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ARTICLE INFO ABSTRACT

. In this study, the effects of two frequent operational errors in wind turbines yaw
Article type: misalignment and blade pitch offset were quantified and modeled for the turbine
Research Paper aerodynamic response in two operating regions: Region 2 (below-rated) and Region
3 (rated/above-rated). To obtain results that are generalizable and comparable across
different scales, three reference turbines (3.4 MW, 5 MW, and 10 MW) were
selected and time-domain simulations were performed using OpenFAST/AeroDyn
(BEM) under steady wind conditions. Quasi-steady quantities, including the power
coefficient Cpand aerodynamic power P, (@nd, in intermediate steps,
aerodynamic torque), were extracted from the steady-state window. To
systematically cover the parameter space (U-y’AB), a design of experiments (DOE)
approach was applied, and quasi-steady quadratic response-surface surrogate models
(RSM/QS) were fitted separately for Regions 2 and 3. Validation was carried out by
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direct comparison between surrogate predictions and OpenFAST results (including
parity plots). In addition to 2D sensitivity curves with respect to yaw and pitch,
response maps and 3D surfaces were provided to visualize continuous variations of
Cp and P, across the operating space. Finally, using the final quadratic equations
and their coefficients as low-cost relations, the impact of different sensor
uncertainties on turbine power output was evaluated via a Monte Carlo method,

showing that LIDAR and MEMS sensors yield the smallest power losses.
Specifically, for the MEMS sensor, the worst-case (P95) power loss is approximately
0.18-2.1 for yaw-only misalignment across all three turbines, and approximately 6—
10 for the combined “wind-speed error + induced pitch miscommand” scenario.
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Introduction

Modern utility-scale wind turbines operate in two distinct aerodynamic—control regimes: Region 2
(below rated), where control aims to maximize energy capture, and Region 3 (above rated), where
pitch control and power limiting dominate the response. This makes turbine performance highly
sensitive to yaw misalignment (y) and, in above-rated conditions, to pitch command errors that can
arise indirectly from wind-speed measurement uncertainty. To quantify these effects efficiently—
without running high-fidelity aeroelastic simulations for every operating point—this study develops
and validates compact surrogate models for three reference turbines (3.4 MW, 5 MW, and 10 MW),


https://ses.ut.ac.ir/
mailto:kianrafiee28@gmail.com
mailto:koohsorkhi@ut.ac.ir
https://doi.org/10.22059/ses.2026.410044.1214
https://doi.org/10.22059/ses.2026.410044.1214
https://orcid.org/0000-0001-6527-0800
https://orcid.org/0000-0001-6527-0800
https://orcid.org/0000-0001-6527-0800
https://orcid.org/0000-0001-6527-0800

394 Journal of Sustainable Energy Systems, Volume 5, Issue 2, 2026

and then uses them to assess how realistic sensor accuracies propagate into power deviations across
Regions 2 and 3.

Materials and Methods

Turbine models and simulation dataset

Baseline aeroelastic simulations were performed in OpenFAST for three reference turbines (3.4 MW,
5 MW, and 10 MW) under steady wind inflow. For each operating case, steady responses were
extracted as mean aerodynamic outputs over the stabilized time window. The input variables are wind
speed U, yaw misalignment y, and pitch offset AB(defined relative to the base pitch schedule). The
primary outputs are aerodynamic power P,.,,, aerodynamic torque Qg.,o, and power coefficient Cp.
The operating space was separated into Region 2 and Region 3 using each turbine’s rated wind speed
Uratea, COnsistent with the reference turbine definitions used throughout the project.

DOE and surrogate modeling (RSM/QS)

A design of experiments (DOE) strategy was used to sample the three-dimensional input space
(U y» AB) efficiently. A quasi-steady quadratic surrogate model (RSM/QS) was then fitted for each
turbine and each output. The surrogate takes the standard second-order polynomial form including
main effects, squared terms, and pairwise interaction terms. To capture the regime change around
rated operation, the surrogate was fitted separately for Region 2 and Region 3; in addition, Region 3
was treated with sub-regioning and/or blending around the transition to reduce discontinuity and
improve stability near the rated boundary. Model adequacy was checked using verification points and
parity/error plots to ensure the surrogate reproduces OpenFAST trends before applying it in sensitivity
and sensor-uncertainty analyses.

Results and discussion

Validation against OpenFAST trends (Region 2 vs Region 3)

OpenFAST results show the expected regime shift at U,,:.q. IN Region 2, the turbine operates near
optimal energy capture, so P,,.,, increases strongly with Uand Cp remains close to its maximum/optimal
level. In Region 3, pitch regulation limits aerodynamic loading and power, leading to a flatter power
trend while Cp decreases with increasing Udue to intentional aerodynamic unloading. Verification results
confirm that separating Region 2 and Region 3 surrogates is necessary to preserve the distinct physics
and control behavior and to avoid systematic bias near the rated transition.

Sensitivity to yaw misalignment

For all three turbines, yaw misalignment produces a clear power penalty that becomes more
pronounced as wind speed approaches and exceeds rated conditions. This behavior is consistent with
the reduction in effective inflow component normal to the rotor plane and with the fact that the turbine
operates closer to power/loads constraints near and above rated. Comparing sensor classes shows that
larger yaw uncertainty (e.g., “Traditional” direction sensing with wider yaw error bounds) leads to
noticeably larger worst-case power losses, while higher-accuracy sensors (particularly LiDAR, and
then MEMS/Sonic in this study) reduce the upper tail (worst-case) of power loss even if mean losses
remain moderate.

Wind-speed uncertainty coupled to pitch error in Region 3

Above rated operation is dominated by the wind-speed — pitch pathway: an error in measured Unot
only perturbs the input to the surrogate, but also shifts the pitch command because the controller (or
base pitch schedule used to define AB) is speed-dependent. As a result, the turbine may pitch too
aggressively (reducing Cp and P,.,-,) or too conservatively (in a real controller this may increase loads
and risk overpower). This coupling explains the strong contrast between regions: below rated, pitch
scheduling has relatively minor influence on power (making wind-speed error appear less critical),
whereas above rated, the induced pitch miscommand can dominate the power deviation and strongly
separate sensor classes in the worst-case metrics.
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