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General Overview
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Co-Simulation of the Wind Farm
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Simulation domain is split into multiple models

ÁAll models are FMUs

ÁFoxes wrapped into an FMU for farm flow calculations

ÁTurbine model to calculate loads

Á Controller models separated from turbine

ÁEnables flexible use of models

Áwe could replace single turbine models with simplified 

implementations to speed up simulation time

FoxesFMU

Wind turbine
controller

wind grid
control signals

thrust force
vector

Wind turbine

CTRW + 

Wind turbine
controller

Wind turbine

CTRW + 



Intermediate fidelity wind farm simulator
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FarmQSim

Co-Simulation wind farm simulator

ÁUtilize MoWiT and Foxes as FMUs

ÁFoxes takes care of all wind farm flow calculations

Álong time scale for farm flow Ą Foxes

Áturbulence is generated for each turbine

Áshort time scale for turbines Ą continuous-time 

random walk for turbulent wind generation

Áeasily extend or exchange component models in 

Co-Simulation

ÁCo-Simulation is parallelized with MPI

Real 
state

Steady 
state

Intermediate 
state

turbine rotation is slowed 
down for visualization

Wind Farm Flow Foxes grid at
turbine

local turbulence
generation

aero-elastic model



Wind farm inflow comparison
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at specific conditions: mean wind speed 8 m/s; TI = 10%

FAST.Farm

farmQSim

farm flow top view
inflow field at 

2nd turbine

ɝὸ ρȢπί

ɝὸ υȢπί

ɝὸ πȢπυί

ɝὸ πȢπυί



Overall good match between simulation results
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Compare farmQSimto FAST.Farm

visualization of the value distributions between the tools



FarmQSim enables to simulate dynamic wind direction change
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Dynamic wind direction change

Áshow the capability of the framework

Áwind direction change propagates through the farm

Ádelayed reaction at T2 compared to T1

Áincrease turbulence and wake deficit visible in wind speed and tower deflection



Demonstration of a large -scale Co-Simulation
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Large scale co-simulation

ÁEnables testing of complex derating strategies

ÁFlexible extension possible to include other effects

Wikinger wind farm

ÁConsisting of 70 wind turbines - AD5-135

ÁCreated custom aero-elastic AD5 model with in-house IWES 

tool utilizing NREL5 airfoils

ÁCustom IWES wind turbine controller

GeWinDT [1]

Wiens M., Chandomi Vazquez , A. E., and Thomas, P.: Aero-elastic wind turbine modeling 
framework for theaerodynamics of industrial -scale turbines, 2026, DeepWind , in review



Demonstration of a large scale Co-Simulation
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Kubernetes cluster for adaptable and 

powerful simulation possibilities

ÁCluster consisting of 10 Dell high performance 

computers

ÁUsing 4 machines in the test case

ÁCan run parallel co-simulation with all available 

nodes

ÁRun the Wikinger layout on 32 cores in parallel

Á70 aero-elastic models

Á70 wind turbine controllers

Á1 instance of Foxes

ÁTime series for each model

Wind turbine no. 1
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Optimization of wind farms operation using derating
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General overview of method

Expected energy 

output not high

Ą Derate operation 

to reduce damage

Wind distribution

W ind direct ion

Induced damage

Low wind speeds
Relatively high 

damage area

Illustrating example: Damage by 

wake from surrounding turbines

W ind direct ion

Wind farm with varying lifetimes from 
wake-induced TI

Extended and balanced lifetimes

Optimized operational 
plan for derating

Only 4% Energy 
loss after 25 

years

20% more lifetime 
for center turbine

16% Energy gain 
after 30 years

Requate, N., Meyer, T., and Hofmann, R.: From wind conditions to operational strategy: optimal planning of wind turbine 
damage progression over its lifetime, Wind Energ. Sci., 8, 1727ɀ1753, https://doi.org/10.5194/wes -8-1727-2023

Requate, N., Vollmer, L., and Hofmann, R.: Beyond wind -sector management ɀOptimal wind farm operational planning for 
balancing fatigue damage and extending lifetime, Wind Energ. Sci. Discuss. [preprint], https://doi.org/10.5194/wes -2025-284
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A steady-state multi-objective optimization framework for balancing energy yield and 

structural loads

FLORIS-based wind farm power setpoint optimization using state -wise Pareto 
aggregation

5/11/2026

ÅDefine settings, objectives and binningConfiguration

ÅLoad inflow and price data 

ÅLoad FLORIS and surrogate models 
Input Data

ÅAlign temporal resolution

ÅBuild a unified dataset
Data Preparation

ÅIdentify wake interactions 

ÅDefine operating states

Wake Analysis 
& Binning

ÅCompute the state-wise Pareto front

ÅEvaluate power and loads

Local 
Optimization

ÅCombine state-wise solutions

ÅConstruct global Pareto front  

Global 
Optimization

ÅApply selected strategies 

ÅEvaluate revenue and loads  

Time Series 
Evaluation

Setup

Optimization

Evaluation



Inputs required for the framework

Data and Model Inputs
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Inflow conditions Market data (optional) Models & Surrogates

ÅTime series of wind 

speed,  wind direction 

and turbulence intensity 

Example: SCADA data 

from 3 years of operation

ÅMarket price time series 

for revenue optimization

Example: Electricity price 

data from 
(https://www.smard.de/)

ÅFLORIS wind farm 

model (turbine layout 

,Cp- and Ct-Curves 

from OpenFAST)

ÅSurrogate models for 

structural loads

Example: GPR model 
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Overview

FLORIS coupled with GPR model for load predictions 
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Deflection model: Gaussian

Velocity model: Curl 

Turbulence model: CrespoïHernández



Multi-objective formulation

Optimization Problem Formulation
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Local state -wise evaluation

Global aggregation

Å For each operating state ίɴ Ὓand load 

channel ὧɴ ὅ:

╡▼╟╢╟▼ ╔▼╟╢╟▼ ▬▼
╓▼ȟ╬╟╢╟▼

ÅLocal state-wise damage metric:

ὄȟ
ᶰ

ύ
ὈȟὖὛὖ

Ὀȟ

ÅLocal Pareto set:

ὖὛὖɴ Pareto

Ὑ

ᶰ

ὪὉ ὖὛὖὴ

ὄ

ᶰ

ύ
В ὪὈȟὖὛὖ

В ὪὈȟ

Global optimization problem

□╪●╡▌■▫╫

□░▪║
▌■▫╫

subject to

ὖὛὖɴ Paretoᶅ ίɴ Ὓ

Interpretation: 

Å ίɴ Ὓ operating state

Å Ὢ frequency of occurrence

Å Ὁ ὖὛὖ Energy production in state s

Å ὴ electricity price (optional)

Å ὖὛὖ power setpoint assigned to state ί
Å ὧᶰὅ structural load channel

Å ύ weight of the load channel

Å ὈȟὖὛὖ damage in state s, channel c



Cluster Optimization (Hill-Climb)

Local Optimization
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1. Decomposition

2. Cluster Optimization

Å Group turbines into wake-coupled 

clusters 

Å Combine cluster-level Pareto fronts

᷾ע ὖὥὶὩὸέע ע

Å For each merge:

1. Generate combinations 

2. Aggregate energy & damage 

3. Pareto pruning and thinning 

3. Pareto front composition

270°

315°

For each cluster:

Å Small clusters Ą full enumeration 

(brute force)

Å Large clusters Ą heuristic search 

(archive-based hill climbing)

Combine Ÿ prune Ÿ repeat

Ą State-level Pareto front

270°
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Example: 2-turbine cluster optimization

Local Optimization
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Compositional Pareto aggregation

Global policy construction from state -wise Pareto fronts
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State-wise Pareto fronts

Å Each state s has a Pareto front:

  s (revenue-damage trade-off)_ע

Combination

Å Combine candidates (Cartesian 

product)

Å Evaluate global objectives:

□╪●░□░◑▄╡▌■▫╫ȟ□░▪□░◑▄║
▌■▫╫

Å Pareto pruning (and  thinning)

Å Repeat to control computational 

complexity 

Global Pareto front 

(trade -offs across all states)
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Global Candidate Archive

Global Pareto front

Baseline



Global Pareto front

Single -turbine results (price included, constant TI)
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Strategy A

Strategy B

Global Candidate Archive

Global Pareto front

Baseline

PSP Heatmap - Strategy B
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9-turbine example

Wikinger wind farm layout

5/11/2026



Global Pareto front

Results for 9 -turbine case (constant price, constant TI)
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PSP over wind direction and wind speed

Results for 9 -turbine case (constant price, constant TI)
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PSP over wind direction and wind speed

Results for 9 -turbine case (constant price, constant TI)
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Binned optimization proxy vs time series evaluation

Results for 9 -turbine case (constant price, constant TI)
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Strategy Binned proxy 

revenue [%]

TS-evaluated 

revenue [%]

Binned proxy B2 

[%]

TS-evaluated B2 

[%]

PSP != baseline 

[%]

Baseline 99.05 100.0 100.0 100.0 0.00

Strategy A 99.03 99.90 95.78 96.97 23.62

Strategy B 101.91 102.76 98.60 100.07 19.97
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Layout damage distribution BrMx (eval, ref = Baseline WK1)

Time series analysis 

Results for 9 -turbine case (constant price, constant TI)
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Senvion 5M OpenFAST model (alpha ventus )
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Model Availability 
OpenFAST model (V3.5.3) is available at:
https://darus.uni-stuttgart.de/dataset.xhtml?persistentId=doi:10.18419/DARUS-4977

Model Features 
Based on a previously implemented Flex5 model and includes:

Å Structural and aerodynamic properties of real blades

Å Fully functional Bladed-style turbine controller (32 bit)

Model Validation 
The OpenFAST model is validated against measurement data in [1] 

with the original jacket-type substructure.

Substructure Representation
The original jacket-type substructure was excluded due to confidentiality. 

Instead, it is represented by reduced mass, damping, stiffness matrices.

Limitation
Hydrodynamic forces cannot be accounted for with this model

[1]   Kretschmer, Matthias, et al. ĂFAST.Farm load validation for single wake situations at alpha ventus.ò

Wind Energy Science 6 (2021), 1247-1262. http://doi.org/10.5194/wes-6-1247-2021

Source: https://rave-

offshore.de/de/daten.html

Installierte Sensoren an der SENVION 

5M©DOTI / Matthias Ibeler, 2009

https://darus.uni-stuttgart.de/dataset.xhtml?persistentId=doi:10.18419/DARUS-4977
https://darus.uni-stuttgart.de/dataset.xhtml?persistentId=doi:10.18419/DARUS-4977
https://darus.uni-stuttgart.de/dataset.xhtml?persistentId=doi:10.18419/DARUS-4977
https://darus.uni-stuttgart.de/dataset.xhtml?persistentId=doi:10.18419/DARUS-4977
https://darus.uni-stuttgart.de/dataset.xhtml?persistentId=doi:10.18419/DARUS-4977
http://doi.org/10.5194/wes-6-1247-2021
http://doi.org/10.5194/wes-6-1247-2021
http://doi.org/10.5194/wes-6-1247-2021
http://doi.org/10.5194/wes-6-1247-2021
http://doi.org/10.5194/wes-6-1247-2021
http://doi.org/10.5194/wes-6-1247-2021
http://doi.org/10.5194/wes-6-1247-2021


FlexiWind Summary
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Found flexible 
operation strategies

Wind turbine model 
generation method

Optimized operation 
can significantly 

improve damage -
revenue relationships

Co-Simulation for wind 
farm simulation to 
flexible simulations

Application of 
continuously 

generated wind fields
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Thank you 

for your time!
Ɗ

© Fraunhofer IWES/Frank S. Bauer
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Ɗ
Marcus Wiens

Application Center for Integration of Local Energy Systems

Fraunhofer Institute for Wind Energy Systems IWES

Am Seedeich 45

27572 Bremerhaven 

Germany

Phone +49 471 14290-461

marcus.wiens@iwes.fraunhofer.de
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