k) = Cx(k)

(20)

where k denotes the current sampling instant; x and y denote the system state variable and
output variable, respectively; ∆u and r denote the control input and disturbance variable,
respectively; and A, B, C, R denote the state matrix, control input matrix, output matrix,
and external disturbance matrix, respectively.

By discretizing (20) in accordance with the standard form of (18), the resulting discrete-
time equation can be obtained as:

∆PG(k + 1) =
(

1 − T
TG

)
∆PG(k) + T

TG
∆ f (k)

∆PW(k + 1) =
(

1 − T
TW

)
∆PW(k) + T

TW
∆PW.ref

∆PE(k + 1) =
(

1 − T
TE

)
∆PE(k) + T

TE
∆PE.ref

S(k + 1) = S(k)− ∆PE(k) T
Es

∆ f (k + 1) =
(

1 − DT
2H

)
∆ f (k) + T

2H [∆PG(k) + ∆PW(k) + ∆PE(k)− ∆PL(k)]

(21)

The state variable vector in this model is:

x(k) = [∆PG(k), ∆PW(k), ∆PE(k), S(k), ∆ f (k)]T (22)

The output variable vector is:

y(k) = [∆PW(k), ∆PE(k), S(k), ∆ f (k)]T (23)

The disturbance variable vector is:

r(k) = ∆PL(k) (24)

2.3.2. Objective Function

To achieve the coordinated optimal allocation of the reference power commands of the
wind turbine and the energy storage unit during the primary frequency regulation process of
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the wind–storage hybrid system, while simultaneously taking the system frequency regulation
performance into account, the following objective function is constructed in this paper:

Jmin = α

Np

∑
i=1

∆ f 2(k + i|k )− f (k + i) + β
Nc

∑
i=0

∆P2
W.ref(k + i|k ) + γ

Nc

∑
i=0

∆P2
E.ref(k + i|k )2 (25)

where ∆ f (k + i|k ) denotes the predicted value of the system frequency deviation ∆ f at
time k + i based on the information available at time k; ∆PW.ref(k + i|k ) and ∆PE.ref(k + i|k )
denote the reference control increments of the wind turbine and the energy storage
unit, respectively.

The objective function in (25) consists of three parts. The first term penalizes the
predicted system frequency deviation over the prediction horizon, so as to improve the
frequency support performance of the wind–storage hybrid system. The second and third
terms penalize the increments of the wind turbine reference power and the energy storage
reference power over the control horizon, respectively, thereby avoiding excessive com-
mand variation and improving the smoothness of coordinated power allocation. Therefore,
the objective function represents a compromise between frequency regulation effectiveness
and control-action smoothness.

In the present study, the weighting coefficients α, β, and γ are treated as preset tuning
parameters rather than dynamically updated variables. Among them, α is assigned a
relatively large value to emphasize the suppression of frequency deviation, whereas β

and γ are assigned relatively smaller values to limit overly aggressive output adjustments
of the wind turbine and the energy storage unit. In this way, the selected weighting
coefficients reflect the desired balance among frequency support performance, coordinated
wind–storage participation, and control smoothness under the studied operating conditions.
In addition, the prediction horizon Np = 20 and the control horizon Nc = 19 were selected
by considering the dominant time scale of primary frequency regulation together with the
computational burden of receding-horizon optimization.

2.3.3. Constraints

(1) Constraint on the active power increment of the wind turbine
To avoid severe fluctuations in the wind turbine reference power between adjacent

control instants, the increment of the wind turbine power command is constrained as:

−∆PW.max ≤ ∆PW.ref(k + i|k ) ≤ ∆PW.max (26)

where ∆PW.max denotes the maximum active power increment of the wind turbine.
(2) Output constraint of the energy storage unit
During the charging and discharging process, the output of the energy storage unit is

limited by its rated power. The corresponding constraint can be expressed as:

−PE.N ≤ ∆PE.ref(k + i|k ) ≤ PE.N (27)

where PE.N denotes the rated power of the energy storage unit.
(3) SOC constraint of the energy storage unit
The SOC of the energy storage unit should remain within its allowable operating

limits. The constraint condition is given by:

Ssoc.min ≤ Ssoc(k + i|k ) ≤ Ssoc.max (28)

where is the predicted value at time for at time.
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(4) Frequency balance constraint for primary frequency regulation
According to general standards, the absolute value of the steady-state frequency devi-

ation after completion of primary frequency regulation should not exceed 0.2 Hz [24,25]. If
the load fluctuation is small and the primary frequency regulation task can be accomplished
solely by conventional generating units, the system output reaches its maximum value
when the system attains the steady state:

∆PG.max = (−1/R − D)∆ fref (29)

where ∆ fref = ±0.2 Hz.
When the system output is optimized by the rolling optimization of MPC, if

|PL(k + i|k )| ≤ |∆PG.max|, the participation of the wind–storage system in frequency reg-
ulation is not required. Here, |PL(k + i|k )| denotes the absolute value of the predicted PL

at time k + i based on the information available at time k. If |PL(k + i|k )| > |∆PG.max|, the
wind–storage hybrid system is required to participate in frequency regulation. In this case,
the wind–storage hybrid system and the power grid are regarded as an integrated whole.
Let denote the overall primary frequency regulation coefficient of the system. Then,

Ki =
PL(k + i|k )

∆ fref(k + i|k ) (30)

where ∆ fref(k + i|k ) denotes the prescribed steady-state frequency deviation of the system
at time k + i predicted at time k, which is set to ±0.2 Hz.

The real-time predicted value of the overall system power during the primary fre-
quency regulation process can be expressed as:

P(k + i|k ) = (K + D)∆ f (k + i|k ) (31)

where P(k + i|k ) denotes the predicted value of the overall system power demand at time
k + i based on the information available at time k.

According to the above analysis, when the wind–storage hybrid system participates
in frequency regulation, the overall system power demand should be equal to the sum of
the frequency regulation outputs of all components:

P(k + i|k ) = ∆PG(k + i|k ) + ∆PW(k + i|k ) + ∆PE(k + i|k ) (32)

2.3.4. Model Solution

With the prediction model, objective function, and multiple constraints established
above, the primary frequency regulation power allocation problem of the wind–storage
hybrid system is reformulated as a constrained optimization problem over a receding
horizon. During each sampling period, the MPC determines the optimal active power
reference trajectories for the wind turbine and the energy storage unit by solving the
multivariable constrained problem with the MATLAB/Simulink R2022b (MathWorks,
Natick, MA, USA) built-in optimizer, after which the first control input is applied to the
lower-level execution layer. By repeatedly updating the optimization in a rolling manner,
the wind turbine and the energy storage unit are coordinated more effectively across
different response times and regulation characteristics. The resulting complementary
operation can be interpreted in the following two stages.

Power compensation stage during frequency support: During primary frequency
regulation, when the system operates in the low wind speed region or when the wind
turbine actively reduces its output because the rotor speed approaches the lower safety
limit, conventional local control may result in an abrupt decrease in the overall frequency
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regulation power. By contrast, MPC can perceive the output trend of the wind turbine in
advance through forward-rolling prediction. Once the optimizer detects that the turbine
output has reached the safety constraint boundary and can no longer be further increased,
the optimization direction of the power deficit is automatically shifted to the energy storage
system, provided that the overall power balance requirement of the system is satisfied. In
this manner, the MPC naturally dispatches the energy storage unit to provide rapid power
compensation, thereby filling the temporary gap in turbine frequency support.

Coordinated recovery stage during frequency restoration: When the system frequency
passes the nadir and gradually recovers toward the steady state, the grid demand for
active power support decreases progressively. During this stage, the wind turbine absorbs
power from the grid to restore its rotor speed, whereas the energy storage unit may still be
delivering power, which gives rise to internal power competition between the two units. By
predicting the frequency recovery trajectory in advance, the MPC coordinates the reference
outputs of the wind turbine and the energy storage unit in a unified manner, actively
suppresses the reverse power absorption behavior of the wind turbine, and smoothly
adjusts the droop support strength of the energy storage unit. As a result, the risk of a
secondary frequency dip can be effectively avoided.

The MPC-based optimal power allocation framework for frequency regulation of the
wind–storage hybrid system is depicted in Figure 9. By means of coordinated optimization,
this framework ensures that the system frequency deviation is effectively restrained while
further enhancing the complementary regulation potential of the wind turbine and the
energy storage unit.

Figure 9. Block diagram of MPC-based frequency regulation power optimal allocation for a wind-
storage combined system.

2.3.5. Remarks on Closed-Loop Stability

From the perspective of control structure, the proposed method adopts a hierarchical
framework composed of bounded local adaptive control laws and an upper-layer MPC-
based power allocation mechanism. Under the adopted frequency response model, the
wind turbine branch and the energy storage branch are represented by first-order equivalent
dynamic links with positive time constants, as shown in (8) and (9). Therefore, when the
control coefficients remain within their admissible ranges, the corresponding local response
dynamics are bounded.
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For the wind turbine branch, the multivariable fuzzy logic controller generates the
initial coefficients K′

b and K′
p within predefined finite intervals. These initial coefficients

are further corrected by the nonlinear safety attenuation function S(ωr), so that the actual
coefficients Kb and Kp remain bounded during the frequency regulation process. In this
way, the attenuation mechanism does not introduce unbounded gain variation, but instead
restrains the turbine response when the rotor speed approaches the safety boundary.

For the energy storage branch, the adaptive droop coefficient is determined by the
Logistic-function-based control law according to the SOC condition. Since the correspond-
ing regulation gain is designed within a finite interval, the storage-side support action
is also bounded. Moreover, the storage power and SOC are explicitly restricted by the
operating constraints considered in the predictive control model.

At the upper layer, the MPC updates the reference power commands of the wind
turbine and the energy storage unit by solving a constrained optimization problem based
on the linear prediction model and the imposed power/SOC constraints. Since the decision
variables are explicitly bounded, the optimized reference commands remain finite under
the studied operating conditions. Accordingly, the proposed coordinated strategy main-
tains bounded closed-loop responses in the considered disturbance scenarios and exhibits
satisfactory dynamic stability in the simulation results.

It should be noted that the present study mainly focuses on mechanism analysis and
controller validation under the adopted dynamic model. A rigorous Lyapunov-based
proof for the nonlinear fuzzy-attenuation mechanism, or a formal recursive-feasibility and
convergence proof for the constrained MPC, is beyond the scope of the present work and
will be further investigated in future studies.

3. Results
3.1. Simulation Setup

As shown in Figure 10, a classical four-machine two-area system was established in
MATLAB/Simulink R2022b to verify the effectiveness of the proposed coordinated primary
frequency regulation strategy for the wind–storage hybrid system.

Figure 10. Four-machine two-area simulation model, where Area I and Area II denote the two
interconnected areas of the benchmark power system.

In this model, G1–G3 represent thermal power units with a total installed capacity of
300 MW, while G4 represents an aggregated equivalent DFIG-based wind farm composed
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of 100 units with an individual rated capacity of 1.5 MW, corresponding to a total installed
capacity of 150 MW. This equivalent representation is adopted to facilitate frequency-
response-oriented system-level modeling and coordinated control analysis. L1 and L2 are
modeled as constant active loads, and L3 is modeled as a randomly fluctuating load. As
listed in Table 2, the rated capacity of the energy storage system is 1.2 MW·h, the rated
power is 15 MW, the sampling step size is 0.1 s, the prediction horizon is 20, and the control
horizon is 19. In addition, all variables are normalized in per-unit values with 100 MW
selected as the base value.

Table 2. Main simulation parameters of the wind–storage hybrid system.

Parameters Value

Sampling step size T/s 0.1
Prediction horizon Np 20

Control horizon Nc 19
Grid inertia time constant H 4
Load regulation coefficient D 2

Total installed capacity of the wind farm/MW 150
Initial wind speed v0/(m/s) 10

Capacity of the energy storage device Es/MW · h 1.2
Rated power of energy storage PE.N/MW 15

Response time of energy storage TE 0.1
Maximum state of charge Smax 0.9
Minimum state of charge Smin 0.1
Reference state of charge Sref 0.5

The validation studies in Sections 3.2–3.4 are arranged in a progressive manner. Specif-
ically, Section 3.2 focuses on the benchmark comparison of the wind-turbine-side local con-
trol strategy, Section 3.3 examines the storage-side adaptive droop strategy, and Section 3.4
further evaluates the overall coordinated control performance of the complete wind–storage
framework. In this way, the proposed method is validated hierarchically from the local
control level to the full coordinated control level.

3.2. Validation of the Rotor-Speed-Constrained Synthetic Inertia Control Strategy

As shown in Figure 11, a 0.02 p.u. step load disturbance was introduced at t = 20 s under a
constant wind speed of 10 m/s to evaluate the proposed variable-coefficient synthetic inertia
control strategy with rotor speed safety constraints. Four cases were compared, including
no wind turbine participation in frequency regulation (Strategy 1), fixed-coefficient control
(Strategy 2), unconstrained variable-coefficient FLC-based control (Strategy 3), and the proposed
constrained variable-coefficient FLC-based strategy (Strategy 4). For clarity, the representative
quantitative comparison results of the four strategies are further summarized in Table 3.

As shown in Figure 11b, when the wind turbine did not participate in frequency regula-
tion, the system exhibited the largest frequency deviation, and the frequency nadir reached
49.895 Hz. After fixed-coefficient frequency regulation was introduced, the nadir increased to
49.915 Hz. Under the proposed constrained variable-coefficient FLC strategy, the minimum
frequency further improved to 49.924 Hz. In terms of the maximum frequency deviation,
the proposed constrained variable-coefficient FLC strategy achieves a reduction of 27.62%
compared with the case without wind turbine participation and 10.59% compared with the
fixed-coefficient control case. These results indicate that the proposed method can provide
more effective transient frequency support under sudden load increase conditions.

As shown in Figure 11c, the maximum additional output power of the wind turbine
under fixed-coefficient control is 0.0136 p.u., whereas the proposed variable-coefficient
FLC-based strategy increases the peak support power to 0.0169 p.u. This corresponds to
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an increase of 24.26%, demonstrating that the proposed strategy can release rotor kinetic
energy more effectively during the initial stage of the disturbance and thereby alleviate the
system power deficit more rapidly.

Figure 11. Simulation results of wind turbine under different strategies during a sudden load increase.

Table 3. Quantitative comparison of different wind turbine frequency regulation strategies.

Performance Index Strategy 1 Strategy 2 Strategy 3 Strategy 4

Maximum frequency
deviation ∆ fm/Hz −0.105 −0.085 −0.068 −0.076

Steady-state frequency
deviation ∆ fs/Hz −0.061 −0.049 −0.041 −0.029

Maximum additional turbine
power ∆PW.max/p.u. / 0.0136 0.0169 0.0169

Maximum rotor-speed
drop ∆ωr/p.u. / −0.116 −0.281 −0.2

As shown in Figure 11b,d, the unconstrained variable-coefficient FLC can suppress the
initial frequency drop more aggressively, but this occurs at the cost of rotor speed violating
the safe operating boundary. By contrast, under the proposed constrained strategy, once
the rotor speed enters the warning region of 0.75 p.u., the safety constraint is activated and
the wind turbine output converges proactively. As a result, the rotor speed remains within
the safe operating range, and the steady-state frequency reaches 49.971 Hz. Compared
with the unconstrained variable-coefficient FLC case, in which the steady-state frequency is
49.958 Hz, the steady-state frequency error is reduced by 30.95%.

3.3. Validation of the Adaptive Energy Storage Control Strategy

As shown in Table 4 and Figure 12, a 0.02 p.u. step load disturbance was also imposed
to verify the proposed adaptive energy storage control strategy under a constant wind
speed of 10 m/s. Three cases were examined, namely no energy storage (Strategy 1), energy
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storage with fixed-K control (Strategy 2), and energy storage with the proposed adaptive
control strategy (Strategy 3). The initial SOC of the supercapacitor was set to 0.5, and the
simulation duration was 60 s.

Table 4. Evaluation index under different energy storage strategies.

Strategy The Maximum Frequency
Deviation ∆fm/Hz

The Steady-State Frequency
Deviation ∆fs/Hz

Strategy 1 −0.131 −0.033
Strategy 2 −0.092 −0.027
Strategy 3 −0.076 −0.024

Figure 12. Frequency response under different strategies of energy.

As shown in Table 2 and Figure 12a, when no energy storage was used, the maxi-
mum frequency deviation and the steady-state frequency deviation were −0.131 Hz and
−0.033 Hz, respectively. After the fixed-K method was adopted, these values were reduced
to −0.092 Hz and −0.027 Hz. When the proposed adaptive control strategy was applied,
the maximum frequency deviation and the steady-state frequency deviation were further
reduced to −0.076 Hz and −0.024 Hz, respectively. Compared with the case without energy
storage, the proposed strategy improves the maximum frequency deviation by 41.98% and
the steady-state frequency deviation by 27.27%. Compared with the non-adaptive energy
storage strategy, the corresponding improvements are 17.39% and 11.11%, respectively.

As shown in Figure 12b, under the fixed-K method, the energy storage unit continuously
operates at high output, and its SOC decreases to the lower operating limit of 0.1 at t = 47 s. Since
no SOC recovery constraint is imposed, the SOC then remains at the lower bound. In contrast,
under the proposed adaptive control strategy, the SOC changes more smoothly and remains in
a more favorable operating range throughout the frequency regulation process. These results
confirm that the proposed strategy not only improves frequency support performance but also
enhances the sustainability of energy storage participation.

3.4. Validation of the MPC-Based Wind–Storage Power Allocation Strategy

As shown in Figures 13 and 14, a 600 s simulation was conducted under continuously
varying wind speed and random load disturbance within ±0.02 p.u. to further evaluate
the proposed MPC-based wind–storage power allocation strategy. The dynamic responses
of the wind turbine and the energy storage unit under the fixed-coefficient strategy and the
proposed MPC-based strategy were compared.
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Figure 13. Continuous random load disturbance under variable wind speed conditions.
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Figure 14. Simulation results under continuous random load disturbance.
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As shown in Figure 14a, under the fixed-coefficient control strategy, the system fre-
quency fluctuates over a relatively wide range. After the MPC strategy is adopted, the
frequency variation is effectively confined within 49.95–50.05 Hz. This result indicates that
the MPC-based strategy can better suppress frequency fluctuations under continuously
varying operating conditions.

As shown in Figure 14c,d, when the wind speed decreases to about 7.5 m/s at approx-
imately t = 440 s, the available rotor kinetic energy margin of the wind turbine becomes
limited. Under the fixed-coefficient strategy, the wind turbine is more prone to rotor speed
constraint violation and output oscillation. By contrast, under the proposed MPC-based
strategy, the active power command of the wind turbine is reduced in advance, while the
energy storage unit is dispatched to increase its output rapidly to compensate for the power
deficit. Consequently, the power transition between the two units becomes smoother, and
the oscillation risk of the wind turbine is mitigated effectively.

As shown in Figure 14e, under fixed-coefficient control, the peak total active power
support of the wind–storage system is only about 0.007 p.u., which accounts for approxi-
mately 35% of the system power deficit. In comparison, under the proposed MPC-based
strategy, the peak total support increases to about 0.013 p.u. This indicates that the pro-
posed method can exploit the regulation potential of the wind–storage hybrid system more
fully and enhance system inertial support more rapidly.

As shown in Figure 14f, compared with the fixed-coefficient control strategy, the
SOC of the energy storage unit under MPC remains around 0.5 with relatively small
fluctuations, showing a smoother overall trajectory. This result suggests that the proposed
strategy improves not only the frequency regulation effect but also the continuity and
maintainability of storage participation during primary frequency regulation.

4. Discussion
The above results validate the main working hypothesis of this study, namely that the

frequency regulation performance of a wind–storage hybrid system can be improved when
the response capabilities of the wind turbine and energy storage are coordinated according
to turbine operating conditions, rotor kinetic energy margin, and storage SOC. The simu-
lation results show that neither a purely fixed-coefficient strategy nor an unconstrained
variable-coefficient strategy can simultaneously guarantee strong frequency support and
safe unit operation. By contrast, the proposed multivariable fuzzy synthetic inertia control
with rotor-speed safety constraints achieves a better balance between transient support
capability and operational security.

For the wind turbine subsystem, the results indicate that simply increasing inertial
response is not sufficient, because excessive kinetic energy release may cause rotor-speed
violation and degrade the later-stage frequency recovery performance. This observation
is consistent with the physical limitation that the DFIG frequency support capability
depends strongly on the available rotor kinetic energy margin. Therefore, the nonlinear
attenuation mechanism introduced in this study is essential, because it enables the controller
to exploit the turbine support potential under favorable conditions while withdrawing
support in a timely manner near the safety boundary. From this perspective, the proposed
strategy extends conventional fixed-parameter synthetic inertia control by embedding state
awareness into the coefficient regulation process.

For the energy storage subsystem, the comparison between fixed-K control and adaptive
control demonstrates that frequency regulation performance should not be evaluated only
by the initial response speed. Although fixed-K control can provide rapid support, it tends
to deplete the storage capacity prematurely, which weakens the continuity of subsequent
support. The proposed adaptive droop strategy addresses this issue by adjusting the storage
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output according to SOC, thereby maintaining both dynamic response capability and energy
availability. This feature is particularly important for sustained or repeated disturbances, where
the long-term availability of storage support becomes as important as its short-term response.

The results obtained under continuously varying wind speed further show that coordi-
nated optimization at the system level is necessary. Local control alone cannot fully resolve
the conflict between turbine rotor-speed recovery and storage output continuity, especially
when wind speed decreases and the turbine support margin becomes insufficient. The MPC
framework improves this coordination by predicting the future system trend and redistributing
the power command between the wind turbine and energy storage unit in advance. As a result,
the proposed method not only suppresses frequency fluctuations more effectively but also
mitigates abrupt power transitions and reduces the risk of secondary frequency deterioration.

Compared with previously reported wind-storage coordinated frequency regulation
approaches based on fixed inertia or droop settings, single-layer fuzzy control, or direct
storage assistance, the present method provides a more integrated control structure by
combining local adaptive response and upper-layer rolling optimization. In particular, the
proposed strategy explicitly considers the variation in turbine regulation capability across
different wind speed regions and the sustainable support capability of storage under SOC
constraints. This explains why the method exhibits superior performance in both transient
frequency support and coordinated power allocation.

Although the present results are promising, they are still obtained from simulation on
a benchmark two-area system under several simplifying assumptions, including simplified
converter dynamics, ideal communication conditions, and an equivalent supercapacitor
model. For practical deployment, further work is needed to investigate parameter sen-
sitivity, communication delay, measurement noise, and the applicability of the proposed
strategy in larger grid models and hardware-in-the-loop environments. In addition, future
studies may incorporate economic objectives, storage degradation costs, and multiple wind
farms or heterogeneous storage devices to further improve the engineering value of the
coordinated control framework.

It should also be noted that the present work focuses on the mechanism analysis and
time-domain validation of a hierarchical nonlinear coordinated control strategy, which involves
fuzzy inference, operating-region-dependent logic, SOC-based adaptive droop regulation, and
constrained rolling optimization. Within this framework, key quantities such as the attenuation
parameter µ, the SOC thresholds, and the MPC weighting parameters are treated as preset
design parameters of the corresponding control laws and are determined before the system-
level validation studies. Accordingly, the main objective of the present study is to evaluate the
effectiveness of the proposed coordinated control strategy under the selected design settings.
A full small-signal stability analysis around a single operating point, as well as an exhaustive
system-level sensitivity study of all preset design parameters, is beyond the present scope and
will be further investigated in future work.

5. Conclusions
To address the challenges of coordinated control and power allocation for a wind–

storage hybrid system participating in grid primary frequency regulation under high
renewable energy penetration, an integrated optimization method incorporating multivari-
able fuzzy logic and model predictive control is proposed in this paper. The results confirm
that the proposed method provides a coordinated and state-aware control framework for
wind–storage primary frequency regulation, with consistency across multi-region operating
adaptation, local adaptive support, and upper-layer rolling power allocation. On the basis
of mechanism analysis and simulation validation of the coordinated frequency regulation
process of the wind–storage hybrid system, the main conclusions can be drawn as follows:
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The proposed variable-coefficient fuzzy logic control strategy considering rotor speed
safety constraints can dynamically tune the virtual inertia and droop coefficients of the wind
turbine according to the system frequency condition and the available rotor kinetic energy
margin. Moreover, the introduced nonlinear safety attenuation mechanism compensates
for the tendency of excessive response under extreme disturbances, thereby maximizing the
transient frequency support potential while effectively preventing turbine disconnection
caused by rotor stall or overspeed.

The deployment of the energy storage unit markedly enhances the frequency support
capability of the system. Furthermore, the Logistic-function-based adaptive control strategy
provides more effective SOC management for the energy storage unit, thereby allowing its
output to be adjusted in real time throughout the frequency regulation process.

Under fluctuating wind speed conditions and continuous random load disturbances,
the constructed MPC-based power optimization allocation framework performs multi-
variable long-horizon rolling prediction, proactively issues withdrawal commands when
the rotor kinetic energy of the wind turbine becomes insufficient, and simultaneously
dispatches the energy storage system to provide power compensation. As a result, the
proposed framework improves the frequency regulation performance while achieving a
more reasonable power allocation between the wind turbine and the energy storage unit.
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Nomenclature
The main symbols used in this manuscript are summarized as follows:

Kb Virtual inertia control coefficient of the wind turbine
Kp Virtual droop control coefficient of the wind turbine
KE Virtual droop control coefficient of the energy storage unit
Em Available rotor kinetic energy margin
K′

b Initial virtual inertia coefficient obtained by fuzzy inference
K′

p Initial virtual droop coefficient obtained by fuzzy inference
S(ωr) Nonlinear safety attenuation function
µ Penalty adjustment coefficient in the safety attenuation function
Kc Charging control coefficient of the energy storage unit
Kd Discharging control coefficient of the energy storage unit
α Weighting coefficient of the frequency deviation term
β Weighting coefficient of the wind turbine control increment term
γ Weighting coefficient of the storage control increment term
Np Prediction horizon of MPC
Nc Control horizon of MPC
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Appendix A
Appendix A provides the complete fuzzy rule base of the proposed controller. In the

rule tables, Em, d∆ f /dt, and ∆ f are the three fuzzy inputs, while K′
b and K′

p are the two
fuzzy outputs.

Table A1. Complete fuzzy rule base of the proposed fuzzy controller.

Em d∆ f /dt ∆ f K′
b K′

p

VS VS VS VS VS
VS VS S VS VS
VS VS M VS VS
VS VS L VS S
VS VS VL VS S
VS S VS VS VS
VS S S VS VS
VS S M VS VS
VS S L VS S
VS S VL VS S
VS M VS VS VS
VS M S VS VS
VS M M VS VS
VS M L VS S
VS M VL VS S
VS L VS S VS
VS L S S VS
VS L M S VS
VS L L S S
VS L VL S S
VS VL VS S VS
VS VL S S VS
VS VL M S VS
VS VL L S S
VS VL VL S S
S VS VS VS VS
S VS S VS VS
S VS M VS S
S VS L VS M
S VS VL VS M
S S VS S VS
S S S S VS
S S M S S
S S L S M
S S VL S M
S M VS S VS
S M S S VS
S M M S S
S M L S M
S M VL S M
S L VS M VS
S L S M VS
S L M M S
S L L M M
S L VL M M
S VL VS M VS
S VL S M VS
S VL M M S
S VL L M M
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Table A1. Cont.

S VL VL M M
M VS VS S VS
M VS S S S
M VS M S M
M VS L S L
M VS VL S L
M S VS S VS
M S S S S
M S M S M
M S L S L
M S VL S L
M M VS M VS
M M S M S
M M M M M
M M L M L
M M VL M L
M L VS L VS
M L S L S
M L M L M
M L L L L
M L VL L L
M VL VS L VS
M VL S L S
M VL M L M
M VL L L L
M VL VL L L
L VS VS S S
L VS S S M
L VS M S L
L VS L S VL
L VS VL S VL
L S VS M S
L S S M M
L S M M L
L S L M VL
L S VL M VL
L M VS L S
L M S L M
L M M L L
L M L L VL
L M VL L VL
L L VS VL S
L L S VL M
L L M VL L
L L L VL VL
L L VL VL VL
L VL VS VL S
L VL S VL M
L VL M VL L
L VL L VL VL
L VL VL VL VL

VL VS VS S S
VL VS S S M
VL VS M S L
VL VS L S VL
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Table A1. Cont.

VL VS VL S VL
VL S VS M S
VL S S M M
VL S M M L
VL S L M VL
VL S VL M VL
VL M VS L S
VL M S L M
VL M M L L
VL M L L VL
VL M VL L VL
VL L VS VL S
VL L S VL M
VL L M VL L
VL L L VL VL
VL L VL VL VL
VL VL VS VL S
VL VL S VL M
VL VL M VL L
VL VL L VL VL
VL VL VL VL VL
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