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1 Harnessing the Wind: Predictive Maintenance
Transforms Operations Across 200 Turbines

1.1 Executive Summary

A leading energy provider operating 200 onshore wind turbines sought to shift from
reactive maintenance to a predictive model that could anticipate failures before
they halted production. Unplanned outages were driving emergency repair costs,
increasing safety risks, and eroding profitability. We delivered a predictive mainte-
nance solution that applies machine learning to high-frequency turbine sensor data,
generating alerts up to two weeks before likely component failures.

The program, delivered as a project-based engagement spanning ai-development,
iot-development, business-intelligence, and cloud-infrastructure, reduced emer-
gency repairs by 75%, increased fleet-wide uptime to 97%, and generated €3M in
annual savings through avoided maintenance costs and recovered production.

1.2 The Challenge

Wind farm operations face unique constraints: remote sites, variable weather, and
critical components such as gearboxes, generators, bearings, and pitch systems
that degrade under high loads and vibration. The client’s maintenance model was
largely reactive, triggered by SCADA alarms or outright failures. This led to:

* High emergency dispatch rates and elevated contractor overtime

Lost production during unscheduled downtime

Siloed sensor data (SCADA, CMS/vibration, oil analysis) with no unified analyt-
ics layer

False alarms that eroded trust and caused inefficient truck rolls
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* Limited visibility into component health and remaining useful life

Data quality and connectivity posed additional challenges. The fleet spanned mul-
tiple turbine models and vintages, producing inconsistent signal naming and sam-
pling rates. Intermittent network connectivity from remote sites hindered reliable
data transfer. The client needed an end-to-end solution: robust edge ingestion, se-
cure cloud infrastructure, explainable Al models, and actionable insights embedded
in daily maintenance workflows.

1.3 Our Approach

We structured the program as a project-based development engagement, aligning
stakeholders from operations, reliability engineering, IT, and HSE. The approach
included:

* Business case and value modeling with clear KPIs (uptime, emergency repair
rate, cost avoidance)

* Areference architecture for secure edge-to-cloud data flow and scalable model
training/serving

* A cross-functional data science track focused on failure mode-specific models
and interpretability

» Controlled pilots on representative turbines, followed by staged rollout fleet-
wide

* Change management, technician training, and integration with the client’s
maintenance processes

From an Al perspective, we targeted a two-week lead time while minimizing false
negatives (missed failures). We designed cost-sensitive models that balanced preci-
sion/recall against operational constraints like crew availability and parts lead times.
To ensure adoption, we emphasized explainable outputs (e.g., feature contributions,
trend trajectories) rather than black-box scores.

1.4 Implementation

1) IoT Data Foundation

* Edge ingestion: Deployed industrial loT gateways at each turbine, interfacing
via OPC UA and Modbus for SCADA/cabin signals and via vendor CMS for vibra-
tion channels. Gateways handled buffering, compression, and jitter smoothing
to cope with intermittent connectivity.

* Protocols and security: MQTT over TLS for streaming; device identity, certifi-
cate management, and signed over-the-air updates for resilience and security.

* Time synchronization: NTP across devices to align high-frequency vibration,
temperature, and power signals for accurate feature extraction.
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2) Cloud Infrastructure and Data Platform

Scalable storage: A cloud data lake for raw and curated data, plus a time-series
database optimized for downsampled, query-ready metrics.

Stream processing: Real-time pipelines processed incoming telemetry, per-
formed quality checks, and computed rolling aggregates (e.g., RMS vibration,
kurtosis, temperature deltas).

Compute orchestration: Containerized workloads on managed Kubernetes for
feature pipelines and model serving; serverless functions for event-driven
tasks.

Governance: Data cataloging, lineage tracking, and role-based access controls
to meet security and audit requirements, with data residency in EU regions.

3) Feature Engineering and Modeling

* Feature sets: We engineered features across mechanical and operational do-
mains:

Vibration: band-limited RMS, crest factor, spectral peak ratios, and har-
monics indicative of bearing and gear mesh issues

Thermal and lubrication: temperature gradients, oil particulate trends,
and pressure anomalies

Electrical and operational: generator currents, power curves, yaw/pitch
actuation rates, wind speed/turbulence intensity

Context: ambient temperature and wind conditions to separate true
degradation from environmental effects

* Labels and strategy: Merged CMMS work orders, SCADA trips, and field notes
to identify failure events and maintenance actions. Addressed label sparsity
through survival analysis framing and lead-time-aware labeling.

* Modeling: Built an ensemble of time-series models:

- Gradient-boosted trees for tabular features to capture nonlinear thresh-
olds

- Sequence models for multivariate time series to detect subtle drifts

- Survival modeling to estimate probability of failure within the next 14 days

* Interpretability: Delivered explanations via feature importance and contribu-
tion plots; technicians could see which signals drove each alert and how trends
evolved.

4) MLOps and Deployment

* Model lifecycle: A feature store standardized training/serving features; a
model registry governed promotion criteria. CI/CD pipelines executed unit
and data validation tests, retraining, and canary releases.
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* Serving topology: Real-time inference deployed at the edge for latency and
connectivity resilience, with periodic synchronization to the cloud. The cloud
layer provided fleet-level risk scoring, benchmarking, and retraining.

* Alerting and workflow integration: Alerts with predicted failure window and
confidence pushed into the client’'s CMMS and messaging tools. Each alert
included recommended actions and parts lists aligned to likely failure modes.

* Business intelligence: Dashboards provided fleet health heatmaps, compo-
nent risk ranking, uptime trends, maintenance backlog impacts, and finan-
cial benefits. Reliability engineers could drill into individual turbines for signal
traces and model rationales.

5) Change Management

* Pilots and validation: Ran side-by-side with existing processes for a defined
period. Maintenance teams validated alerts in the field, tuning thresholds to
match operational capacity.

* Training: Conducted workshops for technicians and planners on interpreting
risk scores, scheduling preventative interventions, and feeding back outcomes
to continually improve the models.

1.5 Results & Impact

Within months of rollout, the provider transformed maintenance from reactive to
predictive, producing measurable, enterprise-level benefits:

* Advanced warning: Predictive alerts up to two weeks before likely failures
enabled planned interventions during low-wind windows, reducing production
loss.

* Uptime increase: Fleet-wide turbine availability rose to 97%, stabilizing energy
output and improving revenue predictability.

* Emergency repairs: Unplanned/emergency interventions dropped by 75%, im-
proving safety and decreasing overtime and contractor callouts.

* Cost savings: Combined maintenance and recovered production savings
reached €3M annually.

* Operational efficiency: Planners aligned parts and crew availability to pre-
dicted risks, compressing maintenance cycle times and reducing inventory
carrying costs.

e Cultural shift: Maintenance teams embraced data-driven workflows, using ex-
planations and signal trends to prioritize the highest-value actions.

The predictive maintenance system also provided a durable platform for continu-
ous improvement. As new data accumulates, models retrain to adapt to seasonal
effects, component aging, and turbine-specific idiosyncrasies, further improving ac-
curacy and trust.
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1.6 Technologies & Services Used

Al Development

- Time-series feature engineering and ensemble modeling (classification
and survival analysis)

- Explainable Al for technician-facing insights

- MLOps: feature store, model registry, CI/CD, canary deployments, model
monitoring

loT Development

- Edge gateways integrating OPC UA, Modbus, and MQTT over TLS
- Local buffering, compression, and time synchronization
- Over-the-air updates and secure device identity management

Cloud Infrastructure

- Cloud data lake and time-series database
- Stream processing and managed Kubernetes for scalable compute
- Role-based access controls, audit trails, and EU-region data residency

Business Intelligence

- Fleet health dashboards, component risk scoring, and financial impact re-
porting
- Alerting integrated with CMMS and collaboration tools

Project-Based Development

- Agile delivery with phased pilots and staged rollout

- Value tracking against KPIs (uptime, emergency repair rate, cost avoid-
ance)

- Training, adoption support, and change management

1.7 Conclusion

By unifying edge-to-cloud loT data, advanced machine learning, and practical work-
flows for field teams, the energy provider achieved a step change in operational
reliability. Predictive alerts two weeks ahead of failures empowered planners to
act proactively, driving a 75% reduction in emergency repairs, elevating uptime to
97%, and saving €3M annually.

The platform establishes a strong foundation for future enhancements: extend-
ing coverage to additional failure modes, integrating spare-parts optimization,
incorporating high-resolution weather forecasts, and applying the same archi-
tecture to new wind farms. This case demonstrates how a disciplined blend of
ai-development, iot-development, business-intelligence, cloud-infrastructure, and
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project-based-development can turn raw turbine data into sustained business
value.
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About The Origami Corporation

The Origami Corporation is a leading technology consulting firm specializing in cloud
migration, DevSecOps, cybersecurity, and digital transformation. We help organi-
zations navigate complex technological challenges and achieve their business ob-
jectives through innovative, secure, and scalable solutions.

Connect With Us

Follow Us Online

LinkedIn: The Origami Corporation
Facebook: @theorigamicorporation
X (Twitter): @OrigamiGlobal

Telegram: @theorigamicorporation

Contact Information

Europe & Americas

* Email: office@theorigamicorporation.com
* Phone: +359 878 686 627

Asia-Pacific, Middle East & Africa (APMEA)

* Email: office.apmea@theorigamicorporation.com
* Phone: +4177 924 2245

Ready to Get Started?

SCHEDULE A MEETING

Ready to transform your technology infrastructure? Contact us today to discuss
how we can help your organization achieve similar results.
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