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A Digital Twin is …

• … virtual representation of a physical asset enabled through data and simulators in real-time for various purposes.
• … defined as a virtual representation of a physical asset enabled through data and simulators for real-time prediction, optimization, monitoring, controlling, 

and improved decision making (Rasheed, San, Kvamsdal, 2020). 

• … a virtual representation synchronized with physical things, people, or processes (NVIDIA, 2021).

• .. a virtual representation of an object or system that spans its lifecycle, is updated from real-time data, and uses simulation, machine learning, and reasoning 
to help decision-making (IMB 2020).

• … most commonly defined as a software representation of a physical asset, system, or process designed to detect, prevent, predict, and optimize through real-
time analytics to deliver business value (GE Digital, 2024).

• … a virtual representation of a physical product or process, used to understand and predict the physical counterpart’s performance characteristics. Digital 
twins are used throughout the product lifecycle to simulate, predict, and optimize the product and production system before investing in physical prototypes 
and assets (Siemens).

• … a digital representation of a real-world entity or system. The implementation of a DT is an encapsulated software object or model that mirrors a unique 
physical object, process, organization, person, or other abstraction. Data from multiple digital twins can be aggregated for a composite view across a number 
of real-world entities, such as a power plant or a city, and their related processes (Gartner).

• … a virtual representation of real-world entities and processes, synchronized at a specified frequency and fidelity. Digital twin systems transform business by 
accelerating holistic understanding, optimal decision-making, and effective action. Digital twins use real-time and historical data to represent the past and 
present and simulate predicted futures. Digital twins are motivated by outcomes, tailored to use cases, powered by integration, built on data, guided by 
domain knowledge, and implemented in IT/OT systems (Digital Twin Consortium, 2020).

• …
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Anomaly Detection Concept

1. Measure wind 
speed and active 
power

2. Infer expected 
power from wind 
speed

3. Compare measured 
power with expected 
power 

𝑃 = 1.7 MW

𝑢 = 10 m/s 𝑃 = 1.8 MW

𝑢 = 10 m/s

𝑃 = 1.8 MW

𝑃 = 1.7 MW

Δ𝑃 = 𝑃 − 𝑃

= 0.1 MW



Multivariate Data analysis

• Active power
• Main shaft RPM
• Generator RPM
• Wind speed
• Wind direction
• Nacelle direction
• Blade 1 pitch
• Blade 2 pitch
• Blade 3 pitch
• Turbine active
• Generator stator 

temperature
• Generator rotor 

temperature
• Shaft brake 1 

temperature
• Shaft brake 2 

temperature
• Main bearing 

temperature
• Oil temperature
• Turbine status
• Generator status
• Earth switch 1
• Earth switch 2
• Significant wave 

height
• Wave heading
• Wind gust speed
• …

Hundreds of features:



Normal Operation Model

-Monitored 
signal

Residual

Other 
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Reconstructed 
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Normal 
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Robust Principal Component Analysis (RPCA)

= +

Measurements
(full matrix)

Basis
(low-rank matrix)

Outliers 
(sparse matrix)

Good for data cleaning 
(offline for training data)
Not real-time capable for 
very large data streams & 
window size (here ~5s)



Optimal Sensing Location (OSL)

Down-
sampling

Recon-
struction

Deviations

𝑋 ≈ Ψ𝑟𝑎 deconstruct x into SVD modes and time-varying coefficients
𝑦 = 𝐶𝑋 measure only few sampling points
Ψ𝑟 = 𝑄𝑅 find C from QR factorization of Ψ𝑟
𝑋 = Ψr 𝐶Ψ𝑟

𝑇𝑦 reconstruct an estimate of 𝑋 from 𝑦
𝑒 = 𝑋 − 𝑋 calculate error

𝑦(𝑡𝑖) 𝑋 𝑡𝑖+1 , 𝑋 𝑡𝑖+2 , …𝑋(𝑡𝑖) 𝑒(𝑡𝑖)



Zefyros Floating Offshore Wind Turbine

• 1 year of operational data

• 6 temperature sensors

• 2 exogenous variables

• 6 Dense neural networks

Generator stator 
temperature

Generator rotor 
temperature

Shaft brake 1
temperature

Shaft brake 2 
temperature

Gearbox oil 
temperature

Revolutions per minute

Shaft bearing 
temperature

Environment 
temperature



Anomaly Detection 
Pipeline

1. Sensors working?

2. Turbine online?

3. Turbine has been recently offline?

4. Anomaly in signals?

5. Which signal?

1.

2.

3.

4.

5.



Anomaly detection on Zefyros

• Anomaly detected before fault with >99.8% probability

• Root cause identified with Shapley Additive Values 

Identified Anomaly SHAP values to identify root cause

Test set Anomaly



Summary

• Digital twins have many purposes

• The capability level scale helps to classify digital twins and plan implementation

• Diagnostic digital twins are highly sought after in the industry

• Consider multivariate data analysis for anomaly detection to take advantage of 
correlations, such as:
‒ Robust Principal Component Analysis (RPCA)

‒ Optimal Sensing Location (OSL)

‒ Neural network encoding/decoding + Explainable artificial intelligence
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