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Abstract: Near the rated wind speed, due to the random variations of wind speed, wind direction,
and sea conditions, large-scale floating wind turbines encounter coupled interference between
torque control and pitch control. It may result in substantial drops or fluctuations in electrical
power. We propose a multi-stage adaptive decoupling control strategy to address the issue
of electrical power drops near the full-load operation. It dynamically adjusts the closed-loop
input error of PI controllers by correlating the state of the wind turbine with its torque/pitch
outputs. The simulation results demonstrate that this strategy can enhance operational stability,
significantly increase electrical power generation, and reduce fatigue/extreme loads of key
components in large-scale floating wind turbines.

Keywords: large-scale floating wind turbines, torque and pitch control, decoupling control,
electrical power drop, adaptive control

1 Introduction

In recent years, propelled by ongoing technological progress and the accelerated integration
of renewable energy sources, wind electrical power generation has emerged as a cornerstone
of global energy systems, owing to its exceptional economic viability and environmental
sustainability. The fundamental process of wind electrical power conversion involves the
sequential transformation of wind kinetic energy into mechanical energy through rotor rotation,
followed by electromagnetic induction in the generator to produce electrical energy. Specifically,
wind turbines harness aerodynamic forces to drive blade rotation, which then actuates the
generator via a mechanical drivetrain, thereby generating electrical power. Among current
technologies, variable-speed variable-pitch (VSVP) wind turbines have become the dominant
configuration in modern wind farms, thanks to their enhanced operational flexibility and superior
energy capture efficiency [1,2].

At present, mainstream wind turbine models predominantly achieve rated electrical power
capacities within the 10-16 MW range, with 20 MW and larger-scale wind turbines gradually
undergoing grid integration and commercial deployment. While increasing the capacity of single
wind turbine enhances energy conversion efficiency, it simultaneously heightens sensitivity to
dynamic electrical power fluctuations. Notably, floating wind turbines are particularly vulnerable
to multi-degree-of-freedom (MDF) dynamic disturbances, including pitch/roll oscillations and
sway motions of the floating platform, which significantly impair wind energy absorption
efficiency and induce substantial electrical power output instability [3-8]. For example, a mere
1% deviation in output electrical power or torque command for a 10 MW floating wind turbine
converter could result in annual electrical power generation losses exceeding several hundred
thousand kWh, equating to economic losses in the millions of RMB.

Similar to their onshore counterparts, floating offshore wind turbines employ pitch control to
dynamically adjust blade pitch angles and torque control to regulate the output torque, with both
control systems operating in a coordinated manner to optimize electrical power output [9, 10].
During simultaneous operation of the wind rotor and generator, the interaction between pitch and
torque control systems may induce coupling effects, leading to mutual interference that adversely
impacts electrical power conversion efficiency. This interference phenomenon is particularly
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pronounced in large-scale floating wind turbine systems. Given the inherent randomness and
unpredictability of wind speed and direction, multi-loop closed-loop control strategies are
essential for ensuring stable operation of wind turbines, maintaining either constant rotational
speed or rated electrical power out-put while facilitating reliable and efficient wind energy
conversion under dynamic wind conditions.

The prevailing control paradigm involves the synergistic coordination of torque and pitch
control loops to achieve optimal wind energy capture and utilization. Specifically, below rated
wind speed, the system implements a torque control strategy that adjusts the electromagnetic
torque output from the electrical power converter to maximize the aero-dynamic electrical
power coefficient (Cp). Conversely, above rated wind speed, pitch control is activated to reduce
aerodynamic efficiency by altering blade pitch angles, thereby stabilizing output electrical power
at the rated level while maintaining rotor speed within a narrow band around the rated value.
This dual-mode control architecture ensures adaptive response to varying wind conditions while
preserving system stability and energy conversion efficiency.

As one of the most widely adopted control methodologies in industrial automation, PID
control has been extensively utilized in VSVP wind turbines. During electrical power generation,
these systems require not only optimal maximum electrical power point tracking (MPPT) for
efficient wind energy capture but also stringent rotational speed stability under fluctuating
operational conditions. Near the rated wind speed threshold, precise and coordinated adjustments
of rotor torque and blade pitch angle are critical to maintaining consistent generator speed and
electrical power output [11, 12]. In wind electrical power control applications, PI control is
frequently employed as a practical alternative to full PID control due to its simplicity and
robustness. As a single-input single-output (SISO) closed-loop control algorithm, PI control
necessitates dual-module implementation—namely, torque control and pitch control—to achieve
effective speed regulation. Although both modules share the common objective of stabilizing
generator speed, inter-module coupling effects may arise under specific operating conditions,
potentially leading to mutual interference and suboptimal control performance.

It is of significant academic and engineering importance to note that when wind turbines
operate near the rated wind speed or attain full electrical power output under conditions of
substantial wind speed and directional fluctuations (characterized by high turbulence intensity),
they are compelled to frequently transition between torque control and pitch control modes.
Theoretically, when operating at full electrical power output with wind speed exceeding the
rated threshold, pitch control should dominate while maintaining rated torque levels. However,
when wind speed decreases, torque control is activated, resulting in substantial fluctuations
in electromagnetic torque output from the converter rather than maintaining a stable torque
profile [13, 14]. Consequently, from a data monitoring and system dynamics perspective, near
the rated wind speed, the wind turbine exhibits continuous and correlated variations in both pitch
angle and electromagnetic torque, presenting a typical multivariable control challenge. Within
this framework, the two con-trolled variables—torque and pitch—exhibit strong bidirectional
coupling and mutual interference effects. Without effective decoupling control strategies, the
efficiency of both pitch and torque control systems is significantly compromised, potentially
leading to rotational speed and electrical power regulation failures, exacerbated rotational speed
oscillations, increased fatigue loading, and shortened operational lifespan over extended service
periods.

To mitigate such destabilizing phenomena, the implementation of advanced decoupling
control strategies between torque and pitch control loops near the rated wind speed is of critical
importance. Currently, predominant decoupling control methodologies for large-scale wind
turbines involve dynamic adjustment of target rotational speed setpoints for both torque and
pitch PI controllers to achieve effective decoupling between the two control loops [15, 16].
However, these existing approaches still exhibit inherent limitations, including suboptimal dy-
namic response under rapidly changing wind conditions and residual coupling effects at specific
operational points. These limitations underscore the necessity for further research into adaptive
decoupling control algorithms capable of accounting for nonlinear aerodynamic characteristics
and time-varying system parameters to enhance overall control performance and system reliabil-
ity. This study introduces an enhanced adaptive torque-pitch coordinated decoupling control
framework to mitigate pronounced torque oscillations and electrical power output degradation
in variable-speed wind turbines operating near rated wind speed. Through the implementation
of a hierarchical multi-stage adaptive decoupling mechanism, the proposed strategy achieves
substantial attenuation of electrical power fluctuations during transition between partial-load
and full-load operating regimes, with experimental validation demonstrating a 37.6% reduction
in root-mean-square electrical power deviation under turbulent wind conditions.
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2 Literature Review

A multitude of scholars have pinpointed the issue that the coupling between torque control
and pitch control can detrimentally affect the normal operation of wind turbines, and have
thus explored various decoupling control methodologies [17-20]. At present, the prevailing
approaches in decoupling control typically involve setting thresholds; when a threshold is
surpassed, the system transitions to torque control, and when it crosses an-other threshold, it
switches to pitch control. Consequently, the similarity between this chapter and the aforemen-
tioned literature lies in the fact that both are rooted in currently adopted methods and aim to
optimize switching actions by enhancing the decoupling unit (through adding or modifying
modules), thereby achieving the goal of improving decoupling control. Nevertheless, existing
research still presents the following challenges.

Firstly, Wang et al. [21] merely implements switching control strategies based on whether
the current rotational speed of the wind turbine falls within a manually defined fixed range,
lacking an adaptive mechanism. In other words, it fails to dynamically adjust the thresholds
according to the unique characteristics of the wind turbine or the site, resulting in limited
universality. Secondly, influenced by various factors such as blade manufacturing processes,
turbulence conditions, and mechanical transmission characteristics, discrepancies frequently
emerge between the rotational speed demand value issued by the control end (i.e., the given
rotational speed value corresponding to the current wind speed) and the currently measured
rotational speed value. Consequently, relying solely on the measured rotational speed to
determine whether switching criteria are met raises reliability concerns. Specifically, adopting
corresponding control strategies based on the range in which the feedback rotational speed lies
may lead to false alarms or frequent triggering, thereby inducing electrical power fluctuations.
Additionally, the literature only mentions determining whether to switch based on generator
speed but fails to verify the improvement effect on the operational status of the wind turbine
(such as converter torque and output electrical power), compare the differences in impact before
and after improvement, and fully consider the frequent switching phenomenon and its potential
side effects caused by excessive decoupling intensity (i.e., forced decoupling).

Moreover, Farfan et al. [22] decide which control strategy to adopt based on whether the
current output electrical power of the wind turbine reaches the designed rated electrical power,
thereby facilitating the switching of control modes and state decoupling. How-ever, the output
electrical power of the wind turbine is subject to numerous constraints, such as strategy-based
electrical power reduction, protection-based electrical power reduction, or owner-imposed
electrical power limits. Therefore, relying solely on whether the output electrical power reaches
the rated electrical power cannot effectively reflect the current operational status of the wind
turbine, and using this criterion to determine whether to adjust strategies has inherent limitations.
Secondly, after excluding special circumstances such as human intervention, strategy-based
or protection-based electrical power limits, the output electrical power of the wind turbine
typically exhibits significant fluctuations when operating near the rated wind speed. If torque
control or pitch control is determined based on whether the output electrical power reaches
the rated value, it may trigger false alarms, leading to frequent switching and exacerbating
electrical power fluctuations. It may even cause shutdown accidents due to a “mismatch
between wind speed and electrical power” [23]. As previously mentioned, this patent literature
merely implements switching control strategies based on whether the current grid-connected
electrical power of the wind turbine reaches the designed rated value of the wind turbine,
lacking an adaptive mechanism. That is, it fails to consider the impact of decoupling intensity on
decoupling effectiveness and does not dynamically adjust the switching intensity according to
the characteristics of the wind turbine or the site, resulting in limited universality. Furthermore,
this patent literature only provides an algorithm flowchart but does not conduct a comparative
analysis of the actual effects of the proposed method or verify its feasibility or degree of
optimization.

3 Torque-Pitch Adaptive Decoupling Control Strategy
3.1 Closed-Loop Control of Torque and Pitch for Wind Turbines

The objectives of the overall closed-loop control system are shown in Figure 1. Based on
the inherent characteristics of control systems, the objectives of closed-loop control in wind
turbines can be systematically divided into five distinct operational zones:

(1) Zone I, also known as the low-wind startup phase: In this zone, the blade pitch angle
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Figure 1 Wind speed-rotor speed, wind speed-electrical power, and wind speed-pitch angle
curves under grid-connected electrical power generation conditions

of the wind turbine is set at the pre-designed optimal pitch angle, and the wind turbine’s
rotational speed is maintained at the minimum startup speed through the implementation of
torque proportional-integral (torque PI) control.

(2) Zone 11, designated as the K,,¢ zone: Here, the blade pitch angle remains fixed at the
pre-designed optimal pitch angle. According to the Equation T = K,p: xw®, where T denotes
the instantaneous torque, w denotes the current rotational speed, and K, signifies the optimal
gain value of the wind turbine generator, variable-speed control is executed by adjusting the
feedback torque from the converter to maximize the efficiency of wind energy capture.

(3) Zone 111, or the transition phase: In this segment, the blade pitch angle is held at the
pre-designed optimal pitch angle, and the generator speed of wind turbine is again maintained
at the rated speed through torque PI control.

(4) Zone 1V, referred to as the full-load phase: During this operational zone, the generator
speed of wind turbine is regulated and kept at the rated speed via pitch proportional-integral
(pitch PI) or pitch proportional-integral-derivative (pitch PID) control.

(5) Zone V, or the storm phase: In this zone, the rated rotational speed is progressively
decreased in accordance with the measured wind speed, and the control methodology outlined
in Zone IV is employed to reduce the rated output electrical power of the wind turbine, thereby
achieving effective storm control.

In summary, the fundamental control strategy for wind turbines can be outlined as follows:

(1) When operating below the rated wind speed, variable-speed control of the wind turbine
is achieved by regulating the generator torque to maintain the rotational speed at the optimal
tip-speed ratio, enabling the wind turbine to capture wind energy with maximum efficiency.
Conversely, when the wind speed exceeds the rated value, the rotational speed is kept at the
rated level by adjusting the blade pitch angle, allowing the wind turbine to output energy at a
constant electrical power level.

(2) For wind farms equipped with large-scale wind turbines, the adverse effects caused by
torque and electrical power reductions are particularly significant. Such reductions not only
have a substantial impact on the converter but also significantly impair the adaptability of the
electrical power grid, thereby reducing its grid-friendliness.

(3) The enlarged blade and tower dimensions of large-scale wind turbines markedly in-crease
their sensitivity to variations in wind conditions, while the influence of wind loads on the loads
of key components becomes increasingly prominent. Specifically, as the blade length increases,
its swept area expands, enabling it to capture more wind energy. Consequently, the blades
become more responsive to wind speed fluctuations and experience substantially increased
loads. Simultaneously, with the tower height rising, the vibration amplitude at the tower top
induced by wind speed variations intensifies, greatly augmenting the fatigue load on the tower
and potentially having a severe impact on its service life.

(4) In addition, large-scale floating wind turbines, characterized by their greater output
electrical power, are prone to reduced wind energy absorption efficiency due to the irregular
motion of the float. Compared to onshore fixed wind turbines, their output electrical power
fluctuations are more pronounced. Furthermore, when compared to small-capacity wind turbines,
large-scale wind turbines demonstrate a more significant reduction in output electrical power
for the same percentage of electrical power reduction. For instance, a small wind turbine with a
rated electrical power of 7,500 kW experiences an electrical power reduction of 1,125 kW when
the electrical power drops by 15%. In contrast, a large-scale floating wind turbines with a rated
electrical power of 16 MW undergoes an electrical power reduction as high as 2,400 kW. Unlike
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fixed wind turbines, the foundation (i.e., the float) of large-scale floating wind turbines floats
on the sea surface like a ship and is merely connected to the seabed by mooring chains. Under
the influence of complex and variable marine environments, such as random factors like ocean
waves, large-scale floating wind turbines are also subjected to the multi-degree-of-freedom
motion of the float, preventing the wind turbines from aligning with the wind direction in
real time and thus impacting electrical power generation. Moreover, when the wind speed
approaches the rated value and changes rapidly, coupling effects emerge between torque control
and pitch control, further exacerbating substantial output electrical power reductions and having
a profound impact on the operational stability and electrical power generation efficiency of the
wind turbines.

In conclusion, for large-scale wind turbines, the development of an intelligent torque/pitch
decoupling control strategy that incorporates the operational characteristics of wind turbines
and effectively suppresses electrical power reductions near full load is crucial for conducting
research on control strategies for wind turbine output electrical power control and load reduction
of key components.

In light of this, this chapter proposes a novel decoupling method and system for torque
control and pitch control in large-scale wind turbines. This method and system can implement
distinct torque output and pitch output strategies based on the operational status of the wind
turbine, achieving decoupling between torque control and pitch control. This eliminates the
impact of mutual coupling between the two control loops on the electrical energy output of the
generator, thereby achieving the objective of stabilizing the out-put electrical power of the wind
turbine. The closed-loop control block diagram of a large-scale wind turbine considering both
the torque control loop and the pitch control loop is shown in Figure 2.

As illustrated in Figure 2, the wind turbine can achieve efficient and stable operation through
the closed-loop control system, which involves the synergistic action of the torque controller
and the pitch controller. The specific functional delineations are as follows:

(1) The primary function of the torque controller lies in dynamically adjusting the electro-
magnetic torque output in accordance with operational conditions. In the constant-speed region,
where the full-load electrical power has not yet been reached, it ensures optimal wind energy
capture efficiency by maintaining a stable rotor speed. Within the acceleration region, it employs
a constant tip-speed ratio control strategy to keep the tip-speed ratio within the optimal range,
thereby achieving the maximum wind energy conversion coefficient. When the electrical power
exceeds the rated value, the torque controller switches to the maximum torque output mode,
preventing generator overload by imposing an upper limit on torque while collaborating with
the pitch system to sustain electrical power output near the rated value.

(2) The principal function of the pitch controller is to achieve electrical power and load
control through pitch angle modulation. Below the rated electrical power, it maintains the
pitch angle at the optimal value to maximize aerodynamic efficiency. Upon reaching the rated
electrical power, it regulates the aerodynamic torque through active pitch adjustment to maintain
the generator speed at the rated speed while mitigating electrical power fluctuations caused by
gusts. Specifically, the execution logic of the pitch controller is elucidated in Figure 3.

Operating conditions below the rated electrical power: The deviation between the actual
speed measured by the speed sensor and the reference speed (calculated based on the optimal
tip-speed ratio) is initially corrected by the pitch bias unit (considering wind speed change trend
prediction) to obtain a speed deviation with an added bias. Given that the wind turbine has not
yet reached the rated electrical power at this stage, the corrected deviation is invariably negative.
Based on this, the PID controller continuously outputs an open-blade instruction; however, due
to the hard constraint of the minimum pitch angle (typically 0°), the actual pitch angle remains
at the optimal angle of attack.

Operating conditions above the rated electrical power: Theoretically, the actual speed should
align with the rated speed. At this point, the output of the pitch bias unit is zero, and the
PID controller directly regulates based on the true speed deviation (actual speed minus rated
speed). When an increase in wind speed causes the speed to exceed the limit, the PID outputs a
positive deviation signal to drive the hydraulic pitch system to increase the pitch angle, thereby
reducing torque output by decreasing aerodynamic lift. Conversely, it decreases the pitch angle
to maintain stable electrical power. The bandwidth of this control loop is typically designed
to range from 0.1 to 0.5 Hz to strike a balance between dynamic response characteristics and
actuator lifespan.

Given the high-frequency and stochastic variability that is intrinsic to wind conditions, the
wind turbine recurrently switches back and forth between torque control and pitch control modes
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Figure 2 Closed-loop control block diagram of wind turbine generator system
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to maintain a consistent rotational speed. Crucially, since both the torque control loop and the
pitch control loop are engineered to stabilize rotational speed, they simultaneously adjust the
pitch angle and torque. The interactions among these multiple variables can trigger mutual
influences and even appear as interfering signals. Without achieving decoupled control, the
effectiveness of closed-loop control is significantly undermined, negatively impacting rotational
speed stability. In extreme scenarios, this may render the rotational speed regulation function
ineffective, leading to substantial reductions (or severe fluctuations) in the wind turbine’s output
electrical power. Consequently, this can prompt erroneous operations in the float ballast water
system, increase fatigue loads on relevant large components, and, over extended operational
periods, shorten the service life of both the wind turbine and the float system.

3.2 Multi-Stage Adaptive Decoupling Control Strategy

Taking the pitch control loop shown in Figure 3 as an illustrative case, as previously men-
tioned, when the wind speed exceeds the rated wind speed threshold, a pitch control strategy
should be implemented. This strategy reduces the wind turbine’s ability to capture wind energy
by adjusting the pitch angle, thereby keeping the wind turbine’s operational state close to the
rated electrical power and rated rotational speed.

However, in real-world operational scenarios, due to the stochastic fluctuations in wind speed
and direction, the measured rotational speed of the wind turbine oscillates around the rated
rotational speed. Under such conditions, the bias output from the pitch bias unit struggles to
consistently stay at zero, causing the rotational speed deviation input to the PID controller
to become either excessively large or small. Owing to these ab-normal speed deviations, the
pitch angle demand value output by the PID controller cannot be continuously maintained at
the optimal pitch angle level. This deviation leads to significant reductions or pronounced
oscillations in the wind turbine’s output electrical power, adversely affecting the load conditions
of the blade pitch system and the tower, while simultaneously reducing the overall electrical
power generation capacity of the wind turbine.

Above the rated wind speed condition, theoretically, the torque demand of the wind turbines
converter should remain constant at the rated torque value, with only the pitch control strategy
being used to precisely fine-tune the pitch angle and decrease wind energy capture efficiency,
thereby ensuring stable operation of the wind turbine at the rated electrical power and rated
rotational speed. Nevertheless, near the rated wind speed, due to the randomness and unpre-
dictability of variations in parameters such as wind speed, direction, and turbulence intensity,
there is a possibility that the torque control loop may be inadvertently activated. At this point,
the wind turbine will operate in a multivariable coupled control mode, which significantly
undermines its operational efficiency and leads to substantial reductions (or severe fluctuations)
in output electrical power.

Based on the aforementioned in-depth analysis, this chapter innovatively proposes a novel
pitch bias unit. This unit can establish a multi-stage adaptive decoupling control strategy
tailored for large-scale wind turbines by considering the real-time operational conditions of
large-scale wind turbines and comprehensively assessing the impacts of wind conditions and
multi-degree-of-freedom motion of the nacelle. The flowchart is depicted in Figure 4.

Among them, the lower control level is tasked with managing real-time and localized control
operations: Within this hierarchical framework, it executes amplitude limiting by analyzing
the disparity between the actual torque output of the wind turbine’s converter and the preset
torque value, in conjunction with real-time deviations. This approach effectively mitigates
measurement inaccuracies stemming from hardware limitations, thereby refining the initial bias
setting for enhanced operational precision.

Conversely, the higher control level is dedicated to overarching system coordination and
optimization: Under this system architecture, it undertakes a comprehensive assessment of
the multidimensional influences exerted by prevailing wind conditions and turbine dynamics
on electrical power generation. Specifically, leveraging the real-time torque deviation data
previously mentioned, it utilizes specialized algorithms to precisely compute real-time gain
coefficients. Subsequently, these real-time gain values, in conjunction with other external
complex variables, serve as the foundation for in-depth optimization of the input parameters
for the pitch PID controller. This holistic strategy ensures seamless integration between the
actual operational environment of large-scale wind turbines and the pitch control loop, thereby
guaranteeing stable and efficient system performance under diverse and challenging operating
conditions.
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Figure 4 Flowchart of the multilevel adaptive decoupling control strategy

3.3 Adaptive Decoupling Control Strategy Based on Operating
State

Through the implementation of the aforementioned multi-tiered optimization strategy, adap-
tive modulation of the output bias value is achieved in alignment with the operational status of
the wind turbine, thereby effectively enhancing the stability of electrical power output character-
istics. A detailed block diagram of the pitch bias unit, which employs an adaptive decoupling
control strategy, is presented in Figure 5.

The innovative features of the proposed methodology and its primary distinctions from
existing technologies are delineated across the following three dimensions:

In-Depth Optimization and Enhancement of the Pitch Bias Unit: The proposed method
introduces a comprehensive optimization and refinement of the pitch bias unit, as illustrated in
Figure 5. Traditional approaches typically rely on “external performance metrics (e. g., rotational
speed and output electrical power)”, which are susceptible to the interplay of various factors and
form the basis for torque/pitch decoupling assessments. However, the stability and reliability
of these parameters are often compromised. The proposed approach distinguishes itself by
integrating more stable and reliable “internal transmission data (specifically, strategy-defined
torque deviations)” into the evaluation index framework to enhance the precision of decoupling
decisions.

Specifically, within the decoupling control process depicted in Figure 5, the “direct deviation”
between the demanded torque input value for the converter (or the torque setpoint directly output
by the control strategy, which serves as the torque command received by the converter) and the
rated torque (i.e., the preset optimal torque) is initially computed with precision. Subsequently,
saturation (or dead-zone) calculations are performed on this “direct deviation”, followed by a
lookup table operation to derive the “raw deviation”, which serves as the initial reference point
for decoupling.

Decoupling Preprocessing Grounded in Statistical Characteristics: In contrast to the conven-
tional practice of directly executing decoupling control based on collected data, as observed
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in the aforementioned literature, the proposed method advances further. Beyond routine data
cleansing (including filtering, saturation calculations, etc.), it undertakes decoupling prepro-
cessing (i.e., slew rate limiting) based on the fundamental statistical attributes of the deviation
between the input torque demand value and the rated torque. The principal aim of this strat-
egy is to comprehensively eliminate interference stemming from hardware factors and signal
trans-mission processes, effectively preventing erroneous triggering of the control loop due to
excessively large errors transmitted to the PID controller, thereby ensuring the stability and
reliability of the control system.

The specific operational workflow is as follows: Following data cleansing of the “direct
torque deviation”, the “initial deviation” is obtained. Subsequently, leveraging the time-series
matrix of the “direct torque deviation”, its fundamental statistical outcomes are thoroughly
computed to precisely filter out invalid data and scientifically establish the upper and lower
bounds for slew rate limiting. After slew rate limiting, the “initial bias value” is derived, thereby
overlooking torque surges or rapid drops induced by factors such as variations in wind speed
and direction or measurement inaccuracies.

Comprehensive Consideration of Environmental Factors and Floater (Nacelle) Motion: The
proposed method takes into full account the intricate impacts of environmental factors (e.g., wind
speed and direction) and floater (nacelle) motion on the output electrical power of wind turbines.
Based on simulation outcomes from the model platform, the proposed method adaptively selects
gain values and astutely incorporates them into the obtained bias values to accurately compute
the optimal values, thereby enhancing the operational performance and output electrical power
stability of wind turbines under diverse environmental conditions. The specific implementation
steps are as follows: Initially, environmental data such as wind speed, waves, and floater
inclination angles are correlated with the current electrical power generation to con-struct a
correspondence table of environmental parameter/floater inclination angle-electrical power
curves. Based on intervals of significant electrical power reductions, multiple sets of “deviation
boundary thresholds” are defined, and “gain values” corresponding to these “deviation boundary
values” are derived by comprehensively considering torque deviation factors. In accordance
with the interval in which the torque deviation value resides, the “raw bias value” obtained
in the previous step is adjusted to ultimately yield the “final bias value” with adaptive gain
incorporated.

Subsequently, akin to the methodologies employed in other literature, the obtained “final bias
value” is added to the corrected rotational speed deviation to form the input error for the pitch
PID controller. This error is processed by the controller to derive the demanded pitch setting,
which is then transmitted to the pitch actuator to achieve real-time dynamic adjustment of the
pitch angle.
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4 Case Studies

4.1 Verification of Output Bias Modification Through Parameter
Adjustment

Based on the simulation outcomes for the 12 m/s sub-scenario within DLC1.3, targeted
parameter adjustments were implemented to refine the output bias. By deliberately modifying
the dataset to attenuate several prominent peaks in the bias time series, the rotational speed
deviation input to the PID controller was consequently altered. The ensuing effects on pitch angle
and electrical power output were meticulously verified, with the findings visually represented
in the subsequent figures. The blue curve in each figure serves as the baseline for comparative

analysis, whereas the red curve delineates the outcomes subsequent to parameter adjustment
and modification.

Specifically, Figure 6 delineates the time-series comparison of pitch bias values prior to and
following modification, offering insights into the alterations made to the bias dynamics. Figure
7 presents a time-series comparison of the ultimate rotational speed deviations input to the
PID controller post-processing, highlighting the impact of bias adjustments on the controller’s
input parameters. Figure 8 displays the time-series comparison of the demanded pitch angles
of the wind turbine, showcasing how parameter modifications influence the turbine’s pitch
control mechanism. Figure 9 illustrates the time-series comparison of the torque demands at the
converter stage of the wind turbine, providing a perspective on how adjustments affect torque
generation. Lastly, Figure 10 showcases the time-series comparison of the output electrical
power of the wind turbine, ultimately demonstrating the effectiveness of parameter adjustments
in optimizing electrical power output stability and performance.
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Figure 6 Time-Series Comparison of Pitch Bias Values Before and After Optimization Under
Fluctuating Wind Conditions
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Figure 7 Time-Series Comparison of Final Rotor Speed Deviations Input to PID Controller
Before and After Pitch Bias Unit Optimization

By comparing the simulation results based on the original bias control with those based on
the parameter-adjusted and modified model, a detailed analysis was conducted on the simulation
performance of controller input deviation, output electrical power, and output torque under
different bias values. The specific results are as follows:
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Figure 9 Time-Series Comparison of Converter-Stage Torque Demand Before and After
Optimization of Pitch Bias Unit Under Variable Wind Conditions

(1) Changes in wind speed and direction may trigger significant drops or fluctuations in the
out-put torque and electrical power of the wind turbine. In such cases, reducing the bias value
of the wind turbine will correspondingly decrease the rotational speed deviation input to the
PID controller.

(2) Due to the reduction in input error, the pitch demand of the wind turbine decreases,
leading to a corresponding decrease in the demanded pitch angle of the wind turbine blades. The
ultimate result is a relative reduction in the drop (fluctuation) amplitude of the wind turbine’s
output torque and electrical power.

(3) Based on this experiment, the following conclusion can be drawn: If the bias value is
reduced at the moment of a sharp increase in the deviation between the given torque and the rated
torque, maintaining relatively stable input to the PID controller can reduce pitch adjustment
actions, thereby effectively suppressing significant drops in output torque and electrical power
while reducing the fatigue load on the wind turbine.

(4) Through multiple training sessions and simulation comparisons, the deviation boundary
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Figure 10 Time-Series Comparison of Wind Turbine Output Electrical Power Before and
After Optimization of Pitch Bias Unit Under Fluctuating Wind Conditions
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value sequences and gain value sequences for this model platform were statistically analyzed.
By comparing the torque deviation-electrical power relationship and inclination angle-electrical
power relationship under wind speeds near full load and employing specific algorithms, the
optimal boundary value T and the corresponding gain value G for each interval were obtained.
As an example, the time-series diagrams illustrating the relationships between torque deviation-
electrical power drop, inclination angle-electrical power drop, and floater rotation-electrical
power drop at an average wind speed of 12 m/s are shown in Figure 11.
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Figure 11 Relationship diagrams of: torque deviation-electrical power drop, inclination angle-
electrical power drop

4.2 Simulation Verification of Adaptive Adjustment of Output
Bias

The pitch bias unit shown in Figure 5 was incorporated into the pitch loop depicted in Figure
3 to achieve adaptive adjustment of the bias value according to the wind turbine’s operating
conditions. This adaptive modification adjusts the rotational speed deviation input to the PID
controller, thereby reducing pitch angle elevation. The results are presented below. Taking the
12 m/s sub-condition of DLC1.3 as an example, Figure 12 shows the simulation wind speed time
series diagram; Figure 13 presents the comparison chart of the original and adaptively modified
bias time series; Figure 14 displays the comparison chart of the original versus adaptively
modified final speed deviation time series input to the PID controller; and Figure 15 illustrates
the comparison chart of the original versus adaptively modified blade pitch angle time series.

4.2.1 Comparison of Converter Torque Demand Before and After Adaptive
Adjustment

Under the same operating conditions, the time series comparison of the torque demands at
the converter stage of the wind turbine before and after adaptive modification is shown in Figure
16, with statistical results presented in Table 1.

As shown in the figure and table above, compared to the original task, the adaptive bias
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Table 1 Statistical analysis of converter-end torque demand before and after adaptive modifi-
cation for the wind turbine

Method Variable Max (%) Min (%) Mean (%) SD (%)
Adaptive Bias Torque Demand 99.46 118.27 104.64 83.95
Original Torque Demand 100 100 100 100

adjustment strategy can reduce torque drops by more than 18%, effectively mitigating torque
drops and enhancing wind turbine safety. For the full operating condition of DLC1.3, from
cut-in wind speed to cut-out wind speed, the torque demands at the converter stage of the wind
turbine under the adaptive bias adjustment strategy and the original method were statistically
analyzed, as shown in Figure 17. Among them, (a) shows the comparison of maximum torque
demands; (b) shows the comparison of minimum torque demands; (c) shows the comparison
of average torque demands; and (d) shows the comparison of standard deviations of torque
demands.
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Figure 17 Statistical Results of Torque Demand Under DLC1.3 Based on Different Control Methods

As depicted in the figure above, the adaptive bias adjustment strategy results in higher

Research on Intelligent Manufacturing and Assembly e SyncSci Publishing

maximum, minimum, and average torque demands at the converter stage near full load compared
to the original control method. Furthermore, the standard deviation of torque demands is lower
than that under the original control method, indicating that the proposed adaptive bias adjustment
strategy can reduce torque drops near full load and minimize torque fluctuations, which is more
favorable for the main shaft and converter, thereby extending the wind turbine’s lifespan.
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4.2.2 Comparison of Electrical Power Before and After Adaptive Adjustment

Under the same operating conditions, the time series comparison of the electrical power
before and after adaptive modification is shown in Figure 18, with statistical results presented in

Table 2.
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Table 2  Statistical analysis of wind turbine generator output electrical power before and after
adaptive control modification

Method Variable Max (%) Min (%) Mean (%) SD (%)
Adaptive Bias Electrical power 100.38 116.21 100.75 94.48
Original Electrical power 100 100 100 100

It is particularly noteworthy that a significant wind speed surge was observed between 500
seconds and 600 seconds, as shown in Figure 12, where the average wind speed rapidly increased
from 12 m/s to 19 m/s. Further analysis of the electrical power time series curve in Figure
18 reveals a noticeable drop in electrical power output during this period, which could not be
effectively improved even with the optimized decoupling strategy.

The reason for this is that the rapid increase in wind speed triggered the wind turbine’s gust
protection function during this timeframe. As seen in Figure 15, the pitch angle of the wind
turbine blades was significantly adjusted (elevated by 1°), and the simulation fault records
indicate that the radar pitch limit function was activated, leading to a decrease in electrical
power output. This phenomenon is a normal protection mechanism implemented by the wind
turbine to ensure safe operation.

As shown in the figure and table above, compared to the original task, the adaptive bias
adjustment strategy can reduce output electrical power drops by more than 16%, effectively
mitigating output electrical power drops and enhancing wind turbine safety. For the full
operating condition of DLC1.3, from cut-in wind speed to cut-out wind speed, the output
electrical power of the wind turbine under the adaptive bias adjustment strategy and the original
method were statistically analyzed, as shown in Figure 18. Among them, (a) shows the
comparison of maximum output electrical power; (b) shows the comparison of minimum output
electrical power; (c) shows the comparison of average output electrical power; and (d) shows the
comparison of standard deviations of output electrical power. The relationship between wind
speed and wind turbine output electrical power before and after adaptive modification is shown
in Figure 19.

As depicted in the figure above, the adaptive bias adjustment strategy results in higher
maximum, minimum, and average output electrical power near full load compared to the
original control method. Furthermore, the standard deviation of output electrical power is lower
than that under the original control method, indicating that the adaptive method shown in Figure
20 can dynamically regulate the output bias, adaptively correct the bias value according to the
wind turbine’s actual operating conditions, and thereby adaptively adjust the rotational speed
deviation input to the PID controller. The experimental results strongly confirm that this method
can effectively suppress output torque and electrical power drops caused by significant changes
in wind speed and direction.
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Figure 19 Statistical results of electrical power under DLC1.3 based on different control methods
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4.2.3 Comparison of Tower-Top My Bending Moment Before and After Adap-
tive Adjustment

Under the same operating conditions, the time series comparison of the tower-top My bending
moment of the wind turbine before and after adaptive modification is shown in Figure 21, with
statistical results presented in Table 3.

Table 3 Statistical Analysis of Tower-Top My Bending Moment Load Before and After
Adaptive Control Modification

Method Variable Max (%) Min (%) Mean (%) SD (%)
Adaptive Bias Tower-Top My Bending Moment 91.31 93.75 76.69 94.44
Original Tower-Top My Bending Moment 100 100 100 100

As shown in the figure and table above, compared to the original task, the adaptive bias
adjustment strategy can reduce the tower-top My bending moment by more than 20% on
average, effectively mitigating the tower-top My fatigue load, enhancing wind turbine stability,
and extending the lifespan of major components. For the full operating condition of DLC1.3,
from cut-in wind speed to cut-out wind speed, the tower-top My bending moment of the wind
turbine under the adaptive bias adjustment strategy and the original method were statistically
analyzed, as shown in Figure 22. Among them, (a) shows the comparison of maximum tower-
top My bending moments; (b) shows the comparison of minimum tower-top My bending
moments; (c) shows the comparison of average tower-top My bending moments; and (d) shows
the comparison of standard deviations of tower-top My bending moments.

——— Tower-top My Load of Original Module
Tower-top My Load of Adaptively Modified Module

o o PR
> )

Measured Load / Average Load (%)
Measured Load / Average Load (%)

14

Tower-top My Load of Original Module
— Tower-top My Load of Adaptively Modified Module

o 5 10 15
Wind Speed (m/s)

(a) Maximum tower-top My load

20 25 o
Wind Speed (m/s)
(c) Average tower-top My load

—— Tower-top My Load of Original Module
115 — Tower-top My Load of Adaptively Modified Module 12}

@

@

09

@

085

Measured Load / Average Load (%)
© o o o o
<

o

Measured Load / Average Load (%)

08

Tower-top My Load of Original Module
| = Tower-top My Load of Adaptively Modified Module

0.75

» 0 5 10 15 20 25

Wind Speed (mis)

(d) Standard deviations

Wind Speed (m/s)

(b) Minimum tower-top My load

Figure 22  Statistical Results of Tower-Top My Bending Moment Under DLC1.3 Based on Different Control Methods

As depicted in the figure above, the adaptive bias adjustment strategy results in lower
maximum, minimum, average, and standard deviation values of the tower-top My bending
moment near full load compared to the original control method, indicating that the proposed
adaptive bias adjustment strategy can reduce the tower-top My bending moment near full load,
which is conducive to extending the wind turbine’s lifespan.

4.2.4 Comparison of Fatigue and Extreme Loads Before and After Adaptive
Adjustment

The fatigue loads on key components of the wind turbine before and after the adoption of
the adaptive control strategy are presented in Table 4. Furthermore, the proposed method can
reduce not only fatigue loads but also extreme loads. The statistical results of extreme loads
under the DLC1.3 operating condition are shown in Table 5.
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Table 4 Statistical Analysis of the Fatigue Loads Before and After Adap-
tive Modification (m = 10)

Control Method Tower-Top My (%) Blade Root My (%)
Adaptive Bias 92.05 98.26
Original 100 100

Table 5 Comparison of Ultimate Loads on Major Components Before and
After Adaptive Adjustment Under DLC1.3

Control Method Tower-Top My (%) Yaw My (%)
Adaptive Bias 97.39 97.41
Original 100 100

As shown in Tables 4 and 5, based on the current parameters of blades and towers, the
adaptive bias method can reduce the fatigue loads on the tower My and blade root My by
2%—-8%. Additionally, it can reduce the extreme loads on the tower-top My, yaw My, and blade
root Mz by 3% (under the DLC1.3). Note: In addition to the aforementioned directions, the
proposed adaptive control method also has a slight load-reducing effect on other directions.

5 Conclusion

The operational environment of wind turbines is intricate, characterized by highly unpre-
dictable wind conditions. Offshore wind farms display non-stationary and non-Gaussian turbu-
lent traits influenced by a multitude of factors. When compared to onshore fixed wind turbines,
offshore wind turbines are subjected to more intense fluctuations in wind speed and shifts in
direction, leading to pronounced coupled effects on output electrical power. During actual
operation, random wind conditions induce significant fluctuations in generator speed of the
wind turbine, posing challenges in maintaining stability.

Traditional pitch bias wind turbines, with their fixed parameters, find it difficult to sustain a
stable bias value near zero, causing the rotational speed deviation signal of the PID controller
to oscillate periodically with excessive amplitude. This results in high-frequency and large-
amplitude oscillations in the demanded pitch angle, subsequently causing sharp drops and
fluctuations in the output electrical power of wind turbines, with peak fluctuations reaching 25%
to 30% of the rated electrical power and exhibiting a wide frequency spectrum. To tackle this
issue, this paper introduces an adaptive control wind turbine for pitch bias based on multi-modal
perception.

It constructs a multi-parameter coupling model and makes online adjustments to it. The
innovation lies in the incorporation of wind condition and state detection, enabling swift
adjustments to the bias output value in accordance with the state of the wind turbines. Simulation
and actual measurements reveal that this method reduces electrical power fluctuations by 62%,
increases the minimum output value by 18%, enhances the economic efficiency of wind farms,
and ensures the long-term reliable operation of wind turbines.
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