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1. Goals 
 
The goals of the ATLAS Competition are to design advanced blade pitch controllers that result in 
improved performance compared to the standard baseline controllers in use today. This is particularly 
critical for reducing levelized cost of energy (LCOE) in large onshore and offshore wind turbine systems. 
 
The system for the focus of this competition is the NREL 5 MW baseline turbine. For this competition, 
there are two Challenges. In the Onshore Challenge the participants will design an improved blade pitch 
controller that governs normal turbine operation (excludes start-ups, shut-downs, and fault cases) for the 
NREL 5 MW land-based machine [7]. The Offshore Challenge will focus on an improved blade pitch 
controller for normal operation of an offshore floating version of this machine. Specifically, the NREL 5 
MW baseline turbine model is attached to the OC3 Hywind Spar floating platform [8].  
 
For general overviews of wind turbine controls technology, please see [3, 4, 5, and 6]. 
 
2. NREL 5 MW Baseline Turbine Description 
 
The NREL 5 MW baseline land-based turbine model represents a typical 3-bladed variable speed upwind 
machine. Please see [7] for a full turbine description along with numerical values of all model input 
parameters for this machine.  
 
2.1. Onshore Challenge 
 
The NREL 5 MW baseline controller in this model is composed of two parts for normal operation: 1) the 
generator torque controller and the blade pitch controller. The generator torque controller optimizes 
energy capture in below rated wind-speeds (Region 2) using a typical  torque control law, where  
is a constant, and  is measured generator or rotor speed [7]. Generator torque is held constant at the 
rated torque value in above rated wind speeds (Region 3). A linear transition region is added to allow 
smooth transition between Regions 2 and 3 (Region 2-1/2).  
 
The rotor collective pitch controller (all three blades are pitched identically) regulates turbine speed to a 
required set-point in above rated wind-speeds (Region 3). In Region 2 blade collective pitch is held 
constant at a minimum pitch angle.  

A thorough description of the modeling for the NREL 5 MW turbine baseline generator torque and rotor 
collective pitch controller can be found in [7]. Table 7-2 (page 27) of [7] summarizes numerical values of 
key turbine properties and control parameters. Design of the yaw and high-speed shaft brake controllers is 
not part of this competition and will not be described. 

 
2.2 Offshore Challenge 
 
The NREL 5 MW baseline turbine attached to the OC3 Hywind floating spar platform is fully described 
in [8]. The turbine properties for the blades, drive-train and nacelle are identical to the Onshore Challenge 
turbine properties. The Offshore Challenge turbine’s tower properties are different than the Onshore 
Challenge tower properties. The turbine, platform, and mooring system properties are described in detail 
in [8]. 
 
The NREL 5 MW baseline control system for the OC3-Hywind floating spar platform is nearly identical 
to the baseline control system for the land-based version of the NREL 5 MW. The main change is that the 
land-based blade collective pitch controller gains (Proportional-Integral [PI] gains) have been de-tuned in 
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order to prevent controller induced excitation of the platform’s pitching degree of freedom [DOF], 
otherwise the baseline control systems for the two configurations are identical. Please see [8] for details. 
A goal of the competition is to improve this simplistic controls approach by designing improved blade 
pitch controllers. 
 
3. Modeling and Simulation Software 
 
For modeling and simulation of the NREL 5 MW turbine, the participants must use the OpenFAST 
wind turbine simulator, developed by NREL [1], in conjunction with Simulink [2]. OpenFAST is an 
open-source wind turbine simulation tool established in 2017, with the FAST v8 code [9] as its starting 
point. Please see [https://openfast.readthedocs.io/en/master/source/user/fast_to_openfast.html] for 
transitioning from FAST Version 8 [9] to OpenFAST [1]. The appropriate OpenFAST executables and 
Simulink functions will be supplied to the participants in a file download, eliminating the need for 
participants to compile OpenFAST on their own. 
 
Please note: In several parts of this document we will refer to “download.” This refers to the model, load 
case and postprocessing files that will be contained in a downloadable compressed “zip” file. The 
individual download files will be extracted from this zip file. A description of this process will be given in 
Section 6, below.  
 
3.1 OpenFAST input and output files 
 
For a description of the FAST version 8 (FAST v8) input and output files, please see [9], page 17. 
OpenFAST has an identical input and output file structure to FAST v8. Table I  lists the input files 
required by OpenFAST and its modules for this competition. The naming conventions will be described 
later when the load simulation cases and demo are discussed (Sections 5 and 6). In general, the 
underscore in front of each file extension will be populated with a name that indicates the particular load 
case being simulated. All of the required input files for each module and for each load case will be 
automatically generated from a template file at the beginning of the load suite simulation, to be described 
in Section 6. The template file is supplied in the download. The participants should not need to configure 
their own input files. 
 
Table I: OpenFAST Input Files. 
 

File Name Description Challenge 
_.fst primary OpenFAST  

input file 
Onshore and 
Offshore 

_ED.dat Name of file containing ElastoDyn input parameters (not 
used in this competition) 

Onshore and 
Offshore 

_IW.dat Name of file containing inflow wind input parameters Onshore and 
Offshore 

AD15_.dat Name of file containing aerodynamic input parameters 
(AeroDyn version 15) 

Onshore and 
Offshore 

_SD.dat Name of file containing control and electrical-drive input 
parameters 

Onshore and 
Offshore 

_HD.dat Name of file containing hydrodynamic input parameters 
(not used for land-based case)  

Offshore 

_MAP.dat Name of file containing mooring system input parameters Offshore 
_ED_Blade.dat Name of file containing blade structural properties for 

ElastoDyn 
Onshore and 
Offshore 
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_ED_Tower.dat Name of file containing tower structural properties for 
ElastoDyn 

Onshore and 
Offshore 

_AD15_blade.dat Name of file containing distributed aerodynamic blasé 
properties for AeroDyn15 

Onshore and 
Offshore 

 
 
The participants are free to modify these input files for specific controller testing purposes. However, they 
should use the original files supplied in the download for final controller testing and scoring.  
 
Guideline: The participants are free to modify the input files in this competition download for their own 
controller testing purposes. However, they should perform final controller simulation testing using the un-
modified versions of these files as supplied in the download. The judges will simulate participant 
controllers using these original un-modified input files.  
 
Output files from OpenFAST (using Simulink for simulation) have the form _.SFunc.out. The underscore 
before the file extension will hold a name indicating the particular load case being simulated. The 
contents of this output file consist of the output channels contained in an array named “OutList.” This 
array is set within OpenFAST and depends on the sensor signals entered by name into the OUTPUT 
sections of the different OpenFAST module input files.  This will be described further in Section 4.1 
below.  
 
3.3 OpenFAST Executables 
 
A number of executable files required to run OpenFAST will be provided to the participants (see Section 
7). These executable files assume OpenFAST has been compiled for the Windows 64-bit operating 
system. Executable files to run OpenFAST on other operating systems are not supplied.  
 
Rule: The contestants must simulate their controllers using OpenFAST compiled for Windows 64-bit 
operating systems (the submitted Simulink models will be simulated by the judges using this operating 
system). The participants must submit their Simulink models under Matlab version 2018b. The judges 
will not be responsible for converting Simulink models to other versions of Matlab or simulating 
Simulink controllers for other operating systems. 
 
3.4 Simulating Controllers in OpenFAST 
 
OpenFAST [1] provides different options for incorporating controllers for closed-loop simulation [9]. 
This competition will exclusively use Simulink with OpenFAST for closed-loop controller simulation 
testing.  
 
Simulink has the ability to incorporate an OpenFAST turbine model in Simulink. The OpenFAST 
routines have been linked with a standard Matlab gateway subroutine in order to represent the OpenFAST 
equations of motion as an S-Function in Simulink  [1, 9, 13]. For this competition, the compiled S-
Function will be in the form of a “mex” function named FAST_SFunc.mexw64 (for 64-bit). This function 
is supplied to the participants in the download package. The participants should not have to compile their 
own versions of this function. 
 
Guideline: The competition participants should make exclusive use of OpenFAST linked with Simulink 
for controller implementation and simulation testing. The Simulink models can include m- or p-files that 
contain Matlab programming that provides the required controller logic.  
 
Rule: The competition participants must submit their controllers as Matlab Simulink models (along with 



4 
 

any associated m- or p-files connected to those models). These models must run using Matlab/Simulink 
version 2018b.   
 
We now describe the Simulink model of the NREL 5MW turbine model controlled by the baseline 
controller.  
 
4. Wind Turbine Controller Implementation Guidelines 
 
4.1 NREL 5 MW Baseline Turbine Controller Simulink Model Description 
 
We now show details of the NREL 5 MW baseline controller Simulink model. This model is identical for 
both Onshore and Offshore Challenges. The only change is that the Onshore Challenge baseline blade 
pitch controller gains have been de-tuned for Offshore Challenge (the numerical values for these gains 
are included in a m-file to be described below).  
 
Figure 1 shows the overall layout of the NREL 5MW baseline turbine controller Simulink model. Sensor 
signals from the OpenFAST Turbine Model (y) are used as inputs to the NREL Baseline Generator 
Torque and Blade Pitch Controllers. The outputs of the controllers (M_g_c for generator torque, and 
theta_c for blade pitch) are stacked into the vector signal u for input to the OpenFAST Turbine Model 
block.  
 

4.1.1 OpenFAST Turbine Model block:  

The contents of the OpenFAST Turbine Model block are shown in Figure 2 (a,b). For clarity, Figure 2a 
shows details to the left of the OpenFAST S-Function block, and Figure 2b shows details to the right of 
this block.  Figure 2a shows the generator torque (M_g_c), and the blade pitch commands (theta_c) 

 
Figure 1. NREL 5MW OpenFAST Turbine Model controlled by the Baseline Generator Torque and 

Baseline Blade Pitch Controllers. 
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extracted from the input vector u. They are passed to the Generator Torque (limits) and Power block and 
to the blade pitch actuator blocks.  

The input vector theta_c, which has three components, is separated (“de-muxed”) into individual blade 
pitch components. Each blade’s pitch angle command is passed to a pitch actuator. The pitch actuators for 
all three blades are identical, since we assume identical blades.  

The nacelle Yaw Position and Yaw rate inputs to the FAST S-Function are zero, representing fixed yaw. 
The high-speed shaft (HSS) brake torque is also set to zero. 

Figure 2b highlights signal extraction from OpenFAST. The OpenFAST S-Function outputs a variable 
array named OutData that contains the signals defined in the input files for the various OpenFAST 
modules (in the OUTPUT sections). A corresponding array named “OutList” is set-up within OpenFAST 
and is made available to the Matlab workspace during Simulink simulation. This allows the individual 
sensor signals to be accessed in Simulink.  

An individual sensor signal is extracted from OutData by passing it through a block that contains a string 
match statement. Please see Figure 2b as an example. The particular signal name being extracted must be 
contained in the OutData array or an error message will occur.  

An extensive set of sensor signals are already provided in this competition through the input file 
definitions. The contestants should not have to add additional signals to this list. The complete list that is 
made available can be determined by looking in the input files, going to the section under the OUTPUT 
headers, and finding the different signal definitions included in these files. The signal names are grouped 
according to the particular module input file they are associated with. The signal names associated with 
different OpenFAST modules can be found the Excel sheet “OutListParameters.xls” provided in the file 
download.  

Rule: the participants will not modify the OutList by adding additional sensors. The set of sensors 
available in this competition are already defined through the OpenFAST module input files and must not 
be modified. 

Details of the Generator Torque (limits) and Power block are shown Figure 3a. The generator power is 
calculated based on the commanded generator torque, measured rotor speed and the generator efficiency ( 
Parameter.Generator.eta_el).  A one-time-step delay is applied to the generator torque and rotor speed 
signals in order to prevent issues with algebraic loops in Simulink. A generator torque rate limiter 
(Parameter.Generator.M_g_dot_max ) is applied to the delayed generator torque input. Numerical values 
for these parameters are set in the m-file named NREL5MWDefaultParameter_FAST.m which is located 
in the _Controller folder that is produced in the file download.  

The blade pitch actuator block is depicted in Figure 3b. This block places angle and rate limits on the 
commanded blade pitch and also models the actuator dynamics by a simple 2nd order linear model. This 
model can be expressed in the Laplace domain as:  

,         (1) 

where is the commanded pitch angle (output from the pitch controller block), and  the blade 
pitch angle after passing through the actuator model. The parameter ( Parameter.PitchActuator.xi ) is 
the damping factor, and ( Parameter.PitchActuator.omega)  is the natural frequency (rad/s) of this 2nd 
order system.  

The pitch actuator can be switched based on a parameter that is assigned the values 0, 1, or 2 depending 
on the value of a parameter (Parameter.PitchActuator.Mode). The value 0 denotes no pitch actuation, 
while value 1 switches to a delay; the value 2 switches to the 2nd order pitch actuator model ( Eq. (1)). 
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Pitch angle (Parameter.Pitch.Actuator.theta_max(min)) and rate 
(Parameter.Pitch.Actuator.theta_dot_max(min)) limits are applied to the pitch commands in the block 
“P2.” Numerical values for all of these parameters are defined in the m-file named 
NREL5MWDefaultParameter_FAST.m located in the _Controller folder produced in the file download 
and extraction (to be described in Section 6). 
 
Rule: This pitch actuator model should be considered fixed (as it is part of the turbine model) and should 
not be modified by the competition participants. No changes should be made to the pitch actuator blocks 
or the values of parameters used in these blocks. 
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Figure 2a. Inside the turbine model block: generator torque limits and blade pitch actuator. 
 

 
Figure 2b. Inside the turbine model block: sensor signals from OpenFAST for input to the 
controllers. 
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The next section describes the baseline generator torque and blade pitch controller blocks.  

  

4.1.2. Baseline Generator Torque Controller 

The NREL Baseline Generator Torque Control box contains the elements shown in Figure 4. First, 
looking in Figure 4a, the generator speed signal (omega_g) and blade pitch angle are extracted from the 
sensor signal y. The blade pitch angle is used in the generator torque algorithm to decide if the turbine is 
operating in Region 3.  

 

 
Figure 3a. Inside the generator torque (limits) and power block. 
 

 
Figure 3b. Inside one of the blade pitch actuator blocks. 
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A low-pass filter (FilterGenSpeed.Omega_g) is applied to the generator speed signal before it is input to 
the generator torque controller. This simple 1st order filter can be described by: 

,           (2) 

 
where is the input generator speed signal, and is the filtered generator speed signal. The time-
constant  (Parameter.Filter.FilterGenSpeed.T63) is assigned a numerical value in the m-file 
NREL5MWDefaultParameter_FAST.m located in the _Controller folder produced during download and 
file extraction (Section 6).  
 
Figure 4b shows the contents inside of the filter block. An additional parameter 
(Parameter.Filter.FilterGenSpeed.Omega_g.Enable) indicates whether the filter is enabled or not. This 
parameter is also set in the m-file discussed above. 
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 Figure 4a. Inside the Baseline Generator Torque Control Block. 
 

 
Figure 4b. Inside the FilterGenSpeed.Omega_g Block. 
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Figure 5 shows the contents of the NREL 5MW Baseline Torque Controller block of Figure 4a. Several 
parameters are input to this block which are used in determining the turbine’s current operating region. 
These parameters are defined in NREL5MWDefaultParameter_FAST.m located in the _Controller folder 
(Section 6). Generator torque is calculated inside this block, based on filtered generator speed input. The 
Baseline Torque Controller block contains Matlab code that calculates the generator torque depending on 
the turbine’s current operating region and generator speed. The user can examine the contents of this 
block by opening it in Simulink. The output of this block is the commanded generator torque signal M_g.  

4.1.3 Rotor Collective-Pitch Controller 
 
The inside of the Baseline Blade Pitch Control block is shown in Figure 6a. This controller commands 
collective blade pitch. The generator speed is again filtered by the same low-pass filter (Eq. (2)) used in 
the generator torque controller. In addition, the measured blade pitch angle is used to gain schedule the 
controller. For a discussion of the equations used to model this controller including the method of 
implementing gain scheduling, please see [7], pages 20-26. 
 

 

 
Figure 5. Inside the NREL 5MW Baseline Torque Controller Block. 
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Figure 6b shows the NREL 5MW Baseline Pitch Controller block. Additional control parameters are 
defined in the m-file NREL5MWDefaultParameter_FAST.m located in the _Controller folder (Section 6).  
The parameters are associated with the Proportional-Integral (PI) controller gains (Parameter.CPC.kp and 
Parameter.CPC.Ti), the maximum and minimum pitch angles (for pitch angle limit purposes), the pitch 
angle reference value for gain scheduling (Parameter.CPC.theta_K), and rated generator speed 
(Parameter.CPC.Omega_g_rated). 
 
The inside of the PI Anti-Windup with rate feedforward block is shown in Figure 6c. The generator speed 
error (difference between current generator speed and rated generator speed) is multiplied by the 
controller’s proportional gain . A signal that accounts for anti-windup (see below) is added to this 

signal and the resulting sum is divided by the gain . Here, , where  is the integral gain. This 

signal is then passed to the integrator block to form the controller’s integrated speed error term (the 
term is zero, so no derivative term). The proportional error term is then added to this signal. 

This signal then passes through the pitch angle limiter block, which applies minimum and maximum pitch 
angle limits (u_min and u_max) to this signal.  
 
The anti-windup feedback signal consists of the error term formed by subtracting the unlimited pitch 
angle from the limited pitch angle command. This error term is fed back and added to the proportional 
error term which is then input to the integrator. For more information on integrator anti-windup methods, 
please see [4]. The final pitch angle command is formed by combining the pitch angle from each blade 
into a stacked (“muxed”) vector having three components.  Since we are commanding collective pitch, 
these signals are all equal.  
 
Guideline: Please note that the PI controller gains have been detuned for the Offshore Challenge case.  
For more information on these gain selections, please see [8]. The controller gains are given numerical 
values an m-file to be described in Section 5. There are two set of these gains, one for the Onshore 
Challenge case, and the other for the Offshore Challenge case. The participants should not have to modify 
these gains as they are already set in the appropriate m-file. Since the Onshore Challenge m-files are 
separate from the Offshore Challenge m-files, the appropriate controller gains are already set correctly in 
the download.  
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4.1.4  Participant Controller Implementation Guidelines 
 

 
 Figure 6a. Inside the Baseline Generator Pitch Control block. 
 

 
Figure 6b. Inside the NREL 5MW Baseline Pitch Controller block. 
 

 
Figure 6c. Inside the PI Anti-Windup with rate feedforward block. 
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We now give some guidance on participant controller implementations. The participants should use the 
NREL Baseline Simulink model described above as a template for incorporating their own controllers.   

Guideline: The competition participants should use this Simulink model as a template for incorporating 
their own blade pitch control solutions. The participants are free to retain the NREL baseline pitch 
controller and design their own pitch controller that adds pitch increments to the baseline. Alternatively, 
the participants can eliminate the NREL baseline pitch controller completely and substitute their own 
pitch controller.  

Rule: The participants must not modify the NREL 5 MW baseline generator torque controller. Their final 
Simulink model should use the original NREL baseline generator torque controller as described above to 
provide generator torque control commands to the OpenFAST S-function.  

The objective of the ATLAS Competition is to design and implement blade pitch controllers that improve 
control performance relative to the NREL Baseline Pitch Controller. These controllers must decrease 
loads in the turbine components and increase energy capture, while minimizing blade pitch actuator usage 
compared to the baseline. Individual blade pitch control has been shown to be an important improvement 
to typical turbine controllers [15]. They assist in reducing blade and component loads due to asymmetric 
wind distributions across the rotor disk. 
 
Rule: The competition participants are required to design and implement an independent blade pitch 
controller (IPC) as a part of their total controller solution for this competition.  
 
Guideline: The participants total pitch controller must contain an individual blade pitch component and a 
collective pitch component. A possible control architecture is to retain the NREL baseline pitch controller 
with the participants designing only their IPC that adds incremental pitch commands to the NREL 
baseline. Alternatively, the participants are free to design their controllers in any way they choose as long 
as the controllers contain a CPC component and an IPC component.  
 
Figure 10 (a,b) shows an example IPC and CPC controller. The IPC controller uses the blade root bending 
moment from each blade and the rotor azimuth angle as it’s measurement inputs (Figure 10a). An inverse 
Coleman transformation [14] transforms these signals to the fixed (nonrotating) reference frame. The 
fixed-frame blade bending moment signals then become the measurement inputs to the two transfer 
functions which output fixed-frame pitch commands (corresponding to tilt and yaw components). These 
fixed-frame pitch signals, the signal from the collective pitch controller and the rotor azimuth angle are 
input into the Coleman transformation [14] (Figure 10b). The resulting outputs are the individual blade 
pitch commands in the rotating frame. For more information on this IPC design and implementation, 
please see [3,15].   
 
This example is just one CPC plus IPC controller example. Implementation of IPC in the manner shown 
above is not mandatory. The competition participants are free to choose their own control architectures 
for the CPC and IPC controller components. They are also free to choose other sensors for CPC and IPC 
implementations. The chosen sensors should be contained in the OutList that is already supplied (through 
the module input files) in this competition download. The participants should not add sensors that are 
not already in this list.  
 
Guideline: The participants should incorporate controller parameters and define their numerical values in 
the m-files provided. They can add their own definitions to the m-file named 
NREL5MWDefaultParameter_FBNREL_v1.m which is located in the _Controller folder to be described 
in Section 7. 
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For simulation testing of controllers and for scoring the controller performance, a number of load cases 
will be simulated. We now review these load cases and describe the metrics and cost function for scoring 
controller performance. 
 
5. Competition load case suite, performance metrics and controller cost function 
 

 

 
Figure 10a. Inside a Typical Blade Pitch Control Block (CPC + IPC) (left half of diagram). 

 

Figure 10b. Inside a Typical Blade Pitch Control Block (CPC + IPC) (right half of diagram). 
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5.1 Load Case Definitions 

A set of 12 load cases are retained for this contest. The load cases are inspired by the design load cases 
(DLC) presented in the standards [16]. The cases are restricted to wind speeds above the rated wind speed 
of 11.4 m/s since the contest focuses on the pitch-controlled region. The number of simulations was 
significantly reduced compared to the ones required by the standards in order to achieve computational 
times of about one hour for a sequential evaluation of all the loads cases with Simulink on one machine. 

Important note 

Only one wind and wave seed per wind speeds were used for each case, but the final evaluation by the 
judges will involve more seeds. 

DLCs 

The load cases are provided in the table below, where each line represents a simulation. The load cases are 
gathered into groups referred to as DLC (Design load cases). These DLC groups are presented in the 
standards [17]. 

• DLC1.2 represents normal operating conditions. Only two yaw errors were used for 13.4 ad 18.4m/s, 
and one yaw error used at 23.4m/s since this wind speed has a low probability of occurring. 

• DLC 1.4, and 1.5 corresponds to an extreme direction change (ECD) and an extreme wind shear 
(EWS), as defined in the standards. 

• DLC1.21 was created for this contest. It is similar to DLC1.2, but the airfoils are soiled and do not 
perform as well. This is introduced to evaluate the robustness of the controller in conditions outside 
of the ideal case. 

• DLC 2.3 was “adapted” for his contest. An extreme operating gust (EOG) occurs during the turbine 
operation. 

• DLC 1.22 was created for this contest. It contains a step of wind speed from 15 to 13 m/s. This sudden 
change of wind speed is known to excite the pitch motion of the floating platform. It is hence used to 
ensure the controller does not make the system unstable in that situation. 
 

DLC WS 
Yaw 
Err 

Wind 
Seed 

Wave 
Seed 

Pitch 
Off. Wind Dirty Time Case name 

1.2 13.4 -10 2 3 Yes Turb No 600 ‘DLC120_ws13_yeNEG_s2_r3_PIT’ 
1.2 13.4 0 1 1 No Turb No 600 ‘DLC120_ws13_ye000_s1_r1’ 
1.2 19.4 -10 3 2 No Turb No 600 ‘DLC120_ws19_yeNEG_s3_r2’ 
1.2 19.4 0 2 1 Yes Turb No 600 ‘DLC120_ws19_ye000_s2_r1_PIT’ 
1.2 23.4 0 3 3 No Turb No 600 ‘DLC120_ws23_ye000_s3_r3’ 
1.4 13.4 0 0 1 No ECD No 200 ‘DLC140_ws13_ye000_s0_r1_ECD’ 
1.5 13.4 0 0 1 No EWS No 200 ‘DLC150_ws13_ye000_s0_r1_EWS’ 
2.3 13.4 0 0 1 No EOG No 200 ‘DLC230_ws13_ye000_s0_r1_EOG’ 
1.21 13.4 0 1 1 No Turb Yes 600 ‘DLC121_ws13_ye000_s1_r1_DRT’ 
1.21 19.4 0 2 2 No Turb Yes 600 ‘DLC121_ws19_ye000_s2_r2_DRT’ 
1.21 23.4 0 3 3 No Turb Yes 600 ‘DLC121_ws23_ye000_s3_r3_DRT’ 
1.22 15.4 0 0 1 No Step No 1200 ‘DLC122_ws15_ye000_s0_r1_STP’ 

 
 
5.2 Controller Performance Metrics and Scoring  
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A cost function is established to evaluate the different controllers. This cost function returns a scalar number 
value that should be minimized. In the comparison of all the controllers, the controller returning the smallest 
cost function is the one winning the competition. This section presents the cost function used in this contest 
and the rationale behind it. 

Classical and current interpretation of the cost function 

A usual formulation of a cost function consists involves a linear combination of the different costs as: 

CF =$𝑤&
&

𝑐& 

where 𝑐& are the costs and 𝑤& the weight factors, and the index 𝑖 loops through the different elements 
contributing to the overall cost. In this current contest, the inputs available to derive the cost function are 
the time series of the different simulated “signals” for the different load cases. Examples of signals are: 
blade root bending moment in a given direction, rotor speed, power. It is not straightforward to directly 
relate these time series to a cost. The approach used here consists in reducing the time series into different 
scalar metrics and comparing these metric values to reference values. A metric value lower than the 
reference value is then interpreted as a lower cost. The different costs from the different metrics need to be 
minimized except for the annual energy production (AEP) which needs to be maximized. The cost function 
takes the following form: 

CF =
AEP,-.

AEP/01
$𝑤&
&

𝑐& 2𝑥4&
/01 , 𝑥4&

6789 

where 𝑥4& is a metric value, the subscript “ref” and “con” label the reference and simulated values 
respectively, 𝑐& is the cost contribution from a given metric, and 𝑖 loops through a number of metric 
variables. The details of the methodology are given in the following paragraphs. It builds upon the work of 
Tibaldi et al.[17], with some distinctions that will be highlighted. 

Time series reduction into metrics: 

In the lifetime analysis of a structure, it is common to introduce the concept of ultimate load and fatigue 
load. The ultimate load corresponds to the maximum load the structure will experience during its life time, 
a value which is then compared to the load level above which the structure will break. The fatigue load 
gives an indication of the number of cycles (“oscillations”) the structure will experience during its lifetime, 
a value which is then compared to the maximum it can withstand before failing. These values are derived 
from simulated time series, the former being obtained by taking the maximum over all time series, and the 
latter is obtained by a probability-weighted rain-flow-count algorithm. More details on the methodology 
may be found in the IEC standards [17]. These concepts are adapted below for the current analysis to reduce 
the time series of a given signal for all load cases into a single metric. 

The following notations are introduced: 𝑋 corresponds to a given signal, for instance the blade root bending 
moment in a given direction, 𝑥;  is the time series of this signal for the load case 𝑗, for instance DLC1.2 at 
13m/s, with a given yaw offset and given seed numbers. 

For each time series, an intermediate metric value is computed, noted 𝑥4; . These intermediate values may 
be obtained using three different functions, 𝑥4; = max(𝑥;), 𝑥4; = std(𝑥;), 𝑥4; = trvl(𝑥;), which are the 
maximum, standard deviation and travel measure of a time series. The travel measure is computed as the 
time average of the absolute increments of the variable between two discrete time steps. This measure is 
typically used to measure the pitch travel, based on the signal of the pitch angle, thus providing an average 
pitch-angle traveled per second. The standard deviation is here used as a way to give a measure of the 
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fatigue of a given signal. This greatly simplifies the method compared to using a rain-flow-count algorithm. 
The function chosen for a given signal will be made explicit later in this document. 

Two methods are then potentially used to form the metric value using the intermediate metric values: the 
“fatigue” and “ultimate” method. In the fatigue method, the values from each load case 𝑗 are weighted by 
the probability of occurrence of this load case: 

𝑥4 =$ 𝑥4;

;

𝑝;  ("fatigue") 

The values of the probabilities 𝑝; will be discussed in a subsequent paragraph. The metric value obtained 
from the “ultimate” method is simply the maximum intermediate value over the load cases: 

𝑥4 = max
;
𝑥4;  ("ultimate") 

The method described above is used to obtain a single scalar number, referred to as a metric, from a given 
signal. Depending on the choice of intermediate functions and combining method, different metric values 
can be obtained from a single signal. The list of metric values is given at the end of this section together 
with the choice of function and method used to obtain them. 

Probabilities of each load cases 

The probabilities used in the fatigue scaling, 𝑝; are obtained as follows. Only the loads cases 1.2 and 1.21 
have a non-zero probablility since the other load cases are used for ultimate loads evaluation. The 
probability of occurence of a load case 𝑗, which is performed at a given wind speed 𝑢, is such that the sum 
of the probabilities of all the load cases simulated at the wind speed 𝑢 is equal to the probability of occurence 
of that wind speed, noted 𝑝TU(𝑢). Said differently, the probability of a given wind speed 𝑢, 𝑝TU(𝑢), is 
distributed across all the load cases that occur at that wind speed. Usually, this distribution can be separated 
into a product of three fractions: the fraction for the load case family, 𝑝VWX, the fraction for each varying 
parameter within this load case family, 𝑝YZ,Z[, and the fraction corresponding to the number of seeds used, 
𝑝U--\. It is here assumed that the turbine is performing 50% of the time with clean airfoils (𝑝VWX`.a = 0.5), 
and the rest of the time with dirty airfoils (𝑝VWX`.a` = 0.5). For DLC1.2, several yaw errors at each wind 
speed are considered. It is assumed that the turbine spends a similar portion of the time in each yawed 
position, 𝑝bZT = 1/𝑛bZT, where 𝑛bZT is the number of different yawed positions simulated for a given 
DLC and wind speed. For a given DLC, wind speed, and parameter (e.g. yaw), different seeds may be used, 
each contributing to an equal fraction 𝑝U--\ = 1/𝑛U--\. The probability of a given load case is then: 

𝑝; = 𝑝TU(;)𝑝VWX(;)𝑝YZ,Z[(;)𝑝U--\(;) 

Cost contribution function for a given metric 

The metrics values obtained using a given controller, labelled “con”, are compared to a set of reference 
metrics values which were obtained using a reference controller, labelled “ref”. Tibaldi, et al [17], uses the 
ratio of the two values to assess the cost contribution from a given metrics, i.e. 𝑐& = 𝑥4&

/01 / 𝑥4&
,-.. From one 

controller to another, the variable 𝑥4&  may vary significantly, in which case the value of 𝑐& will have a wide 
span around 1 for the different controllers, or, it may vary only slightly, in which case 𝑐& will have values 
close to 1 for all controllers. The sensitivity of each metrics is inherent to the physical system studied. The 
weights 𝑤& can then be adjusted to account for these differences in sensitivity between the different metrics. 

A different approach is used in the current study. The cost contribution from a given metric is calculated 
as: 
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𝑐& = 𝐹 f
𝑥4&
/01 − 𝑥4&

,-.

𝜎&
i 

where 𝜎& represents the sensitivity of the metric variable 𝑥4& , and 𝐹 is a scaling function to be discussed later. 
The transformation applied to the metric value, is analog to the one used to bring a statistical variable to 
zero mean and unit standard deviation. The sensitivity of the metric 𝜎& was obtained by evaluating the 
metric 𝑥4&  on a set of controllers and taking the standard deviation of the set of results obtained. The set used 
is assumed to be sufficiently large to be representative of the span of values that may be obtained with the 
different controllers from the contestants. The transformation introduced effectively intend to give the 
functions 𝑐& the same importance and sensitivity for all metric variables. By doing so, the weights 𝑤& 
accounts only for the importance of each metric and need not account for the sensitivity of the metrics. 

The scaling function 𝐹 has two objectives: conveniently scale the costs 𝑐& to a compact domain and 
introduce a non-linear behavior that promote multi-objective optimization. The scaling function used is: 

𝐹(𝑥) = jarctan 2
𝑥
𝑛
9 +

𝜋
2
o
2
𝜋

 

The function transforms the domain ] −∞; +∞[ to the compact domain ]0;  2[. The factor 𝑛 is used to 
ensure that most of the values remain within the linear region of the arctan function. Alternatively, this 
scaling factor can be seen as being multiplied to 𝜎&. The value 𝑛 = 3 is used, since it is expected that most 
values of the metrics 𝑥4& will be within the range 𝑥4&

,-. ± 3𝜎&. Outside of the linear region, the arctan function 
plateaus. The positive effect of this non-linear behavior is that is promotes the reduction of as much metrics 
as possible: an excessive reduction of one metric will barely reduce the overall cost-function, inciting the 
reduction of other metrics. The downside lies on the other side of the balance: the penalty of obtaining an 
excessive metric value compared to a moderate one is small. Excessive values are yet caught by introducing 
constraints on some metrics. 

Constraints are for instance used in the case of the blade tip displacement. To avoid a tower strike by the 
blade, the metric for the tip-displacement should not exceed a given safety value. For such metric, the cost 
contribution 𝑐& is: 

𝑤&𝑐& = 𝐻			if	 𝑥4& > 𝑚&	,  𝑤&𝑐& = 0		otherwise 

where 𝐻 is a penalizing number taken as 1000, and 𝑚& is the value of the constraint not to be exceeded. 

From the definition of the cost contributions 𝑐&, it is seen that all the 𝑐& are equal to 1 when the reference 
controller is used. 

Evaluation of the weights 

The different metrics are categorized according to the main component they affect. For instance, the metrics 
derived from the blade root bending moment will affect the rotor. For a given component, 𝑘, a weight 𝑊� 
is attributed and distributed to the different metrics associated with that component. In the work of Tibaldi 
et al, the weights 𝑊� are obtained as the component cost CC� divided by the overall cost of the turbine C�0�, 
using the values from the report of Fingersh et al. [18]. 

In the current work, the component weights are obtained as: 

𝑊� =
CC�
𝐶�0�

FC�
F�0�
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where FC� is the failure cost of that component, and F�0� = ∑ FC�� . The failure cost was estimated based 
on the product of the number of failures per year times the typical downtime associated with such a failure. 
The weights of each component are reported in the table below: 

Component 𝑘 Weight 𝑊� FLS fraction 𝑝�W� 
Bearing 0.300 0.4 
Blades 0.300 0.5 
Gearbox 0.200 0.5 
Generator 0.200 0.5 
Pitch system 0.050 0.5 
Tower 0.100 0.6 

For fine tuning, the distribution of the component weights to the associated metrics are different whether 
the metrics is qualified as “fatigue” or “ultimate”. The factors 𝑝�W�,� and 𝑝�W�,� = 1 − 𝑝�W�,� are introduced 
respectively to indicate whether a component is more prone to be fatigue driven (typically steel structures) 
or ultimate-load driven. Engineering judgement was used to fill the FLS fractions given in the above table. 
In the work of Tibaldi et al., the same factor is attributed to both ULS and FLS metrics, 𝑝�W� = 𝑝�W� =
1/2. 

The weight of a given ULS metric associated with the component 𝑘 is then obtained as: 

𝑤& = 𝑊�𝑝�W�,�
1

𝑛�W�,�
 

where 𝑛�W�,� is the number of ULS metrics used for the component 𝑘. A similar equation is used for the 
FLS metrics. In the work of Tibaldi et al., only 1 ULS and FLS metric is used per component (𝑛�W�,� =
𝑛�W�,� = 1). 

Once the weights are determined, they are scaled such that their sum is equal to unity. In that way, the cost 
function, evaluated using the reference controller gives a value of 1. 

Final cost function and metrics used 

Using the definition of 𝑐& provided above, the final cost function is: 

CF =
AEP,-.

AEP/01
$𝑤&
&

𝐹 f
𝑥4&
/01 − 𝑥4&

,-.

𝜎&
i 

The cost function is equal to one when evaluated with the reference controller, it takes values between 0 
and 2, and it is intended to be minimized. The index 𝑖 runs over a list of metrics which are provided in the 
two tables below, the second table providing the list of constraints. Each line corresponds to a metric value, 
providing: the signal used, the function used to estimate the intermediate metric value, the method used to 
combine the intermediate values into the metric value, and the component that metric is affecting. In the 
table, the signals labelled “Mn” corresponds to the norm of the bending moment is a cross sectional plane 
(of the blade or tower). 

Signal Function Method Component 
Bld Root Mn max ULS Blade 
Bld Root Mx std FLS Blade 
Bld Root My std FLS Blade 
Bld Root Mz std FLS Pitch 
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Bld Root Mz max ULS Pitch 
Bld1 Pitch trvl FLS Pitch 
Bld2 Pitch trvl FLS Pitch 
Bld3 Pitch trvl FLS Pitch 
Twr Bot Mn max ULS Tower 
Twr Bot Mx std FLS Tower 
Twr Bot My std FLS Tower 
Twr Bot Mz std FLS Tower 
Twr Bot Mz max ULS Tower 
LSS Mn max ULS Bearing 
LSS My std FLS Bearing 
LSS Mz std FLS Bearing 
LSS Torque std FLS Gearbox 
LSS Torque max ULS Gearbox 
Rot Speed std ULS Generator 
AEP mean FLS AEP 

Signal Function Method Constraint value 
Neg. Twr Clear. max ULS -4m 

Twr Top Acc max ULS 10m/sa 
Rot Speed max ULS 20rpm 

Bld1 Pitch Speed max ULS 10deg/s 
Bld2 Pitch Speed max ULS 10deg/s 

Bld3 Pitch Speed max ULS 10deg/s 
Power max ULS 7000 kW 

 
 
 

6. Demo (Alan, Nick, Emmanuel) 
 
A goal of this competition is to provide participants with a complete package of files for modeling and 
simulating the NREL 5 MW turbine (for either Onshore or Offshore Challenges) in Simulink. The goal is 
to provide a single Matlab script that does everything: setting up the Simlink simulation, simulating all of 
the supplied load cases, calculating controller performance metrics, and calculating the final controller 
scalar cost function value for scoring. The user should be able to just run one scrip that performs all of 
these functions. We now give a short demonstration of this process. 
 
Competition participants will download the zip file named ___.zip from the competition website. 
Extracting the contents of this file will produce a folder named ARPA-E_User_Package that contains 
several subfolders. These sub-folders are named (see screenshot below) _Baseline, _Controller, 
_Functions, _Inputs, and _Outputs. The folder named ARPA-E_User_Package also contains the Matlab 
script file that runs the entire process; it has the name RunScript.m.  
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The folder _Baseline contains output files for the various load cases from simulations using the NREL 
Baseline Controller Simulink model for both challenges. The folder _Controller contains the Simulink 
models for the NREL Baseline controller and the example controller in which the participants replace the 
NREL baseline pitch controller with their own controller. The IPC+CPC controller highlighted in Figure 
10 (a,b) is located in this folder. In addition, several m-files are located here. 
 
The folder _Functions folder contains subfolders named “RunOpenFAST” and “CostFunction.” The 
RunOpenFAST folder contains all of the OpenFAST executable files and the mex function needed for 
this competition. These executable files correspond to OpenFAST compiled for Windows 64-bit 
operating systems. The CostFunction folder contains all of the Matlab scripts involved with calculating 
performance metrics and the final controller cost function score. 
 
The _inputs folder contains all of the necessary OpenFAST and OpenFAST module files needed for both 
challenges. These input files have the names x_.fst, x_ED.dat, etc. The name of the load case is populated 
in the x position in these file names. 
 
The folder named _Outputs collects the output files for the current simulation. This depends on the 
particular challenge selected for simulation as will be described below. The output files are names 
x.SFunc.outb, where the load case name is substituted for x in the file name. 
 
To begin the simulation, metrics calculation, and controller scoring process, the participants should open 
Matlab and point it to the folder named ARPA-E_User_Package. To begin the process, the user types in 
“RunScript” at the Matlab command line. This initiates simulation of the full set of load cases for a 
particular challenge as well as the performance and cost function calculations. The screenshot below 
shows the initiation of the simulation. 
 
After invoking this RunScript command, Matlab will return the statement:   “Enter 1 for 
Challenge_Onshore or 2 for Challenge_Offshore.” The user should then type in a 1 or 2 depending on the 
challenge case to be considered. After entering the number associated with the desired load case, Matlab 
will indicate that the simulation is proceeding. An example Matlab screenshot is shown below. 
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The full set of 12 load cases will be simulated. At the end of the simulation, the controller performance 
metrics and cost function will be calculated. The screenshot below shows plots produced by Matlab at the 
conclusion of the simulations.  
 

 
 
 
These plots show the relative contribution of each turbine component (Annual Energy Production [AEP], 
bearing, blade, drive-train, generator, blade pitch, and tower) to the cost function, the relative contribution 
of the different load metrics to the cost function, and the absolute contribution of the turbine components 
to the cost function. For more details of these metrics and cost function, please see Section 5 above. 
 
The location of the various folders should not be changes by the participants. Automation of this process 
using RunScript.m depends the location of the folders within the main folder ARPA-E_User_Package. If 
the users want to modify files or folder locations, they should place a duplicate of this download at 
another location on their computers. 
 
Hopefully, this document has given the participants the required information for designing, implementing, 
simulating, and calculating performance metrics and the cost function for their controller designs. 
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