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Abstract: As wind turbines increasingly participate in Primary Frequency Regulation (PFR)
to support grid frequency stability, the accompanying mechanical load variations pose a
potential threat to structural reliability. However, the underlying aero-electro-mechanical
coupling mechanisms by which PFR-induced power and torque fluctuations affect tower
dynamics have not been fully clarified. This study develops a multidimensional analytical
model of a wind turbine with PFR to reveal the transmission path from grid frequency
deviations to generator torque variations and subsequently to tower side-to-side (SS) bending
moments. Frequency-domain and time-domain analyses show that generator torque, rather
than aerodynamic thrust, is the dominant excitation source for tower SS vibration during PFR.
The results further indicate that this excitation is highly phase-sensitive: the amplification
or suppression of tower vibration depends on the instantaneous phase alignment between the
torque disturbance and the tower’s natural sway cycle. Therefore, identical PFR commands
may lead to substantially different structural responses when activated at different instants.
The analytical conclusions are validated using high-fidelity FAST co-simulations under
stochastic wind and grid-disturbance scenarios. Quantitative fatigue evaluation shows that
uncoordinated PFR may increase the tower SS Damage Equivalent Load (DEL) by up to
600% in low-wind-speed regimes. These findings demonstrate that future wind turbine
PFR controllers should incorporate phase-aware coordination strategies to reduce structural

resonance and fatigue risks while maintaining effective grid frequency support.

Keywords: wind turbine; tower; primary frequency regulation; vibration of side-to-side

bending moment

1. Introduction

Wind turbines can significantly enhance system frequency stability through
primary frequency regulation, owing to their inherent rotational inertia and control
flexibility [1-4].

parameters to enhance frequency support, systematic consideration of wind turbine

While extensive research has focused on optimizing control

fatigue loads remains limited [5,6]. With the continuous increase in wind turbine size,
fatigue-induced failure rates have become a growing concern. Currently, analyses of
how primary frequency regulation affects wind turbine fatigue loads focus primarily on
shaft torsional vibrations and drivetrain loads [7,8]. However, a critical issue remains
unaddressed: the impact of rapid active power fluctuations—introduced during primary

frequency regulation—on the dynamic characteristics of the wind turbine tower.
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As the key load-bearing structure of a wind turbine, the tower experiences
fatigue damage that directly impacts its safe operational lifespan. Tower loads
arise primarily from complex aerodynamic forces, gravitational loads, and dynamic
responses during turbine operation [9]. Existing studies on frequency regulation loads
have predominantly focused on drivetrain torsional vibrations, leaving tower loads
largely unexamined. This imbalance stems from a widely held implicit assumption:
because primary frequency regulation is executed via the generator torque channel,
its impacts are confined to the electrical system and drivetrain, rendering its effect on
the support structure negligible [10]. However, as wind turbines continue to scale up,
the impact of primary frequency regulation on the support structure can no longer be
overlooked. Rapid fluctuations in generator electromagnetic torque act not only on the
drivetrain; the resulting reaction forces also propagate through the nacelle bedplate to
the tower top, thereby exciting structural vibrations, particularly the tower’s natural
modes [11]. Driven by the ongoing upscaling of turbine capacities to 10 MW and
beyond, the increased tower height and structural flexibility significantly lower the
first natural frequency. This reduction makes the tower prone to overlapping with
the primary energy distribution band of system frequency fluctuations. With the
evolution of modern power systems, the sensitivity to low-frequency disturbances has
intensified, shifting frequency fluctuation energy toward lower frequency bands [12].
The convergence of decreasing tower natural frequencies and intensifying system
disturbances significantly elevates the risk of induced resonance and exacerbated
fatigue, as dynamic generator torque excitation during primary frequency regulation
increasingly impacts the tower structure.

While extensive research has focused on optimizing control strategies to enhance
PFR, there is a growing consensus in recent studies that active participation in grid
frequency support inevitably exacerbates the dynamic oscillation of fatigue loads across
the wind turbine structure. Historically, the critical analysis of PFR-induced fatigue has
predominantly concentrated on the drivetrain, revealing how inertial control generates
severe torque fluctuations that shorten the service life of the main shaft. However, the
transient impact of these rapid active power variations on the primary load-bearing
component—the tower—has not been sufficiently evaluated.

Although advanced active control frameworks have proven effective in mitigating
tower SS loads under conventional aerodynamic disturbances, their structural
implications during the highly transient active power fluctuations specifically induced
by PFR remain underexplored. Existing literature largely treats the frequency-induced
load simply as a generic additive broadband disturbance, fundamentally failing
to account for the complex dynamic interactions—particularly the critical phase
dependency—between PFR-induced electromagnetic torque disturbances and the
inherent rigid-flexible coupling oscillations of large-scale towers.

To address the aforementioned challenges, this study systematically investigates
the impact of rapid active power fluctuations during PFR on the structural dynamics
of wind turbine towers. The novel contributions of this work are highlighted as
follows: This study analytically reveals the direct coupling path between the grid
frequency deviation and the tower’s side-to-side (SS) bending moment, demonstrating
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that generator torque fluctuations act as the dominant excitation source for lateral
tower loads. Through combined frequency-domain and time-domain analyses, a
distinct phase dependency between the PFR-induced torque disturbances and the
tower’s inherent oscillation was identified, quantitatively explaining how identical
PFR commands can either significantly amplify or suppress SS vibration risks. By
constructing frequency-sensitive band scenarios for future renewable-dominated grids,
this study provides a forward-looking evaluation, highlighting the severely escalated
risk of SS tower resonance for future large-scale, low-frequency wind turbines.

The remainder of this paper is organized as follows. Section 2 develops the
coupled aerodynamic-mechanical-electrical dynamic model of the wind turbine and
its PFR control logic. Section 3 constructs typical scenarios for future modern
power systems to analyze the evolution of their frequency response characteristics
and the resulting changes in the tower’s excitation environment. Section 4 derives
the small-signal analytical model to conduct frequency-domain analyses on key state
variables, revealing the underlying resonance risks and phase sensitivities of the tower’s
lateral vibrations. Section 5 provides a comprehensive quantitative analysis of the
tower’s fore-aft (FA) and SS fatigue loads based on high-fidelity co-simulations under
representative PFR scenarios. Section 6 presents the discussion. Finally, Section 7

summarizes the main conclusions of the study.

2. Wind turbine dynamics and its PFR model

2.1. Wind turbine dynamic model

The dynamic model of a wind turbine is fundamentally composed of aecrodynamic,
drivetrain, and generator subsystems. Accordingly, the aerodynamic torque (7,) and
the tower FA bending moment (MTg,) can be formulated as [13]:

Ty = 0.5p7 R*03C)y o, (1)

Mrg, = 0.50m R*0*Cy Hiower, (2)

where v is the wind speed (m/s), p is the air density (kg/m?), R is the rotor radius (m),
Cp is the power coefficient, Cy is the thrust coefficient, Hower is the hub height of the
wind turbine in meters, and w; is the rotor speed (rad/s).

The drivetrain dynamics are represented by a two-mass lumped-parameter model
governed by the differential equations in (3)—(5) [13]:

Jowg = s/77g — T, 3)

err = Ta - TS7 (4)

T, = (K+B> (wr—“g>, )
S ng

where T is the shaft torque (Nm), X is the torsional stiffness (Nm/rad), B is the torsional
damping (Nm-s/rad), J, and J; are the rotor and generator moments of inertia (kg-m?),

respectively, wg is the generator speed (rad/s), Ty is the generator torque (Nm), and 7
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is the gearbox ratio.

A simplified representation of the generator and converter control systems is given
by Equations (6)—(9) [13]:

= g (6)
£~ ]:Zf 1 —i—ngs’ )
Preg = Ty wr, (3

Pout = Tywy, )

where Py is the wind turbine output power (W), Prr is the generator reference input
power (W), 74 is the generator inertia constant (s), ¢ is the speed filter time constant (s),
T ref is the reference generator torque derived from the torque controller (Nm), and wy
is the filtered generator speed (rad/s).

2.2. PFR model of wind turbines

Wind turbines provide PFR by adjusting their torque references. Figure 1
illustrates the overall block diagram integrating torque, pitch, and PFR control. A
derating factor y shifts the operation off the maximum power point tracking (MPPT)
curve to proactively secure active power reserves. Furthermore, the grid frequency
deviation Af(p.u.) is multiplied by the PFR gain to yield a supplementary torque
reference increment.
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Figure 1. Block diagram of wind turbine inertia control.

Based on the control block diagram in Figure 1, the torque reference commands
for primary frequency regulation under below-rated and above-rated wind speeds are
given by Equations (10) and (11), respectively:

Toret B = (1 — V)kopwf — kprryAf, (10)

TgrefiA = (1 - V)Pdem/wf — kprryAf, (11)

where ko 1s the optimal torque gain, configured to ensure a smooth and continuous
transition of the generator torque reference (T refo(@grated) = Ty reft (@grated), Where
Ograted 18 the rated generator speed)); Pgem is the demanded power. kppry is the
dimensional primary frequency regulation gain (Nm/p.u.); and the subscripts * g”
and “ A” denote the below-rated and above-rated wind speed operating regions,

respectively.
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3. Analysis of frequency characteristics in new power systems

When a wind turbine participates in primary frequency regulation, the system
frequency acts as a disturbance input. Consequently, analyzing the frequency response
characteristics of modern power systems is a necessary first step. Accurately
characterizing this frequency input is essential for elucidating its subsequent impact

on tower loads.

3.1. Frequency scenario construction for new power systems

Drawing upon the projections [14, 15], Figure 2 illustrates the forecasted trends
in electricity generation across various energy sources within the power system from
2025 to 2060. Building upon these projections, we select representative scenarios at
five-year intervals for detailed modeling and analysis. In the scenario construction,
coal-fired and gas-fired power generation are aggregated into the category of thermal
power. It is further specified that thermal and hydropower units consistently fulfill the
system frequency regulation responsibilities.
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Figure 2. Forecast of power generation in power systems from different years.

3.2. Small-signal modeling of wind turbines by operating region

To analyze the impact of the wind turbine’s participation in primary frequency
regulation on the tower’s dynamic response—particularly its load characteristics—we
develop a small-signal model that captures the dynamic behavior of the unit. This model
is derived by linearizing and per-unitizng the nonlinear dynamic model developed in
Section 2 around a steady-state operating point. The detailed derivation is provided in
Appendix A. Following this linearization procedure, the transfer functions relating the
incremental power output of the wind turbine to the system frequency deviation input
across different operating regions are derived as Equations (12) and (13):

K38 87
M8T + T mgangz —
e
sub — rated 12
1— (187165 153+ 187 1153 1183 ) U38 ( ), (12)
1— __F3ara3

Gw(s) =

1_ _F42124
T—p21m12
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K38K
kg7 + FETETETE
“34( T—ro1R12 +”43)
1- 1_ _F42F24
Gw(s) = ~r21712 above — rated 13
w(s) 1— (k87 (K65 K53+HK53)+He3)Ka8 ( ), (13)
F42R21719795F53
o (SRR )
1- 1_ _~42F24
I7“21”12
a. as
where, 12 = K12 = a1, p21 = ko1 = T5o K19 = A3, [iga = Kog = — 775, 34 = K34 =
ag _ _ a _ _ K1s+Brss _ _ K1s+Brss
Jos» H38 = K38 = — 7T, flay = Kaz = a8 (7“ F— ); H43 = K43 = —ag (7“ =k ),
1 1 2(1—)kopwi
{83 = K83 = — g7, 53 = K53 = Tqr5 K95 = b1, fes = a10 = ——yp
_ _ 7Pdcm0(1_’7) _ — 1 1 1 .
K65 = a10 =~ unp o 8T = K87 = 757 The aforementioned coefficients a; are
detailed in Appendix A.

3.3. Analysis of frequency-sensitive bands in new power systems

In the context of the typical power system scenarios depicted in Figure 2,
the closed-loop transfer function of the frequency deviation in response to a load
disturbance is derived based on Cheng et al. [12], which yields Equation (14):

Af(s) 1

— ; (14)
APL(s)  KrGr(s) + KnGu(s) — KwkereGw(s) — g

where AP (s) is the load disturbance; K1, Ky, and Kw denote the participation factors
of thermal power, hydropower, and wind power, respectively, and the expressions for
G1(s) , Gu(s) and Gy (s) are detailed in Appendix B.

Figures 3 and 4 illustrate the frequency response characteristics of the system
subjected to load disturbances under two typical wind conditions: below-rated (average
wind speed of 9 m/s) and above-rated (average wind speed of 15 m/s), respectively.
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Figure 3. System frequency response to load disturbance below-rated wind speed.

In frequency-domain analysis, the magnitude response of the closed-loop transfer
function characterizes the system’s capability to attenuate load disturbances across
various frequencies. A lower magnitude indicates a smaller frequency deviation
induced by disturbances at that specific frequency, which corresponds to enhanced
frequency stability. Drawing upon the concept of the frequency-sensitive band [16],
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this study primarily focuses on analyzing the system’s behavioral characteristics in the
vicinity of its frequency response magnitude peak. Driven by the evolution of modern
power systems, the system’s frequency-sensitive band has substantially broadened,
expanding from the original 0.03—0.5 Hz to 0.01-0.5 Hz. Under below-rated wind
conditions, the system’s peak sensitive frequency in the 2025 scenario is approximately
0.32 Hz, and the magnitude at this peak consistently increases as the system evolves.
Conversely, under above-rated conditions, the peak sensitive frequency is located
at approximately 0.38 Hz. Within the aforementioned sensitive band, an overall
increase in magnitude is observed, indicating a degradation in the system’s capability
to reject load disturbances. This signifies that the frequency deviation induced by load
disturbances within this specific band will be substantially amplified, subsequently

exacerbating the generator torque fluctuations.
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Figure 4. System frequency response to load disturbance above-rated wind speed.

For the NREL 5-MW wind turbine investigated in Jonkman et al. [17], the
fundamental modal frequency of the tower is approximately 0.32 Hz. As the
unit capacity continues to scale up, this first-order modal frequency of the tower
structure exhibits a downward trend (detailed analysis is provided in subsequent
sections). Given the close proximity of the tower’s fundamental modal frequency
to the system’s frequency-sensitive band, the coupling between system frequency
fluctuations and tower moments may induce severe tower-control system coupled
vibrations. Consequently, how the power fluctuations within specific frequency
bands—particularly below 0.4 Hz—introduced by primary frequency regulation excite
tower resonance and exacerbate fatigue loads constitutes the core issue to be addressed

in the subsequent sections.

4. The impact of PFR on tower loads

This section delves into the underlying mechanisms by which a wind turbine’s
participation in primary frequency regulation impacts its tower structural loads, with a
primary focus on potential vibration risks.
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4.1. Analytical modeling of tower load response

Based on the dynamic model of the wind turbine, the linearized expressions for
the tower load components in response to system disturbances can be directly derived,
as formulated in Equations (15) and (16) [8].

B OMrsa OMrsa OMrs
AMrg = Oor Aw; + 70 A6 + 50 Aw, (15)
O Mg 0 Mg O Mg O Mg
AMp = ——A A6O AM, Av. 16
Tss day wr + 90 + OTg g+ 90 v (16)

Equations (15) and (16) demonstrate that the tower’s FA bending moment is
primarily governed by the dynamic coupling among rotor speed, pitch angle, and wind
speed, whereas the SS bending moment is directly coupled with the dynamic variations
in generator torque. This distinction reveals a fundamental difference in the underlying
mechanisms by which participation in primary frequency regulation impacts the FA and
SS dynamic loads of the tower.

Given that the analytical model for the SS bending moment incorporates complex
dynamic elements—such as multiple integrators—deriving an explicit transfer function
is highly intractable. Consequently, a qualitative analysis is necessary. To this end, it is
imperative to further establish the analytical relationship between the key state variables
and the system frequency deviation. Building upon the wind turbine’s small-signal
model, the response functions mapping the critical state variables to the frequency
deviation are derived as follows. These formulations serve to analyze the dynamic
responses of individual subsystems under primary frequency regulation:

Awr B(5) _ 24 443 Awg B(s) (17)
Af(s) L= porpp 1 — $2282 A f(s)
Awr A(8) _ Ko1K19k95k53 + Kadkaz Awg a(s) (18)
Af(s) 1 — (k21k12 + Koakas) Af(s)
Af(s Awg A(s
5700 ™ K95K53§R'§g)’ "
AT, (s Awg B(s
Agjg(]i)) = (us7He5 153 + pisTiss + [183) X Agf_(E:S()) — kerrps7, - (20)
AT A(s Aw S
Agf_zs()) = (ksrkeskss + Kerkss + kgs) X Agf_&() — kperrigy,  (21)

where, AZ?;?S()S) and AZ?;?S(S) are detailed in Appendix C.

4.2. Frequency-domain analysis of key state variable dynamics

Based on Equations (17)—(21), the frequency response characteristics of each state
variable in response to Af are analyzed using Bode plots. Consequently, the specific
effects of these state variables on tower structural loads are derived to unveil the impact
patterns of primary frequency regulation parameters and varying wind speeds.

Rotor speed response (Aw,/Af): As illustrated in Figures 5 and 6, under

below-rated wind conditions, an increase in wind speed or y attenuates the magnitude

8
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gain. Conversely, an elevated frequency regulation gain amplifies the magnitude of
the rotor speed response. Above-rated wind conditions: The overall magnitude gain is
comparatively lower than that in the below-rated regime. This signifies that primary
frequency regulation exerts a less pronounced impact on the rotor speed in this operating
region. Notably, the impact patterns of the parameters closely mirror those observed
under below-rated conditions. As illustrated in Figure Al of Appendix D, under
a 10% step load disturbance, the amplitude of rotor speed fluctuations induced by
primary frequency regulation remains bounded within 5%. This directly corroborates

the relative magnitude of the impact revealed by the frequency-domain analysis.

Figure 5. Bode plot of rotor speed response (below-rated wind speed).

Figure 6. Bode plot of rotor speed response (above-rated wind speed).

Pitch angle response (AS/Af): As illustrated in Figure 7, an increase in wind
speed or the de-rating factor attenuates the magnitude of the pitch angle response.
Conversely, an elevated frequency regulation gain intensifies this impact, leading to
a higher response amplitude. Since pitch control primarily plays an auxiliary role
during primary frequency regulation, the resulting pitch angle variation remains limited.
Specifically, a 10% step load disturbance leads to a pitch angle change of no more than
6% (refer to Figure A2 in Appendix D for details).
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Figure 7. Bode plot of pitch angle response.

Generator torque response (ATg/Af"): As illustrated in Figure 8, under below-rated
wind conditions, the magnitude gain remains substantially above zero across a broad
frequency band of 0.01-10 Hz. This indicates that primary frequency regulation exerts
a pronounced impact on the generator torque. An increase in wind speed or the
de-rating factor attenuates the magnitude of its impact. Conversely, an elevated primary
frequency regulation gain amplifies this influence. Above-rated wind conditions: As
illustrated in Figure 9, the generator torque also exhibits high sensitivity to frequency
deviations. Variations in wind speed and the de-rating factor have a relatively minimal
impact on its frequency response characteristics, whereas an increase in the primary

frequency regulation gain consistently enhances the response magnitude.

Figure 8. Bode plot of generator torque response (below-rated wind speed).

As illustrated in Figure A3 of Appendix D, in response to primary frequency
regulation, the generator torque is subjected to a significant impulsive load, rapidly
reaching its peak value. Most critically, given the direct coupling between the tower’s
SS bending moment and the generator torque, the rapid torque fluctuations induced
by primary frequency regulation pose a potential risk of exciting SS tower resonance.

Consequently, the ensuing analysis will focus primarily on the tower’s SS vibrations.



Sound & Vibration 2026, 60(4), 4263.

Figure 9. Bode plot of generator torque response (above-rated wind speed).

4.3. Analysis of tower vibration characteristics and resonance risk

As illustrated in Figures 10 and 11, the power spectral density (PSD) profiles of
the generator torque exhibit both amplification and attenuation following the activation
of frequency regulation. This indicates that primary frequency regulation may either

exacerbate or suppress the torque excitation energy within the responsive frequency band.
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Figure 10. Power spectral density of generator torque (below-rated wind speed).
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Figure 11. Power spectral density of generator torque (above-rated wind speed).

As illustrated in Figures 12 and 13, across varying wind conditions, participation

11
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in primary frequency regulation consistently induces an amplification in the PSD
of the tower’s SS bending moment in the vicinity of 0.32 Hz. This demonstrates
that the dynamic generator torque fluctuations induced by primary frequency
regulation—particularly within the critical frequency band—significantly exacerbate
the tower’s SS vibrations.
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Figure 13. Power spectral density of tower side-to-side bending moment (above-rated wind
speed).

Given that the power spectral density of the generator torque exhibits both
amplification and attenuation in the vicinity of 0.32 Hz, determining whether primary
frequency regulation ultimately exacerbates or suppresses the tower’s SS fatigue loads
necessitates a comprehensive analysis incorporating system disturbance characteristics
and phase relationships.

Based on the clear spectral amplification depicted in Figures 12 and 13—where
the PSD of the tower side-to-side bending moment with PFR (yellow lines) visibly
dominates the baseline without PFR (purple lines) around the 0.32 Hz natural
frequency—it can be definitively concluded that the implementation of PFR does not
provide benefits in terms of the wind turbine’s structural stability. On the contrary, it
degrades the mechanical stability by amplifying the tower side-to-side resonance risks.

This observation highlights a critical operational trade-off in modern wind energy

12
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systems: while PFR is fundamentally designed to provide remarkable benefits for
grid frequency stability (from an electrical power system perspective), it inadvertently
compromises the structural stability of the individual wind turbine (from a mechanical
perspective) by introducing additional broadband torque excitations (as evidenced by
the high-frequency fluctuations in Figures 10 and 11). Therefore, acknowledging
and mitigating this structural degradation while simultaneously fulfilling grid support

requirements remains a key challenge for future PFR control design.

4.4. Analysis of phase sensitivity for lateral tower vibration

Both the generator torque and the tower’s SS bending moment fluctuations
act as vector quantities; thus, the instantaneous alignment of their dynamic
interaction—whether in-phase or out-of-phase—plays a critical role. Based on

the fundamentals of vector addition:

*  When the fluctuation direction of AT’y perfectly aligns with the inherent oscillation
direction of AM 14 (i.e., an in-phase relationship), the tower’s SS vibrations are
significantly amplified.

*  When the fluctuation direction of AT, is opposite to the inherent oscillation
direction of AM g (i.e., an out-of-phase relationship), the tower’s SS vibrations

are effectively suppressed.

To verify this phase sensitivity, 10% step load disturbances applied at distinct
initial instants (with 0.3 s intervals, equivalent to 3.33 Hz) were simulated under
identical mean wind speeds. This specific interval was deliberately selected to sweep
across various phase points within the inherent oscillation period (3.125 s, 0.32 Hz) of
the tower’s SS bending moment.

Figures 14 and 15 illustrate the response trajectories of the generator torque and
the corresponding tower SS bending moment under various initial instants, respectively.
As highlighted by the bold orange and dark purple curves, the ATy fluctuations
triggered at different instants lead to significantly distinct amplitude responses in
AMTg. Specifically, the evaluation of Figure 15 reveals a stark contrast: under the
worst-case in-phase alignment (bold orange curve), the peak-to-peak fluctuation of
the tower SS moment is drastically magnified, creating severe transient mechanical
stress. Conversely, under the most favorable out-of-phase alignment (bold dark purple
curve), the dynamic load is visibly dampened, maintaining a much narrower and flatter
fluctuation band. This indicates that the transient structural load is highly deterministic
and strictly governed by the timing of the PFR intervention.

Figures 16 and 17 illustrate the evaluation results for the super-rated (above-rated)
wind speed region. While the baseline tower SS moments exhibit different dynamic
characteristics in this region due to higher acrodynamic thrust and active pitch control
interventions, it is observed that the phase sensitivity phenomenon remains highly
consistent with the observations made below the rated wind speed. A cross-evaluation
between Figures 15 and 17 indicates that, regardless of the operating wind speed
regime, the injection of identical torque disturbances can either inherently aggravate
or effectively alleviate the tower vibrations solely based on the initial phase condition.
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Consequently, these response trajectories quantitatively confirm that modern PFR
techniques must incorporate phase-aware or structure-conscious control logic. Blindly
applying torque steps without considering the tower’s instantaneous sway phase can

lead to accidental resonance exacerbation during grid-support events.
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Figure 14. Generator torque response trajectories under different initial time conditions
(below-rated wind speed).
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Figure 17. Tower side-to-side bending moment response trajectories under different initial
time conditions (above-rated wind speed).

4.5. Tower vibration trend prediction

Typically, a wind turbine tower is idealized as a cantilever beam with a lumped
mass at its top. As turbine units scale up in capacity, the significant increase in tower
height L inherently leads to a gradual reduction in the first-order natural frequency [18].
Studies indicate that the fundamental frequency of 10 MW-class turbine towers can
drop to approximately 0.20 Hz [19], representing a significant reduction compared to
the 0.32 Hz observed in the 5 MW turbine studied in this paper. Meanwhile, the PSD
analysis of the system frequency reveals a significant upward trend in the low-frequency
band near 0.2 Hz as the power system evolves. This implies that the low-frequency
(0.2 Hz) components of frequency fluctuations will become increasingly pronounced
in future new-type power systems.

When large-scale wind turbines participate in primary frequency regulation, the
tower’s natural frequency inevitably overlaps with the sensitive low-frequency bands
where system frequency fluctuation energy is most concentrated. Such frequency
coincidence—where the tower’s natural frequency aligns with the dominant system
disturbance frequencies—significantly escalates the risk of SS tower resonance.

In summary, the participation of wind turbines in primary frequency regulation,
facilitated by the potent coupling between generator torque and tower SS bending
moment, poses a significant risk of exacerbating lateral tower vibrations—a
phenomenon that exhibits pronounced phase sensitivity. As wind turbines continue
to scale up and new-type power systems evolve, the risk of SS tower resonance is
poised to escalate significantly. The reduction in the tower’s fundamental frequency
heightens its susceptibility to inherent low-frequency system fluctuations, while the
intensification of these low-frequency disturbances provides a more potent excitation
source. In the design phase of large-scale wind turbines—particularly for towers and
control systems—and the formulation of operational PFR algorithms, it is imperative
to prioritize the low-frequency lateral vibrations and fatigue induced by grid frequency
regulation. Developing intelligent PFR strategies with integrated vibration suppression
or structural control measures is essential to ensuring the long-term structural integrity

and reliability of the units.
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5. Tower loads based on primary frequency regulation scenarios

The preceding sections, grounded in mechanistic modeling, have elucidated the
potential impact mechanisms of wind turbine participation in PFR on tower loads, with
a specific focus on SS loading. However, actual wind turbine operation is characterized
by immense complexity, involving strong aero-servo-elastic coupling across multiple
physical domains. To more accurately quantify the impact of PFR on tower fatigue
loads, this section utilizes a high-fidelity simulation platform for a comprehensive
numerical investigation.

The simulation is implemented using the industry-standard wind turbine
aero-servo-elastic code, FAST v8, coupled with MATLAB/Simulink to establish
a comprehensive mechanical-electrical co-simulation framework [20]. Within this
framework, FAST governs the high-fidelity computations of aeroelastic and fatigue
dynamics subjected to turbulent inflows, while MATLAB/Simulink facilitates the
implementation of PFR control logic and the emulation of grid frequency disturbances.
TurbSim is employed to generate stochastic turbulent wind fields that conform to
the IEC 61400-1 standard [21]. For each combination of target mean wind speed
and turbulence intensity, ten independent wind speed time series are generated to
adequately characterize the stochastic nature of the wind resource. Considering the
stochastic nature of system load variations, a stochastic load disturbance signal is
adopted to serve as the excitation source for emulating frequency excursions in the
power grid. Tower loads—specifically the resulting fatigue damage—are quantified
via the Damage Equivalent Load (DEL) approach. The calculation of DEL is grounded
in the Palmgren-Miner linear cumulative damage rule and the material-specific
S-N curve, effectively characterizing the extent of fatigue damage under stochastic,
variable-amplitude load spectra [22].

To isolate the impact of PFR while fully accounting for the dual stochasticity
of wind inflows and load perturbations, the following multi-step simulation strategy
is employed. First, for a fixed mean wind speed and turbulence intensity, ten
independent TurbSim wind speed sequences are generated. Second, an identical
stochastic load disturbance signal is applied across each wind sequence to emulate
the grid frequency deviation (Af). Third, comparative simulations are executed for
scenarios both without PFR participation (kppr = 0) and with PFR active. Subsequently,
the Damage Equivalent Loads (DELs) for the tower FA and SS bending moments
are computed for each individual run. Finally, to mitigate the influence of random
variations, the DEL results from the ten simulation runs under the same wind condition
are ensemble-averaged. This means serves as the representative value for the given

scenario.

5.1. Complementarity between analytical and simulation approaches

It should be noted that the linearized analytical model developed in Sections
2—4 and the high-fidelity FAST co-simulation employed in this section serve
complementary rather than redundant roles. The analytical model, derived via
small-signal linearization around steady-state operating points, is specifically designed
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to reveal the fundamental coupling mechanisms—particularly the direct pathway from
generator torque fluctuations to tower SS bending moments and the associated phase
sensitivity. Its strength lies in providing physically transparent, closed-form insights
that are not readily extractable from time-domain numerical simulations alone.
However, the linearized framework inherently introduces simplifications that limit
its quantitative accuracy under realistic operating conditions. The principal factors
contributing to deviations between the analytical predictions and the high-fidelity

results are as follows:

(1) Linearization-induced limitations: The analytical model is linearized at a single
operating point for each wind speed. During PFR events, the turbine undergoes
transient excursions in rotor speed and generator torque that may extend beyond
the small-signal validity range [23], causing the actual aerodynamic coefficients
to deviate from their linearized approximations. This effect is particularly
pronounced in the low wind speed regime, where the operating point sensitivity is
highest—consistent with the observation in Subsection 5.2 that the most dramatic
SS DEL increases (up to 600%) occur precisely in this region.

(2) Turbulent wind field complexity: The analytical model assumes a deterministic,
uniform wind input, whereas the FAST simulations incorporate three-dimensional
stochastic turbulent inflows generated by TurbSim in accordance with IEC
61400-1.  Spatially coherent turbulence introduces additional broadband
excitation—including tower shadow and wind shear effects—that modulates the
generator torque spectrum in ways not captured by the single-input analytical
framework [24].

(3) Structural coupling effects: The analytical model treats the tower SS dynamics
in a decoupled manner, whereas FAST employs a multi-body elastic formulation
that captures cross-coupling between the tower’s FA and SS modes, as well as

blade-tower interaction effects under large deflections.

These factors explain why the high-fidelity simulation is indispensable for
quantitative fatigue assessment (Section 5), while the analytical model remains
essential for mechanistic interpretation (Section 4) [25]. The two approaches are
therefore employed in a sequential and complementary manner: the analytical
model identifies what drives the tower SS response and why it is phase-sensitive,
while the FAST simulation quantifies how much fatigue damage results under
realistic stochastic conditions. This is consistent with fatigue-aware wind turbine

inertial-control studies [26].

5.2. Quantitative analysis of tower axial loads

Figure 18 illustrates the tower FA DEL under varying conditions. A comparison
of the surfaces for different kppr values reveals that their morphologies are highly
congruent, indicating that the participation of wind turbines in primary frequency
regulation has a limited impact on tower FA fatigue loads within the investigated
parameter range. These observations substantiate the conclusion that PFR exerts a

marginal influence on FA fatigue loading.
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Figure 18. The DELs of tower fore-aft bending moment.

5.3. Quantitative analysis of tower lateral loads

The tower SS DEL results are presented in Figure 19. In stark contrast to the FA
loading, PFR participation markedly affects the tower SS fatigue loads; notably, the tower

exhibits a much higher susceptibility to these loads within the low wind speed range.
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Figure 19. The DELSs of tower side-to-side bending moment.

As illustrated in Figures 20 and 21, the tower SS DEL exhibits a substantial
escalation in the low wind speed regime, peaking at a staggering 600% of the baseline
value. This increment gradually diminishes as the wind speed increases. In the
super-rated wind speed region, the variation in tower SS fatigue loads ranges from —5%
to within 15%. Although occasional reductions are observed, the overall trend is still
predominantly characterized by an increase.

kPFR‘:IO pu T 650

600 to 150 p.u. 585

0.2
8 10 0.0 0. ]
Wind Speed (m/s) - Derating Factor

Percentage Increase in DEL(%)

Figure 20. Rate of change of tower side-to-side DEL (below-rated wind speed).
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Figure 21. Rate of change of tower side-to-side DEL (above-rated wind speed).

6. Discussion

6.1. Synthesis of analytical and numerical findings

The results presented in Sections 4 and 5 provide two complementary perspectives
on the impact of PFR on tower loads. The analytical model (Section 4) reveals the
fundamental coupling mechanisms and identifies the generator torque as the dominant
excitation pathway for tower SS vibrations. The high-fidelity FAST simulations
(Section 5) subsequently quantify the resulting fatigue damage under realistic stochastic
conditions. As summarized in Table 1, the key findings from both approaches are
mutually consistent: both confirm the negligible impact of PFR on FA loads, the
strong sensitivity of SS loads to PFR, and the critical role of the wind speed regime

in determining the severity of structural penalties.

Table 1. Comparison of key findings from different methods.

Aspect Analytical prediction (Section 4) FAST simulation (Section 5)
FA loads Weakly coupled to T'y; governed by wy, 6, v DEL variation < 5% across all kprr
SS loads Directly coupled to AT'g; resonance risk at 0.32 Hz DEL increase up to 600% in low wind speeds
Phase sensitivity In-phase amplification; out-of-phase suppression Confirmed via multi-instant step simulations
Wind speed dependence Higher magnitude gain at low wind speeds Monotonically decreasing DEL sensitivity with increasing wind speed

However, a quantitative gap inevitably exists between the linearized analytical
predictions and the high-fidelity simulation results. This gap originates primarily from
three factors: (1) the analytical model is linearized at a single operating point, whereas
PFR events involve transient excursions that may exceed the small-signal validity
range—particularly in the low wind speed regime where operating point sensitivity is
highest; (2) the FAST simulations incorporate three-dimensional stochastic turbulence
(wind shear, tower shadow, spatial coherence) that introduces broadband excitations
not represented in the single-input analytical framework; and (3) the multi-body elastic
formulation in FAST captures cross-coupling between FA and SS modes under large
deflections, which is simplified in the analytical derivation. Despite these differences,
the two approaches serve complementary roles: the analytical model identifies what
drives the tower SS response and why it is phase-sensitive, while the FAST simulation

quantifies how much fatigue damage results under realistic conditions.
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6.2. Implications for grid stability versus structural integrity

PFR is fundamentally designed to enhance the former by modulating generator
torque in response to frequency deviations. However, as demonstrated by the spectral
amplification in Figures 12 and 13—where the PSD of the tower SS bending moment
increases significantly around 0.32 Hz when PFR is activated—this grid-level benefit
is achieved at the cost of increased structural loading on the individual turbine.
This trade-off is particularly severe in the sub-rated wind speed region, where the
baseline aerodynamic damping of the SS mode is inherently low, and where PFR
gain requirements (as mandated by grid codes) remain unchanged despite the turbine
operating far from its rated capacity. Consequently, the structural penalty per unit of
frequency support provided is disproportionately high in this regime.

This finding has direct implications for grid code design: future regulations should
consider wind-speed-dependent PFR gain scheduling, whereby the frequency support
contribution of individual turbines is modulated according to their instantaneous
structural vulnerability. Such an approach would maintain aggregate grid support from
wind farms while redistributing the structural burden away from the most vulnerable

operating conditions.

6.3. Physical interpretation of phase sensitivity

The phase sensitivity phenomenon demonstrated in Figures 14-17 warrants
further physical interpretation. The tower SS mode, once excited, behaves as a lightly
damped oscillator at 0.32 Hz. When a PFR-induced torque perturbation arrives at an
instant that coincides with the peak velocity of the existing SS oscillation (i.e., zero
displacement, maximum kinetic energy), the injected energy is maximally absorbed
by the mode, leading to resonance amplification. Conversely, when the perturbation
arrives at the instant of peak displacement (i.e., zero velocity, maximum potential
energy), it acts against the restoring force and effectively extracts energy from the mode,
resulting in vibration suppression. This interpretation is analogous to the well-known
phenomenon of parametric excitation timing in structural dynamics.

From a practical standpoint, this phase dependency implies that if the
tower’s instantaneous SS vibration state could be monitored in real time (e.g.,
via accelerometers or strain gauges at the tower base), the PFR controller could
strategically time its torque interventions to avoid—or even actively exploit—the
phase relationship.  Specifically, delaying or advancing the torque response by
a fraction of the SS oscillation period could transform a potentially destructive
resonance event into a beneficial damping action. This concept forms the basis for

future “phase-aware” or “structurally-conscious” PFR control strategies.

6.4. Scalability concerns for future large-scale turbines

The trend analysis presented in Subsection 4.5 indicates that as turbine capacity
increases beyond 10 MW, the tower’s first natural frequency may decrease to
approximately 0.20 Hz. Simultaneously, the evolution of renewable-dominated power
systems shifts frequency fluctuation energy toward lower bands, as evidenced by the

broadening of the system’s frequency-sensitive band from 0.03—0.5 Hz to 0.01-0.5 Hz
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(Figures 3 and 4). This convergence creates an increasingly hazardous overlap between
the tower’s modal frequency and the dominant system disturbance frequencies.

For the 5 MW turbine studied herein, the tower natural frequency already lies
within the system’s sensitive band. For future 10-15 MW turbines with natural
frequencies near 0.20 Hz, this overlap will be even more pronounced, as 0.20 Hz
falls squarely within the region of maximum spectral amplification observed in the
2,040-2,060 scenarios (Figures 3 and 4). This suggests that the SS fatigue penalty
associated with PFR may escalate further for next-generation turbines unless proactive
mitigation measures are incorporated at the design stage.

7. Conclusion

This study investigated the dynamic response of wind turbine towers during PFR,
with particular emphasis on the SS bending moment induced by generator torque
fluctuations. A coupled aerodynamic—mechanical—electrical analytical framework was
developed to clarify the transmission mechanism from PFR-induced torque variations
to tower structural responses. The frequency-domain analysis demonstrated that
generator torque fluctuations acted as a dominant excitation source for tower SS
vibration, especially when the excitation components approached the tower natural
frequency of approximately 0.32 Hz. High-fidelity FAST simulations further confirmed
that the activation of PFR amplified the power spectral density of the tower SS bending
moment near this critical frequency under both below-rated and above-rated wind
speed conditions. Therefore, although PFR is beneficial for grid frequency stability,
it may degrade the structural stability of individual wind turbines by increasing tower
resonance and fatigue risks. In addition, the time-domain response analysis revealed
a clear phase sensitivity: torque disturbances introduced in phase with the inherent
tower oscillation significantly amplified SS bending moment fluctuations, whereas
out-of-phase disturbances could partially suppress the vibration response.

Future work should focus on developing structurally aware PFR control strategies
that balance grid-support performance and turbine load mitigation. In particular,
phase-aware torque control, notch-filter-based frequency shaping, or load-constrained
PFR optimization could be introduced to reduce torque excitation near the tower
natural frequency. Moreover, the present analytical model can be further improved
by incorporating stochastic turbulent wind disturbances, operating-point-dependent
aerodynamic coefficients, and nonlinear aero-servo-elastic coupling effects. These
improvements would enable more accurate prediction of tower fatigue loads under
realistic operating conditions and support the design of PFR strategies that are both
grid-friendly and structure-friendly.
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Appendix A

Appendix A.1. Below the rated wind speed

Let:

For constant pitch operation below the rated wind speed, linearization of Equation (1) yields:

0T, = @&ur + T

8wr E(S’U, (Al)

(A2)

Wro Wr0 Vo

0T, 0.5pmR? << vg’Cpoer wrov(Q)R 8C'p0) Owr (3’[)80[)() - U(Q)Rwr0> 51})
=2 = 0P =y =),
Tao Tao Wi wrog O

The subscript labeled “0” denotes the stable operating point under current wind speed and derating factor conditions.
ATy =0T a/Tao, Ay = dw/wry, Av = dv/vy, the aerodynamic torque small-signal model can be derived as follows:

AT,(s) = a1Aw(s) + a2Av(s). (A3)
" 5C 9C 3v0Cpo— Rusy
Among them, a; = v?c‘,)m (— U?Urol"’ + v%R 8)1\’0)’ ay = 2% ngCpo i
Perform unitarization on Equations (3)—(5):
1
Aw,(s) = T (AT, (s) — asAT(s)), (A4)
T
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Awg(s) = JL (a6 ATs(s) — arATy(s)), (A5)
oS
ATs(s) = B + Brss (asAwi(s) — agAwg(s)) - (A6)

Among them, ag = Tho/wro, a5 = Tyo/wro, a6 = Tso/ (Neweo), a7 = Tgo/we0, ag = wro/ Ts0, ay = weo/ (Tsong)-
Equation (8) is normalized as follows:

Aws(s) = mAwg(s). (A7)

Equation (9) is normalized as follows:
ATgref(8> = algAqu(S) — auAf(S). (A8)

Among them, a19 = 2(1 — 7)kopw3)/Terervs @11 = kprry /Tgreros @11 = kprky /Tgremns Terefn i the reference value
for generator torque under re-rated operating conditions.
Unitarization of Equation (7):
APrer(s) = ATgrer(s) + Awg(s). (A9)

Substitute Equation (8) into the above equation:
APref(S) = (1 + alo) AWf(S) — kPFRAf(S). (A10)

Unitarization of Equations (6) and (5):

1

ATg(S) = (Apref(s) — Awg(s)) m, (All)
APyout(s) = ATy(s) + Awgl(s). (A12)
Appendix A.2. Above the rated wind speed
Unitarization of Equation (1):
AT,(s) = a1Aw(s) + a2 Av(s) + azAb(s). (A13)
0y OC,
Among them, ag = C—an—ep.
Paddle-variator control model normalization:
A0(s) = b1 Awg(s) + ba. (A14)
Among them, b; = kpu.)fo/e(), by = kit ('lUf() — wgrated) /90
Unitarization of Equation (10):
ATgrer a (5) = a10Awi(s) — a1 Af(s). (A15)
Among them, a19 = —Paemo(1 — ¥)/wTgrenv, @11 = kprky/Tretn, similarly, kppr is used to replace aj;.
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(a) Below rated wind speed (b) Above rated wind speed

Figure A1l. The rotor speed based on the step response.

Figure A2. The pitch angle based on the step response.
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Figure A3. The generator speed based on the step response.
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