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In recent decades, the development of wind energy—particularly in arid
regions with high wind potential, such as the Sistan Plain with its famous 120-
day winds-has been proposed as a key solution for reducing dependence on
fossil fuels and achieving sustainable development. However, sustainable
operation of wind turbines in this climate faces challenges including climatic
fluctuations, component erosion, premature failures, and efficiency losses,
which reduce the overall system reliability. This study presents a hybrid
approach based on Failure Mode and Effects Analysis (FMEA) and artificial
intelligence models to enhance the performance and reliability of wind turbines
in the arid climate of Sistan. In the first stage, historical turbine performance
data—including output power, temperature, wind speed, downtime duration,
and failure events—were collected and preprocessed. Subsequently, based on
Severity, Occurrence, and Detection indices, the FMEA risk matrix was
developed and critical components were identified. In the second step, the risk
data were used as inputs to learning models, including Artificial Neural
Networks (ANN) and Adaptive Neuro-Fuzzy Inference Systems (ANFIS), to
predict failure probability and optimize turbine performance parameters. The
proposed hybrid model, by integrating statistical and intelligent data features, is
capable of detecting failure trends before occurrence and providing predictive
maintenance strategies. Experimental results demonstrated that the FMEA—
ANN model reduced the failure rate of critical turbine components by 23% and
increased the overall energy conversion efficiency by 11%.
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Introduction reliability in the Sistan Plain. FMEA
Wind energy is a renewable resource that identified the main bearing and pitch control
supports  sustainable  development by system as critical components, with Risk
reducing  fossil-fuel  dependence and Priority Numbers (RPNs) of 195 and 180,

environmental pollution. The Sistan Plain in
southeastern Iran has wind-energy potential;

however, variable wind conditions and
environmental  factors  affect turbine
performance, power  generation, and

equipment reliability. Unplanned failures and
inefficient maintenance increase operating
costs and reduce wind-farm availability.
Identifying critical failure modes and
predicting turbine behavior are therefore
essential. Failure Mode and Effects Analysis
(FMEA) systematically identifies potential
failures and prioritizes risks according to
severity, occurrence, and detectability.
However, FMEA alone may not fully capture
complex operating conditions. Artificial
intelligence techniques, including artificial
neural networks and fuzzy logic, can analyze
operational data, predict output power, and
support predictive maintenance. Combining
these methods integrates structured risk
assessment with data-driven prediction. This
study develops an integrated FMEA and
artificial intelligence framework to evaluate
and improve wind turbine performance in the
Sistan  Plain. It identifies high-risk
components, predicts behavior, and assesses
the framework’s contribution to turbine
reliability, efficiency, and sustainable energy
development.

Methodology

This applied-descriptive study used three
years of operational data from the Sistan
Regional Electricity Company. FMEA
was applied to identify critical failure
modes and calculate Risk Priority
Numbers based on severity, occurrence,
and detection. Artificial neural networks
and fuzzy logic were developed using
MATLAB and Python to predict turbine
performance  under variable wind
conditions. Model validity was assessed
using RMSE, R?, MAPE, and Monte
Carlo simulation.

Results and Discussion

The findings demonstrate that integrating
Failure Mode and Effects Analysis (FMEA)
with artificial intelligence models can
improve wind turbine performance and

respectively. These results highlight the
importance of prioritizing maintenance
activities for high-risk components. The
proposed integrated framework reduced RPN
values by up to 28%, indicating improved
risk management and maintenance planning.
Furthermore, the artificial neural network
(ANN) model improved power output
prediction, reducing prediction error from
0.15 to 0.07. The model achieved an R* value
of 0.92, demonstrating strong predictive
performance. The study also reported an
increase in turbine availability from 89% to
97% and a reduction in annual failure
probability from 11% to 3%. These findings
suggest that combining risk assessment with
predictive modeling can support earlier fault

detection, more effective maintenance
decisions, and better operational
performance.  Overall, the integrated
approach offers a practical analytical

framework for improving wind energy
system reliability and supporting sustainable
development in the Sistan Plain.

Conclusion

study developed and evaluated an
integrated framework combining Failure
Mode and Effects Analysis (FMEA) with
artificial intelligence models to improve
wind turbine performance in the Sistan
Plain. The findings demonstrate that
integrating systematic risk assessment
with predictive modeling can enhance
reliability, operational efficiency, and
sustainable wind energy development.
FMEA identified the main bearing and
pitch  control system as critical
components, with Risk Priority Numbers
(RPNs) of 195 and 180, respectively.
These results highlight the importance of
identifying high-risk components and
prioritizing maintenance activities to
prevent potential failures. The integrated
framework reduced RPN values by up to
28%, demonstrating its potential to
improve  risk  management and
maintenance planning. Furthermore, the
artificial neural network model achieved
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an R? value of 0.92 and reduced power
prediction error from 0.15 to 0.07.
Turbine availability reportedly increased
from 89% to 97%, while annual failure
probability decreased from 11% to 3%.
These findings indicate that combining
FMEA, artificial neural networks, and
fuzzy logic can support accurate
performance prediction, early fault
identification, and effective maintenance
decisions under variable wind conditions.
The proposed approach may also reduce
unexpected downtime and improve the
utilization of renewable energy resources.
However, its effectiveness depends on
the quality and representativeness of
operational data and requires continued
validation under changing environmental
and operating conditions. Future research
should evaluate the framework across
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Hybrid Methodology for Wind Turbine Failure Prediction

Data Aqquisition
(Operational & Climate Data)

4

FHA Analysis
(Identify Critical Components,
Clalcuate RPN)

¥

Al Model Training
(Hybrid ANN & Fuzzy Lycic)

4

Model Validation
(RMSE, R?, MAPE on Independent Data)

12

Optimized Maintenance
Schedule & Failure Prediction
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Stage 1: Data Aquuisition

Input.  Wind Speed, Power Power Output, Temperature, Fault Logs, Fuoist Lio
Climate Data

Output: Training/Validation Datsissts

Stage 2: Hybrid Modeling

e N
Path A:

Identify Critical Compoonts like
Bearings, Pitch Control

Risk Priolity Numbers (RPN) matrix

FMA Analysis

- ¥

! !

' R

B: Al Model
Artificial Neural Astwork (ANN)
with Backpropaaration + Fuzzy
Lugic for uncertainty)

3: Model Validation
Metrics: RMSE, R?, MAPE
Metrics: RMSE, R?, MAPE

.

Ontbu: Operational Datork (ANN)
with Denbogropparation + Fluzzy Yo
lescel f*

Input: Operational Data + FAJA Results
=

Stage 3: Model Viidiatin

Output:
Optimized Performance Prediction
and Health Monitoring System
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