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Abstract

Variations in wind-turbine rotor speed and converter power margin under different operat-
ing conditions constrain the frequency-support power output of wind turbines, thereby
affecting the controllability and stability of the frequency-support response. To address
this problem, this paper proposes a dual virtual synchronous generator (VSG) coordi-
nated control method for energy-storage doubly fed induction generator wind turbines
based on frequency-support power-response equivalence. First, frequency-support power-
response models are established for the VSGs implemented at the rotor-side converter and
the grid-side converter to describe the active-power dynamic characteristics of the two
frequency-support channels. Second, using the target inertial-support power response as
the reference, the dual-VSG parameter configuration is transformed into a power-response
consistency optimization problem. Furthermore, considering rotor speed, state of charge
(SOC), and the grid-side converter upward power margin, the inertia-support and primary
frequency regulation power contributions are assigned between the stator and grid-side con-
verter channels. Hardware-in-the-loop validation results show that the proposed method
coordinates the dual-channel frequency-support power output under four typical operating
conditions with high/low wind speeds and high/low SOC levels, maintains a consistent
frequency-support power response, and achieves controllable and stable frequency support
over a wide operating range.

Keywords: energy-storage doubly fed induction generator; virtual synchronous generator;
frequency support; power response equivalence; coordinated power allocation

1. Introduction

Driven by the global transition toward low-carbon power systems, the penetration of
renewable energy sources such as wind and photovoltaic power continues to increase, and
power systems are shifting from synchronous-generator-dominated structures to power-
electronic-interfaced sources [1]. Synchronous generators naturally participate in frequency
dynamics through rotor kinetic energy, power-angle characteristics, and governor systems.
In contrast, the active-power response of converter-interfaced renewable energy units is
mainly determined by control strategies and is therefore decoupled from grid-frequency
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dynamics [2]. As renewable penetration increases, system equivalent inertia and frequency-
regulation capability decrease, leading to a higher rate of change in frequency, a lower
frequency nadir, and increased frequency-security risks [3]. Existing control strategies have
enabled wind turbines to provide active frequency support. However, the available support
power is governed by wind speed, rotor speed, and converter power margin, causing the
frequency-support response to vary across operating conditions. Achieving controllable
and stable frequency support over a wide operating range has therefore become a central
requirement for renewable energy units [4].

Wind-turbine frequency support is implemented by regulating active power to im-
prove the post-disturbance system power balance and suppress frequency deviations. In
conventional doubly fed induction generator (DFIG) wind turbines, the power reserve avail-
able for frequency support mainly comes from rotor kinetic energy and is released through
rotor-side converter (RSC) control. The active power of the grid-side converter (GSC) is
constrained by the DC-link power balance and therefore cannot provide independently con-
trolled active-power regulation for frequency support [5,6]. When an energy-storage unit is
connected to the DC link of the back-to-back converter, the GSC side obtains an adjustable
power source. The energy-storage DFIG therefore forms dual power reserves consisting of
rotor kinetic energy and DC energy storage. Since the wind-turbine power output is not
naturally coupled with grid frequency, frequency-support strategies are required to release
these two power reserves and form a controllable frequency-support power response.

Existing studies have developed several frequency-support strategies for DFIGs, in-
cluding virtual synchronous generator (VSG) control, droop control, overspeed deloading,
pitch-angle regulation, and energy-storage-assisted frequency regulation. VSG, virtual-
inertia, and droop-control methods can introduce frequency-dependent active-power regu-
lation based on the rate of change in frequency or frequency deviation, thereby improving
the frequency response after disturbances; however, their power dynamics are affected
by frequency measurement, power-reference generation, and the underlying converter
control loops [7]. Overspeed deloading and pitch-angle regulation can reserve active-
power headroom for primary frequency regulation (PFR), but this is usually achieved at
the cost of wind-energy capture efficiency or increased mechanical regulation burden [8].
Energy-storage-assisted frequency regulation increases the available support power of
wind turbines, while its effectiveness depends on storage state, power allocation, and con-
verter execution capability [9,10]. These methods enable DFIGs to participate in frequency
support, but the relationship among the target frequency-support power response, the
VSG closed-loop power response, and the internal multi-channel power output remains
insufficiently characterized.

Research on the frequency-support process has further considered power coordination,
stability enhancement, support withdrawal, and rotor-speed recovery. Wind-storage coor-
dinated PFR strategies have been developed to account for rotor kinetic-energy recovery,
in which inertial and droop power are adaptively allocated on the DFIG side, and hybrid
battery—supercapacitor power sharing is adopted on the storage side [11]. For grid-forming
DFIGs under VSG control, transient damping enhancement and steady-state recovery
initial values have been introduced to suppress low-frequency oscillations and improve
transient support performance [12]. Adaptive rotor-speed recovery based on variable-
coefficient PI control has been used to balance secondary frequency-drop suppression
and rotor-speed recovery through staged active-power deloading [13]. From the perspec-
tive of transient synchronization stability, PLL parameter design has been investigated
by considering the opposite requirements of inertia enhancement and synchronization
stability [14]. Two-stage frequency-regulation strategies have further combined adaptive
inertia and droop coefficients during the support stage with optimized switching and fuzzy
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PI control during the recovery stage [15]. These studies improve DFIG frequency-response
performance in terms of support dynamics, stability, and recovery, but they mainly focus on
single-channel support, external wind-storage coordination, or post-support recovery. The
power-response equivalence and wind-turbine-level coordinated configuration of internal
RSC/GSC dual-VSG channels in energy-storage DFIGs remain insufficiently studied.

To address operating-condition variations, limited power margins, and multi-
resource coordination, optimization algorithms have been applied to frequency-support
parameter tuning, power allocation, and capability-boundary evaluation in DFIGs and
wind-storage systems. Multi-objective particle swarm optimization has configured virtual
inertia in DFIG wind farms using frequency nadir and time to nadir as objectives [16].
Fuzzy logic control combined with model predictive control (MPC) has been used for
wind-storage coordinated frequency regulation, where fuzzy logic adjusts support and
droop coefficients, and MPC optimizes reference power allocation [17]. For grid-forming
DFIGs, bi-level MPC optimizes VSG coefficients and additional power commands at
the upper level and improves stator voltage and current tracking at the lower level [18].
Power-support capability models with coupled constraints of rotor speed, pitch angle,
and rotor current allocate wind-farm frequency-control power according to turbine-level
support capability [19]. Knowledge- and data-driven Koopman-MILP methods transform
nonlinear DFIG wind-farm frequency-support dynamics into high-dimensional linear
models for online capability-boundary assessment [20]. These studies improve the adapt-
ability and security of frequency support, but mainly target system frequency indices,
control-coefficient tuning, wind-storage power allocation, or capability boundaries. A
systematic method is still needed to link the target inertial-support power response with
the VSG closed-loop power response and to coordinate inertia-target decomposition with
PFR power allocation in internal dual-VSG channels.

In summary, controllable and stable frequency support of energy-storage DFIGs
requires a clear relationship between the equivalent inertia target and the VSG closed-loop
power response, as well as dual-channel task allocation under operating-state constraints.
Specifically, the equivalent inertia target is translated into a target inertial-support power
response for VSG parameter configuration, while rotor speed, SOC, and GSC upward
power margin determine the stator-side and GSC-side support contributions under a
unified turbine power base. Based on this analysis, this paper proposes a power-response-
equivalence-based dual-VSG method for energy-storage DFIGs, integrating VSG parameter
configuration with dual-channel frequency-support task allocation. Table 1 summarizes
the key differences between representative existing methods and the proposed method.

Table 1. Key differences between existing methods and the proposed method.

Method Type Main Feature Key Distinction
Rotor-kinetic-energy-based DFIG Use rotor kinetic energy for GSC power cannot be 1ndependen’F1y
frequency support [6-8,12-15] frequency support regulated, and the support range is
! limited by rotor-speed constraints
Relies on wind-storage dispatch,
Wind-storage coordinated frequency ~ Provide external storage power for with slower response and limited

support [9-11,17]

frequency regulation coordination with
rotor-kinetic-energy control

Proposed method

Uses DC-side energy storage to
RSC/GSC dual-VSG coordinated expand GSC power-control freedom
control for energy-storage DFIGs and coordinate turbine-level
storage/rotor-kinetic-energy support
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The main contributions are as follows:

(1) A dual-VSG frequency-support power-response model of the energy-storage DFIG
is established. The model reveals the frequency-disturbance-to-power-response rela-
tionships of the RSC-VSG and GSC-VSG channels, providing a theoretical basis for
unified wind-turbine-level power-response characterization.

(2) A target-power-response-equivalence-based VSG inertia parameter configuration
method is proposed. The method establishes a direct relationship between the equiv-
alent inertia target and the VSG control parameter configuration, enabling the VSG
closed-loop power response to match the target inertial-support response.

(3) A dual-VSG coordinated frequency-support allocation method considering operating-
state constraints is proposed. It relates the wind-turbine-level frequency-support
target to stator/GSC channel contributions, enabling stable and consistent support
performance across different rotor-speed, SOC, and GSC power-margin conditions.

The remainder of this paper is organized as follows. Section 2 presents the energy-
storage DFIG model and dual-VSG control. Sections 3 and 4 develop the power-response-
equivalence-based parameter configuration and coordinated frequency-support strategy,
respectively. Section 5 provides HIL validation, and Section 6 concludes the paper.

2. Modeling of Energy-Storage DFIG Wind Turbines for
Frequency-Support Analysis

The energy-storage DFIG wind turbine extends the active-power control flexibility
of the GSC through DC-link energy storage, thereby expanding the GSC control objective
from solely maintaining DC-link voltage stability to active-power control with frequency-
support capability. Based on this configuration, the RSC/GSC dual-VSGs enable both the
stator-side active power and the GSC grid-connected power to respond to system frequency
disturbances, thereby enhancing the overall equivalent inertia and PFR support capability
of the turbine.

2.1. Topology and Power-Coupling Characteristics of Energy-Storage DFIG Wind Turbines

The structure of the energy-storage DFIG wind turbine and its control system is
shown in Figure 1. A supercapacitor energy-storage unit is connected to the DC bus of the
back-to-back converter through a bidirectional DC/DC converter.
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Figure 1. Energy-storage DFIG wind turbine and control system diagram.
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The power balance of the converter DC bus is expressed as
dud
Cdcudc—dtc = Py — Pysc — Pes, 1)

where Cy4. and u4. denote the DC-bus capacitance and DC-bus voltage, respectively; P;
is the power injected into the DC bus from the rotor through the RSC; Pes is the power
absorbed by the energy-storage unit from the DC bus; and Pgs. is the active power delivered
from the GSC to the grid. When the DC-bus voltage is regulated to be stable, Equation (1)
can be simplified as

Pes = Pr — Pgsc. )

This equation indicates that the energy-storage unit supplies the power difference
between the GSC grid-connected power and the rotor-side power, thereby supporting
independent GSC power control under stable DC-bus voltage conditions. Since the DC-bus
voltage loop of the energy-storage DC/DC converter is designed with a higher bandwidth
than the RSC and GSC power-control loops, the DC-bus power imbalance is regulated on a
faster time scale. This reduces the dynamic coupling between the RSC-VSG and GSC-VSG
through the DC bus during frequency-support operation.

The output power of the wind turbine is given by

Pwt:Ps+Pgsc/ (3)

where Ps is the active power delivered from the stator to the grid. During frequency-
support operation, the stator side provides frequency-regulation power by releasing rotor
kinetic energy, whereas the GSC provides frequency-regulation power by utilizing the
DC-side energy storage. Together, these two power components constitute the overall
frequency-support output of the turbine.
Neglecting losses, the stator and rotor powers satisfy the following relationship with
the slip s;:
P, = —s;P;. 4)

Substituting (4) into (2) yields
Pes = _(51P5+Pgsc)- 5)

Therefore, the control of the energy-storage DFIG wind turbine power Py is essentially
realized through the coordination of the stator power, the GSC power, and the energy-
storage power.

2.2. RSC/GSC Dual-VSG Control Strategy

To accommodate the control characteristics of the energy-storage DFIG, in which
the stator-side active power and the GSC grid-connected power can be independently
regulated, RSC/GSC dual-VSGs are adopted to realize inertial support and frequency-
regulation operation on both the stator side and the GSC side. The RSC-side VSG acts
on stator active-power control, whereas the GSC-side VSG acts on the active-power
control of the grid-side converter. The two VSGs adopt a unified power outer-loop
structure. However, considering the differences in the electromagnetic channels and
power bases corresponding to the RSC side and the GSC side, the VSG parameters
should be configured separately.

In the power outer loop, the active-power loop generates the virtual angular frequency
and phase angle based on the virtual rotor motion equation, whereas the reactive-power
loop generates the magnitude of the virtual internal electromotive force according to
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the reactive-power deviation. Thus, a virtual internal electromotive force is formed to
characterize the internal voltage characteristics of the equivalent synchronous machine. The
main difference between the two control schemes lies in the dg-coordinate transformation
angle aligned with the virtual internal electromotive force. The GSC-side VSG uses the
phase angle of the virtual internal electromotive force, whereas the RSC-side VSG uses the
slip angle between the phase angle of the virtual internal electromotive force and the rotor
electrical angle.

Around a steady-state operating point, the small-signal active-power outer loop model
of the VSG strategy is constructed based on the virtual rotor motion equation as follows:

dAwy

]dt

= AP* — AP — D(Awy — Awy), (6)

dADy
dt

where A denotes the small-signal increment of the corresponding variable; | and D are the

= Awy, (7)

virtual inertia and virtual damping parameters, respectively; w, and 0y are the virtual an-
gular frequency and phase angle of the VSG, respectively; wy is the grid angular frequency;
P* and P are the active-power command and the actual active power of the corresponding
channel, respectively. When applied to the RSC side, P = P, with the corresponding param-
eters denoted as Js and Ds. When applied to the GSC side, P = Pgg, with the corresponding
parameters denoted as Jgsc and Dgsc.

The small-signal reactive-power loop of the VSG strategy can be expressed as

AEy = Gopi(s)(AQ" — AQ), (®)

where E, is the magnitude of the virtual internal electromotive force of the VSG, and
Gq,pi(s) is the transfer function of the reactive-power PI controller.

To analyze the relationship between the VSG equivalent inertia and the frequency-
support power response, the power angle is defined as

5 =0, — 0. 9)

The active and reactive powers of the VSG can be expressed as

E.U
P=—"8gins
Xeq 10
oL, . (10)
Q= Xeq COS(S—X—eq

where Uy is the grid-voltage magnitude, and Xeq is the equivalent reactance between
the virtual internal electromotive force and the grid. For the RSC-VSG, X4 is the stator
reactance Xg; for the GSC-VSG, Xeq is the filter reactance Xj.

Linearizing around the operating point (E,, do) gives

{AP(S) = koklAEV(S) + EV,OkOkZA‘S(S) 1)

AQ(S) = koszEV (S) — EV,Ok0k1A5(S)

where kg = Ug/ Xeq, k1 = sin(ép), and ky = cos(dp). The subscript 0 denotes the steady-state
value of the corresponding variable at the operating point.
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From (6)—(9) and (11), the transfer relationship from the frequency disturbance Awg(s)
to the VSG active-power response AP(s) can be obtained as

AP(s) _ Keg(s)]s
Awg(s) Js2 + Ds 4 Keq(s)
Keq(s) = Eyokokz + kok1GsE(s) , (12)
Gor(s) = Ey okok1 (kp,os + ki)
(14 kok2kp,q)s + kokakig

where Keq(s) is the equivalent synchronizing power coefficient considering the coupling
effect of the reactive-power loop; Gsg(s) is the transfer function from the power-angle
disturbance to the magnitude disturbance of the virtual internal electromotive force; and
ko, ki are the proportional and integral parameters of the reactive-power control loop,
respectively. Considering that the current-loop response is much faster than the power-loop
response, the current inner-loop dynamics are approximated as a fast-tracking process
and are not explicitly included in (12). The resulting reduced-order model retains the
dominant dependence of the active-power response on the control parameters | and D,
thereby providing a concise basis for the subsequent parameter optimization.

Equation (12) indicates that the VSG active-power response is not an ideal pure inertial
link. Instead, its dynamics are jointly affected by the virtual inertia parameter |, the
virtual damping parameter D, and the equivalent synchronizing power coefficient Keq(s).
Therefore, the virtual inertia parameter | only characterizes the inertial term in the VSG
control equation and cannot be directly equated with the equivalent inertia H in the sense
of frequency support.

The PFR droop control is given by

APg = —KiAfg, (13)

where APg* is the PFR power reference, Ky is the frequency droop coefficient, and Afg
is the grid frequency deviation. This droop control directly generates the active-power
command from the frequency deviation, and its power contribution satisfies a linear
superposition relationship.

During normal operation, the stator active-power reference is determined by the
maximum power point tracking (MPPT) control for wind-energy capture. The DC-voltage
PI controller calculates the DC-side power imbalance and allocates this command to the
power commands of the DC/DC converter and the GSC as follows:

P;. = Gqcpi(s) (tge — uf.)

Pgs = AacPj. ’ (14)
Pgsc = (1 - /\dC>P§c

where ug4.* and uq. are the DC-bus voltage reference and actual value, respectively; Gq. p1(s)
is the transfer function of the DC-voltage PI controller; Pg.* is the DC-side power-imbalance
command output by the DC-voltage PI controller; and A4, is the DC-side power allocation
coefficient used to regulate the power sharing between the energy-storage system and
the GSC, with 0 < A4 < 1. During normal operation, A4, can be set to 0, so that the
DC-side power imbalance is fully handled by the GSC, while the energy-storage side does
not participate in DC-voltage regulation. This corresponds to the conventional GSC DC-
voltage control mode of a DFIG. During frequency-regulation operation, the GSC power
allocation described by (14) is no longer updated. Instead, the GSC power reference is

https://doi.org/10.3390/pr14132093


https://doi.org/10.3390/pr14132093

Processes 2026, 14, 2093

8 of 24

jointly determined by the baseline value before frequency regulation is activated and the
frequency-support power of the GSC-VSG. In this case, both the RSC-side power and the
GSC-side frequency-support power appear as disturbance powers on the DC bus, and the
DC-side power imbalance is fully handled by the energy-storage system rather than being
allocated according to (14).

2.3. Representative Frequency Disturbance Based on the SFR Model

The frequency-support power response of the wind turbine refers to the active-power
response produced by inertial support and PFR support under a frequency disturbance.
This active-power response requires a representative frequency disturbance as the input.
In this paper, the representative system frequency response model under a step load
disturbance is adopted to describe the frequency-drop process.

The equivalent system frequency dynamics can be expressed as

2Hsys dAf
fo dt

where Hgys is the equivalent inertia of the system; f is the rated frequency; APsg is the PFR

= APy — APL — KLAf, (15)

power increment of the synchronous generator; APy is the load disturbance; and Ky, is the
load frequency-regulation coefficient.
The PFR and prime-mover response can be equivalently represented by a first-order

element as
dAPsg
TgT + APsg = —KgAf, (16)

where Ty is the equivalent time constant of PFR, and Ky is the equivalent power—frequency
coefficient of system PFR. From (15) and (16), one obtains
1+ Tgs

MS2 + (% + KLTg)S + (KL + Kg)

fo

Af(s) = Gspr(s)APL(s) = AP (s). (17)

Equation (17) gives the representative SFR relationship from the load disturbance
to the system frequency deviation. This model retains the main effects of system inertia,
load frequency regulation, and PFR response on the frequency trajectory. Based on this
SFR model, the time-domain frequency deviation Af(t) and its rate of change dAf(t)/dt
can be further obtained, providing the input for the subsequent analysis of the target
inertial-support power response.

2.4. Inertial-Support Power Response and Parallel-Channel Equivalence

The equivalent inertia H characterizes the active-power response capability of a
frequency-support unit with respect to the rate of change in frequency. For the fre-
quency disturbance Af(t) generated by a given SFR model, the inertial-support power
of a frequency-support unit with equivalent inertia H is given by

2HS dAf(t)
o dt

where S is the power base of the support unit. Equation (18) gives the correspondence be-

APy(t) = (18)

tween equivalent inertia and active support power. Under the same frequency disturbance,
the inertial-support power is jointly determined by H and S. Since the VSG closed-loop
active-power response is not identical to the ideal inertial-support power response de-
scribed by (18), the equivalent inertia H cannot be equated with the virtual inertia term
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in the VSG control equation. Instead, this power response should be used as the target
response for the subsequent mapping of VSG control parameters.

For multiple parallel frequency-support units responding to the same frequency
disturbance, the total inertial-support power satisfies

APuz(t) = —Jfo ( i_l Hmsm> W, (19)

where Hyy, is the equivalent inertia of the m-th frequency-support unit, and Sy, is its
power base.

If the sum of the power bases of all support units is taken as the unified power base
Sy, then

n
Sp=)_ Sm. (20)
m=1

Under the unified power base Sy, the overall equivalent inertia Hy, is represented as

n HmSm
Hy =) S,

m=1

(21)

Furthermore, the equivalent inertia share of the m-th support unit under the unified
power base can be obtained as

Hyp = . (22)

Equations (20)—(22) indicate that the overall equivalent inertia of parallel frequency-
support units is jointly determined by the equivalent inertia and power base of each unit.
It can be expressed as the sum of the inertia shares of all units under the unified power
base. For an energy-storage DFIG wind turbine using dual-VSG control, the stator-side
channel controlled by the RSC and the GSC channel can be regarded as two parallel
frequency-support units and incorporated into the calculation of the overall equivalent
inertia of the turbine. The inertia contributed by the two channels should be converted
to the turbine power base before being summed. This relationship provides the basis
for decomposing the overall equivalent inertia target of the turbine into stator-side and
GSC-side inertia indices.

3. Power-Response-Equivalence-Based VSG Parameter Configuration for
Inertial Support

Using the target power response corresponding to the equivalent inertia H as the
reference, the VSG control parameters | and D are determined so that the VSG power
response matches this reference. In this way, the VSG frequency-support power response
characterized by the equivalent inertia H can be realized.

3.1. Evaluation Indices for Inertial-Support Power Responses

For a given equivalent inertia H, the target inertial-support power response can be
determined from (18). For the VSG control strategy, its inertial-support power response
can be obtained from (12) together with the frequency-disturbance input. Since the two
power-response models are different, the VSG control parameters | and D cannot be
directly determined from the equivalent inertia H. Therefore, evaluation indices for the
inertial-support power response should be constructed to quantify the time-domain power
characteristics during inertial-support operation. On this basis, a time-domain power-
response equivalence method is adopted to solve the ] and D control parameters that match
the target inertial-support power response.
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The inertial-support power response is first reflected in the rising speed of active-
power support at the initial stage of the disturbance. Let ty denote the time instant at which
the frequency disturbance occurs, and t; denote the initial evaluation instant. The initial
power increase slope is defined as the first power-response evaluation index. For the target
inertial-support power response:

_ APy(t;, H) — APy(to, H)

L (H) — 23)
1= 10
For the VSG closed-loop power response:
AP t 7 ) D - AP t rJ)r D
g, D) = SRessll]: D) = BRegllo ). D) (24)

f1—fo

I, and Iy ysg characterize the power increase rates of the target power response
and the VSG closed-loop power response, respectively, during the initial stage of the
frequency disturbance. The closer these two indices are, the more accurately the actual
VSG response reproduces the support characteristics of the target equivalent inertia at
the disturbance onset.

In addition to the initial support speed, the cumulative active-power output during
the inertial-response period reflects the sustained effect of the frequency-support power.
Let t; denote the end instant of the inertial-response evaluation. The power integral during
the inertial-response period is defined as the second power-response evaluation index. For
the target inertial-support power response,

hu(H) = [ APu(t H) d. (25)

Ji

For the VSG closed-loop power response,

)
Iyysg(J, D) = /t " APg(t, ), D)t (26)

I iy and I ysg characterize the cumulative energy of the target power response and the
actual VSG power response, respectively, during the inertial-support period. Compared
with the power magnitude at a single instant, the power integral can reflect the sustained
output capability and the overall response performance during the inertial-support process.

3.2. VSG Parameter Configuration and Error Verification Based on Power-Response Consistency

The VSG parameter configuration corresponding to the equivalent inertia target H
should ensure that the target inertial-support power response and the VSG inertial-support
power response are consistent in their key dynamic characteristics [21]. In addition to the
initial power increase slope I; and the power integral I, during the inertial-response period,
a normalized power error index is introduced to further constrain the overall consistency
of the power responses during the inertial-response stage.

Based on the index 1, the relative error of the initial power increase slope is defined as

. |Il,H(H) - Il,VSg(I/ D)’

e ], D)= |Lu(H)| ' @7

Based on the index I, the relative error of the power integral during the inertial-
support period is defined as
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|2 (H) = bysg(J, D)

er(H,],D) = -~ . . 28
2] D) [ Lu(H)| )

The normalized power error during the inertial-support stage is defined as

ty 2
APy (t,H) — APysg(t, ], D) | dt
e, ],0) — Lo BP0~ A0, D) AL (29)
il AP (t H)dt
Accordingly, the comprehensive error function is defined as

E(H,J,D) = Mel(H, ], D) + Ax¢3(H, ], D) + Ases(H, ], D), (30)

where Ay, Ay, and A3 are the weighting coefficients of the relative error of the power
increase slope, the relative error of the power integral, and the normalized power error,
respectively, with Ay + Ay + A3 = 1. In this study, Ay = 0.35, A, = 0.45, and A3 = 0.2 are
selected to prioritize the slope and integral errors, which reflect the initial response speed
and cumulative support energy, respectively, over the waveform-consistency error.

Within the boundaries of the VSG control parameters, solving the | and D parameters
based on power-response equivalence can be converted into a boundary-constrained
minimization problem of the comprehensive error function:

Frin(H) = r?]iDnE(H,], D)

S.t. Jmin < J < Jmax

Dmin S D S Dmax

gvsg > Cmin

, (31)

where Jmin, Jmax, Dmin, and Dmax are the boundaries of the VSG control parameters; Cvsg
is the damping ratio of the dominant oscillation mode of the VSG active-power response;
Cmin 1S its lower limit; and Fpin (H) is the minimum comprehensive error under the given
equivalent inertia target H. In this study, for the stator-side VSG, Js is searched within
[1.26 x 10% 2.0 x 10°], corresponding to an equivalent inertia range of approximately
0.38-6 5. Dy is searched within [1.0 x 10°, 1.2 x 10°]. For the GSC-side VSG, the search
ranges of Jgsc and Dgs. are set to 0.3 times the corresponding stator-side search ranges
according to the relative power capacity of the GSC channel. The parameter combination
that minimizes (31) is denoted as J*(H) and D*(H), satisfying

Ewin(H) = E(H, J*(H), D* (H)). (32

Equation (32) gives the power-response consistency error corresponding to the config-
ured parameters under the equivalent inertia target H. By solving (31) for different values
of H within the target inertia range, the VSG parameter configuration relationship among
H, J*(H), and D*(H) can be obtained.

Low, medium, and high representative equivalent inertia targets are selected, and
the corresponding [*(H) and D*(H) are solved, respectively. The target power response
AP(t,H) and the VSG inertial-support power response APysg(t, J*(H), D*(H)) under the three
representative inertia targets are shown in Figure 2.

As shown in Figure 2, under different equivalent inertia targets, the VSG inertial-
support power response maintains high consistency with the target inertial-support power
response. Since the initial power increase rate of the VSG power response is slightly lower
than that of the target inertial-support power response, its peak value is correspondingly
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higher than the target response peak, thereby ensuring consistency in the cumulative power
contribution during the inertial-support stage.

' : —— APu
H=12$ ___Avag‘
J* =0.0385
D*=1.2379 1
(@)= : ‘
— APu
H = 3 S s Avag -
I =0.0954
| D*=14598 - o]
i . (D)™ . .
: ‘: —— APn
g 02 i H:55 ___Apvsgi
S ol " =0.1576 |
Y D*=1.5343
< {
0 S Da— ‘
9 10 11

Time (s)

Figure 2. VSG power-response comparison under different equivalent inertia targets: (a) H=1.2s;
(b)H=3s;(c)H=5s.

The contour of the comprehensive error function E(H,J,D) on the J-D plane under a
given H is shown in Figure 3a. As can be observed from Figure 3a, the comprehensive
error function exhibits a single distinct low-error region on the J-D plane. These results
indicate that, within the selected parameter boundaries, the boundary-constrained
optimization provides an identifiable numerical optimum. The accuracy of the obtained
J and D values is mainly affected by the grid resolution and the convergence tolerance of
the continuous optimization.

3
0 008, —— Fmin
25 02
-0.4
2_
-0.6 ~
& 08%
15 _1‘ §
1k -12
* Grid-search optimum 14
0.5} o Continuous optimum & _; ¢
004 008 012 016 02 024 15 2 25 3 35 4 45 5
/ H (s)

(a) (b)

Figure 3. Error analysis of power-response equivalence: (a) distribution of the comprehensive error
function on the J-D plane for H = 3.5 s; (b) variation in error indices under different equivalent
inertia targets.

The minimum comprehensive error Fi, (H) under different values of H is shown
in Figure 3b. Within the range of H = 1.2~5 s, the initial power increase rate error ey,
the relative error of the power integral during the inertial-support period e, and the
normalized power error e all remain at low levels. This indicates that the obtained VSG
parameters can achieve good power-response equivalence under different equivalent
inertia targets. In particular, e3 increases slightly as H increases, suggesting that the
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overall waveform matching of the power response becomes more difficult under higher
equivalent inertia targets.

The VSG parameter configuration results under different equivalent inertia targets are
shown in Figure 4. As shown in Figure 4, as the equivalent inertia target H increases, the
configured inertia parameter [*(H) increases approximately linearly, indicating that ] mainly
determines the intensity of the VSG inertial-support response. The damping parameter
D*(H) first increases and then tends to saturate as H increases, suggesting that D is mainly
used to regulate the damping characteristics of the power response and the waveform near
the peak, while its marginal effect becomes weaker under higher inertia targets.

0.15 : '
g 0.1
—
0.05
1.5}
T 14
8 g3t
(b)

15 2 25 3 35 4 45 5
H (s)

Figure 4. Relationship between equivalent inertia target and VSG parameter configuration: (a) [*(H);
(b) D*(H).

3.3. Inertia-Target Conversion and Parameter Configuration for RSC/GSC Dual-VSGs

For an energy-storage DFIG using the dual-VSG strategy, the overall equivalent inertia
target of the turbine should be converted into inertia indices under the respective power
bases of the stator side and the GSC side. The power-response equivalence method is then
applied separately to solve the corresponding | and D control parameters.

To ensure a consistent power response corresponding to the same turbine-level equiva-
lent inertia target Hy under different operating conditions, fixed power bases are adopted
for the overall turbine, the stator side, and the GSC side. Let Sy denote the turbine power
base, and let Ss and Sgsc denote the power bases of the stator side and the GSC side,
respectively. Then,

Swt = Ss + Sgsc~ (33)

Let Hs and I:IgSC denote the equivalent inertia of the stator side and the GSC side,
respectively, converted to the turbine power base. According to (21)-(22), the overall
equivalent inertia target Hy of the turbine is decomposed as

Hyt = Hs + HgSC/ (34)

where Hg and Hgsc represent the equivalent inertia of the stator side and the GSC side
converted to the turbine power base, respectively. Their specific values are determined by
the rotor kinetic-energy reserve and the available state of the DC-side energy storage.

Furthermore, according to (22), the target equivalent inertia of the stator side and the
GSC side under their respective power bases can be obtained as
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HsSwt
H, =
- (35)
H o Hgscswt '
8¢~ g
gsc

Then, for the corresponding equivalent inertia targets, the stator-side VSG and the
GSC-VSG control parameters are solved according to (31):

Js = ]s*(Hs)/ Ds = D:(HS)
) (36)
]gsc = Igsc (HgSC)I Dgsc = Dgsc (Hgsc)

Equations (33)-(36) give the calculation relationship from the overall turbine-level
equivalent inertia target Hyt to the dual-VSG control parameters Js, Ds, Jgsc, and Dgsc. The
overall turbine-level inertia target is first decomposed into the stator-side and GSC-side
inertia components under the turbine power base, then converted into the equivalent
inertia targets under the respective power bases of the two sides. Finally, the VSG control
parameters of both sides are obtained using the power-response equivalence method.
By allocating the inertial-support tasks between the stator side and the GSC side, this
method maintains the stability and controllability of the overall turbine-level inertial-
support power response under different rotor speeds and energy-storage states. When the
allocated equivalent inertia of a channel is zero, this channel is not assigned an inertial-
support response target, and the power-response-equivalence-based parameter calculation
is not performed. In this case, the corresponding VSG parameters are set to the minimum
allowable | and the maximum allowable D within the predefined parameter boundaries, so
that the inertial response is minimized while sufficient damping is maintained.

4. Dual-VSG Coordinated Frequency-Support Control Strategy for
Energy-Storage DFIG Wind Turbines

Dual-VSG coordinated control should determine the inertia shares and PFR power
allocation of the stator side and the GSC side according to the rotor kinetic-energy reserve,
the DC-side energy-storage state, and the GSC upward power margin, so that the overall
frequency-support power response of the turbine meets the specified target.

4.1. Dual-Channel Frequency-Support Capability Characterization and Boundary Constraints

The stator-side frequency-support power is provided by the release of rotor kinetic
energy and is constrained by the rotor speed. The GSC-side frequency-support power is
provided by the release of DC-side energy storage and is constrained by both the storage
SOC and the GSC upward power margin.

According to the quadratic relationship between rotor kinetic energy and rotor speed,
the rotor kinetic-energy reserve coefficient ps is defined as

2 2
Wwin— Wi.:
ps = 0 —min (37)

wr,N ~ Whin

where w is the rotor mechanical angular speed before the frequency disturbance; wmin
is the minimum allowable rotor speed; w;\ is the rated rotor speed; ps characterizes the
releasable rotor kinetic-energy level under the current rotor speed, and its calculated value
is limited to the range [0, 1].
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The available-state coefficient of the DC-side energy storage pes is defined as

_ S0Cy — SOChin
Pes = SOCN — SOCmin”

(38)

where SOCj is the state of charge of the energy storage before the frequency disturbance;
SOCin is the minimum allowable state of charge; SOCy is the reference state of charge; pes
characterizes the energy reserve level of the DC-side energy storage available for frequency
support, and its calculated value is limited to the range [0, 1].

The GSC upward power margin coefficient p, is defined as

P, gsc,N — P, gsc,0
Pp = P, gsc,N ’ (39)
where Pgs N is the GSC power upper limit; Pgsc is the GSC active-power before the
frequency disturbance; pp characterizes the upward power margin of the GSC at the
pre-disturbance operating point, and its calculated value is limited to the range [0, 1].
The storage SOC and the GSC upward power margin jointly determine the available
frequency-support capability of the GSC side. Therefore, the available frequency-support
coefficient of the GSC side is defined as

Pgsc = PesPps (40)

where pgsc simultaneously reflects the energy constraint of the storage system and the
upward power margin constraint of the GSC. When the storage SOC is low or the GSC
upward power margin is insufficient, pgsc decreases. When both the storage SOC and the
GSC upward power margin are sufficient, pgsc approaches one.

Under the current operating condition, the maximum equivalent inertia components
that can be undertaken by the stator side and the GSC side under the turbine power base

FTFmax Tymax
are denoted as Hy ~~ and H

gsc + respectively. Here, H, " is determined by the rotor kinetic-

energy reserve and the rotor-speed lower limit, whereas Hg;ix is jointly determined by
the storage SOC and the GSC upward power margin. These two quantities constitute the

boundary constraints for dual-VSG inertia allocation.

4.2. Coordinated Allocation of Inertial-Support and Primary-Frequency-Control Power for
Dual-VSGs

The dual-VSG frequency-support power allocation is used to coordinate the inertial-
support and PFR power outputs of the stator side and the GSC side, so that the overall
frequency-support response of the turbine satisfies the prescribed target. In terms of the
allocation logic, when the available capability of the GSC side is sufficient, DC-side energy
storage is preferentially utilized for support so as to reduce the release of rotor kinetic
energy and its impact on wind-energy capture. When the GSC side is constrained, the
stator side provides supplementary support to maintain the overall frequency-support
capability of the turbine.

According to the rotor kinetic-energy reserve coefficient of the stator side and the
availability coefficient of the GSC side, the GSC-side inertia-sharing coefficient 7gsc is
defined as

Pgsc
= , (41
Ygsc Pgec + P (1 — Pgsc) )

where g5 represents the proportion of the overall turbine-level equivalent inertia target
undertaken by the GSC side. The higher the GSC-side availability coefficient is, the larger
7Ygsc becomes. When the GSC-side availability coefficient decreases, the inertial-support
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task is transferred to the stator side. When both ps and pgsc are zero, neither side has an
inertial-support margin under the current operating condition.
For a given turbine-level equivalent inertia target Hy¢, the equivalent inertia compo-
nent of the GSC side is
Hgee = min (’ygscHwt, Hg;ix), (42)

The equivalent inertia component of the stator side is determined by the overall
turbine-level target and the actual share undertaken by the GSC side, and is subject to the
stator-side inertia boundary constraint:

Hg = min (Hyt — Hgse, HT™). (43)

Equations (42) and (43) give the inertia allocation relationship in which the GSC side
is given priority and the stator side provides supplementary support. When the stator-side
limit in (43) is not activated, the turbine can realize the target equivalent inertia Hyt under
the current operating condition. When the stator-side limit is activated, the current rotor
kinetic-energy reserve and the available GSC capability are insufficient to fully realize the
target inertial support. In this case, the maximum achievable turbine-level inertia is

\I/T\;tax = Hgsc + Hénax‘ (44)

According to (35), H and Hgsc can be converted into the equivalent inertia targets H;
and Hgs. under the respective power bases of the two sides. The corresponding stator-side
VSG and GSC-VSG control parameters can then be calculated according to (30) and (31).

Since the PFR power command is linearly determined by the frequency deviation and
the droop coefficient, the PFR power commands of the stator side and the GSC side can be
directly allocated according to the inertia-sharing ratio of the two sides. The inertia-sharing
ratios of the stator side and the GSC side are defined as

Hs HgSC

==, Kgsc =

S (45)
s+Hgsc HerHgsc

Ng =

|

Let K¢ .yt denote the overall droop coefficient of the turbine. Then, the droop coefficients
of the stator side and the GSC side are given by

{ Kfs = asKg i (46)

Kf,gsc = "‘gSCKf,wt

Equations (42), (43) and (46) give the dual-VSG frequency-support power allocation
method considering both inertial support and PFR. For the inertial-support component, the
GSC-side share is first determined by the GSC-side inertia-sharing coefficient, and then the
stator-side share is determined according to the overall turbine-level target. The boundary
constraints are further used to assess the feasibility of the frequency-support target under
the current operating condition. For PFR, the droop coefficients are allocated according to
the inertia-sharing ratios of the two sides.

Let the turbine-level equivalent inertia target be Hyt = 4 s. The allocation results
of the inertia shares of the stator side and the GSC side under different rotor-speed and
storage-SOC conditions are shown in Figure 5. Here, the rotor speed characterizes not only
the rotor kinetic-energy reserve of the stator side, but also affects the GSC upward power
margin through its influence on the pre-disturbance GSC active-power Pgs. 0. The SOC
characterizes the available energy level of the DC-side storage system.
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Figure 5. Dual-VSG inertia allocation under different operating states: (a) GSC-side inertia Hgs;
(b) stator-side inertia Hs; (c) achievable wind-turbine-level inertia Ht.

As shown in Figure 5a, when the SOC is high and the rotor speed is low, the available
capability of the GSC side is strong, and Hgs, is relatively large, which reflects the allocation
logic of preferentially utilizing DC-side energy storage for support. As shown in Figure 5b,
as the share undertaken by the GSC side decreases, the inertia share of the stator side, H;,
correspondingly increases, indicating that the frequency-support task is transferred from
the GSC side to the stator side in order to maintain the overall inertial-support capability of
the turbine. As shown in Figure 5¢, in the medium- and high-speed regions or the high-5OC
region, the achievable WT-level inertia Hact can reach the target inertia Hy¢. By contrast, in
the low-speed and low-SOC region, Hyct is lower than the target value, indicating that the
turbine frequency-support capability is limited under the current operating state.

Since the PFR droop coefficients are directly determined according to the inertia-
sharing ratios of the two sides, their variation trends are consistent with the allocation
results of Hs and Hgsc.

The VSG parameter configuration based on frequency-support power-response equiv-
alence, together with the allocation of the frequency-support shares between the stator side
and the GSC side, jointly constitutes the core of the dual-VSG coordinated control of the
energy-storage DFIG wind turbine. Its overall control structure is shown in Figure 6.

( 1
Frequency-
support target

Frequency-support task allocation Control-parameter configuration

Evaluate state-dependent ( Identify RSC-/GSC-VSG active- )
Receive frequency-support capability power response models
upper-level ; . y ) N
commands Ps, Pes, Pp 1;1 (37)~(39) AP(:.)/Aa)i(s) in (12)
Inertia and PFR task allocation Optimization-based parameter
Hut Vgsc, Hgsc, Hs, s, (gsc, Kf,s, Kf,g.sc Conflguratlon
Kiut in (41)—(46) Fmin, J*, D" in (31)-(32)

]
Obtain Kis, Ki,gsc

v
Obtain ]s*, Ds*, ]gsc‘, Dgsc*

.

Figure 6. Dual-VSG coordinated frequency-support control structure of the energy-storage DFIG
wind turbine.

5. HIL Experimental Validation

This section validates the proposed method on a hardware-in-the-loop (HIL) test
platform. First, a wind-speed variation and energy-storage charging scenario is designed to
verify the power-control stability of the dual-VSG channels under coupled power exchange.
Then, four representative operating conditions with high/low wind speeds and high/low
SOC levels are considered to evaluate the proposed method in terms of inertial-support
power-response equivalence, dual-VSG coordinated frequency-support power response,
and system frequency response. The main test parameters are listed in Table 2.
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Table 2. Parameters of the HIL simulation system.
Parameter Value Parameter Value
Rated voltage 1140 V Equivalent inertia Hyt 4s
Rated frequency 50 Hz PFR coefficient K i 2.07 MW/Hz

Rated power 517 MW HIL simulator MT8060
Rated wind speed 10.8 m/s Real-time simulation step 0.5 us
Stator/rotor voltage ratio  1140/425V  Control sampling period 0.1 ms
Pole pairs 2 Analog 1nt.erface 12 bit

resolution

Rated slip —0.158 HIL software version 553

5.1. Power Coupling Control Validation of the Energy-Storage DFIG Under Wind-Speed Variation

The test condition uses recorded wind-speed data as the input, with the time axis
compressed to construct a variable-wind-speed scenario with practical fluctuation charac-
teristics. The initial SOC of the energy storage is set to 0.6, and the SOC control is enabled
at t; with a target value of 0.8. The test results are shown in Figure 7.
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Figure 7. Operating results under wind-speed variation and energy-storage charging: (a) wind
speed vy; (b) rotor angular speed wy; (c) stator current is; (d) rotor current i;; (e) stator power Ps;
(f) energy-storage power Pes; (g) GSC power Pgsc; (h) wind-turbine output power Pyt; (i) energy-
storage SOC; (j) DC-link voltage u4c.

As shown in Figure 7a—e, the wind speed varies continuously during the experiment.
The rotor angular speed, stator- and rotor-current amplitudes, and stator power vary
accordingly with the wind speed, while the rotor-current frequency changes with the rotor
speed. Throughout the process, the mechanical operating state and electrical variables show
consistent dynamic variations, and no evident current surge or oscillation amplification
appears in the stator and rotor currents.

As shown in Figure 7f-h, after the SOC control is enabled at ¢, the energy storage
enters the charging process, and the energy-storage power Pes increases. As the SOC
gradually approaches the target value, the charging power decreases. The GSC power Pgsc
balances the power flowing from the rotor side into the DC link and the charging power
absorbed by the energy storage, thereby regulating the DC-link voltage. Pgsc and the stator

https://doi.org/10.3390/pr14132093


https://doi.org/10.3390/pr14132093

Processes 2026, 14, 2093

19 of 24

power Ps together constitute the wind-turbine output power Py, whose variation reflects
the combined effects of wind-speed fluctuation and energy-storage charging.

As shown in Figure 7i,j, the SOC gradually increases from 0.6 toward 0.8, while the
DC-link voltage 4. remains close to its rated value. Overall, the results verify that the dual-
VSG-controlled energy-storage DFIG achieves stable stator power control, energy-storage
SOC regulation, and DC-link voltage control.

5.2. Inertial-Support Power-Response Equivalence Validation

Four typical operating conditions combining high /low wind speeds and high/low
SOC levels are considered, as listed in Table 3.

Table 3. Typical operating conditions of the energy-storage DFIG.

Case Wind Speed SOC Case Wind Speed SOC
Case 1 104 m/s 0.8 Case 3 83m/s 0.8
Case 2 104 m/s 0.4 Case 4 8.3m/s 0.4

Only inertial-support control is enabled in this scenario. The system frequency re-
sponse is generated by the SFR model in (17), and the load disturbance amplitude is 0.1 p.u.
The test results are shown in Figure 8.
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Figure 8. Operating results under inertial support: (a) grid frequency fg; (b) stator power Ps; (c) GSC
power Pgsc; (d) wind-turbine output power Pyy; (e) incremental wind-turbine output power APyt,
and the target inertial-support power response.

As shown in Figure 8a, after the load disturbance, the grid frequency decreases from
50 Hz to approximately 49.75 Hz, providing the same frequency-disturbance input for vali-
dating inertial-support power-response equivalence under the four operating conditions.

As shown in Figure 8b,c, under different wind-speed and SOC conditions, the stator
side and the GSC side generate power responses according to their allocated inertial-
support targets. Since the rotor kinetic energy and SOC vary with the operating condition,
the stator power and GSC power exhibit different response characteristics. These results
reflect the operating-state-dependent allocation of inertial-support tasks between the dual-
VSG channels.

Figure 8d shows the wind-turbine output power response. Under the same wind
speed, the wind-turbine output power curves under different SOC conditions are largely
consistent. The increment of the wind-turbine output power relative to the pre-disturbance
steady-state value is further extracted, as shown in Figure 8e. Although the power sharing
between the stator side and the GSC side differs among the four operating conditions, the
incremental wind-turbine output power tracks the target inertial-support power response
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and remains consistent with the target curve. This result agrees with the power-response
consistency analysis in Section 3.2.

To further verify the role of the power-response-equivalence-based configuration in
maintaining consistent inertial-support performance, a fixed-parameter dual-VSG compari-
son case is introduced. When the VSG parameters | and D are fixed, and no SOC-related
limit or power limit is activated, the inertial-support power response is mainly affected by
the operating point rather than the SOC level. Therefore, for the fixed-parameter compari-
son, the four operating conditions considered above can be reduced to two wind-speed
operating points.

For this comparison, Case 5 is formed by setting the | and D parameters of Case 2
as fixed parameters and applying them to the 8.3 m/s operating point corresponding to
Case 4. The parameter settings of the comparison cases are listed in Table 4, where the |
and D control parameters correspond to the VSG active-power-loop model defined in (6).

The comparison results are shown in Figure 9.

As shown in Figure 9b, the stator power increments of Case 2 and Case 5 are clearly
different. In Figure 9c, the GSC power increments of the two cases are relatively close.
The different sensitivities of the stator-side and GSC-side responses are related to the VSG
power-angle characteristic. As the steady-state power angle increases, the nonlinear effect
of the power-angle relationship becomes stronger. Therefore, under different operating
points with larger steady-state power angles, the same ] and D parameters may lead to
larger differences in the power response [7].

Table 4. Operating conditions, VSG parameters, and steady-state operating points for the compari-

SOn cases.
Wind
Case Speed SOC Is Dy Es/V osldeg Jgsc Dgsc Egsc/V gsc/deg
Case2 104 m/s 0.4 1.07 x 10° 9.2 x 10° 3600 71.42 19 x 104 2.6 x 10° 1146 6.09
Case4 83m/s 0.4 474 x 10* 4.8 x 10° 2465 62.34 23 x10*  1.5x10° 1142 —3.49
Case5 83m/s 0.4 1.07 x 105 9.2 x 10° 2465 62.34 19 x 10* 2.6 x 10° 1142 —3.49
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Figure 9. Comparison between the proposed method and the fixed-parameter dual-VSG method
under inertial-support operation: (a) grid frequency f; (b) stator power increment APs; (c) GSC
power increment APgsc; (d) wind-turbine output power increment APyyt.

As shown in Figure 9d, the wind-turbine output power increment of Case 5 deviates
from the target power response, whereas Cases 2 and 4 obtained by the proposed method
remain close to the target response under different operating points. To quantify this
difference, the wind-turbine output power increments of the four operating conditions in
Figure 8e and Case 5 in Figure 9d are evaluated using the indices defined in (27)—(29), as
listed in Table 5.
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Table 5. Quantitative comparison of wind-turbine inertial-support power-response errors.
Case Slope Error e7 (%) Integral Error e; (%)  Waveform Error e3 (%)
Case 1 1.39 3.71 5.85
Case 2 2.73 4.45 7.51
Case 3 5.84 5.52 8.80
Case 4 0.97 3.89 5.68
Case 5 13.17 0.67 17.26

As shown in Table 5, the proposed method keeps the response errors at low levels
under Cases 14, with e, e, and e3 limited to 5.84%, 5.52%, and 8.80%, respectively.
Comparing Case 2 and Case 5, Case 5 still shows a low integral error, but the slope error
and waveform error increase significantly to 13.17% and 17.26%, respectively. These results
demonstrate that the proposed power-response-equivalence-based configuration method
coordinates the RSC-VSG and GSC-VSG parameters under different wind-speed and SOC
conditions, enabling the overall inertial-support power response of the wind turbine to
match the specified target.

5.3. Dual-VSG Coordinated Frequency-Support Power Response Validation

In the four typical operating conditions listed in Table 3, both inertial-support control
and PFR control are enabled, while the frequency-disturbance setting is the same as that in
Section 5.2. The test results are shown in Figure 10.

Case 1 Case 2 Case 3 Case 4
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Figure 10. Operating results under dual-VSG coordinated frequency support: (a) grid frequency
fg (b) stator power Ps; (¢) GSC power Pgs; (d) wind-turbine output power Pyy; (e) incremental
wind-turbine output power APy; (f) rotor angular speed wy; (g) energy-storage SOC.

As shown in Figure 10a—c, under the same frequency-drop input, the stator side
and the GSC side distribute the frequency-support power according to the operating
state. Under the high-wind-speed condition, the rotor kinetic-energy reserve is relatively
sufficient, whereas the GSC upward power margin is limited; therefore, a larger share of
the frequency-support power is provided by the stator side. When the SOC and the GSC
upward power margin are higher, the frequency-support power is more inclined to the
GSC side.

As shown in Figure 10d,e, the incremental wind-turbine output power under the four
operating conditions remains consistent within approximately 7 s after frequency support
starts. Owing to differences in rotor kinetic-energy reserve and energy-storage SOC, the
subsequent power withdrawal process differs among the operating conditions.
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As shown in Figure 10f,g, the rotor speed decreases during frequency support and then
gradually recovers under the speed-recovery control. Since speed recovery requires stator-
side active power reduction, the wind-turbine power increment may become negative
when the GSC-side support capability is constrained by low SOC. Meanwhile, the SOC
remains above the lower limit of 0.2 throughout the frequency-support process. Overall,
the results show that the proposed dual-VSG coordinated control method coordinates the
stator-side and GSC-side frequency-support power outputs under different wind-speed
and SOC conditions, allowing the wind-turbine-level frequency-support power response
to remain consistent and stable during the initial frequency support stage.

5.4. System Frequency Response Comparison

Under the same operating conditions as in Section 5.3, the frequency-support power
generated by the energy-storage DFIG is introduced into the SFR model at a wind power
penetration level of 30%. The resulting system frequency response is shown in Figure 11.

As shown in Figure 11, compared with the case without wind power frequency
support, the energy-storage DFIG consistently reduces the initial frequency drop and the
rate of frequency decline under all four operating conditions. The frequency response
curves with wind power support remain closely aligned during the main frequency-support
stage, indicating that the proposed energy-storage DFIG dual-VSG coordinated frequency-
support method provides stable frequency-support performance under different wind-
speed and SOC conditions. During the frequency-support withdrawal stage, the frequency
responses change smoothly without an obvious secondary frequency drop. Meanwhile,
the available support capability is affected by the rotor-speed state and SOC level, so the
withdrawal-stage frequency responses differ among the operating conditions.

Case 1 ——— Case 2 Case 3 Case 4
50 & : : : : ' : '
N SFR without wind support
aw P 7
2 49.84 Time:[3 s/div]
49.77 £
! Main frequency- | Frequency-support
I support stage ! withdrawal stage !

Figure 11. System frequency response comparison: grid frequency fg.

6. Conclusions

This paper investigates the dual-VSG coordinated frequency-support problem of
energy-storage DFIG wind turbines. The results show that the difference between the
equivalent inertia definition and the VSG closed-loop power-response model makes it
difficult to directly determine VSG control parameters from a target inertia. The frequency-
support power-response equivalence method establishes the correspondence between the
equivalent inertia target and the RSC-VSG/GSC-VSG control parameters, enabling the
overall inertial-support power response of the wind turbine to match the specified target.
On this basis, rotor kinetic-energy reserve, storage SOC, and GSC upward power margin
are considered to coordinate the inertia-support and PFR power contributions of the stator
side and the GSC side.

Hardware-in-the-loop validation shows that, under four typical operating conditions
with high/low wind speeds and high/low SOC levels, the proposed method adjusts the
frequency-support contributions of the stator side and the GSC side according to the
operating state. Under all operating conditions, the inertial-support power response of
the wind turbine tracks the target response, and the frequency-support power response
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remains consistent and stable throughout the main support interval. These results demon-
strate that the proposed method maintains the stability and controllability of the turbine-
level frequency-support response under operating-state variations, thereby improving the
frequency-support performance of energy-storage DFIGs over a wide operating range.

Future work will extend the present turbine-level frequency-support control study
to multi-turbine parallel operation and wind-farm-level applications, with a focus on
coordinated configuration and stable control of the frequency-support power response of
energy-storage DFIG clusters.
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Abbreviations

The following abbreviations are used in this manuscript:

DFIG  Doubly Fed Induction Generator
GSC Grid-Side Converter

RSC Rotor-Side Converter

VSG Virtual Synchronous Generator
ESS Energy Storage System

50C State of Charge

PFR Primary Frequency Regulation
SFR System Frequency Response
MPPT  Maximum Power Point Tracking
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