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Abstract 
This report presents the work done to develop generator and gearbox models in the Matrix 
Laboratory (MATLAB) environment and couple them to the National Renewable Energy 
Laboratory’s Fatigue, Aerodynamics, Structures, and Turbulence (FAST) program. The goal of 
this project was to interface the superior aerodynamic and mechanical models of FAST to the 
excellent electrical generator models found in various Simulink libraries and applications. The 
scope was limited to Type 1, Type 2, and Type 3 generators and fairly basic gear-train models. 
The final product of this work was a set of coupled FAST and MATLAB drivetrain models. 
Future work will include models of Type 4 generators and more-advanced gear-train models 
with increased degrees of freedom. As described in this study, the developed drivetrain model 
can be used in many ways. First, the model can be simulated under different wind and grid 
conditions to yield further insight into the drivetrain dynamics in terms of predicting possible 
resonant excitations. Second, the tool can be used to simulate and understand transient loads and 
their couplings across the drivetrain components. Third, the model can be used to design the 
various flexible components of the drivetrain such that transmitted loads on the gearbox can be 
reduced. Several case studies are presented as examples of the many types of studies that can be 
performed using this tool. 
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1 Introduction 
Wind energy deployment has experienced substantial growth in recent decades. In the past, wind 
turbine generators (WTGs) utilized a very simple wind turbine with stall control and a fixed-
speed directly-connected induction generator (Type 1). Affordable power converters, advances in 
modern control, and the study of aeroelasticity (the interactions between inertial, elastic, and 
aerodynamic forces that occur when an elastic body is exposed to a fluid flow), and the 
availability of fast-computing microprocessors enabled wind turbine engineers to design very 
sophisticated, modern WTGs capable of delivering high-quality output power while at the same 
time enhancing power system operations.  

To perform a holistic design, all aspects of a WTG need to be considered. In this work, we 
attempted to demonstrate a holistic WTG model by using the National Renewable Energy 
Laboratory’s (NREL’s) Fatigue, Aerodynamics, Structures, and Turbulence (FAST) [1] software 
to simulate the detailed aerodynamics and mechanical aspects of a WTG, and Matrix Laboratory 
(MATLAB)/Simulink [2] to simulate the electrical generators, converters, collector systems, and 
grid aspects of a grid-connected WTG. The references [1–9] cover the basic equations used in 
FAST as well as in drivetrain and generator models in more detail.  

Mechanical load and stress in a wind turbine drivetrain are influenced by the torque and non-
torque loads applied between the input shaft at the blade side and the output shaft at the 
generator side. For example, unwanted loads entering the input shaft are caused by wind 
turbulence, tower shadow effect, uneven loading of the blades, and sudden changes in the wind 
direction. Examples of unwanted disturbances on the output power (and thus output torque) 
include transmission line disturbances such as voltage and/or frequency dips, unbalanced 
voltage, and under- or overvoltage. The differences between input and output torque manifest in 
the stresses, loads, and losses of the components (e.g., gearbox, shaft, and bearing) in different 
parts of a WTG. Using FAST in conjunction with MATLAB/Simulink allows us to examine the 
loading of different components under grid transients and/or wind turbulence and also to design 
controllers to mitigate the effects of these unusual conditions on a turbine’s structure and 
components. If the torque difference between input and output cannot be influenced, there is very 
little that can be done to influence the lifetime and operations and maintenance of these 
components, which eventually affects the cost of the energy during the lifetime of a WTG. 
Figure 1 illustrates the interfacing of FAST and MATLAB/Simulink. 

FAST is very suitable to model and analyze wind turbines. A wind turbine is controlled by the 
electrical generator and its corresponding control. The impact of the control on its mechanical 
components can be observed because the modeled details of a wind turbine are represented in 
FAST. The generator representation in FAST is very simplified, whereas Simulink models for 
electrical generators are very well represented. However, MATLAB/Simulink models do not 
represent the aerodynamic and mechanical components of wind turbines very well.  

The goal of this project was to interface the superior aerodynamic and mechanical models of 
FAST to the excellent electrical generator models found in various Simulink libraries and 
applications. The scope of the work was limited to Type 1, Type 2, and Type 3 generators and 
fairly basic gear-train models. Future work will include models of Type 4 generators and more-
advanced gear-train models with increased degrees of freedom. 
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Figure 1. Hybrid simulation performed with a detailed aerodynamic and structural model of a wind 
turbine within FAST, and a detailed electrical and grid model in the MATLAB/Simulink 

environment 

The goal of this project was also to improve FAST with better electrical models executable 
through a MATLAB/Simulink interface. To consider all of these models and shorten the 
development time, we took advantage of the Simulink library. Interfacing and rewriting code 
from scratch takes a lot of work, but using the available modules in the Simulink library is useful 
to build various models.    

Because a wind turbine is a system comprised of many components with different functions, 
some of the figures are repeated several times throughout the following chapters and sections. 
This repetition is intended to enhance readability and prevent the reader from having to return to 
a previous description for reference and understanding.  
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2 FAST Description  
NREL sponsored the development, verification, and validation of various computer-aided 
engineering (CAE) tools for the prediction of wind turbine loads and responses. A streamlined 
CAE tool called FAST was developed through a subcontract between NREL and Oregon State 
University. FAST is a comprehensive aeroelastic simulator capable of predicting both the 
extreme and fatigue loads of two- and three-bladed, horizontal-axis wind turbines.   

 
Figure 2. (a) Layout of a conventional, downwind, two-bladed turbine and (b) a close-up of its hub 
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The FAST code models a wind turbine as a combination of rigid and flexible bodies. For 
example, two-bladed, teetering-hub turbines are modeled as four rigid bodies and four flexible 
ones. The rigid bodies are the earth, nacelle, hub, and optional tip brakes (point masses). The 
flexible bodies include blades, tower, and drive shaft. The model connects these bodies with 
several degrees of freedom. These include tower bending, blade bending, nacelle yaw, rotor 
teeter, rotor speed, and drive-shaft torsional flexibility. The flexible tower has two modes each in 
the fore-and-aft and side-to-side directions. The flexible blades have two flapwise modes and one 
edgewise mode per blade. These degrees of freedom can be turned on or off individually in the 
analysis by simply setting a switch in the input data file. Figure 2 shows the layout of a 
conventional, downwind, two-bladed turbine. 

FAST uses Kane’s method to set up equations of motion that are solved by numerical 
integration. The implemented method makes direct use of the generalized coordinates, 
eliminating the need for separate constraint equations. FAST uses the AeroDyn subroutine 
package developed by Windward Engineering to generate aerodynamic forces along the blade. 
FAST is extensively documented in the FAST User’s Guide. Please refer to it for details on the 
use of the program; it is continuously updated by Jason Jonkman.  

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
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3 Interfacing FAST and MATLAB/Simulink 
FAST is an aeroelastic simulation package composed of many FORTRAN subroutines. 
According to the FAST User’s Guide, FAST “can model the dynamic response of both two- and 
three-bladed, conventional, horizontal-axis wind turbines. A wind turbine configuration may 
optionally include rotor-furling, tail-furling, and tail aerodynamics.”  

3.1 Step-by-Step Preparation 
As a first step, readers should download the latest version of FAST from 
http://wind.nrel.gov/designcodes/simulators/fast/. It is assumed that the reader has already 
installed MATLAB/Simulink. (Version 2012b was used to prepare this document.) FAST 
(version 7.0 was used to prepare this document) includes a MATLAB/Simulink interface, as 
detailed in the FAST User’s Guide (pp. 35–37; included in the FAST download archive). Readers 
should familiarize themselves with the interface and follow the steps presented in the FAST 
User’s Guide to set up and run the interface. Readers should also familiarize themselves with the 
Simulink example models, OpenLoop.mdl and Test01_SIG.mdl, supplied with FAST. The steps 
to interface FAST and MATLAB/Simulink are as follows, in brief: 

1. Download the FAST self-extracting .exe archive file and Fast User’s Guide from the link 
above. 

2. Extract FAST files to a directory of your choice (e.g., C:\FAST). 

3. Copy the files Simsetup.m and OpenLoop.mdl from the C:\FAST\Simulink\Samples folder 
to the C:\FAST\CertTest folder. This folder contains the model input .fst files from many 
certification tests on different turbines. 

4. Run MATLAB. In the command window’s File menu, select Set Path, select Add 
Folder, and, in the browser window that opens, choose the path in which the Simulink 
interface files are stored (in our case, C:\FAST\Simulink\). Save and close the Set Path 
dialog box. 

5. Change the current folder in the command window to the C:\FAST\CertTest folder to be 
able to run Simsetup.m and OpenLoop.mdl.  

6. The following commands should be entered at the MATLAB command prompt to clear 
all variables and close all open files:  

clear all; fclose(‘all’); 

7. At the MATLAB command prompt, type:  

Simsetup  

to run Simsetup.m. Upon running, Simsetup.m will call script Read_FAST_input.m, which 
will then prompt the reader to enter the name of the FAST input file to use.  

8. For now, the user should enter: 

Test01.fst. 
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9. Open the example Simulink model, OpenLoop.mdl, by choosing Open from the File 
menu. The Simulink model should appear as it does in Figure 3 below. (The green block 
in Figure 3 contains the FAST wind turbine blocks shown in Figure 4.)  

10. In the Simulink model window, click on the Simulation menu and then click on 
Configuration parameters. In the Solver Options section, choose fixed-speed as the 
solver type, and choose the ode4 solver. Finally, click on the Play (►) button in the 
Simulink window to run the simulation. 

 

 
Figure 3. Simulink model OpenLoop.mdl 

 
Figure 4. Inside the wind turbine block of the FAST wind turbine model in Simulink 

11. On the first try, the simulation will not run because the Test01.fst file has been set up to 
use the ADAMS preprocessor, which is not available in MATLAB/Simulink. The reader 
has to open and modify the Test01.fst using a text editor, such as Notepad. Find the 
following line near the top of the page: 

OutDataOut1

Yaw Controller

Out1

Torque Controller

Time

To Workspace

Out1

Pitch Controller

Gen. Torque (Nm) and Power (W)

Yaw Position (rad) and Rate (rad/s)

Blade Pitch Angles (rad)

OutData

FAST Nonlinear Wind Turbine

Clock

qdotdot

q

1

OutData

D:2 Dt:double C:0 

Signal Specification2

D:2 Dt:double C:0 

Signal Specification1

FAST_SFunc

S-Function

1
s

1
semu3

Blade Pitch Angles (rad)

2
Yaw Position (rad) and Rate (rad/s)

1
Gen. Torque (Nm) and Power (W)

qdot

qdot q
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and change it to: 

 
 
The reader may now save the file in the same folder under a different name, for example, 
Test01A.fst, and return to Step 6 to repeat the instructions, except load Test01A.fst instead 
of Test01.fst when prompted to in Step 8. 

12. On the second attempt, the simulation should run smoothly. If the user would like to view 
the model outputs, scopes can be added. At the MATLAB prompt, type : 

simulink 
This will open the Simulink Library Browser window. In this window, Scopes can be 
found under the Sinks directory. Drag and drop a Scope from this browser onto the 
OpenLoop.mdl and attach the input of the scope to signal(s) of choice with a wire 
element. Repeat Step 6 through Step 10 (with Test01A.fst). After the simulation, double-
click on the Scope to view the output. 

 
Having become familiar with the OpenLoop.mdl, the reader can explore a slightly more 
advanced model. The file Test01_SIG.mdl is also provided inside the FAST/Simulink archive. 
This model implements an identical induction generator representation to that in the 
OpenLoop.mdl in Simulink rather than in FAST. The reader can find and follow the additional 
steps provided in the commented lines of Simsetup.m to set up and run the model. There are four 
necessary modifications on both Test01.fst and Simsetup.m:  

1. Test01.fst: Change the ADAMSPrep value from 3 to 1. (Step 10 above.) 

2. Test01.fst: Change the VSContrl value from 0 to 3. 

3. Test01.fst: Add “LSSGagVxa” to the OutList. 

4. Simsetup.m: Uncomment the indicated lines for variable initialization. 
 
It should be noted that instructions pertaining to the “OutList” mentioned in Simsetup.m refer to 
the list of outputs provided at the end of Test01.fst. To follow these instructions, add the 
following line on a new line preceding the END statement in Test01.fst: 

 

Rename the edited files, for example to Test01B.fst and SimsetupB.m, respectively. Repeat Step 6 
through Step 10, replacing the Simsetup command with SimsetupB in Step 7 and loading 
Test01B.fst instead of Test01.fst in Step 8. Again, the simulation may not work on the first try, 
and the following error may appear:  

3        ADAMSPrep   - ADAMS preprocessor mode {1: Run FAST, 2: use FAST as a preprocessor to create an 
ADAMS model, 3: do both} (switch) 

1        ADAMSPrep   - ADAMS preprocessor mode {1: Run FAST, 2: use FAST as a preprocessor to create  
an ADAMS model, 3: do both} (switch) 

"LSSGagVxa"  - LSS rotor speed RPM 
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Figure 5. Error diagnostic while running Test01_SIG.mdl 

 
Figure 6. Test01_SIG.mdl in Simulink 

 

Select LSS speed at entrance to gearbox (rpm)

OutDataOut1

Yaw Controller

Time
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Gen speed wrt LSS (RPM) GenTrq, ElecPwr

Simple Induction Generator

Out1

Pitch Controller

f(u)

Fcn
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Blade Pitch Angles (rad)

OutData

FAST Nonlinear Wind Turbine

Clock
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Figure 7. Modified model with Switch, Constant, and Add blocks 

This error occurs because the Simple Induction Generator model does not receive any input for 
the first time step (i.e., no initial condition). Thus, this error can be resolved by modifying the 
model to initialize an input to the generator model. Consider the Test01_SIG.mdl model shown in 
Figure 6. Drag and drop a Constant and a Switch block from the Commonly Used Blocks 
directory and an Add block from the Math Operations directory in the Simulink Library 
Browser. Using these blocks, modify the model as shown in Figure 7. The initialization and zero-
addition ensure that an initial condition is defined to the generator model. The time threshold 
value for the switch is set to t=0.1 s. Also, note the addition of a signal Demux block (from the 
Signal Routing directory). This allows the reader to extract and plot the desired FAST outputs. 

3.2 FAST Files and Data Entry  
Some text editing is necessary to set up the FAST-MATLAB/Simulink interface. Programs such 
as Notepad and Wordpad are sufficient for these tasks. The reader should associate the following 
files: 

• .fst files: These are FAST input files that contain the turbine main parameters that are to 
be loaded by the Simsetup.m file. Many .fst files (Test01.fst through Test17.fst) are 
provided in the C:\FAST\CertTest folder for different turbines under a variety of 
operating conditions. Editing these files is necessary to change the turbine data, control 
methods, simulation conditions, step times, and outputs. 

• .ipt files: These are aerodynamic data files defined under the Aerodyn section of .fst file. 
These files “call” the blade airfoil and wind files (.wnd files). 

• .wnd files: These files contain the wind profiles: speed, direction, etc.  
Editing .fst files was discussed above. The only editing employed for .ipt files is to change the 
name of the .wnd file that the .ipt file calls. These files can be found in the 
C:\FAST\CertTest\Wind folder, which contains multiple .wnd files for different turbine types. 
The Test01.fst file models the AWT-27, a two-bladed downwind turbine. The contents of 
Shr12_30.wnd, a wind file associated with Test01.fst, are presented below: 

! Wind file for sheared 18 m/s wind with 30-degree direction. 
! Time Wind Wind Vert. Horiz. Vert. LinV Gust 

Select LSS speed at entrance to gearbox (rpm)

OutData
Out1

Yaw Controller

Time

To Workspace

Switch

Gen speed wrt LSS (RPM) GenTrq, ElecPwr

Simple Induction Generator

Scope1Scope

Out1

Pitch Controller

Gen. Torque (Nm) and Power (W)

Yaw Position (rad) and Rate (rad/s)

Blade Pitch Angles (rad)

OutData

FAST Nonlinear Wind Turbine

0

Constant2

54

Constant

Clock

Add

RotTorq

LSSGagVxa
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!  Speed Dir Speed Shear Shear Shear Speed 
  0.0 12.0 30.0 0.0 0.0 0.2 0.0 0.0 
  0.1 12.0 30.0 0.0 0.0 0.2 0.0 0.0 
999.9 12.0 30.0 0.0 0.0 0.2 0.0 0.0 
 
For simplicity and future testing of controllers, we recommend editing this file to include a step 
change in the wind speed from 12 m/s to 15 m/s at time t=10 s. For now, all gust and shear 
components can be removed, and wind direction can be assumed to be perpendicular to the plane 
of rotation of the turbine. The file can be saved as a new file, Shr12_30B.wnd, and the 
Test01_AD.ipt file can be modified to call the modified file rather than Shr12_30.wnd. The file 
should look as shown below: 

! Wind with step change at t = 10 s from 12 m/s to 15 m/s. 
! Time Wind Wind Vert. Horiz. Vert. LinV Gust 
!  Speed Dir Speed Shear Shear Shear Speed 
  0.0 12.0 0.0 0.0 0.0 0.0 0.0 0.0 
  9.9 12.0 0.0 0.0 0.0 0.0 0.0 0.0 
10.0 15.0 0.0 0.0 0.0 0.0 0.0 0.0 
999.9 15.0 0.0 0.0 0.0 0.0 0.0 0.0 
 
At this stage, the reader should be comfortable working with FAST and MATLAB/Simulink and 
should be confident about making changes to the model and FAST input files. The reader should 
consult the FAST User’s Guide if additional information is required. The next section focuses on 
creating realistic induction generator models instead of using the ones employed by FAST.  
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4 Wind Turbine Modeling 
Wind turbines are complex electromechanical devices interacting with a changing environment. 
Modelers of wind turbines typically concentrate on the details of subsystems or aspects of a 
turbine that they are interested in while using simplistic representations of other subsystems. In 
particular, aerodynamic modelers of wind turbines tend to oversimplify a turbine’s electrical 
systems; likewise, electrical modelers ignore or oversimplify turbine aerodynamics. These 
approaches may lead to inaccurate and unrealistic models. For example, torque pulsations caused 
by the tower shadow effect observed in downwind turbines may impact electrical systems, but 
most electrical models do not account for this effect. This user’s guide is intended for those 
interested in developing holistic wind turbine models that include detailed aerodynamics and 
structural, mechanical, and electrical systems using the FAST code developed by NREL 
interfaced with the popular MATLAB/Simulink platform.  

Because FAST’s in-built functionality accurately represents wind turbine aerodynamics and 
structures (see the FAST User’s Guide), this guide concentrates on modeling electrical systems in 
MATLAB/Simulink and on how to interface these electrical system models with the FAST code. 
This guide will be particularly useful for non–electrical engineers looking to evaluate turbine 
performance with a realistic generator model. It is assumed that the reader is familiar with the 
MATLAB/Simulink environment and is capable of some simple programming. In the following 
subsection, classification of wind turbine technology is presented from an electrical engineering 
point of view.  

According to differences in generation technology, wind turbines have been classified into four 
basic types: 

• Type 1: Fixed-speed wind turbines 

• Type 2: Variable-slip wind turbines 

• Type 3: Doubly-fed induction generator (DFIG) wind turbines 

• Type 4: Full-converter wind turbines 

Fixed-speed wind turbines (popularly known as the “Danish concept”) are the most basic utility-
scale wind turbines in operation. They operate with very little variation in turbine rotor speed and 
employ squirrel-cage induction machines directly connected to the grid. External reactive power 
support is necessary to compensate for the reactive power consumed by the induction machine. 
Because of the limited speed range in which these turbines operate, they are prone to torque 
spikes that may damage the mechanical subsystems within a turbine and cause transients in the 
electrical circuitry. These turbines may employ stall regulation, active stall regulation, or blade 
pitch regulation to regulate power at high wind speeds. Despite being relatively robust and 
reliable, there are significant disadvantages of this technology, namely that energy capture from 
the wind is suboptimal and reactive power compensation is required. An example of a popular 
fixed-speed wind turbine is the NEG Micon NM64/1500 turbine, rated at 1.5 MW. A schematic 
for a fixed-speed wind turbine is shown in Figure 8.  
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Figure 8. Fixed-speed wind turbine schematic 

Variable-speed wind turbines (the broad category into which the other three dominant 
technologies fall) are designed to operate at a wide range of rotor speeds. These turbines usually 
employ blade pitching for power regulation. Speed and power controls allow these turbines to 
extract more energy from a given wind regime than fixed-speed turbines can. Variable-slip 
turbines employ wound-rotor induction machines that allow access to both the stator and the 
rotor of the machine. The rotor circuit of the machine is connected to an alternating current 
(AC)/direct current (DC) converter and a fixed resistance. The converter is switched to control 
the effective resistance in the rotor circuit of the machine to allow a wide range of operating slip 
(speed) variation (up to 10%). However, power is lost as heat in the external rotor circuit 
resistance. A controller may be employed to vary the effective external rotor resistance for 
optimal power extraction. Reactive power compensation is still required. Vestas OptiSlip 
turbines, such as the Vestas V66 (1.65 MW), were the most successful turbines to employ this 
technology. A schematic for this technology is shown in Figure 9. 

Drive 
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Controls
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Rotor

 
Figure 9. Variable-slip wind turbine schematic 

DFIG turbines remedy the problem of power loss in the rotor circuit by employing a back-to-
back AC/DC/AC converter in the rotor circuit to recover the slip power. Flux-vector control of 
rotor currents allows decoupled real and reactive output power as well as maximized wind power 
extraction and lowered mechanical stresses. Also, these turbines usually employ blade pitching 
for power regulation. Because the converter handles only the power in the rotor circuit, it does 
not need to be rated at the machine’s full output power. The disadvantages of this technology—
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namely, higher cost and complexity—are offset by the ability to extract more energy from a 
given wind regime than the preceding technologies. The General Electric 1.5-MW turbine is an 
example of a successful DFIG implementation; more than 15,000 have been installed. A 
schematic for this technology is shown in Figure 10. 
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Figure 10. DFIG wind turbine schematic 

In full-converter turbines, a back-to-back AC/DC/AC converter is the only power flow path from 
a wind turbine to the grid. Thus, there is no direct connection to the grid, and the converter has to 
be rated to handle the entire output power. These turbines usually employ high-pole-count, 
permanent magnet, synchronous generators to allow low-speed operation, thus allowing the 
elimination of the gearbox to increase reliability. Nonetheless, using induction generators is also 
possible. Also, full-converter turbines offer independent real and reactive power control, and 
they typically employ blade pitching for power regulation. A schematic for this technology is 
shown in Figure 11. Although these turbines are relatively expensive, the increased reliability 
and simplicity of the control scheme vis-à-vis DFIG turbines are attractive features, especially in 
offshore installations where maintenance is costly. Enercon manufactures turbines based on this 
technology, such as the popular E82 2-MW turbine. 
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Figure 11. Full-converter wind turbine schematic 
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Of the four types of turbines, this document focuses on Type 1 and 2 turbines because they show 
the most coupling between mechanical and electrical systems. The next section describes the 
modeling of Type 1 turbines. 

4.1 Type 1 Wind Turbine Model 
Type 1 wind turbines are the least complex utility-scale turbines. They consist of a rotor (blades 
and hub) coupled to a squirrel-cage induction generator through a gearbox. The gearbox and 
generator are situated within the nacelle of the turbine at the top of the tower. The stator of the 
induction generator is connected to the grid through a step-up transformer. A shunt capacitor 
bank is typically added to provide reactive power support. Electrical controls are typically 
minimal, though mechanical controls such as yaw control and blade pitch control may be 
employed. An example model provided in FAST, Test01_SIG.mdl, is a Type 1 turbine models. 
This section covers modifications to Test01_SIG.mdl to improve the existing induction generator 
model, which inadequately represents the generator’s dynamics. The following subsections 
evaluate the deficiencies of the existing models, identify an alternate model, and discuss the 
implementation of the model in Simulink. It also discusses the development of a blade pitch 
angle controller to complete the Type 1 model. Yaw control will be addressed in the future.  

 
Figure 12. Subsystems for a Type 1 turbine model 

4.1.1 Preexisting FAST Type 1 Turbine Models (Steady-State Model) 
Type 1 turbines may be represented as a combination of subsystems. The framework shown in 
Figure 12 is typically used for modeling purposes. For our purposes, FAST performs all the 
functions of the aerodynamic and mechanical blocks, with some additional functionality not 
shown in Figure 12. We chose FAST because of its great fidelity to real-world turbine aeroelastic 
characteristics.  

FAST inherently provides induction generator models. Two parameters in the .fst input file 
govern FAST’s choice of the generator model: VSContrl and GenModel. The parameter 
VSContrl determines if torque is actively controlled (i.e., whether a turbine is fixed-speed or 
variable-speed). If VSContrl is set to 0, the turbine is assumed to be one of fixed speed. FAST 
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then determines which generator model to use based on parameter GenModel, which may be set 
to 1, 2, or 3. Setting GenModel to 1 tells FAST to use a simple generator model, represented as 
an induction machine torque-speed curve, an example of which is shown in Figure 13. 

The generating region is a narrow band on the torque-speed curve, with high-torque variations 
within a small speed range. Type 1 fixed-speed machines typically operate in an even narrower 
region. The torque-speed curve is calculated by FAST from the four parameters in the Simple 
Induction Generator section of the .fst input file. The parameters explained in Table 1 were 
reproduced directly from the FAST User’s Guide (pp. 64). Figure 14 shows the curve based on 
these parameters, based on a linear approximation employed by FAST. (It should be noted that 
this curve is a torque-slip curve rather than a torque speed curve. Slip is an analogy of speed; its 
definition is provided in Table 1.) After FAST outputs a rotor speed value, this value is used as 
an input to the torque calculation. Because of the linear relationship between torque and slip (and 
thus speed), the torque can easily be calculated. This torque is fed back into the FAST turbine 
model. To maintain equilibrium, the generator electrical torque is considered to be equal to and 
in the opposite direction of the aerodynamic torque from the wind, preventing runaway 
acceleration of the rotor and resulting in fixed-speed operation. Power can be calculated by 
multiplying the generator torque, speed, and efficiency factor. 

 
Figure 13. Example of an induction machine torque curve 
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Table 1. Parameters for the Simple Induction Generator Model (VSContrl = 0, GenModel = 1) 

SIG_SlPc  The rated generator slip percentage is the difference between the rated and the 
synchronous generator speed, divided by the synchronous generator speed, and then 
converted to a percentage. This value must be greater than 0, but it is ignored if GenModel 
is not equal to 1 or VSContrl is not equal to 0 (%).  

SIG_SySp This is the synchronous, or zero-torque, generator speed. This value must be greater than 0, 
but it is ignored if GenModel is not equal to 1 or VSContrl is not equal to 0 (rpm). 

SIG_RtTq This is the torque supplied by the generator when running at rated speed. This value must 
be greater than 0, but it is ignored if GenModel is not equal to 1 or VSContrl is not equal to 0 
(N·m).  

SIG_PORt The pullout ratio is the ratio of the pullout torque and the rated torque. The negative of this 
value is also used for the startup torque. This value must be greater than or equal to 1, but it 
is ignored if GenModel is not equal to 1 or VSContrl is not equal to 0. 
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Figure 14. Generation of a torque-slip curve from parameters supplied in Table 1 

The example model Test01.fst employs the simple induction generator model (VSContrl = 0, 
GenModel =1). The parameter GenModel may be changed to 2, in which case a slightly more 
advanced model based on the induction machine single-phase equivalent circuit (shown in Figure 
15) is used. All rotor-side quantities have been referred to the stator side. The circuit is further 
simplified into a Thevenin-equivalent circuit using these quantities before being solved by 
FAST. The induction machine parameters can be found in the Thevenin-Equivalent Three-Phase 
Generator section in the .fst input file. Table 2 explains the parameters in the .fst file and in the 
equivalent circuit in Figure 15. For the equations relating torque and speed that emerge from this 
equivalent circuit model, consult Electric Machinery Fundamentals by S. J. Chapman (McGraw-
Hill 1985). This induction machine equivalent circuit model, though superior to the linear model 
discussed previously, is only a steady-state model and does not adequately represent the 
dynamics of the induction machine. 
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Figure 15. Induction machine single-phase equivalent circuit 

Table 2. Parameters for the Thevenin-Equivalent Model (VSContrl = 0, GenModel = 2) 

TEC_Freq  f This is the line frequency of the electrical grid. This value must be greater than 0 and 
should be 50 (Europe) or 60 (United States), but it is ignored if GenModel is not equal 
to 2 or VSContrl is not equal to 0.  

TEC_NPol   This is the number of poles in the generator. This value must be an even integer 
greater than 0, but it is ignored if GenModel is not equal to 2 or VSContrl is not equal 
to 0. 

TEC_SRes  R1 This is the resistance of the generator stator in the complete circuit. This value must 
be greater than 0, but it is ignored if GenModel is not equal to 2 or VSContrl is not 
equal to 0 (ohms).  

TEC_RRes  R2 This is the resistance of the generator rotor in the complete circuit. This value must be 
greater than 0, but it is ignored if GenModel is not equal to 2 or VSContrl is not equal 
to 0 (ohms).  

TEC_VLL  VLL This is the line-to-line voltage of the generator. This value must be greater than 0 and 
is often 690 in Europe or 480 or 575 in the United States, but it is ignored if GenModel 
is not equal to 2 or VSContrl is not equal to 0 (volts).  

TEC_SLR  X1 This is the leakage reactance of the generator stator in the complete circuit. This value 
must be greater than 0, but it is ignored if GenModel is not equal to 2 or VSContrl is 
not equal to 0. It is usually a small number and close in value to the stator resistance 
(ohms).  

TEC_RLR  X2 This is the leakage reactance of the generator rotor in the complete circuit. This value 
must be greater than 0, but it is ignored if GenModel is not equal to 2 or VSContrl is 
not equal to 0. It is usually a small number and close in value to the rotor resistance 
(ohms).  

TEC_MR  Xm This is the magnetizing reactance of the complete generator circuit. This value must 
be greater than 0, but it is ignored if GenModel is not equal to 2 or VSContrl is not 
equal to 0. It is usually about 10 to 50 times greater than the leakage reactances 
(ohms). 

 

Setting GenModel =3 allows the user to write a user-defined generator model in FORTRAN. 
Nonetheless, we opted to develop generator models using a more visual block diagram 
representation of Simulink. For this purpose, we could not set VSContrl = 0 because FAST 
would require input from Simulink. Setting VSContrl = 1 would cause FAST to use an in-built, 
simple, variable-speed generator model; whereas setting VSContrl = 2 allows users to write their 
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own variable-speed generator model in FORTRAN. Neither of these options was applicable. 
Setting VSContrl = 3 allows input from Simulink, which is desired. This setting is to be used to 
run the example model Test01_SIG.mdl. When VSContrl is no longer zero, the GenModel 
parameter is ignored by FAST and the torque input to the FAST turbine model must come from 
elsewhere; in our case that was Simulink. Although a nonzero value of VSContrl implied 
variable-speed operation, we could still model a fixed-speed turbine. Figure 6 shows the model 
Test01_SIG.mdl. The top left shows a subsystem block labeled “Simple Induction Generator.” 
This block received a speed input from FAST and delivered torque power vectors as output. The 
model inside this block was implemented the same linear torque calculation as in Figure 15, 
solved using Simulink blocks instead of FORTRAN. Double-clicking on the subsystem block 
opened a new window of its internal components, as shown in Figure 15. The low-speed shaft 
(LSS) speed in rpm was converted to the high-speed shaft (HSS) speed ω at the generator in 
radians/sec using the gearbox ratio, defined in the .fst file. Synchronous speed value SIG_SySp 
ωS was then subtracted from the HSS speed. The resulting difference (𝜔 − 𝜔𝑆) was multiplied 
by the torque-speed slope (SIG_Slop), which, from Figure 14, can be written as 𝜏𝑟𝑎𝑡𝑒𝑑

𝜔𝑟𝑎𝑡𝑒𝑑−𝜔𝑆
. The 

resulting output torque was 𝜏 = 𝜏𝑟𝑎𝑡𝑒𝑑
𝜔−𝜔𝑆

𝜔𝑟𝑎𝑡𝑒𝑑−𝜔𝑆
. This output torque was limited to a maximum 

value specified by the pullout torque SIG_PORt. The output torque was multiplied by speed ω 
and efficiency η to give output power (i.e., 𝑃 = 𝜂𝜏𝜔). The torque and power were multiplexed 
into a 2 × 1 vector as a FAST input because this is the way it must be delivered. Note that there 
was a minor error in the example file Test01_SIG.mdl. The efficiency was specified in percent 
rather than per unit, hence the output power from the model was 100 times larger than the actual 
output in watts. Thus, we divided the power results by a factor of 100 before plotting. It appears 
that FAST does not use the power value, so this anomaly did not affect the simulation results. To 
run the simulation, please follow the steps prescribed in Section 3 for Test01_SIG.mdl, using the 
modified wind file Shr12_30B.wnd, which has a step change in the wind speed. 

Gen speed wrt LSS (RPM) GenTrq, ElecPwr

Simple Induction Generator

 
Figure 16. Torque calculation from speed, implemented in Simulink 
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Figure 17. Example of a MATLAB scope output during run time 
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Figure 18. Torque, speed, and output power from Test01_SIG.mdl with a step change in the wind 

speed  

The results showed that a significant step change in wind speed, from 12 m/s to 15 m/s, caused a 
very small (less than 1%) change in the HSS speed (from 128 rad/s to 128.5 rad/s). However, the 
output torque and power showed large changes. There was no yaw or pitch control in place. The 
oscillations in the quantities were probably the result of the torque shadow effect, a phenomenon 
caused by changing aerodynamic torque resulting from the tower interrupting the wind flows in 
downwind turbines. This model does not have the capability to change the electrical excitation to 
the generator because it was effectively connected to a perfect fixed-voltage, fault-proof, 
“infinite” bus. Thus, the electrical faults and their influence on the quantities associated with 
turbine performance cannot be simulated.  

4.1.2 Dynamic Induction Machine Model  
Induction machines are highly nonlinear devices. Standard nonlinear dynamic induction machine 
models are widely used. Many preexisting MATLAB/Simulink induction machine models are 
available, some of which can be acquired from Mathworks through the SimPowerSystems 
Simulink toolbox. Other Simulink models are freely available, such as those developed by Chee 
Mun Ong for his popular book Dynamic Simulation of Electric Machinery. These Simulink 
models are available at http://cobweb.ecn.purdue.edu/~ong/book_projects/c6/. We employed 
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these models in this document. The reader should download all files in the online repository to 
the C:\FAST\CertTest folder, which is the MATLAB working directory. We recommend that the 
reader becomes familiar with these models, using Ong’s book as a reference. We used the 
induction motor model in the S1.mdl file, shown in Figure 19. This machine model will later be 
configured as a generator model.  

 
Figure 19. Induction machine model S1.mdl 

As shown on the left of Figure 19, three voltage signals were generated, which took the form of 
𝑉 = 𝑉𝑚𝑐𝑜𝑠(𝜔𝑡 + 𝜃). The signals were time-shifted by 120° from each other, with θ taking the 
values of 0°, -120°, and +120° for phases a, b, and c respectively. The three-phase voltages were 
then transformed into two orthogonal vectors (d-axis and q-axis) and a DC component (0-axis) 
using the dq0 transformation, also known as Park’s transformation, the details of which can be 
found in Analysis of Electric Machinery by P.C. Krause (McGraw-Hill 1998). This 
transformation was performed to facilitate easier analysis. Equations for the machine dynamics 
for the stator and rotor were solved separately. The currents were calculated from the voltages, 
and the electrical torque was calculated from the current. This model also included a one-mass 
mechanical model of the motor. Two opposing torques acted on the machine shaft—a 
mechanical one caused by the driven load and an electrical one caused by the winding currents. 
The sum of the opposing torques gave the net torque, from which acceleration and speed could 
be calculated. If constant speed operation is desired in a motor, the torques must be equal and in 
the opposite direction. Currents were converted back to abc-phase currents and summed. They 
should sum to 0, unless there is an unbalance in the input voltage(s) (i.e., voltage magnitude in 
one or two phases deviates from the nominal value). It should be noted that the 0-axis voltage 
and current will present only if there is voltage unbalance. The reader should note the 
initialization block in the top right corner of Figure 19. Double-clicking this block runs the file 
m1.m, which initializes some variables for the simulation. File m1.m in turn calls p1hp.m, which 
loads the induction machine parameters.  
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Once comfortable with S1.mdl, the reader can proceed to interfacing this machine model with 
FAST. The steps for this interfacing are as follows: 

1. Open the Simulink models Test01_SIG.mdl and S1.mdl. From the Ports & Subsystems 
directory of the Simulink library browser, input a Subsystem block to the 
Test01_SIG.mdl.  

2. Double-click on the newly added Subsystems block. The newly opened window will 
show an input port directly connected to an output port. Delete the connection between 
the two. Copy input 1 and paste it back in. This will provide the second input port (i.e., 
input 2). In this example, input 1 is for the clock signal and input 2 is for the speed signal 
from FAST. Modify the input and output port labels accordingly by double-clicking the 
labels. Close the subsystem window. In the main Simulink window, double-click the 
subsystem label and enter a label of choice, for example “Induction Machine Model,” as 
shown in Figure 20.  

3. Delete the Simple Induction Generator block from the Test01_SIG.mdl. 
4. In the main Simulink window, connect the Induction Machine Model’s input 1 to the 

Clock signal and input 2 to the speed signal LSSGagVxa from FAST. Connect the 
Induction Machine Model’s output to the FAST Gen. Torque (Nm) and Power (W) input. 
The model should appear as shown in Figure 16. 
 

 
Figure 20. Modified Test01_SIG.mdl showing the Simple Induction Generator block replaced with 

the Induction Machine Model block  

Double-click on the subsystem. Copy all the blocks from S1.mdl into the Induction 
Machine Model in Test01_SIG.mdl. Inside this subsystem, delete the initialization Clock 
blocks. Connect the input 1 to the input of the “omega*t” Gain block and to the white 
block labeled Mux. 

5. From the Simulink Library browser, drag and drop into the subsystem four Gain blocks 
and a Product block from the Math Operations directory, a signal Terminator block 
from the Sinks directory, and a Mux block from the Signal Routing directory. These 
blocks are shown in Figure 21. 
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Figure 21. Blocks for the subsystem (Gain, Product, Terminator, and Mux) 

6. Label the Gain blocks and enter the gain values according to Table 3. 
Table 3. Gain Block Data 

 

Gain =-1, to change the sign of the electrical output torque of the induction generator. 
This is required because FAST needs a positive torque input, but the convention for 
electrical machinery is negative electrical torque when the machine acts as a generator. 

 

Gain = 2*60*pi/3, to change the per unit speed required by the induction machine 
model to radians per second.  

 

Gain = GBRatio, to change the LSS speed from FAST to HSS speed. This block is 
used in conjunction with the block below. The parameter GBRatio can be found in the 
input .fst file. 

 

 

Gain = 3*(pi/30)/(2*pi*60) = 1/1200 to change the HSS speed to per-unit speed 
required by the induction machine model. 

 

7. Modify the induction generator model to use a speed input from FAST. Navigate to the 
induction machine component labeled Rotor. This component performs two functions: it 
calculates electrical torque from currents and contains a one-mass mechanical model to 
calculate the machine rotational speed. We bypassed the mechanical model of this 
component because FAST already has a refined mechanical model. To do this, set the 
constant Tmech = 0 because it will not be used, disconnect output speed ωb/ωr from the 
other blocks, and terminate it using the terminator because the speed input from FAST 
will be used instead. Connect input 2 to the input of “GBRatio” Gain block, and connect 
the output of this gain block to the input of “RPM to pu speed” Gain block. The output of 
this block is the per unit speed. This per unit speed signal can be used, instead of ωb/ωr, 
as an input to the blocks that require it. Thus, it can be connected to the blocks from 
which the ωb/ωr signal was connected. The inputs have now been configured. 

8. Proceed to the outputs. Connect the electrical torque signal Tem from the Rotor block to 
the input of the “torque gain” Gain block. This is to invert the torque so that FAST can 
receive a positive value. The output of this gain block can be connected to the top input 

TerminatorProduct
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Gain
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torque gain

-K-
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-K-

GBRatio

RPM to pu speed
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of the newly added Mux block and to one of the inputs of the Product block. Connect the 
per unit speed output to the input of the “omega*t2” Gain block to get speed in radians 
per second. Connect the output of this block to the remaining input of the Product block 
so that the product of torque and speed gives the output power. Connect the output of this 
block to the lower input of the Mux block. Connect the output of the Mux block to the 
output port 1 of the subsystem. The output is now configured. 

9. Ensure that the model is initialized with the correct data. Open p1hp.m and find the 
following statements: 
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Copy this entire section and paste it into SimsetupB.m. Change the values to the ones 
shown below. Note that changing J, H, and Domega is inconsequential because the rotor 
one-mass model has been bypassed. The data here is for a 500-hp, 4-pole machine from 

% Parameters of machine used in Projects 1 and 3 of Chapter 6  

  

Sb = 750;   % rating in VA 

Prated = 750;   % output power in W 

Vrated = 200;   % rated line to line voltage in V  

pf = 0.8; 

Irated = Sb/(sqrt(3)*Vrated*pf); % rated rms current 

P = 4;      % number of poles 

frated = 60;    % rated frequency in Hz 

wb = 2*pi*frated;   % base electrical frequency 

we = wb; 

wbm = 2*wb/P;   % base mechanical frequency 

Tb = Sb/wbm;    % base torque 

Zb = Vrated*Vrated/Sb;  %base impedance in ohms 

Vm = Vrated*sqrt(2/3);  % magnitude of phase voltage 

Vb = Vm; % base voltage 

Tfactor = (3*P)/(4*wb); % factor for torque expression 

  

rs = 3.35;  % stator wdg resistance in ohms 

xls = 6.94e-3*wb;% stator leakage reactance in ohms 

xplr = xls;     % rotor leakage reactance 

xm = 163.73e-3*wb;  %stator magnetizing reactance 

rpr = 1.99; % referred rotor wdg resistance in ohms 

xM = 1/(1/xm + 1/xls + 1/xplr); 

J = 0.1;        % rotor inertia in kg m2 

H = J*wbm*wbm/(2*Sb); % rotor inertia constant in secs. 

Domega = 0; % rotor damping coefficent 
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Analysis of Electric Machinery by P. C. Krause, with slight adaptation to represent the 
250-kW, 6-pole machine employed in the AWT-27 turbine: 

 

Sb = 277777.777;    % rating in VA 

Prated = 250000;    % output power in W 

Vrated = 2300;  % rated line to line voltage in V  

pf = 0.9; 

Irated = Sb/(sqrt(3)*Vrated*pf); % rated rms current 

P = 6;      % number of poles 

frated = 60;    % rated frequency in Hz 

wb = 2*pi*frated;   % base electrical frequency 

we = wb; 

wbm = 2*wb/P;   % base mechanical frequency 

Tb = Sb/wbm;    % base torque 

Zb = Vrated*Vrated/Sb;  %base impedance in ohms 

Vm = Vrated*sqrt(2/3);  % magnitude of phase voltage 

Vb = Vm; % base voltage 

Tfactor = (3*P)/(4*wb); % factor for torque expression 

  

rs = 0.262; % stator wdg resistance in ohms 

% xls = 6.94e-3*wb;% stator leakage reactance in ohms 

xls = 1.206; 

xplr = xls;     % rotor leakage reactance 

% xm = 163.73e-3*wb;    %stator magnetizing reactance 

xm = 54.02; 

rpr = 0.187;    % referred rotor wdg resistance in ohms 

xM = 1/(1/xm + 1/xls + 1/xplr); 

J = 0.1;      % rotor inertia in kg m2 

H = J*wbm*wbm/(2*Sb); % rotor inertia constant in secs. 

Domega = 0; % rotor damping coefficient 
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10. Open m1.m, find the following lines, and copy them into SimsetupB.m. These are the 
initial values used for the dq0 transformation: 

 

11. The simulation is almost ready to be run. In the Simulink window, change the solver to 
variable-step, ode45 (Dormand-Price), because the presented induction machine model 
will be unstable with the ode4 solver. Type “SimsetupB” at the MATLAB command 
window, and, when prompted, enter the required .fst file; in our case, Test01B.fst. 
Proceed to run the simulation and observe the results. Note that the simulation will be 
very slow (it ran for more than 30 minutes using our computer) because the variable-step 
solver chose a very small time step. The reader should see results in agreement with those 
in Figure 22. 

 
Figure 22. Simulation results using the Dynamic Induction Machine Model 

To speed up the simulation, two small changes need to be made. In the abc2qds block, 
disconnect the last input (i.e., the non-voltage input that receives the current sum). 
Instead, connect a Constant block with value of 0. This approximation is valid under 

Psiqso = 0; % stator q-axis total flux linkage  

Psipqro = 0; % rotor q-axis total flux linkage  

Psidso = 0; % stator d-axis total flux linkage  

Psipdro = 0; % rotor d-axis total flux linkage  

wrbywbo = 0; % pu rotor speed 
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almost all conditions, except for severe voltage unbalance. This removes an algebraic 
loop from the simulation, allowing the use of a fixed-step ode4 solver. Also, open the .fst 
input file and change the time-step DT to 0.0005 seconds. Find the following line in 
Test01B.fst: 

 
and change it to: 

 
Upon re-running the simulation, the results should be identical to the ones shown in 
Figure 18, but the simulation should complete faster (e.g., it took 10 to 15 minutes using 
our computer). 

The Figure 22 results showed some differences from those shown in Figure 18. The torque and 
power were fairly similar in the two sets, but the speeds differed. This is because the more-
complex induction machine model had a different (steeper) torque-slip characteristic than that of 
the simple linear model employed to obtain the results shown in Figure 18. If the reader closely 
observes the waveforms at the instant of the wind speed change (t =10 s), additional dynamic 
behavior from the complex model can be observed in the results.  

With the completion of these steps, we successfully interfaced FAST with a dynamic model of 
an induction generator. We can now observe how the electrical system interacts with the FAST 
model. In Section 6, we discuss the effects of voltage sags or faults at the machine terminals of 
this WTG.  

4.1.3 Addition of Pitch Controller 
This section describes the inclusion of a pitch controller. The rotor power coefficient CP 
determines the proportion of available aerodynamic power a turbine can extract. This value 
depends on the blade pitch angle. Rotating each blade about its longitudinal axis changes the 
pitch angle, modifying CP, and thus changing the power extracted from the wind. An example of 
relation between CP and tip speed ratio for different pitch angles is shown in Figure 23. Blade 
pitching can be achieved precisely and quickly with the use of electric servomotor controls, 
allowing smooth control of the output power. Most wind turbines rated above 0.5 MW employ 
the pitch control method for power regulation. Another purpose of the pitch controller is to 
prevent the aerodynamic input power and torque from exceeding the ratings of the electric and 
mechanical equipment at wind speeds higher than rated wind speed. 

0.004    DT          - Integration time step (s) 

0.0005   DT          - Integration time step (s) 
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Figure 23. Change in CP curves with change in pitch angle (beta) 

There is a nonlinear relationship between the blade pitch angle and rotor power coefficient, and 
any controller design must take this into account. Blade pitch angle actuators must also be able to 
contend with dynamic torques acting on the turbine blades while pitching them. We implemented 
a simple pitch controller in Simulink that uses power and speed inputs to set an appropriate blade 
pitch angle.  

The FAST block in Simulink allows users to develop their own pitch controllers, which provide 
the pitch angle command to FAST through the specified input port, as shown in Figure 24. An N 
× 1 vector of pitch angle inputs is required, where N is the number of blades a turbine employs; 
in the case of AWT27, N = 2. With the configuration at this point, the pitch angle command 
supplied from Simulink is ignored by FAST. To use the command, the user will have to edit the 
.fst input file to change the pitch control mode. In Test01B.fst, find the following line: 

 

Change the PCmode parameter value from 0 to 2: 

 

After this change has been made, the FAST Simulink block will begin using the pitch 
controller’s command from Simulink.  

0        PCMode      - Pitch control mode {0: none, 1: user-defined from routine PitchCntrl, 2: user-defined from Simulink} 
(switch 

2        PCMode      - Pitch control mode {0: none, 1: user-defined from routine PitchCntrl, 2: user-defined from Simulink} 
(switch) 
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Figure 24. Pitch control inputs to FAST block and dummy pitch controller 

Next, double-click the dummy pitch controller block supplied with the model to modify it. The 
default settings in the dummy pitch controller block result in an input of a series of 0 pitch angle. 
The following blocks need to be inputted from the Simulink Library Browser and connected, as 
shown in Figure 25 (b): two Input ports for the power and speed inputs, two Constant for power 
and speed references, a Gain, three Additions, a PID Controller, a Transfer Function, a Rate 
Limiter, a Mux block, and a Manual Switch block.  

 
(a) Content of the dummy pitch controller block  

 
(b) Replacement of the dummy controller with pitch control implementation 

Figure 25. Contents of the pitch controller block before and after modification 

Set the Constant block associated with input 1 (i.e., the reference speed) to “120*pi*1.01/3.” 
Effectively, this value causes the pitch controller to ensure that the slip stays at approximately 
1% of the synchronous speed. The Constant block associated with input 2 (i.e., the reference 
power) should be set to “250000” to ensure that output power does not significantly exceed 250 
kW. The inputs should be subtracted from these reference quantities, as shown in Figure 25 
(b).The power error was multiplied by a gain of 1e−4 to limit its influence on the controller 
output. The errors were summed, and the sum was inputted to a PI controller.  
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Figure 26. PI controller settings for the pitch controller 

Note the default setting of the PID Controller block. The user should change the block to a PI 
Controller, as shown in the drop-down menu in Figure 26. Gains and limits can also be set as 
shown in Figure 26. The PI Controller output is smoothed using the Transfer Function 
block � 1

0.1𝑠+1
� , and fed to a Rate Limiter (for pitch rate limits of +0.1 and −0.1 rad/sec). The rate 

limiter output is fed to both inputs of a Mux block to generate a 2 × 1 vector to represent the 
pitch angle of a two-bladed turbine. Output of the Mux block is fed to one input of the Manual 
Switch while another input is connected to the preexisting zero Constant block. This way, the 
user can manually enable or disable the pitch controller by connecting the switch to the Mux or 
the zero Constant blocks, respectively. In this example, the user should enable the pitch 
controller. 

In the main Simulink window, drag and drop a Gain, a Demux, and a Terminator block. Set the 
value within the gain block to “GBRatio*pi/30”, which will convert the LSS speed in RPM to 
HSS speed in rad/sec. Connect the input 1 of the Pitch Controller block to the output of this Gain 
block, and connect the input of the Gain block to the LSS speed signal, as shown in Figure 27. 
Connect the input 2 of the Pitch Controller block to the lower output of the recently added 
Demux block. Connect the upper output of the Demux to the terminator; this is a torque signal 
that is not required. Connect the input of the Demux block to the output of the Induction 
Machine Model block, carrying the torque and power signals to FAST, as shown in Figure 27. In 
this example, the simulation run time in Test01B.fst (parameter of TMax) should be changed to 
40s. 
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Figure 27. Connections in the main Simulink window 

 
Figure 28. Results with pitch controller enabled 

Now, with the pitch controller implemented, run the simulation in a similar fashion, as before. A 
scope should be connected to the Pitch Controller’s output. After the simulation, the results 
should agree with those shown in Figure 28. Note that there was no jump in HSS speed at t = 10 
s as there was in the examples shown in Figure 22 or Figure 18. Also, note the output of the pitch 
controller shown in Figure 29. The pitch angle is shown in degrees. The pitch controller was 
initially active during startup before reaching a steady-state value of 0. When the wind speed 
changed at t = 10 s, the controller became active and moved to a negative value to spill the 
excess aerodynamic power and maintain a slip of 1%. It stabilized at an average value of -1.5°, 
but oscillated because of the tower shadow effect. 
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Figure 29. Pitch controller output 

Comparing the results shown in Figure 29 to those shown in Figure 22 demonstrates that the 
speed change and output power change were limited by the Pitch Control action. This verifies 
that the pitch controller implementation is functional. The user may modify the settings within 
the Pitch Controller block and observe the effects in the response. The next section describes the 
modification of the Type 1 turbine model with the addition of a rotor resistance controller to 
create a Type 2 model.   

Dynamic model of Type 1 turbines using the SimPowerSystems toolbox in Simulink have also 
been developed. Despite having less utility for academic purposes than the aforementioned 
model, because the machine characteristics are hidden, these models are more useful for 
engineers because they can be coupled with grid and other power system device models built in 
SimPowerSystems. The performance of these models is identical to that of the model described 
above. The Type 1 Turbine SimPowerSystems model is shown in Figure 30. 
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Figure 30. Type 1 turbine SimPowerSystems model 

4.2 Type 2 Wind Turbine Model 
As previously mentioned, Type 1 fixed-speed turbines, although simple, have disadvantages. The 
very narrow allowable speed range causes high torques acting on the mechanical and electrical 
components every time the wind speed changes. Type 2 turbines, also known as variable-slip 
turbines, seek to rectify the shortcomings of Type 1 turbines. Variable-slip turbines employ 
wound-rotor induction machines. Brushes and slip rings are used to access the rotor windings. To 
achieve the desired output power, the torque-slip (and consequently the power-slip) curve of the 
machine is modified by varying the effective external rotor resistance. The higher the external 
rotor resistance, the higher the slip.  

The use of a mechanically-variable resistor in each phase is impractical, slow, and expensive; 
therefore, a power electronic AC/DC converter and a static resistor are employed to achieve the 
same effects. The converter typically consists of a three-phase diode bridge rectifier and an 
insulated-gate bipolar transistor (IGBT) chopper. The diode bridge rectifier consists of six diodes 
(three legs with two diodes each) and converts the three-phase AC voltages at the rotor terminals 
to a DC voltage. The AC/DC conversion is employed because it reduces the number of required 
IGBTs from three (one for each phase) to one. The IGBT is employed on the DC side of the 
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diode bridge rectifier. When the IGBT is in the on state, it shorts the rotor circuit, reducing 
external rotor resistance to near zero. When it is in the off state, the external resistance is not 
bypassed and forms a part of the rotor circuit. By varying the duty cycle of the IGBT switching, 
the effective rotor resistance of the machine can be varied. The effective rotor resistance is a 
value between zero and the fixed value of the external resistor. The higher the duty cycle, the 
lower the effective external resistance is. A detailed explanation of the effects of external 
resistance on the torque-slip characteristics of the wound-rotor induction machine, and a 
controller to change external resistance, are described in the following subsection. 

Wound-rotor induction 
generator

Grid bus

Reactive power 
compensation

Step-up transformer

Slip 
controller

Speed Power

PWM 
pulses

External 
resistor

Rotor circuit
IGBT

3-phase diode 
bridge

 
Figure 31. Power converter for external resistance control in variable-slip turbines 

The effective external resistance can be varied smoothly to allow the machine to operate at 
different operating speeds for the same output power. This flexibility reduces the strain on the 
gearbox and allows maximum power point tracking (i.e., maximizing aerodynamic power 
extraction from the wind). However, some portion of the extracted energy is lost in the rotor 
resistances as heat. Also, reactive power compensation is still required in variable-slip turbines.  

4.2.1 Rotor Resistance Control Concept 
The equivalent circuit of a wound-rotor induction machine with external rotor resistance is 
shown in Figure 32. The role of the rotor circuitry described in Figure 31 is to achieve variable 
resistance in the rotor circuit. 
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s
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Figure 32. Induction machine equivalent circuit with external resistor present 

 
Figure 33. Example torque-speed curves with different values of external rotor resistance Rext 

(expressed per unit of internal rotor resistance R2) 

A variable resistor is present in each phase because the equivalent circuit represents each phase 
of a balanced three-phase circuit. A desired torque value can thus be achieved at many different 
speeds by varying the external rotor resistance, as shown in Figure 33. The model described here 
lumps the two resistances R2 and Rext into one combined rotor resistance Rrotor. We did not 
explicitly model the power electronics or resistances, but rather calculated a value of the 
resistance and input this value into the model.  

4.2.2 Implementation 
In our implementation, we attempted to deliver constant effective rotor resistance, thus constant 
torque, within a given range of rotational speed. This may be expressed by the equation 𝑅2

𝑠𝑟𝑎𝑡𝑒𝑑
=

𝑅2+𝑅𝑒𝑥𝑡
𝑠𝑛𝑒𝑤

= 𝑅𝑟𝑜𝑡𝑜𝑟
𝑠𝑛𝑒𝑤

. The external resistance value was chosen such that, whatever the new value of 
slip was, the effective rotor circuit resistance remained the same. The user will need to make 
some modifications to input a rotor resistance value to the induction machine model. These 
modifications involve replacing all constant rotor resistance values rpr (see SimsetupB.m) with 
variable input. Consider the diagram of the induction machine model shown in Figure 19 (i.e., 
within the “Induction Machine Model” subsystem). Note the subsystems labeled “Qaxis” and 
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“Daxis.” Double-click the Daxis subsystem. The contents of the subsystem are shown in Figure 
34.  

 
Figure 34. Original contents of “Daxis” subsystem 

 
Figure 35. Modified contents of “Daxis” subsystem 

Note that the expression of Fcn2 block, following the Mux1 block, makes use of the constant rpr. 
Each of the multiplexed signals is represented by u[1], u[2], and u[3]. A fourth signal, u[4], 
needs to be added to replace the rpr. To do this, double-click on the Mux1 block and change the 
number of inputs from three to four. A fourth input port will appear. Copy the input port 2 and 
paste it back in. It will create the input port 3. Modify the label of the input port 3 to “RotorRes.” 
Connect this input port to the fourth input of Mux1. Double-click the Fcn2 block and replace the 
string “rpr” with “u” [4]. The modified diagram is shown in Figure 35. An identical process must 
be followed with the “Qaxis” subsystem, as shown in Figure 36 and Figure 37.  
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Figure 36. Original contents of “Qaxis” subsystem 

 
Figure 37. Modified contents of “Qaxis” subsystem 

With these modifications, the “Daxis” and “Qaxis” subsystems will each have an additional input 
port for the Rrotor value. A controller needs to be developed to generate this resistance value. 
Double-click the Induction Machine Model subsystem. From the Simulink Library Browser, 
drag and drop a new Subsystem block into this subsystem. Label this subsystem “RotorResCtrl.” 
Double-click the “RotorResCtrl” subsystem. It will contain one input port connected to one 
output port. Delete the connection between them, copy input port 1, and paste it back in to obtain 
the input port 2. Label input 1 as “HSS Speed (rpm)” and input 2 as “Power (W).” Label output 1 
as “Rrotor.” In the Induction Machine Model subsystem, connect the output of the 
“RotorResCtrl” subsystem to the free inputs of the “Daxis” and “Qaxis” blocks. Connect the 
input 2 of the “RotorResCtrl” (i.e., the power) to the output power from the induction machine 
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and the input 1 (HSS speed in rpm) to the output of the “GBRatio” gain block, as shown in 
Figure 38. 

The content of the “RotorResCtrl” can now be configured, as shown in Figure 39. The user can 
obtain the required blocks from the Simulink Library Browser. The control technique in this 
subsystem is to calculate a rotor resistance value using the speed input and adjust it within a 
small range using the power input. We first converted the speed input from rpm to rad/sec, then 
used it to calculate slip 𝑠𝑛𝑒𝑤 = 𝜔𝑛𝑒𝑤−𝜔𝑠𝑦𝑛

𝜔𝑠𝑦𝑛
. This slip value was used to calculate the desired rotor 

resistance in Ω as 𝑅𝑟𝑜𝑡𝑜𝑟 = 𝑅2  𝑠𝑛𝑒𝑤
𝑠𝑟𝑎𝑡𝑒𝑑

, then added to the output of the PI Controller based on the 
power input and reference power comparison. It is important to note the output of the PI 
controller is limited to 0.1 Ω. 

 
Figure 38. Modified “Induction Machine Model” subsystem with new “RotorResCtrl” subsystem 
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Figure 39. Blocks and connections within the “RotorResCtrl” subsystem 

In Figure 39, the value of Constant1 (i.e., the reference power in Watts) was set to “223000”; 
whereas the value of Constant2 (i.e., the mechanical synchronous speed in rad/sec) was set to 
“2*60*pi/3,” because the frequency was 60 Hz and there were three pole-pairs (six poles). The 
Gain block directly after the speed input was set to “pi/30” to convert HSS speed in rpm to 
rad/sec. The Gain block “R2/s_rated” was set to a value of “0.187/0.0095,” because 0.187 Ω was 
the value of R2 (i.e., the rpr) and 0.0095 was the rated slip for this machine. Gains and limits for 
the power PI Controller block are shown in Figure 40. A saturation block was placed to limit the 
maximum value of Rrotor between rpr (0.187 Ω) and 2 Ω. A manual switch was provided to 
enable or disable the controller. If it is desired to disable the controller, the user can switch the 
output to a constant value of 0.187 Ω, ensuring that the simulation runs as if the controller were 
not present and rotor resistance were rpr = 0.187 Ω as before. In this example, the controller 
should be enabled at this time. 

 

Figure 40. Gains and limits for power PI controller in “RotorResCtrl” subsystem 

One more modification is required, this time to the pitch controller block (see Figure 25 (b)). 
Because a higher slip can be allowed now, we changed the Constant4 (i.e., the reference value 
associated with the speed input 1) from “120*pi*1.01/3” to “120*pi*1.06/3,” allowing a speed 
change of up to 6% before the pitch controller was activated. A scope can be added to monitor 
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the value of rotor resistance (i.e., the output of the “RotorResCtrl” subsystem). The simulation 
can now be run. 

4.2.3 Type 2 Turbine Model Results 
The simulation results are shown in Figure 41−Figure 43. Figure 42 shows the value of rotor 
resistance in Ω. After the initial transient, the rotor resistance reached steady-state value at the 
original value of 0.187 Ω, until at t = 10 s, when the wind speed change occurred. Then, the rotor 
resistance began to increase, and it eventually stabilized at approximately 0.8 Ω. Note the 
oscillations in the rotor resistance. Again, these were caused by the torque pulsations arising 
from the tower shadow effect. The rotor resistance controller effectively damped out the torque 
pulsations, smoothing the torque waveform. 

 
Figure 41. Rotor resistance variations 

 
Figure 42. Pitch angle variations with rotor resistance controller present and enabled 
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Figure 43. Results with pitch and rotor resistance controller present 

Because of the damping effect from the rotor resistance controller on the torque oscillations, the 
output power oscillations were also damped. Also, the pitch controller output shows that the 
oscillations were smaller than those shown in Figure 29. The speed variation was larger, with an 
observed maximum speed variation (i.e., slip) of approximately 6%. Allowing this speed 
variation by changing the rotor resistance smoothed the torque and power waveforms. These 
less-oscillatory conditions are much friendlier to the mechanical and electrical components of a 
turbine. This is one of the primary reasons variable-speed turbines are preferred in the real world. 
The implemented rotor resistance controller was proven effective to modify the Type 1 to Type 2 
turbine model.  

Dynamic Type 2 wind turbine models have also been developed using the SimPowerSystems 
toolbox in Simulink. Despite having less utility for academic purposes than the aforementioned 
model, because the machine characteristics are hidden, these models are more useful for 
engineers because they can be coupled with grid and other power system device models built in 
SimPowerSystems. The performance of these models is identical to that of the model described 
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above. An example of a Type 2 SimPowerSystems model is shown in Figure 44. In this model, 
the effective resistance of a single external resistor is modulated using an IGBT that has a duty 
cycle, which was the control variable. The IGBT was switched using a rotor resistance control 
command overlaid onto a PWM signal. Models of other external rotor resistance control methods 
have also been developed. 

 
Figure 44. Type 2 wind turbine model using SimPowerSystems  

4.3 Type 3 Turbine Model—SimPowerSystems 
A Type 3 (DFIG) turbine model has also been developed using the MATLAB SimPowerSystems 
toolbox. This model is a phasor model [7]; it treats the power system as a balanced three-phase 
fixed-frequency network in which each phase voltage is identical in magnitude but out of phase 
by 120 degrees. Phasor simulation replaces the differential equations representing the network 
with a set of algebraic equations at a fixed frequency. Phasor simulation facilitates transient 
stability studies of systems with multiple machines. Phasor simulations, also known as positive 
sequence simulations, cannot be used to study unbalanced events. This model is better adapted to 
simulate the low-frequency electromechanical oscillations within seconds to minutes. However, 
they can also be useful for a variety of other studies. Another technique available to simulate a 
generator is to use a three-phase representation, in which an unbalanced simulation can be 
performed. The unbalanced conditions may come from the grid unbalanced voltage (faults, dips, 
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or other transients) or unbalanced grid impedance. The model developed so far does not account 
for these factors, but will do so in the future. 

 
Figure 45. Type 3 wind turbine connection diagram 

Type 3 WTGs (as shown in Figure 45) are variable-speed wind turbines with DFIGs. A DFIG is 
operated in variable-speed mode using a partial-size power converter connected to the rotor 
winding of the WRIG. The stator winding of the WRIG is connected to the grid at a frequency of 
60 Hz. This turbine type is probably the most popular type available in the market, and it has 
been deployed in large numbers. A WTG is normally operated between 30% slip (i.e., 
subsynchronous speed) and -30% slip (i.e., supersynchronous speed), and the converter is 
typically at approximately 30% of rated output power. The power converter performs a back-to-
back AC/DC/AC conversion using two pulse-width modulation–switched voltage-source 
inverters coupled with a DC link. A crowbar circuit is also provided as protection, to allow 
shorting the rotor circuit, if necessary.  

A Type 3 WTG has a torque characteristic that is a quadratic function of the rotational speed. 
Type 3 WTGs allow maximal extraction of wind power because their output power can be 
electronically controlled to follow the optimal power curve. The optimal power curve is a cube 
function of the rotational speed. If the rotor speed exceeds its rated value, the pitch controller 
must be deployed to limit the rotational speed at its rated speed. If the pitch controller cannot 
control the aerodynamic power of a wind turbine, a WTG may experience a runaway event. Note 
that the speed range of a Type 3 WTG is much larger than the speed range of a Type 1 WTG; 
thus, the kinetic energy stored in the rotating blades and other components within a wind turbine 
is sufficiently large, and the output of the generator is not impacted as much by the wind 
fluctuations and turbulence because some of the energy is stored and restored in the kinetic 
energy of the rotating mass.  

MATLAB/Simulink’s SimPowerSystems toolbox provides an example phasor model of a DFIG 
turbine with highly simplified mechanics. We modified this model and replaced the basic 
aerodynamic and mechanical aspects with the FAST Simulink block. A top-level view of the 
model is shown in Figure 46. Considering that the Type 3 WTG is presently the most popular 
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turbine installed globally, a more detailed description of SimPowerSystems’ implementation of a 
Type 3 WTG is given in Appendix B. 

The DFIG (light blue) block model was previously supplied with a torque input, but because 
FAST handles all the calculations for the two-mass (generator and turbine) shaft model, the 
generator can be provided directly with a speed input instead. Within the generator block, the 
two-mass shaft sub-model was bypassed. This generator model does not include a crowbar or 
DC chopper. A pitch control subsystem not present in the original model was added as well, 
based on the one designed for the previous turbine models. Some results from this model are 
provided in Section 6, in which this model was also used to test the efficacy of stress damping 
controllers. 

 
Figure 46. Type 3 wind turbine model using SimPowerSystems 

4.4 Type 4 Turbine Model—SimPowerSystems 
Type 4 WTGs are variable-speed wind turbines with a generator connected to the grid via the 
AC-DC-AC power converter. The generator is connected to the machine-side converter, and the 
grid is connected to the grid-side converter. The generator is operated at variable speed to 
optimize the aerodynamic operation. The grid-side converter is capable of producing real and 
reactive power instantaneously and independently. The real output power to the grid is usually 
adjusted to balance the energy in the power converter by controlling the voltage across the DC 
link. The reactive output power to the grid is usually controlled either at constant power factor, 
constant reactive power, or constant voltage. The mechanical connection from the generator to 
the slow-speed shaft can be accomplished by the gearbox to match the operating speed of the 
generator to the rotational speed of the turbine rotor. If a direct-drive generator is used, there is 
no need for a gearbox, as shown in Figure 47. However, direct drive generators must be designed 
to operate at low speed to match the rotational speed of the turbine rotor. The low-speed 
generator usually has a large diameter and consists of many poles. 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



46 

 
Figure 47. Type 4 wind turbine connection diagram 

MATLAB/Simulink’s SimPowerSystems toolbox currently provides an example model for a 
full-converter turbine, shown in Figure 48. In this model, the aerodynamic, structural, and 
mechanical aspects of a turbine are modeled in a very approximate manner. Additionally, the 
electrical topology of this model is nonstandard. Hence, the model may not accurately represent 
the dynamics of many full-converter turbines in the field because the permanent machine 
generator’s output is directly rectified using a diode bridge, and a DC/DC boost converter is used 
for maximum power point tracking. Many real-world turbine designs employ a full six-pulse 
IGBT bridge to provide additional controllability. Additional work is being done to modify this 
model such that it can represent the dynamics of real-world, full-converter turbines.  

 
Figure 48. Type 4 turbine model using SimPowerSystems 
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Figure 49. Type 4 turbine model using SimPowerSystems—detailed view of the electrical topology 
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5 Simulation of Normal and Abnormal Events  
5.1 Normal and Abnormal Events 
Both normal and abnormal events need to be simulated to study the impact of abnormal events. 
The former is usually dedicated to establish the baseline, whereas the latter is to simulate the 
case study of interests depending on the type and scope. 

Holistic simulations cover overall wind turbine components, including the pitch controller, 
blades, shafts, gearbox, generator, and power converter; as well as the overall grid or power 
system components, including the line impedance, transformer (transformer leakage impedance, 
magnetic saturation, etc.), and switch gear (circuit breakers, line switches, fault current limiters, 
capacitor compensations, etc.). The impact of turbines or a wind power plant on the grid can be 
studied with simulations, together with the impact of the grid on the turbine components. Each 
topic and scope of investigation depends on the purpose of the study. Wind turbine 
manufacturers may be interested in studying the impact of transmission events on the turbine 
components, and transmission operators may be interested in studying the impact of component 
failures, wind turbulence, or extreme ramp rates on power system stabilities. The examples 
covered in this report are intended to show some of the applications and capabilities of the 
program simulations presented in this document.  

 
Figure 50. Layout of a typical wind power plant 

As shown in Figure 50, a wind power plant consists of many (up to hundreds) wind turbines (1 
MW to 5 MW each). Wind power plants are usually located in places with high wind resources 
and may be far from a load center. Each generator is driven by a turbine when the wind reaches 
above a certain minimum wind speed (i.e., the cut-in wind speed). The generator philosophy is 
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generally based on maximizing the energy production (unscheduled operation). Nonetheless, a 
WTG is controllable, although its controllability is only in one direction—curtailment (i.e., it can 
only generate less than the available aerodynamic power by a combination of pitch and generator 
controls). An exceptional case is when the turbine is de-rated, in which case it can be controlled 
upward as well as downward. A WTG output is also predictable. Wind variability can be 
estimated based on wind forecasting.  

In a conventional power plant, synchronous generators are directly connected to the grid. The 
electromagnetic flux generated by the stator winding rotates synchronously according to the 
frequency of the grid. There is a direct correlation between the frequency and voltage of the grid 
and the mechanical rotor of the generator, which is mechanically and tightly synchronized to the 
grid. Any oscillation in the electrical power system on the grid is translated directly to the 
oscillation of the generator rotor, shaft, gearbox, and the prime mover. Thus, a sudden change in 
the grid will have a direct impact on the mechanical components of the generator and the prime 
mover. 

All four WTG types (i.e., fixed-speed, variable-slip, variable-speed, and full-converter) are 
nonsynchronous. This is the difference between wind and conventional generators. A WTG has 
nonsynchronous characteristics. Thus, any electrical events on the transmission lines will have 
some damping before being transmitted to the mechanical components of the turbines. A wind 
turbine has a better mechanical compliance and mechanical coupling between the prime mover 
and the generator. Thus, any power spikes developed in the generator as a result of abnormal 
events in the transmission line do not have to be translated directly to mechanical stresses. 
Instead, they may be buffered by a nonsynchronously-rotating WTG, in which case some of the 
electrical power spikes will be converted to kinetic energy of the generator (and the turbine 
blades) and the expected damaged can be significantly reduced. 

Type 3 and Type 4 WTGs operate in variable speed with a flux-oriented controller via power 
converter. Thus, the rotor does not have to rotate synchronously with the stator flux created by 
the grid rotating at the grid frequency. Any oscillations on the power system grid frequency may 
be compensated by the power converter control and thus can be prevented from affecting the 
mechanical components of a WTG. 

From a power system perspective, a wind power plant is usually spread across a very large area 
to optimize the aerodynamic energy capture. Thus, there are diversities within a wind power 
plant. A turbine located at one corner may be exposed to a high wind speed, whereas a wind 
turbine located at another corner may experience low wind speeds. Any fluctuations at each wind 
turbine can be significantly different one from another. Thus, the power fluctuation at the point 
of interconnection (where the output of all turbines meet before transmitted to the transmission 
lines) will be a lot smoother than the output fluctuations at an individual turbine. This smoothing 
effect is a result of spatial diversity within a wind power plant. Obviously, the smooth output 
fluctuations will have a milder impact on a power system than if there is no diversity within a 
wind power plant. 

Another diversity found in a wind power plant is the length of cables connecting individual 
turbines to the point of interconnection. The difference in the cable lengths and the diversity in 
the wind resource make each wind turbine experience different voltage drops along the cables 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



50 

(from the point of interconnection to each individual turbine). This is actually a benefit for the 
power system. As shown in [28], the number of turbines disconnected from the grid during fault 
events is about 15% of the total turbines in most fault events observed for a one-year period. In 
addition, because of the diversity in a large wind power plant, the oscillations developed after a 
transmission fault is cleared may not be synchronized; thus, the impact of individual turbines on 
power system stability will be smoothed out because the oscillation from one turbine may cancel 
the oscillations from the other turbines. 

Consider a 100-MW synchronous generator representing a conventional power plant. Also 
consider a wind power plant with 100 turbines of 1 MW each. When there is a severe fault at the 
transmission line, there may be a loss of 100 MW because of the disconnection of this 
synchronous generator from a power system. On the other hand, the response from a wind power 
plant could be very minimal, perhaps a loss of 15 MW. Similarly, if there is a power system 
oscillation on the power grid, the 100-MW synchronous generator may oscillate with the power 
system, unless some kind of damping (i.e., power systems stabilizer) is available. In a wind 
power plant, especially one that has turbines with power electronics to control their generators, 
the power system oscillations can be mitigated by the fast, flexible WTGs. 

In power system analysis, often the worst case scenario is preferred; thus, a wind power plant is 
often represented by a single large generator. As described in the references [29–31], 
equivalencing a large wind power plant can be accomplished by considering the line impedances 
of the collector system. Figure 51 shows a single-line diagram describing the common layout of 
a wind power plant connected to a power system network. A turbine is electrically connected to a 
power system through a network of cabling, transformers, and overhead lines. The interaction 
between a wind turbine and the power system network is very important to the stability of the 
power system, especially when the size of the wind power generation is very large (e.g., at high 
penetration levels of wind power generation). The interaction occurs both ways. Any transients 
occurring at the transmission line will affect the generator and its components. Similarly, any 
perturbation in the wind speed at a turbine site will be reflected in the utility grid, unless 
smoothed out by opposing effects from other turbines within the plant. 
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Figure 51. A simplified power system configuration often used in simulating fault ride-through 

capability of a turbine 

5.2 Electrical Abnormal Events 
5.2.1 Grid-Related Events 
Abnormal events occurring on the grid affect the performance and integrity of wind turbines. 
Each turbine type has its own advantages and disadvantages when facing such events. Examples 
of abnormal events related to generators and power converters include the following: 

• Balanced voltage events (equal undervoltage or overvoltage in the three phases) 

• Unbalanced voltage event (undervoltage or overvoltage in one or two phases) 

• Fault transients (three phase–to-ground faults, single or two-phase faults, grounded or 
floating) 

• Voltage dips (direct online start-up of large induction motors, loss of lines or generations) 

• Power system oscillations (inter-area, intra-area, sub-synchronous, etc.) 

• Switching transients (capacitor switching, load switching, stuck breakers, tap changer 
transformer) 

Although not listed here, an additional example demonstrated in Section 6 may also exacerbate 
the impact on a WTG for different grid conditions (stiff versus weak, balanced versus 
unbalanced, undervoltage versus overvoltage, steady versus oscillating frequency), different 
levels and types of reactive compensation (active versus passive compensation), different types 
and the winding connections of the transformers, and obviously different types of WTGs. 

5.2.2 Generator and Power Converter–Related Events 
Abnormal events occurring in the generator and power converter also affect the performance and 
the integrity of wind turbines. The types of generators, power converters, and control systems 
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affect a wind turbine operation, and power system stability. Examples of abnormal events related 
to grids include the following: 

• Unbalanced impedance  

• Unbalanced phase windings,(e.g., because of inter-turns shorts) 

• Fault transients (three phase–to-ground faults, single or two-phase faults, grounded or 
floating) 

• Imbalance between input and output power flowing through the DC bus because of loss 
of lines 

• Power-switching failures and the corresponding DC bus fluctuations 

• DC bus protection with dynamic braking, different types of storage, capacitor failures 

5.3 Mechanical and Aerodynamic Abnormal Events 
Abnormal events developed because of the wind resource, mechanical vibrations of the turbine 
blades or other components, and turbine controls may impact the grid and affect the performance 
of wind turbines. Examples of abnormal events related to aerodynamic and mechanical 
components include the following: 

• Blade pitch actuator/control sluggishness and unbalanced pitch control response 

• Runaway conditions resulting from failure of pitch actuator/control or brake mechanism 

• Uncontrollable ramping, a sudden loss of wind, and other extreme aerodynamic input 
perturbations 

• Severe wind turbulence 

5.4 Wind Turbine Requirements 
5.4.1 Grid Interface Requirement 
In the early development of wind power, the level of wind power penetration into the grid is very 
low. For an abnormal condition on the grid (under- or overvoltage, frequency dip, etc.), a wind 
turbine is allowed to be disconnected from the grid to ensure that a wind turbine will not be 
harmed by the abnormal grid condition. Early standards for grid interface requirements were 
covered in the Institute of Electrical and Electronics Engineers 1547, applicable for generations 
less than the 20-MW power rating.    

5.4.1.1 Voltage-Related Requirement 
As wind power plants and the level of wind power penetration increases, the generated output 
power is considered significant to the overall generation pools. As such, the transmission 
operator requires that a wind turbine stays connected under general disturbance. This 
requirement is reflected in the Federal Energy Regulatory Commission Order 661 and 661A, also 
known as low-voltage ride-through and fault ride-through capability. This requirement covers 
both the voltage and frequency envelope that requires a wind turbine to stay connected to the 
grid. Beyond or outside this envelope, the turbine is allowed to be disconnected from the grid.   
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5.4.1.2 Frequency-Related Requirement 
Recent trends indicate that there are more Type 3 and Type 4 turbines being installed in wind 
power plants. Type 3 and Type 4 turbines are known to have very flexible control capabilities 
and are operated in variable speeds; thus, the aerodynamic efficiency and energy yield is higher 
than that of constant-speed turbines. The output power of Type 3 and Type 4 wind turbines is 
controlled by the power converter, and it is usually controlled to follow a cubic function of the 
rotational speed. Thus, unlike the operation of grid-connected conventional synchronous 
generators, variable-speed wind turbines are not affected by sudden frequency changes.  

In an interconnected power system, all the synchronous generators connected to the grid are 
synchronized to the grid frequency. The grid frequency is affected by the balance between the 
generation and the demand. If the level of generation is higher than the power demand, the grid 
frequency rises. Similarly, if the level of generation is lower than the total loads, the grid 
frequency drops. The rate of change of the frequency is affected by the total inertia of the 
rotating mass connected to the grid. The higher the inertia available in the grid and the lower the 
difference between the generation and load, the smaller the rate of change of frequency will be. 
As a result, the slower the change of the grid frequency will be. The grid frequency is controlled 
to be as constant as possible via the automatic generation control and governor control, thus 
balancing load and generation all the time.  

5.4.1.3 Inertial Response Requirement  
As wind power penetration increases, and conventional power plants are retired from the 
generation pools, the total inertia in the grid will be reduced. At higher levels of wind power 
penetration, there is concern that the total inertia will be too small to support the frequency 
stability in a power system. Transmission system operators in many regions, including the 
Electric Reliability Council of Texas and Hydro Quebec are starting to require the additional 
capability of wind turbines to provide inertial response, thus helping to impede the change of 
frequency in the grid [32]. 

5.4.1.4 High-Wind Ride-Through Requirement  
In the future, some transmission system operators may require that a wind turbine stays 
connected to the grid during high wind speeds to ensure that there is no sudden drop in 
generation when the wind speed increases above the rated wind speeds. Obviously, wind turbine 
manufacturers design and decide the cut-off wind speed to ensure safe operation of normal wind 
turbines. However, in anticipation of future requirements, in which transmission system 
operators mandate operation above the rated wind speed, wind turbine manufacturers can include 
this requirement in the design and provide wind turbine customers with the option of high-wind 
ride-through capability.  

5.4.1.5 Impact of Grid Interface Requirement 
Although all of the aforementioned grid requirements can technically be provided by turbine 
manufacturers, the impacts (thermal, electrical, magnetic, structural stresses, and strains) on the 
mechanical and electrical turbine components, and on its integrity and lifetime, are yet to be fully 
understood and will be known further as the industry gathers years of experience. The FAST-
Simulink combination is the perfect tool to investigate these impacts and enhance the design and 
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fortification of turbine components. The electrical aspects can utilize several modules available 
in Simulink, such as SimPowerSystem. 

5.4.2 Electrical Component Requirement 
Electrical component requirements are mostly on voltage and current limits. The voltage limit is 
related to the level of dielectric and insulation necessary to withstand the electrical field imposed 
on them. The voltage blocking capability of a component is specified in the data sheet, and the 
component must be protected from operating beyond the allowable voltage range. The current 
limit is usually related to the amount of current passing through the device without generating so 
much heat that it will degrade the dielectric and insulation of the components. The electrical 
components that form the linkages to convert and transfer mechanical energy into electrical 
energy to customers must be carefully designed to bear the loads and stresses of the process. 

The rise of temperature above a critical point (specified in the data sheet) can be very damaging 
(irreversible degradation) to the electrical insulation and magnetic characteristics. The 
requirements for electric machines (rotating machineries, transformers, inductors, etc.) are 
usually easier to maintain because the technology, the size of the mass to store and conduct 
thermal losses to the ambient air, the auxiliary efforts to dissipate the heats, and the 
filtering/screen of the dust are very well established. Also, electric machines can better tolerate 
overloads (overcurrent) and overvoltage conditions. However, the power electronic components 
(IGBT, diodes, etc.) are very sensitive to the temperature because the electronic components are 
based on p-n junction. The bottleneck in electrical components is mostly dictated by the power 
electronic design ratings (voltage and current).  

Because modern wind turbines must provide a good grid interface, the impact of providing fault 
ride-through capability and providing other ancillary services must be investigated to ensure that 
these requirements will not shorten the lifespan of the electrical components of a turbine and to 
better understand how grid interface requirements will drive the future design of wind turbines. 
Because requirements differ from region to region, it is probable that the same turbine types will 
be built at different enhancements to keep the costs of turbines as affordable as possible.  

5.4.3 Energy-Harvesting Requirement 
The main purpose of wind generation is to harvest as much energy as possible as soon as the 
wind speed available increases above the cut-in wind speed. Maximum power point tracking is 
generally implemented indirectly through passive mapping of output power commanded to the 
power converter to the rotational speed of turbine rotor. Because the grid interface requirement 
affects the reliability of a power system, and electrical disturbances usually last for a very short 
time, the grid interface controller takes precedence over the maximum power point tracking 
operation controller. 

As wind power penetration levels increase, there will be times when the output of a wind power 
plant must be reduced to maintain the reliability of a power system. This is called curtailment, 
and it is a common practice when the available transmission capacity of the transmission lines is 
exceeded. Curtailment is also needed when the output power of a conventional generator falls 
short of its minimum because the wind power is high but the load connected to the grid is low. 
This condition often occurs at nights. Curtailment might also be profitable when the cost of 
energy to operate as spinning reserves is sufficiently higher than generating the output power at 
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normal operation. The spinning reserve operations of WTGs have been discussed and published 
in several papers [33]. 

Because curtailment as a spinning reserve is not currently common practice, the impact of this 
operation on the stresses and strains on mechanical and electrical components of a wind turbine 
needs to be investigated.  

5.4.4 Mechanical Component Requirement 
Mechanical components of wind turbines are the main path to transfer wind energy into electrical 
energy. The mechanical link between the turbine rotor and generator are mostly the blades, low-
speed shaft, gearbox, yaw drives, and the generator high-speed shaft. The mechanical linkages 
are very rigid, and the conversion of mechanical energy into electrical energy occurs via 
electromagnetic conversion at the air gap of the generator.  

All the aforementioned requirements may impact the mechanical components linked together to 
convert aerodynamic input power from the wind into mechanical power into electrical output 
power. The tools presented in this report will be able to simulate the impact on mechanical 
components. Most of the mechanical components are simulated in FAST; thus, the output data 
representing the stresses and strains on each of the sub-components modeled in FAST can be 
exported, plotted, and compared to the base case. An additional detailed gearbox model built in 
Simulink can be readily assembled to replace the simple model available in FAST. This model is 
explained in Appendix A. 

5.5 Designing Controls to Mitigate Impacts 
The overall energy flow diagram of wind power generation is illustrated in Figure 52. The input 
energy is the kinetic energy stored in the wind. The wind drives the mechanical linkage that 
converts wind energy into mechanical energy, and the electrical linkage converts mechanical 
energy into useful electrical power from a wind power plant to the energy consumers via 
transmission and distribution lines. 

 

Figure 52. A simplified diagram showing various linkages and the power flow in a wind power 
plant 
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5.5.1 Mechanical Linkage 
As shown in Figure 52, the mechanical linkage consists of different components, as discussed 
previously (shaft, blades, gearbox etc.). The input is an aerodynamic input, and the output is the 
electrical output. The source of mechanical stresses (mechanical loads) are diverse. Only a few 
sources relevant to this project are discussed in this report.  

5.5.1.1 Aerodynamic Input 
The aerodynamic input consists of the average wind speed and additional turbulent wind speed. 
The turbulence is the higher frequency components, caused by wind obstruction (ridges, trees, 
other turbines) that creates mini swirls of wind imposed on individual blades. In addition, one 
turbine may experience different wind turbulence from other turbines within a wind power plant. 
Generally speaking, wind turbulence may excite the mechanical components within the 
mechanical linkage and may be detrimental to the mechanical component when it hits its 
frequency modes.  

5.5.1.2 Mechanical Output 
The mechanical output is the torque that drives the generator. In Type 1 and Type 2 turbines, this 
torque is a function of the rotational speed. In Type 3 and Type 4 turbines, this torque is 
controllable by the power converter. The mechanical output converted from the aerodynamic 
power is affected by the aerodynamic and mechanical controls. 

5.5.1.3 Inherent Short-Term Storage and Damping 
The inherent short-term storage that exists within the mechanical linkage includes the blade 
aeroelasticity, the kinetic energy in and out of the rotating mass (shaft, gearbox, generator, 
blades), and potential energy within the shaft and gearbox stiffness. Short-term storage also 
includes the inherent damping in the blade-air interaction, the gear-to-gear in the oil bath of the 
gearbox, the windage from the air-cooled generator, and/or liquid friction losses in the water- or 
oil-cooled generator. All of these actually provide some kind of buffer to smooth out the energy 
spikes presented to the turbines by the presence of turbulence or other sources.  

5.5.1.4 Aerodynamic and Mechanical Control 
The aerodynamic control of a wind turbine is provided by stalling a wind turbine (self-limiting 
aerodynamic control). However, the stalled-control wind turbine has not been adapted in the 
newer turbines. Most of the new turbines use pitch control to adjust the aerodynamic input. 
Another type of control used in a wind turbine affecting the aerodynamic input is the yaw drive. 
Mechanical brakes (electromagnetic or hydraulic) are also common in WTGs to avoid a possible 
runaway event when a wind turbine loses its connection to the grid, and to stop the turbine 
during parking or repair/maintenance.  

5.5.2 Electrical Linkage 
As shown in Figure 52, the electrical linkage consists of different components (generator, power 
converter, capacitor, inductor, etc.). The input is a mechanical torque at the generator shaft input, 
and the output is the electrical power. The sources of electrical stresses (voltage and current) in a 
wind turbine are diverse. Only a few sources of electrical stresses relevant to power generation 
are discussed in this report.   
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5.5.2.1 Grid Side-Transmission Lines 
Many events may occur at the grid as results of natural causes (lightning; short circuits caused by 
falling trees or animals; shorted, sagging lines caused by high winds, etc.) or man-made events 
(capacitor switching, loss of lines during fault clearing, loss of generators, loss of loads, etc.). 
These events may create overload currents, over- and under-voltages, or normal/unbalanced 
voltages. Most severe events in transmission lines can be quickly removed by activating the 
circuit breakers to minimize the affected lines and/or customers. However, before being cleared, 
the abnormal event may be severe enough that it creates irreversible damage on the turbine 
components (the gearbox, generator, power converters, etc.), especially if the event creates 
torque or voltage spikes. Other, less-severe events, such as unbalanced voltage, may go 
unnoticed for a longer duration than acceptable because they are undetected by the sensors and 
relay protection is not triggered. These events may not cause instant fatal effects; however, if left 
uncorrected, the torque pulsations and unequal heating in the generator’s stator windings may 
lead to catastrophic failures.   

5.5.2.2 Point of Interconnection—Substation 
The point of interconnection of a transformer is often chosen to be the high side of the substation 
transformer, where the metering is installed and the revenue is accounted. At the substation, 
protections (circuit breakers, transient voltage suppressors, fuses, etc.) are in place to keep the 
transformer, switchgear, and generators from experiencing abnormal conditions (short-circuit 
currents, over-voltages, etc.). If the various protections installed at the substation malfunction 
(e.g., because of aging, improper maintenance, damage, or the wrong coordination of relay 
protection), the abnormal events can be transmitted to the generators and power converters 
connected to a power line. 

5.5.2.3 Generators and Power Converters  
Generators and power converters are connected to the grid. In Type 1, 2, and 3 WTGs, the 
generator stator windings are connected to a power grid; hence, any voltages and frequency 
disturbances may affect wind turbine components instantly and directly. In Type 4 WTGs, a 
power converter connects the grid to the stator winding of the generator; thus, there is less direct 
impact of line disturbance on a WTG. 

5.5.2.4 Power Converter 
The power converters for Type 3 and Type 4 WTGs are connected to the grid; thus, anything that 
occurs on the grid can be passed to a generator directly (for Type 1, 2, and 3 WTGs) or indirectly 
(for Type 4 WTGs). The power converter and generators are very susceptible to abnormal events 
occurring on transmission lines. Subsequently, because of abnormal events on the grid, the 
generated torque may impact the wind turbine mechanical components. Further, the extreme 
ramping rates and turbulence coming to the wind power plant may affect the power system to 
which it is connected.  

  

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



58 

6 Case Studies 
6.1 Example Case 1: Grid – Turbine Interaction 
6.1.1 Type 1 WTG 
Using FAST and MATLAB/Simulink, a model of the AOC AWT-27 turbine [19], a Type 1 
WTG, was developed. A brief subset of simulation results using this model is presented here. 
Because Type 1 WTGs are infrequently installed today, the bulk of this section is devoted to 
modeling Type 3 WTG behavior. Nonetheless, modeling Type 1 turbines may be useful in 
academic settings because these models illustrate many basic principles of wind turbines as well 
as show how far the technology has progressed and how many initial problems faced by these 
turbines have been resolved in more-modern designs. 

Figure 53 shows that under steady wind conditions, the generator torque and speed of this WTG 
were affected by the tower shadow effect causing aerodynamic torque reduction every time one 
of the blades passed through the wake of the tower, thus creating torque pulsation. AWT-27 has 
two blades; thus, this phenomenon occurred two times per full rotational angle of the rotor. 
Figure 54 shows that the thrust load and the output power of this WTG were affected by the 
tower shadow. Note that in a real wind power plant, the wind speed contains wind turbulence. 
The pulsations shown in Figure 53 and Figure 54 would have additional turbulence components 
on top of the pulsations because of the tower shadow. 

 
Figure 53. Simulation results showing the impact of tower shadow on the generator torque and 

speed for a Type 1 WTG 
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Figure 54. Simulation results showing the impact of tower shadow on the generator thrust load 

and output power for a Type 1 WTG 

6.1.2 Type 3 WTG 
Using FAST and MATLAB/Simulink, a model of the GRC 750-kW turbine [4], a Type 3 WTG, 
was developed. Parameters of this turbine are discussed in detail in the following case study. The 
model was used to demonstrate that turbines connected in stiff grids will experience slightly 
different transient behavior than turbines connected in weaker grids. These demonstrations may 
have a value in determining turbine operations and maintenance schedules or turbine life. In the 
simulations, at t = 10 s, a voltage sag occurred. Both single-phase unbalanced and three-phase 
balanced faults were modeled in this example. The sag dropped the grid voltage from 1 p.u. to 
0.1 p.u. The sag persisted for nine cycles (150 ms) and then cleared. The simulations were 
carried out for both stiff and weak grids, and the results were plotted together. Note that the weak 
grid was simulated by doubling the line impedance of the grid. The wind speed was held steady 
at 12 m/s, below the rated speed, so pitch control was inactive.  

 (a)  (b) 

Figure 55. (a) Physical diagram and (b) power versus speed characteristic of a Type 3 WTG 
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 (a)  (b) 

Figure 56. Simulation results showing the impact of a single-phase voltage sag for a Type 3 WTG 
on (a) high-speed shaft torque, speed, and power and (b) edgewise and flapwise blade moments 

at the blade root 

The physical diagram and the power-speed characteristic of a Type 3 WTG are shown in Figure 
55. Figure 56 (a) and Figure 56 (b) show some results from a simulation of a single-phase sag. 
Figure 56 (a) shows torque, speed, and power at the high-speed shaft. The sag caused an 
approximately 2.5-Hz oscillation to occur that persisted long after the fault cleared, indicating 
that some mechanical oscillation mode within the drivetrain was likely excited. The plots also 
show that the amplitude of the oscillation was greater for the weak grid case, potentially leading 
to more damage to the high-speed shaft and drivetrain during the life of a turbine. Although 
Figure 56 (a) is informative, Figure 56 (b) shows the true potential of the FAST and 
MATLAB/Simulink coupling. Figure 56 (b) shows the edgewise and flapwise blade moments at 
the blade root during the single-phase sag. As shown, the sag produced no noticeable difference 
between the turbines connected to the weak or stiff grid. It is also shown that the strength of the 
grid connection had no impact on these blade moments. These insights would be difficult to 
obtain without the coupled FAST and MATLAB/Simulink model. 
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(a) HSS torque, speed and power (b) Edgewise and flapwise blade moments at the blade root 

Figure 57. Simulation results showing the impact of a three-phase voltage sag on the output 
power of a Type 3 WTG on high-speed shaft torque, speed, and power, as well as on edgewise and 

flapwise blade moments at the blade root 

Figure 57Figure 57 shows results for the three-phase sag. In this case, the transient was much 
more severe. The torque swing was near an order of magnitude greater than in the single-phase 
case (compare Figure 57 (a) to Figure 56 (a)). There were similar swings in the speed and torque, 
indicating the severity of the event. It is also shown that the level of grid stiffness affected the 
response both in frequency and damping. Note that this was a worst-case scenario: in this case, 
the crowbar was inactive; thus, the crowbar did not operate to limit the rotor currents and the 
turbine was exposed to the full intensity of the event. There was also a noticeable difference 
between the weak and stiff grid cases: a phase shift occurred in the weak grid case for which the 
cause was unknown. Again, the oscillations had higher amplitude in the weak grid case. Figure 
57 (b) shows that in the three-phase fault case, in contrast to the single-phase case shown in 
Figure 56 (b), the severity of the three-phase fault actually led to noticeable oscillations in the 
edgewise and flapwise moments at the blade root. It is shown in Figure 57 (b) that the system 
with a stiff grid responded more favorably than the one connected to a weak grid. Although the 
models display the ability to provide valuable insights into turbine mechanical and electrical 
coupled transients, the reliability of the results cannot be confirmed yet. In further work, efforts 
will be made to validate results obtained from coupled FAST and MATLAB/Simulink models 
using real field measurements. Potential methods to mitigate stresses using advanced controls 
will also be studied. 

This demonstration of the ability of the coupled FAST and MATLAB/Simulink models to 
provide insights about the effects of strong and weak grid connections is one example of the 
potential of this coupling. This research will also study the effects of electrical faults on 
mechanical components (gearbox thrust loading, tower dynamics etc.); the effects of mechanical 
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oscillations on output power/current/voltage; the effects of voltage unbalance; the benefits of 
soft-starting and other power electronic–based damping mechanisms; the converter-control 
effects on mechanical systems (and other controller interactions); and the effects of wind gusts 
and turbulence on electrical systems. 

6.2 Example Case 2: Impact on Mechanical Linkages 
Because a wind turbine drivetrain (i.e., the mechanical linkages) consists of components that 
directly convert rotational kinetic energy from the wind to electrical energy, ensuring the 
reliability of drivetrain designs is critical to preventing wind turbine downtime. Because of the 
steadily increasing size of wind turbines, larger forces and torques bring up the influence of the 
gearbox and other drivetrain flexibilities in the overall turbine dynamic response [14–15], often 
leading to failure in the drivetrain components. Failure in drivetrain components is currently 
listed among the more problematic failures during the operational lifetime of a wind turbine. In 
particular, gearbox-related failures are responsible for more than 20% of the downtime of wind 
turbines. Although the expected lifetime of gearboxes is usually advertised as 20 years, in 
practice gearboxes usually need to be replaced every 6 years to 8 years [16–17]. 

This case study demonstrates the versatility and usefulness of the coupled FAST and 
MATLAB/Simulink model in enhancing the fidelity of the wind turbine model by incorporating 
various libraries Simulink has offered. Further insights into wind turbine drivetrain dynamics 
will be helpful to understand the global dynamic response of a wind turbine as well as to design 
and preserve its internal drivetrain components. Thus far, however the drivetrain model of FAST 
is reduced to two degrees of freedom, resulting in restricted detail in describing its complex 
dynamic behavior. Although researchers have developed dynamic models for wind turbine 
drivetrains with various levels of fidelity [18–25], these studies do not provide direct insights on 
the dynamic interactions between the drivetrain and other components of the entire wind turbine. 
The most recent study in [25] takes a decoupled approach in which the global turbine response 
was first simulated using an aeroelastic CAE tool. After the simulation, the resulting loads and 
motions of the rotor as well as the nacelle were used as inputs to a high-fidelity model of the 
drivetrain to simulate its internal dynamic behavior. Thus, this approach fails to capture the 
influence of the drivetrain dynamics onto the overall turbine response.   

This case study aims to investigate the global dynamic response of a wind turbine drivetrain by 
integrating a dynamic model of the drivetrain. The drivetrain model was built using 
SimDriveline, which is a part of Simscape in Simulink [7]. The step-by-step guide to build this 
drivetrain model is in Appendix A. This tool extends the coupled FAST and MATLAB/Simulink 
model, which in the future can help in the design and verification of active control strategies to 
mitigate the drivetrain loads. 

The turbine modeled in this study was based on the GRC turbine [11] at NREL. Table 4 
summarizes the important properties of this turbine. 
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Table 4. Modeling Properties of GRC Wind Turbine 
Configuration, Rating 3 Blades, 750 kW 
Control Variable Speed, Collective Pitch 
Gearbox, Overall Ratio 3 Stages, 81.49 
Rotor, Hub Diameter 24.1, 0.6 m 
Hub Height 54.8 m 
Rated Rotor Speed 22.1 m/s 
Maximum Rotor CP 0.43 

 

Table 5. Parameters of the 750-kW DFIG 
Generator 

Line-Line Voltage (RMS) 690 V 
Frequency, No. of Pole Pairs 60 Hz, 2 
Stator Resistance, Leakage Inductance (p.u.) 0.016, 0.06 
Rotor Resistance, Leakage Inductance, both 
referred to Stator (p.u.) 0.016, 0.06 

Magnetizing Inductance (p.u.) 2.56 
Inertia Constant (s) 2 

Converter 
Converter Maximum Power (p.u.) 0.5 
Grid Side Coupling Inductance, Reactance 
(p.u.) 0.15, 0.0015 

Nominal DC Bus Voltage 1200 V 
DC Bus Capacitor 0.1 F 

 

The GRC wind turbine originally employed two fixed-speed WTGs. To model variable-speed 
operation, a WTG was modeled using a DFIG, shown in Figure 55. Because the drivetrain had 
much slower dynamics than the mechanical drivetrain, an average model of the AC-DC-AC 
converter was used in this study, in which the power electronic devices were replaced by 
controlled current sources. Details of this average model are discussed in Appendix B.The 
induction generator model was based on a commercial wind turbine of the same rating available 
in the market. Table 5 summarizes the key parameters of the generator and the converter, which 
were used to build the variable-speed WTG model in the SimPowerSystems environment. 

For wind speeds below 12.5 m/s, which is the rated wind speed of this turbine, the output power 
of this WTG was controlled to track the maximum power coefficient (CPmax), while maintaining 
constant pitch angle at its optimum (-3.5° for this turbine). In variable-speed operation, the rotor 
speed rotω  is proportional to the wind speed wV : 

rot

wopt
rot R

Vλ
ω =   

where λopt is the desired optimum tip-speed ratio. 

6.2.1 Drivetrain Modeling 
6.2.1.1 Five-Mass Model 
This study focused on a commonly used modular drivetrain configuration in operating turbines 
[5]. Figure 58 shows the building blocks of the configuration. In this turbine, the multistage 
gearbox consisted of a planetary (epicyclic) gear set and two parallel gear sets, with two 
intermediate shafts. Figure 59 shows the five-mass model of a wind turbine drivetrain with fixed-
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speed generator developed in the Simscape/SimDriveline environment. A fixed-speed generator 
has an electrical torsional stiffness between the air gap magnetic field and the generator rotor. 
This stiffness behaves as a spring to the inertial reference frame of the drivetrain, which provides 
restoring torque to the rest of the drivetrain. Such stiffness arises because of tight allowable 
speed variation in the fixed-speed turbine. Effects of this stiffness are prominent in the transient 
response of the generator (e.g., during generator start-up or grid-fault events). This stiffness 
value can be obtained through experiments [13]. In a variable-speed generator, this restoring 
effect does not exist, and the drivetrain model shown in Figure 59 had a free boundary condition 
on the other side of the generator.  

 
 

Figure 58. Modular drivetrain configuration of a wind turbine 

Frequency analysis on this five-mass model revealed eigenfrequencies of the drivetrain as 
summarized in Table 6. These frequencies imply several possible resonant excitations that will 
lead to amplified loads in the drivetrain.  

Figure 59. Five-mass model of a wind turbine drivetrain in SimDriveline with a fixed-speed 
induction generator 
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Table 6. Eigenfrequencies of a Five-Mass Model 
Drivetrain with Fixed-Speed Generator 

Mode Description Frequency (Hz) 
1 Low-Speed Shaft Mode 0.86 
2 Generator Start-Up Mode 6.05 
3 High-Speed Shaft Mode 312 
4 1st Gearbox Mode 402 
5 2nd Gearbox Mode 1960 

Drivetrain with Variable-Speed Generator  
Mode Description Frequency (Hz) 

1 Generator Static Model 0 
2 Low-Speed Shaft Mode 2.52 
3 High-Speed Shaft Mode 312 
4 1st Gearbox Mode 402 
5 2nd Gearbox Mode 1960 

 
6.2.1.2 Two-Mass Model 
Figure 60 illustrates the configuration of the two-mass model commonly used to model the 
dynamics of drivetrains in FAST. Inputs into the model were the five parameters: Jrot, keff, ceff, N, 
and Jeff/N2. The generator electrical torsional stiffness is generally not required in such codes 
because this stiffness is inherent to the generator model used for the analysis. Parameters of the 
two-mass model can be derived from the five-mass model as follows:  

( )( )( )genGGGGSPCeff JJNJJNJJNJJ ++++++=
4321

2
3

2
2

2
1   

 

( ) ( ) HSSLSSeff kNNNkNNkNkk 2
3212

2
211

2
1

11111
+++=  

 
 

Figure 60. Two-mass model of a wind turbine drivetrain 

The effective drivetrain torsional damping, ceff, can be determined experimentally through several 
braking events [8]. The nonzero eigenfrequency of this two-mass model was calculated as: 











+=

effrot
effn JJ

kf 11
2
1
π

 

The resulting eigenfrequency using the two-mass model for the GRC drivetrain was 2.96 Hz, 
which was quite different from the first nonzero eigenfrequency of the five-mass model that was 
2.52 Hz. This first eigenfrequency is of importance because it stores the most torsional energy. 
As exhibited in the following section, the two-mass model has limitations in providing insights 
on possible resonant excitations of the drivetrain as well as in analyzing the loads experienced by 
different components of the drivetrain. 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



66 

6.2.1.3 Pure Torsional Model of Gearbox 
In the two previously described drivetrain models, the meshing gear was modeled as an ideal 
static gain for torque and speed transmission. In reality, the gear transmission error, which is 
defined as the difference between the actual and ideal angular positions of the rotating gear 
mainly because of the gear elastic deformation, contributes to the dynamics of the pair meshing 
gear. This phenomenon contributes to the definition of gear meshing stiffness. For this study, a 
purely torsional model of the gearbox with constant meshing stiffness was built in the Simscape/ 
SimDriveline environment.  

6.2.1.3.1 Parallel Gear Stage 
Figure 61 (a) shows a parallel gear set, which is a torque reducer, commonly employed in wind 
turbine drivetrains. Figure 61 (b) represents its flexible equivalent, in which the meshing stiffness 
acts on the line of action of the meshing gears. This meshing stiffness kmesh, with respect to the 
input gear, can be represented as [4]: 

2
1 )cos( βbgearmesh rkk =  

where the gear-tooth stiffness kgear can be determined according to standards [26–27].   

 
Figure 61. Parallel gear stage and gear mesh stiffness representations 

6.2.1.3.2 Planetary Gear Stage 
Figure 62 shows a planetary gear set with three planet gears and similar configuration to the one 
installed in the GRC turbine. The rotational input was from the carrier of the planetary gear 
stage, which provides rotational motion through the planet gears, and finally to the sun gear. The 
ring gear was modeled to have flexible coupling with the gear housing. Flexibility between the 
meshing planet and ring gears, as well as between the meshing planet and sun gears, can be 
modeled similar to that of a parallel gear set, as shown in Figure 61 (b).  

Figure 63 shows the torsional model of a planetary gear set built in the Simscape/SimDriveline 
environment. This model can be adapted for any M equispaced planet gear set. To validate this 
model, comparisons with published frequency analysis [4] of planetary gear sets to various 
numbers of planet gears were performed. The results of the comparisons showed good agreement 
and are summarized in Table 7.  
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Table 7. Eigenfrequencies of Planetary Gear Stage  

Three Planet Gears 
Mode SimDriveline Model Peeters [11] 

1 2.273 kHz 2.217 kHz 
2 6.340 kHz 6.159 kHz 
3 11.296 kHz 11.205 kHz 

Four Planet Gears 
1 2.207 kHz 2.138 kHz 
2 6.911 kHz 6.688 kHz 
3 12.699 kHz 12.577 kHz 

Five Planet Gears 
1 2.153 kHz 2.059 kHz 
2 7.403 kHz 7.105 kHz 
3 13.980 kHz 13.810 kHz 

 

 
Figure 62. Planetary gear set with three planet gears 
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Figure 63. Torsional model of a planetary gear stage with M planet gears 

 

 
Figure 64. Frequency response function of a three-planet planetary gear stage for the gearbox 

presented in [16] 
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Figure 64 shows the frequency response function of the planetary gear set in Table 7 that has 
three planet gears. The frequency response function was produced by inputting torque at the 
carrier and taking the rotational speed of the sun gear as the output. It is important to note that 
the planetary gear sets used for the analysis in Table 7 and Figure 64 were different from the 
planetary gear set used in the GRC wind turbine drivetrain. 

Table 8 summarizes the frequency analysis results of the GRC wind turbine drivetrain using the 
torsional model of the gearbox and variable-speed generator model. Exciting any of these 
eigenfrequencies will lead to amplified loads in the drivetrain.  

Table 8. Eigenfrequencies of Drivetrain with Torsional Gearbox Model 

Mode Frequency 
(Hz) 

1 0 
2 2.44 
3 154 
4 307 
5 353 
6 748 
7 1020 
8 1530 

 

6.2.2 Model Integration 
Figure 65 illustrates the proposed strategy to integrate the described drivetrain models into the 
two-mass model inherent inside the FAST. For simplicity, the flexible modes of the other turbine 
components modeled inside FAST, such as those of the blades and tower, were not depicted in 
the schematic diagram in Figure 65. 

In FAST, the two-mass drivetrain model was reduced to a single-mass model consisting of solely 
the rotor and the rigid shaft (as shown in the bottom part of Figure 65). This was done by 
deactivating the flexibility of the drivetrain (simulating rigid transmission) and setting the gear 
ratio and the generator inertia to unity and zero, respectively. The rotor equation of motion can 
be expressed as: 

oppaerorotrot QQJ −=α  

FAST internally calculates the input aerodynamic torque Qaero from the defined wind profile but 
does not provide this torque as an output. However, because the rotor acceleration αrot is an 
available FAST output, the aerodynamic torque Qaero could be reconstructed using the rotor 
equation of motion as one of the inputs to the external drivetrain model. In this process, the rotor 
inertia Jrot was assumed constant and replicated in the external drivetrain model. The rotor inertia 
was connected to the flexible low-speed shaft, the purely torsional gearbox model, the high-
speed shaft, and the generator inertia. The electrical machine and grid model took the generator 
speed and provided the generator electromagnetic torque to the drivetrain. 
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Figure 65. Proposed schematic of integrating Simscape drivetrain model into the FAST aeroelastic 
CAE tool 

The rotor-opposing torque Qopp was required as an input to the FAST drivetrain model as well as 
to calculate the aerodynamic torque Qaero. In SimDriveline, this rotor-opposing torque could be 
retrieved by utilizing the torque sensor element behind the built rotor body. In general, torque, 
velocity, and angular position sensor elements can be placed flexibly within the Simscape 
drivetrain model to monitor the response of the drivetrain under various load conditions.  

The remainder of this section presents simulation results showing the effectiveness of the 
torsional model of the gearbox under different transient load cases. Simulations using the FAST 
wind turbine aeroelastic code were conducted in the Simulink environment. In the simulation, all 
available wind turbine flexible modes in FAST—including that of the blades, tower, and 
drivetrain—were activated. No damping was defined within the drivetrain model to highlight the 
transient response of the drivetrain. Aerodynamic damping computed within FAST was the only 
source of damping that stabilized the overall drivetrain response. The results were compared with 
those using an undamped two-mass model of the drivetrain inherent in FAST.  

6.2.2.1 Transient Response Caused by Wind Excitation 
This simulation was performed under a constant wind speed of 9 m/s (below the rated wind 
speed), and the turbine speed was initialized to be 22.1 RPM. The start of simulation effectively 
imparted a large step input to the system that could excite all of the drivetrain modes, especially 
during the transient period. Figure 66 shows the turbine rotor speed using the integrated 
drivetrain model as well as the inherent FAST two-mass model. The rotor speed steadily 
increased to reach the optimal tip-speed ratio. Both models were in good agreement in the speed 
response of the turbine. 
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Figure 66. Rotor speed response 

 
Figure 67. Transient response comparison of the rotor torque comparison 

Figure 67 highlights the distinction between the two models in predicting the transient load 
response, and Figure 68 shows the corresponding steady-state load response of the drivetrain. 
Some frequency components came from other parts of a turbine’s structure. The 0.4-Hz 
frequency came from the tower fore aft mode; whereas, the 1.1-Hz frequency and its harmonics 
came from the blade pass frequency (3P). The blade pass frequency is the signature of the tower 
shadow effect. The response of the drivetrain model with purely torsional gearbox was 
particularly high—twice the blade-pass frequency (i.e., 6P) of 2.25 Hz—because it was quite 
close to the estimated first eigenfrequency of 2.44 Hz. Thus, it predicted amplification of load 
caused by the resonance at the wind speed of 9 m/s. On the other hand, the two-mass drivetrain 
model estimated an eigenfrequency of 2.96 Hz, which was at some distance from the harmonics 
of the blade pass frequency, and hence did not predict any resonance. 
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Figure 68. Steady-state response comparison of the rotor torque 

6.2.2.2 Transient Response Caused by Grid Excitation 
Another transient load can arise because of excitations from the grid. One example of grid 
excitation was simulated to predict loads on the gearbox (refer to Figure 69). A voltage drop for 
0.15 second, from 100% to 90% and back to 100% of the nominal root mean square voltage, was 
simulated after the turbine reached steady state. 

 
Figure 69. Electromagnetic torque excitations caused by a voltage drop on the grid 

As shown in Figure 70, this voltage drop resulted in harmonic torque excitations onto the 
drivetrain with frequencies of 50.78 Hz and 56.15 Hz. These frequencies were inherent to the 
generator characteristic. It is important to note that the frequency component of this torque 
excitation may cause resonances if the frequency matches any of the drivetrain eigenfrequencies. 
However, these resonances cannot be predicted using the standard two-mass model because the 
two-mass model can only predict the lowest eigenfrequency of the drivetrain.  
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 (a)  (b) 

Figure 70. Transmitted loads onto the gears caused by grid excitation in (a) time domain and (b) 
frequency domain 

Figure 70 illustrates how this load was transmitted to each stage of the multistage gearbox. The 
torques acting on the high-speed side of each gear stage (the pinion of each parallel gear stage 
and the sun gear of the planetary gear stage) are shown in both the time and frequency domains. 
Because of grid excitations, the pinion that was directly connected with the generator through the 
high-speed shaft experienced the largest proportion of high-frequency loads. Therefore, it was 
most prone to failures caused by fatigue in the event of grid disturbances. Sudden increases in 
the generator electromagnetic torque excited the two lowest and most dominant modes of the 
drivetrain (i.e., 2.44 Hz and 154 Hz). This torque also excited the system at its excitation 
frequencies of 50.78 Hz and 56.15 Hz, but with less dominant effect than at the 
eigenfrequencies. The transmitted loads on the gear were reduced as the gear got farther from the 
source of excitation, but the most dominant drivetrain eigenfrequency of 2.44 Hz prevailed 
during the transient regime. 
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Figure 71. Loads on pinion of second parallel gear stage under various high-speed shaft stiffness 

values 

The developed high-fidelity model can also be used to design drivetrain components to preserve 
or extend the life of the gearbox. The stiffness of the high-speed shaft, which connects the 
generator and the gearbox, was varied to investigate its influence on the load transmitted to the 
gearbox. In practice, this stiffness can be varied by altering the size of the shaft. In simulation 
analysis, the stiffness was varied to 0.1 and 10 times of the nominal value. The transmitted loads 
on the pinion of the second gear stage were evaluated and are shown in Figure 71. A lower 
stiffness appeared to transmit more-severe loads onto the pinion; whereas a higher stiffness 
slightly reduced the loads at the start. A higher stiffness can be achieved by using a shorter 
and/or larger diameter shaft. The developed model can help choose the optimal stiffness value to 
meet design and cost specifications as well as to maintain a certain range of transmitted loads 
onto the gear. 

6.3 Example Case 3: Virtual Inertia and Damping Controller 
The flexibilities of the drivetrain infer the possibility of unwanted resonant excitations of a wind 
turbine drivetrain. Resonance will incur additional stresses and in turn shorten the lifetime of the 
components. A protective scheme, such as the stress damper controller (SDC), has been designed 
to attenuate unwanted resonant loads in the variable-speed drivetrain. In Figure 72, rotα represents 
the angular acceleration of the low-speed shaft, rotα~ represents the filtered acceleration signal, and 

compQ represents the compensating torque. The SDC employs a band pass filter to generate 
compensating torque that will oppose the incoming loads that have frequency components close 
to the drivetrain eigenfrequency [13]. In this case study, a novel control design to prevent the 
drivetrain resonance was proposed based on added virtual inertia and damping control (VIDC). 

 

 
 

Figure 72. Schematic of SDC 
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6.3.1 Control Formulation 
The system total inertia affects the eigenfrequency of the drivetrain system. And equation of 
motion of the two-mass model with respect to the low-speed side can be expressed as: 

( ) emaerorotgenrot NQQJJ −=+ α  

where aeroQ represents the aerodynamic torque and genQ  represents the electromagnetic torque 
from the generator. 

 
Figure 73. VIDC for drivetrain resonance prevention 

By setting the generator electromagnetic torque for below-rated operation (i.e., variable-speed 
mode) as: 

comprotoptem QkQ += 2ω  

where 
( )rotrotcomp cJQ ωα ∆−+∆−=  

the compensating toque injects “virtual” inertia and damping the drivetrain when it passes 
through its inherent resonant region. This strategy effectively shifts the effective eigenfrequency 
of the system and thus avoids the resonance. Otherwise, beyond the characteristic resonant 
region, there is no compensating torque required. In other words, the maximum CP operation, 
which is implemented as the kopt×ωrot

2 in the DFIG (Type 3) WTG, is kept intact during normal 
operation. The idea of strategy is illustrated in Figure 73. 

Figure 74 shows the proposed implementation of the above-mentioned compensating torque of 
VIDC. The proposed implementation tackles the efficiency issues encountered while trying to 
design an online fast Fourier transform for the frequency look-up table shown in Figure 73. The 
band-pass (or peak) filter was tuned to isolate the frequency contents of interest around the 
drivetrain eigenfrequency. Logic was implemented to check the magnitude of the filter output 
and decide that the system was under resonant if the magnitude was beyond a certain threshold. 
Based on how much it exceeded the defined threshold, the logic decided the amount of virtual 
parameters injected to the drivetrain. In this study, hysteresis logic was implemented to decide 
whether to add zero, medium, or high virtual inertia and damping. 
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Figure 74. Implementation of the VIDC 

Simulation using the FAST wind turbine aeroelastic code in the Simulink environment was 
conducted to evaluate the performance of the proposed control strategy (refer to Figure 46). In 
the simulation, all available wind turbine flexible modes in FAST—including that of the blades, 
tower, and drivetrain—were activated to emulate the real physical conditions of the 750-kW 
NREL GRC turbine. Inside the controller, the virtual inertia took values of 0.03 % and 0.1 % of 
original total inertia for the medium and high values, respectively. Because the drivetrain of this 
turbine had relatively large damping, the virtual damping was designed to be only 1 % (in terms 
of value) of the implemented virtual inertia to avoid a sluggish (overly damped) response of the 
system. 

 
Figure 75. Sinusoidal wind speed input at the drivetrain eigenfrequency 

To assess effectiveness of the proposed controller in the event of resonant excitation, simulations 
were performed using sinusoidal wind speed input. Its performance was compared with that 
using the SDC previously designed for this turbine [13]. First, the simulation was performed 
under sinusoidal wind speed input with frequency that matched the drivetrain eigenfrequency. 
Initialization for 50 seconds with constant wind speed input of 9 m/s was performed to allow the 
turbine to reach steady-state condition, before the mean wind speed was increased to 10 m/s with 
amplitude of 1 m/s, as shown in Figure 75. 

Figure 77 shows a wind turbine response in terms of rotor speed and high-speed shaft power, 
respectively. The blue graph represents the response without any resonance protection, the red 
graph represents the response with the SDC, and the green one represents the response with the 
proposed VIDC. As expected from below-rated operation of variable-speed turbine, the rotor 
speed varied to optimally capture the available wind power. However, without any virtual inertia 
implemented, the output power showed large fluctuations as a result of the amplified load 
transmitted through the drivetrain. Although resonance delivers higher amplitude of power, these 
huge variations in power are not good for the grid and hence need to be compensated. 
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Figure 76. Wind turbine drivetrain response in terms of speed and power 

Likewise, this resonance contributes to the significant load experienced by the drivetrain. Figure 
77 shows the drivetrain angle of twist under this harmonic excitation. For a two-mass model, the 
angle of twist is defined as the difference between the angular position of one inertia body (in 
this case, the turbine rotor) and another (in this case, the generator), while taking into account the 
scaling effect of the gear ratio. Variations in the twist angle represent the amount of fatigue load 
experienced by the drivetrain, which had a similar profile with variations observed in the 
mechanical power, as shown in Figure 77. 
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Figure 77. Drivetrain angle of twist under resonant excitation 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 78. Power fluctuations under varying frequency excitations 

Both SDC and VIDC are capable of attenuating the undesired fluctuations in both power and 
mechanical load. Although the SDC mechanism works by opposing the resonant response at the 
system eigenfrequency, VIDC has noticeable performance in resonance protection, which stems 
from shifting the effective eigenfrequency, thus preventing the system resonant response at its 
inherent eigenfrequency. 

To further investigate the control performance under wider frequency range, a simulation was 
performed using wind speed input with varying frequency. This time, the sinusoidal wind speed 
input had an average wind speed of 9 m/s and an amplitude of 1 m/s. Again, an initialization for 
50 seconds with a constant wind speed input of 9 m/s was performed. The frequency of 
excitation steadily increased from 0.6 Hz to 5 Hz with increments of 0.2 Hz, and each frequency 
excitation lasted for 40 seconds. 

40 50 60 70 80 90 100
0.23

0.24

0.25

0.26

0.27

0.28

0.29

0.3

0.31

0.32

0.33

A
ng

le
 o

f T
w

is
t (

de
gr

ee
s)

Time (s)

 

 

No Control SDC VIDC

100 200 300 400 500 600 700 800 900

300

350

400

H
S

S
 P

ow
er

 (k
W

)

100 200 300 400 500 600 700 800 900

300

350

400

H
S

S
 P

ow
er

 (k
W

)

100 200 300 400 500 600 700 800 900

300

350

400

Time (s)

H
S

S
 P

ow
er

 (k
W

)

 
 

 

 

 

 

No Control SDC VIDC

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



79 

Figure 78 shows the power fluctuations of the drivetrain, which had a similar trend to the angle 
of twist. Without any controller, the peak response occurred at 3 Hz excitation, which was very 
close to the drivetrain eigenfrequency of 2.96 Hz. It occurred from 530 seconds to 570 seconds. 
With SDC, this peak response was reduced but with the side effect of peak response at a different 
frequency location. On the other hand, the proposed VIDC specifically eliminated resonant 
response around the eigenfrequency region and thus did not amplify the system response at other 
frequency locations. 
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7 Conclusion 
In the early development, wind power generation was not considered to be a major player in the 
electric generation world. As the technology matures, the wind industry is making a lot of 
progresses that leads to better generators with excellent grid interfaces. The utility industry 
considers wind power generation an important type of generation, and the requirements for 
WTGs are becoming more demanding. As the level of wind power penetration increases, wind 
power plants will be required to have fault ride-through capability to ensure that the wind 
generation will not be disconnected from the grid during minor disturbances. Other requirements 
that will soon be enforced by transmission system operators include governor response 
capability, spinning reserves capability, and inertial response. With high demand on wind turbine 
manufacturers to support power system reliability, wind turbine manufacturers need to 
understand the impact of the grid disturbances and the impact of new requirements on the design 
of WTGs. Similarly, a power system planner needs to understand the limitation of WTGs to 
provide these ancillary services to support the grid. This project was inspired by these needs, and 
we attempted to combine the tools used by turbine manufacturers (FAST) and the tools used by 
power system planners (MATLAB/Simulink) to conduct a holistic approach to the design and 
analysis of wind turbines, both in terms of how turbines impact the grid and how the grid impacts 
the turbines.  

Ongoing and future work includes verification and validation on the 2.5-MW or 5-MW 
dynamometer testing at NREL. We are also going to extend the Simulink model for Type 3 and 4 
WTGs. As even-higher fidelity models are developed to give more insight into the dynamics of 
the drivetrain, further control strategies will be explored to attenuate unwanted loads and 
vibrations on turbines. 
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10 Appendices 
10.1 Appendix A: Wind Turbine Drivetrain Modeling in Simscape/ 

SimDriveline and Interfacing with FAST in Simulink—User’s 
Guide 

10.1.1 Introduction 
This guide focuses on enhancing the capability of the FAST code through the integration of a 
dynamic model of a drivetrain built using Simscape/SimDriveline simulated in the 
MATLAB/Simulink environment. The developed model can be used to design drivetrain 
components and predict their dynamic responses. 

To build the model, it is required that the user has the SimScape and SimDriveline Library 
installed with the MATLAB/Simulink package. To maintain the focus of this guide, it is assumed 
that the user has the FAST code installed and is familiar with running FAST simulations in the 
Simulink environment using the provided Simulink interface blocks. The latest version of the 
FAST code as well as the FAST User’s Guide can be downloaded from 
http://wind.nrel.gov/designcodes/simulators/fast/. Simulations in this guide were run using FAST 
v7.01.00a-bjj (updated on February 22, 2012) in MATLAB version 7.14 (R2012a), Simulink 
version 7.9, and SimDriveline version 2.2. 

10.1.2 Simscape and SimDriveline Basics 
Simscape provides an environment within Simulink for modeling and simulating the physical 
systems spanning the mechanical, electrical, hydraulic, and other physical domains. It provides 
the fundamental building blocks from these domains that can be assembled into models of 
physical components. Simscape components use physical connections to represent the 
bidirectional flow of power, which is different from the conventional, unidirectional flow of 
signals in the Simulink environment. Because of this difference in connection, it is important to 
note that the Simscape blocks or components have different input and output ports from those of 
the conventional Simulink blocks. Therefore, it is impossible to directly connect the Simscape 
blocks with the Simulink ones without the converter block. In Simscape,  port represents the 
physical connections (either mechanical, electrical, hydraulic, or other forms of physical 
connections) and  port represents the unidirectional input or output physical signal.    

SimDriveline is part of Simscape, which provides the component libraries for modeling and 
simulating one-dimensional mechanical systems. It includes the models of rotational and 
translational components, such as gears, lead screws, and clutches. Components in this library 
are generally used to model the transmission of mechanical power in helicopter drivetrains, 
industrial machinery, vehicle power trains, and other applications. Full details about this library, 
including examples and tutorial videos, are available at 
www.mathworks.com/products/simdrive/. 

10.1.2.1 Basic Building Blocks 
In this guide, the drivetrain was modeled considering only the torsional degree of freedom of 
each inertial body. Several Simscape components that were extensively used in building the 
model are listed below and briefly described.  
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The following component can be found at the Simulink library under Simscape > Foundation 
Library > Mechanical > Mechanical Sources: 

Name Icon Description 
Ideal Torque 

Source  
It generates torque difference between R and 
C that is proportional to the input signal S.  

These components can be found at the Simulink library under Simscape > Foundation Library > 
Mechanical > Mechanical Sensors: 

Name Icon Description 

Ideal Torque 
Sensor 

 

It converts an across variable measured 
between R and C into output signal T 
proportional to the torque.  

Ideal Rotational 
Motion Sensor  

It converts an across variable measured 
between R and C into output signal W 
proportional to the angular velocity, or output 
signal A proportional to the angular position. 

These components can be found at the Simulink library under Simscape > Foundation Library > 
Mechanical > Rotational Elements: 

Name Icon Description 

Inertia 
 

It represents the inertia body with user-
defined rotational inertia and initial velocity.  

Rotational Spring  

It represents a rotational linear spring with 
user-defined rotational stiffness and initial 
deformation (to define precompressed or 
pretensioned spring).  

Mechanical 
Rotational 
Reference  

It represents rigid connection to the 
reference frame (ground). 

These components can be found at the Simulink library under Simscape > Utilities: 

Name Icon Description 
PS-Simulink 
Converter  

It converts a Simscape physical input signal 
into a Simulink output signal. 

Simulink-PS 
(Physical Signal) 

Converter  

It converts a Simulink input signal into a 
Simscape physical signal. 

Solver 
Configuration  

It specifies the solver parameters that the 
model needs before simulation starts. Each 
topologically distinct Simscape block diagram 
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requires exactly one Solver Configuration 
block. 

These components can be found at the Simulink library under Simscape > SimDriveline > Gears: 

Name Icon Description 

Simple Gear 

 

It represents a gear stage that constrains two 
connected driveline axes, corotating with the 
user-defined fixed-gear ratio. 

Planetary Gear 

 

It represents a set of carrier, ring, planet, and 
sun-gear wheels.  

To build higher-fidelity models of the planetary gear stage, the aforementioned Planetary Gear 
block was not sufficient. Thus, the components listed below, which are the basic elements of a 
planetary gear stage, were used instead. These components can be found at the Simulink library 
under Simscape > SimDriveline > Gears > Planetary Subcomponents: 

Name Icon Description 

Ring-Planet 
 

It represents a set of carrier, planet, and ring 
gears. The planet is connected to and rotates 
with respect to the carrier. The planet and 
ring corotate with the user-defined fixed gear 
ratio. 

Sun-Planet 

 

It represents a set of carrier, planet, and sun 
gears. The planet is connected to and rotates 
with respect to the carrier. The planet and 
sun corotate with the user-defined fixed gear 
ratio and in the same direction with respect 
to the carrier. 

 

10.1.2.2 Example of Drivetrain Model 
Figure A.1 (a) shows a schematic of a wind turbine drivetrain, which is called the modular 
drivetrain. The multistage gearbox consists of a low-speed planetary gear stage and two high-
speed parallel gear sets, with two intermediate shafts. Figure A.1 (b) illustrates the multistage 
representation of this drivetrain. It has one planetary gear stage and two parallel gear stages. 
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(a) 

 
(b) 

Figure A.1. (a) Modular wind turbine drivetrain and (b) multistage representation of the drivetrain 

Each shaft was modeled as an ideal massless linear torsional spring. The eight inertial bodies 
considered in this model were: 

• Rotor (hub and blades) inertia, Jrot. The blades are considered rigid to result in constant 
rotor inertia. 

• Planet gears and carrier inertia, JPC. All of the planet gears and the carrier are considered 
one inertial body corotating at the rotational axis of the carrier shaft. 

• Sun gear inertia, JS.  

• Parallel gears inertia, JGi. 
The ring gear was assumed to be rigidly connected to the gearbox housing; therefore, its inertia 
was not considered and the ring gear modeled was an inertial frame.  

Despite having eight rotational bodies, this model had five effective inertias connected through 
four linear springs, as shown in Figure A.2. The five effective inertias, with respect to the low-
speed side of the multistage gearbox, were calculated as follows: 

rotJJ =1  

SPC JNJJ 2
12 +=  
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( ) 2
2

211
2
13 GG JNNJNJ +=  

( ) ( ) 4
2

3213
2

214 GG JNNNJNNJ +=  

( ) genJNNNJ 2
3215 =  

N1 is the gear ratio of the planetary gear stage; whereas N2 and N3 are the gear ratios of the first 
and second parallel gear stages, respectively. On the other hand, the stiffness, with respect to the 
low-speed side of the multistage gearbox, was calculated as follows: 

LSSkk =1  

1
2

12 ISkNk =  

( ) 2
2

213 ISkNNk =  

( ) HSSkNNNk 2
3214 =  

 

 
Figure A.2. Five-inertia representation of a wind turbine drivetrain 

LSS represents the low-speed shaft. IS1 and IS2 stand for the first and second intermediate 
shafts, respectively. HSS represents the high-speed shaft. 

Figure A.3 shows the SimDriveline model built in the Simulink environment for the drivetrain 
depicted in Figure A.1 (b) using the components listed before. It is very important to note that 
the Simple Gear block of SimDriveline assumes a speed reducer configuration, which is 
commonly used in automotive transmissions. However, in a wind turbine drivetrain, the gear 
stage is used to step up the speed. This issue can be tackled by flipping the Simple Gear block 
left-right (by pressing Ctrl+I) to result in the Simple Gear block orientation shown in Figure A.3. 
Therefore, the gear-teeth ratio can be kept as Ni, where Ni > 1. Alternatively, the original 
orientation of the Simple Gear block can be maintained (as shown in the component list table), 
but the gear-teeth ratio needs to be defined as 1/Ni (as illustrated in Figure A.4). In both cases, it 
is important to keep the output shaft rotating in the opposite direction of the input shaft. 

 
Figure A.3. SimDriveline model of a wind turbine drivetrain 
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Figure A.4. Assigning parallel gear-teeth ratio to the wind turbine drivetrain 

10.1.2.3 Actuators and Sensors  
In a wind turbine drivetrain, torques come from both free ends: aerodynamic torque from the 
rotor side and electromagnetic torque from the generator side. The torque excitation can be 
injected into the model using the Ideal Torque Source block, as shown in Figure A.5. For 
illustration purposes, the torque input commands are represented by the Step block, although, in 
general, this input can be any Simulink signal. In each Ideal Torque Source block, the reference 
port C is connected to the inertial frame. In the Simulink-PS Converter block, the user must 
remember to define the proper unit for the input signal. 

The drivetrain components shown in Figure A.3, located between the rotor and generator 
inertias, comprise the Drivetrain block shown in Figure A.5. 

 
Figure A.5. Drivetrain model with torque inputs and measurement sensors 

Measurements can be taken at any location within the model to monitor the motion and load, 
using the Ideal Rotational Motion Sensor and Ideal Torque Sensor, respectively. One important 
measurement is the rotational speed of the generator. This measurement serves as the input to the 
electrical generator model to determine the generator electromagnetic torque. 

Figure A.6 shows the internal component of the Motion Sensor block of Figure A.5, which is 
used to measure the generator speed. As the absolute angular speed (i.e., with respect to the fixed 
rotational frame) is measured, the sensor has only one physical connection port to the drivetrain 
model, whereas the reference port C is connected to the ground. 
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Figure A.6. Motion sensor to measure the rotational speed of the generator 

As described later in this guide, another important measurement is the rotor restoring/opposing 
torque. Figure A.7 shows the internal component of the Torque Sensor block of Figure A.5. In 
SimDriveline, the torque is measured by connecting the sensor ports along the physical 
connections, similar to the concept of current measurement in the electrical circuit. The PS-
Simulink Converter block is connected to the output of each sensor. The output of this converter 
block can be connected to any compatible Simulink block. 

 
Figure A.7. Torque sensor to measure the rotor-opposing torque 

In every converter block, the unit of the input or output signal is required. Users can define any 
compatible units to match the simulation criteria/preference. The Converter block will perform 
an internal conversion to yield the defined unit.  

10.1.2.4 Solver Configuration 
Users must remember to connect exactly one Solver Configuration block at any location within 
the drivetrain model. The location shown in Figure A.5 is an example. Settings for this local 
Solver Configuration block can be left as its default. The default global solver for Simulink is 
ode45. However, for physical models, MathWorks recommends implicit global solvers, such as 
ode14x, ode23t, or ode15s. We recommend ode15s to simulate pure SimDriveline models 
because of its accuracy and ode23tb to simulate the integrated drivetrain models (if the 
SimDriveline model is later combined with general Simulink and SimPowerSystems blocks) 
because of its much higher computational efficiency. 

The solver setting can be modified through the Configuration Parameters window (from the 
Simulink tool bar: Simulation > Configuration Parameters or by pressing Ctrl+E). Under the 
Solver Options, the user can set the Type to the Variable-step and the Solver to ode15s 
(stiff/NDF) or ode23tb (stiff/TR-BDF2). To avoid numerical instability, it is advised to change 
the Maximum Order, under Solver Options, from 5 to 2. Figure A.8 highlights the necessary 
modifications to the Configuration Parameters. 
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Figure A.8. Modifications to the Configuration Parameters for the drivetrain simulation 

10.1.2.5 Eigenfrequency Analysis 
One important aspect of dynamic model analysis is to find the eigenfrequencies of the drivetrain. 
This analysis can be performed using the Control System Toolbox. This toolbox normally comes 
in the basic MATLAB/Simulink package, so most users should find this toolbox already 
installed. 

The first step in this analysis is to determine the input and output of the system. In a drivetrain 
system, the aerodynamic and electromagnetic torques are the inputs, whereas the angular 
position of an inertial body is normally defined as the output for vibration analysis. It is 
important to heed the measurement units of the PS-Simulink and Simulink-PS Converter blocks. 

As an illustration, the aerodynamic torque is defined as the input. This is done by right-clicking 
on the signal line connecting the Step Aerodynamic Torque block to the Simulink-PS Converter 
blocks (as highlighted in Figure A.9), selecting the Linearization Points, and choosing the Input 
Point. 

The generator angular position is defined as the output. This is done by first setting the motion 
sensor to measure the angular position, as shown in Figure A.10. Similar to defining the input 
point, the output of the system can be defined by right-clicking on the signal line connecting the 
PS-Simulink Converter to the Scope (as highlighted in Figure A.10), selecting the Linearization 
Points, and choosing the Output Point. 
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Figure A.9. Defining the input point for eigenfrequency analysis 

 
Figure A.10. Defining the output point for eigenfrequency analysis 

After setting up the input and output points inside the drivetrain model, the user can run the 
following code lines to perform the linear frequency analysis: 

 

 

 

 

 

 

mdl='ModelName';    % set to file name of the simulink model, omit the .mdl 
io=getlinio(mdl);   % to get input-output signals of the 'mdl' model 
op=operspec(mdl); 
op=findop(mdl,op);  % to calculate model operating point 
  
lin=linearize(mdl,op,io); % to compute state space model of linearized  
 system 
  
figure 
P=bodeoptions; % for bode plotting preference 
P.FreqScale ='linear'; 
P.Grid='on'; 
P.FreqUnits='Hz'; 
P.PhaseVisible='off'; 
h=bodeplot(lin,P); 
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Figure A.11. Frequency response function of the drivetrain model 

In general, first the codes find the equilibrium operating points of the model, based on its initial 
conditions. Then the codes perform linearization based on these operating conditions and the 
input-output configuration of the model. The result of this linearization, in the form of linear 
state space representation, can be used to perform the eigenfrequency analysis. In this example, it 
was done by plotting the Bode plot of the system. It is important to note that because the 
drivetrain model is already linear, the operating point will not affect the analysis result. 

Figure A.11 shows the frequency response function (in Bode plot) of the drivetrain model. Peaks 
of the frequency indicate the global eigenfrequencies of the system. There are five peaks because 
the model has effectively five inertial bodies, as shown in Figure A.2. They are 0 Hz, 2.52 Hz, 
312 Hz, 402 Hz, and 1.96 kHz. The user can define the Electromagnetic Torque as the model 
input and take the angular position of any inertial body (e.g., the first parallel gear) as the output. 
The resulted peak frequencies (i.e., the eigenfrequencies) will be the same. 

10.1.3 Torsional Model of the Gear Box 
In the above elementary drivetrain models, the meshing gear was modeled as an ideal static gain 
for torque and speed transmission. In reality, the gear transmission error, which is defined as the 
difference between the actual and ideal angular position of the rotating gear, contributes to the 
dynamics of the meshing gears. This transmission error is mainly a result of the gear-tooth elastic 
deformation. This phenomenon contributes to the definition of gear meshing stiffness.  

This guide focuses on building a purely torsional model of the gear stages with constant meshing 
stiffness. Model development on both the planetary and parallel gear stages is discussed. 

10.1.3.1 Parallel Gear 
Figure A.12 (a) shows a parallel torque-reducing (i.e., speed-increasing) gear set, which is 
commonly employed in wind turbine drivetrains. Figure A.12 (b) represents its flexible 
equivalent, in which the meshing stiffness acts on the line of action of the meshing gears. The 
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constant meshing stiffness kmesh can be represented as the function of geometric and material 
properties of the input gear: 

( )21 cosβbgearmesh rkk =  
where rb1 is the base circle radius of the input gear and β is the helix angle of the gears. The gear-
tooth stiffness kgear can be determined according to the international standards, such as the DIN 
3990 [26] and ISO 6336 [27].  

 

 
Figure A.12. Parallel gear stage and gear meshing stiffness representations 

 
Figure A.13. Parallel gear stage representation in SimDriveline 

Figure A.13 shows the parallel gear set model of Figure A.12 (b) in SimDriveline. As 
highlighted before, the Simple Gear block has been flipped to represent the torque reducing 
configuration. 

10.1.3.2 Planetary Gear 
Figure A.14 shows a planetary gear set with three planet gears. The rotational input is from the 
carrier, which then transfers the rotational motion from the planet gears to the sun gear. In typical 
wind turbine drivetrain, the ring gear is stationary. The ring gear can be modeled to have flexible 
coupling with the rigid gear housing. The meshing stiffness between the planet and ring gears as 
well as between the planet and sun gears can be modeled similarly to that of a parallel gear set, 
with the planet gear acting as the input gear. 
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Figure A.14. Planetary gear set with three planet gears 

A planet gear meshing with a sun gear and a ring gear in the SimDriveline comprises a meshing 
set, as shown in Figure A.15. This model can be adapted for a three-planet gear set (as shown in 
Figure A.16), or any M equispaced planet gear set, by duplicating the meshing sets. 

 
Figure A.15. One meshing set of a planetary gear set 

Frequency analysis can be performed on the planetary gear set to validate the model. Properties 
of the planetary gear set used in [4], listed in Table A.1, can be used as an example. 

Table A.1. Properties of a Planetary Gear Set 

 Sun Planet Carrier Ring 
Inertia (× 10−3) 0.58 kg m2 1.53 kg m2 49.2 kg m2 56.7 kg m2 
Base Radius  38.7 mm 50.2 mm 96.9 mm 137.5 mm 
Gear Stiffness kgear = 5 × 108 N/m 
Torsional Stiffness khousing = 19 × 106 Nm/rad 
Helix Angle β = 0o 
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Figure A.16. SimDriveline model of a planetary gear stage with three planet gears 

 
Figure A.17. Frequency response function of a three-planet planetary gear stage 

The steps to perform eigenfrequency analysis on any SimDriveline models have been discussed 
previously. In [4], the frequency response function was produced by inputting the torque at the 
carrier and taking the rotational speed of the sun gear as the output. Figure A.17 shows the 
frequency response function of the planetary gear set in Table A.1 that has three planet gears. 
Table A.2 show good agreements between the eigenfrequencies of the SimDriveline model and 
the published ones with many different planet gears.  
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Table A.2. Comparison of Eigenfrequencies of Planetary Gear Sets 

3 Planet Gears 
Mode SimDriveline Model Peeters [4] 

1 2.273 kHz 2.217 kHz 
2 6.340 kHz 6.159 kHz 
3 11.296 kHz 11.205 kHz 

4 Planet Gears 
1 2.207 kHz 2.138 kHz 
2 6.911 kHz 6.688 kHz 
3 12.699 kHz 12.577 kHz 

5 Planet Gears 
1 2.153 kHz 2.059 kHz 
2 7.403 kHz 7.105 kHz 
3 13.980 kHz 13.810 kHz 

 

 
Figure A.18. Drivetrain model readily integrated with FAST 

 
Figure A.19. Torque and speed sensor at the low-speed shaft 
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10.1.4 Integration with FAST Code 
Figure A.18 shows an example of the overall drivetrain model with one planetary and two 
parallel gear stages. This model is ready to be integrated with the FAST aeroelastic code. The 
rotor inertia is calculated by assuming rigid blades of a turbine. The Planetary Stage block 
consists of the configuration shown in Figure A.15; whereas each of the Parallel Stage block 
consists of the configuration shown in Figure A.13. The Speed Sensor block consists of the 
configuration shown in Figure A.6. It measures the rotational speed of the generator, which is the 
input for the electric generator mode.  

The Torque and Speed Sensor block consists of the configuration shown in Figure A.19. It 
measures the rotor-opposing torque and the rotational speed of the low-speed shaft. The product 
of both measurements is the mechanical power transmitted through the shaft. Both torque and 
power are the required inputs for FAST. The drivetrain model takes two input torques: the 
aerodynamic torque and the electromagnetic torque of the generator. 

 
Figure A.20. Two-mass drivetrain model in FAST 

10.1.4.1 FAST Inherent Drivetrain Model 
Figure A.20 illustrates the configuration of the two-mass model. This model is inherently in 
FAST to represent wind turbine drivetrain dynamics. Inputs into the model are the five 
parameters: Jrot, kd, cd, N, and Jgen. Parameters of the two-mass model can be derived from the 
parameters of Figure A.2 as: 

321 NNNN =  
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In the FAST input files .fst, those three parameters are GBRatio, GenIner, and 
DTTorSpr, respectively. The effective drivetrain torsional damping, cd, can be determined 
experimentally through several braking events [5]. In FAST, this parameter is named 
DTTorDmp. The constant inertia of the hub (HubIner in FAST) and the varying inertia as a 
result of the flexible blades comprise the rotor inertia. The rotor inertia can be estimated by 
assuming rigid blades, which can be expressed as: 
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In FAST, the flexible blades are represented as a combination of the blade elements, as shown in 
Figure A.21. Each blade element is assumed to have a lumped mass (node) of mi located at a 
distance of ri from the rotor axis of rotation. Rigid blades mean that the distance of each node is 
fixed; whereas flexible blades allow independent motion of each node. The mass and distance of 
the nodes are available in the AeroDyn input .ipt file of the FAST input .fst file. 

 
Figure A.21. Blade layout in FAST 

10.1.4.2 FAST-Enhanced Drivetrain Model 
Figure A.22 illustrates the proposed strategy to integrate the described drivetrain models into the 
two-mass model inherent inside the FAST CAE tool. For simplicity, the flexible modes of the 
other turbine components modeled inside FAST, such as those of the blades and tower, are not 
depicted. 

In FAST, the two-mass drivetrain model is reduced to a single-mass model consisting of solely 
the rotor and the rigid shaft. The flexibility of the drivetrain is to be deactivated to simulate rigid 
transmission. This is done by first setting the DrTrDOF in the FAST input .fst file to FALSE. 
Second, set the gear ratio GBRatio to 1. Finally, set the generator inertia to 0. The equation of 
motion of the rotor can be expressed as: 

oppaerorotrot QQJ −=α  
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Figure A.22. Proposed schematic of integrating the drivetrain model with FAST 

FAST internally calculates the input aerodynamic torque Qaero from the defined wind profile. 
The current version of FAST does not provide the aerodynamic torque as an output, but it 
provides the rotor acceleration αrot. Therefore, the aerodynamic torque Qaero can be reconstructed 
using the equation of motion of the rotor as one of the inputs to the SimDriveline drivetrain 
model. In this process, the rotor inertia Jrot is assumed constant. This rotor inertia is replicated in 
the drivetrain model, as shown in Figure A.18 and Figure A.22, and is connected to the flexible 
low-speed shaft, the purely torsional gearbox model, the high-speed shaft, and the generator 
inertia.  

As shown in Figure A.18 and Figure A.22, the drivetrain model provides the generator speed, 
which is taken as the input by the electrical machine and the grid model. This electrical model 
will then provide the generator electromagnetic torque to the drivetrain. The drivetrain model 
also provides the rotor-opposing torque Qopp, which is required as an input to FAST as well as to 
calculate the aerodynamic torque Qaero. 

10.1.4.3 Building the Integrated Simulink Block 
Figure A.23 shows the integrated wind turbine model in the Simulink environment. The 
SimDriveline model shown in Figure A.18 is in the red block. 

The FAST S-Function block is in the orange block. This block is readily available within the 
downloaded FAST package as the OpenLoop.mdl shown in Figure A.24. The Pitch and Yaw 
Controller blocks are not affected by this integration. The Torque Controller, which gives the 
torque and power inputs to FAST, is replaced by the drivetrain model. 
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Figure A.23. Implementation of an integrated wind turbine drivetrain model 

 
Figure A.24. Original FAST S-Function block as OpenLoop.mdl 

 
Figure A.25. FAST Output Manager block 

The grey FAST Output Manager block contains parallel Fcn blocks, as shown in Figure A.25. 
This Fcn block can be found in the Simulink library under Simulink > User-Defined Function: 

Name Icon Description 

Fcn 
 

It applies the specified mathematical 
expression to its input. 
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Each Fcn block can be used to isolate a variable of interest from the arrays of outputs. The FAST 
outputs are defined at the end of the FAST input .fst file, under the section OutList. As 
discussed before, the rotor acceleration is the required output from FAST. Therefore, the rotor 
acceleration must be listed in the FAST input .fst file. According to the FAST User’s Guide 
(pp. 102), the LSSTipAxa corresponds to the measurement of the rotor acceleration in FAST. 
Other equivalent names of the parameters are LSSTipAxs, LSSTipA, and RotAccel. This 
measurement can be isolated by setting the Fcn block as: 

 
Figure A.26. Fcn block parameters to isolate the rotor acceleration 

According to the guide, the FAST output for the rotor acceleration is in deg/s2. In Figure A.25, a 
Gain block is used to perform the conversion from degrees to the SI unit of radian, by the 
multiplication of π/180. Figure A.25 also shows other Fcn blocks, each of which is used to 
isolate one variable of interest (e.g., the rotor speed). To do so, the LSSTipAxa can be replaced 
by another proper parameter name (e.g., LSSTipVxa). 

The rotor acceleration in the SI unit is multiplied by the rotor inertia and then added by the rotor-
opposing torque. The resulting aerodynamic torque is then fed into the drivetrain model. 

Figure A.23 shows a Transport Delay block in the FAST input. The delay is necessary to break 
the algebraic loop. The user can define a very small time delay (e.g., 5 ms) to prevent any 
significant changes in the overall dynamics of the system. This block can be found from Simulink 
> Continuous: 

Name Icon Description 

Transport Delay 

 

It delays the input by a specified amount of 
time. 
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10.1.4.4 Integration With Generator and Grid Model 
A high-fidelity model of a generator and grid is essential to monitor the internal loads of the 
drivetrain during grid events. The generator model takes the rotational speed as the input and 
gives the generator electromagnetic torque as the output. Therefore, the model can easily be 
adapted to the configuration of Figure A.23, in which the blue block contains the generator 
model.  

As an illustration, an ideal generator torque law can be adopted: 

2
genem kQ ω=  

This torque law simulates the variable-speed operation of a wind turbine for maximum power 
tracking. This is applied mostly in Type 3 WTGs in the form of doubly-fed induction generators. 
This torque law can be implemented in Simulink using the Fcn Block. Figure A.27 shows the 
implementation of the torque law, in which u represents the input that is the generator speed. The 
constant k is dependent on the turbine rotor design and not on the generator model. 

 
Figure A.27. Generator torque law for variable-speed variation 

10.1.5 Simulation Checklist 
It is assumed that the user is familiar with running FAST in the Simulink environment. This 
section summarizes the necessary modifications to run the simulation: 

1. Build a SimDriveline model, as shown in Figure A.18, with well-defined drivetrain 
parameters. Listed below are the necessary elements of the model:  

o A Solver Configuration block is attached  

o An Ideal Torque Source block, with appropriate Simulink–Physical Signal (PS) 
Converter, on either side of the drivetrain model. One is to represent the 
aerodynamic torque on the rotor, and the other is to represent the generator 
electromagnetic torque. 

o Torque and Speed Sensor blocks on the low-speed shaft to provide the inputs to 
FAST 

o Speed Sensor block on the generator inertia to provide the input to the generator 
electric model 

2. Make the required changes to the FAST input .fst file:  
o DrTrDOF = False 

o GBRatio = 1 

o GenIner = 0 
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o LSSTipAxa, or the equivalent names, in the OutList 

3. Build a generator model (e.g., Type 3 WTG). A much simpler model, such as that shown 
Figure A.27, can be sufficient to represent the variable-speed operation or simply a 
constant generator torque to represent the above-rated operation of a turbine. 

4. Integrate FAST, drivetrain, and generator models, as shown in Figure A.23. 

5. Choose a solver, as shown in Figure A.8. Using the variable time step solver of oder23tb 
(stiff/TR-BDF2) is recommended.  

6. Run the simulation, as illustrated in the FAST User’s Guide, by running the 
Simsetup.m file and giving the corresponding FAST input .fst file. 

10.2 Appendix B: Integrating FAST with a Type 3 Wind Turbine 
Generator Model 

10.2.1 Introduction 
Type 3 wind turbine generators (WTGs) are the widely-used doubly-fed induction generators 
(DFIGs). A good model of a WTG has been developed and made available in the 
SimPowerSystems Application Library. This section is based on the MATLAB version 7.14 
(R2012a), Simulink version 7.9, and SimPowerSystems version 5.6. 

A Type 3 WTG model can be found in the MATLAB/Simulink library under Simscape > 
SimPowerSystems > Application Libraries > Renewable Energy Library > Wind Generation. 
The default icon of the model is shown in Figure B.1 (a). 

 
Figure B.1. A DFIG (a) with a turbine model and (b) without a turbine model 

 

 

 (a) (b) 
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 (a)  (b) 

Figure B.2. (a) Option to include the turbine model and (b) option to bypass the turbine model 

10.2.2 Bypassing the SimPowerSystems Turbine Model 
The SimPowerSystems DFIG model has two options. The first option models the DFIG coupled 
with a simple wind turbine model; thus, it takes a wind speed profile (in m/s) as the input. The 
second option bypasses the wind turbine model; thus, it models only the DFIG, which takes the 
shaft torque as the input. 

Choosing either of the two options can be done by changing the setting of the “Turbine Data.” 
This “Turbine Data” is under the Parameters “Display” list. Figure B.2 (a) is shown by double-
clicking the icon shown in Figure B.1 (a), and Figure B.2 (b) is shown by double-clicking the 
icon shown in Figure B.1 (b). Ticking the “External mechanical torque,” as shown in Figure B.2 
(b), bypasses the wind turbine model. Because this report uses FAST as the wind turbine model, 
this generator model must take the configuration of Figure B.1 (b) and Figure B.2 (b).  

Because the wind turbine model of the SimPowerSystems is bypassed, the power-speed 
characteristic of is needed. This characteristic must be provided in terms of the maximum power 
points in the power-speed plot. The default turbine characteristic is shown in Figure B.3. This 
plot can be shown by clicking “Display wind turbine power characteristics,” as shown in Figure 
B.2 (a). 
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Figure B.3. Default power-speed characteristic of a turbine 

The blue plots show turbine output power versus turbine speed at different wind speeds. The red 
plot connects the maximum points of the blue plots. If a turbine’s speed is too low (less than 0.7 
p.u.), no power is produced because the available power is insufficient to overcome the losses. If 
a turbine’s speed is too high (more than 1.2 p.u.), the output power is limited at its rated value (1 
p.u.). 

The red plot is the necessary information for the “Electric power-speed characteristic” field 
shown in Figure B.2 (b). The default content is [0 0; 0.24 0.007; 0.36 0.024; 0.6 
0.112; 0.96 0.46; 1.2 0.898; 1.5 0.898], which is different from that shown in 
Figure B.3. This default characteristic is shown as the blue plot in Figure B.4. To retain the 
power-speed characteristic of Figure B.3, these data points are recommended instead: [0 0; 
0.7 0; 0.71 0.15; 0.78 0.2; 0.98 0.4; 1.12 0.6; 1.19 0.74; 1.20 
1; 1.50 1], which are shown as the red plot in Figure B.4.  
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Figure B.4. The original and recommended turbine power-speed characteristic 

10.2.3 The DFIG Model 
It is important to note that this WTG model is a phasor model, which treats the power system as 
a balanced three-phase fixed-frequency network. In this system, each phase voltage is identical 
in magnitude, but out of phase by 120°. Phasor simulation replaces the differential equations 
representing the electrical network with a set of algebraic equations at a fixed frequency. Phasor 
simulation facilitates the transient stability analysis of systems with multiple machines. 
Therefore, this simulation, also known as the positive sequence simulation, cannot be used to 
study unbalance scenarios. 

 

Figure B.5. Type 3 wind turbine connection diagram 

This WTG model is better used to simulate the low-frequency electromechanical oscillations 
over the scale of seconds to minutes. Another available technique to model the DFIG is to use a 
three-phase representation so that the unbalanced conditions can be simulated. These unbalanced 
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conditions may come from the grid unbalanced voltage (faults, dips, or other transient events) or 
unbalanced grid impedance. The model developed so far does not account for these factors. 

Figure B.5 shows the connection diagram of the DFIG. The DFIG operates in variable-speed 
mode using a partial-size power converter connected to the rotor winding of the wound-rotor 
induction generator (WRIG). The stator winding of the WRIG is connected to the grid at a 
frequency of 60 Hz. This type of generator is probably the most popular one available in the 
market and has been deployed in many wind turbines. This WTG is normally operated between 
30% slip (subsynchronous speed) and -30% slip (supersynchronous speed), and the converter is 
typically at about 30% of rated output power. The power converter performs a back-to-back AC-
DC-AC conversion using two pulse-width modulation-switched voltage-source inverters coupled 
with a DC link. A crowbar circuit is also provided as protection, to allow shorting the rotor 
circuit if necessary. In variable- speed mode, the torque characteristic of the DFIG is a quadratic 
function of its rotational speed. This WTG allows maximal extraction of wind power because its 
output power is electronically controlled to follow the optimal power curve, which is a cube 
function of the generator rotational speed. 

If a turbine’s rotor speed exceeds its rated value, the turbine pitch controller must be deployed to 
limit the rotational speed at its rated speed. If the pitch controller could not control the 
aerodynamic power of a wind turbine, a WTG may experience a runaway event. Note that the 
speed range of a Type 3 WTG is much larger than the speed range of a Type 1 WTG. Thus, a 
sufficiently large amount of kinetic energy can be stored and restored in the rotating blades and 
other mechanical components of a wind turbine. This characteristic makes the output of the 
generator not as much affected by the wind fluctuations and turbulence. 

By bypassing the wind turbine model, the SimPowerSystems DFIG model now takes a torque 
input. This torque input normally gets transmitted from the high-speed shaft of the gearbox. 
However, similar to the previous model integrations, the generator model must take the generator 
(high-speed shaft) rotational speed from FAST and deliver the generator electromagnetic torque 
and output power to FAST. The following paragraphs describe the modifications of the 
SimPowerSystems DFIG model to take the generator speed measurement and give the 
electromagnetic torque. 

The internal components of the SimPowerSystems DFIG model can be revealed by right-clicking 
the DFIG icons shown in Figure B.1Figure B.1 and selecting the “Look Under Mask,” as shown 
in Figure B.4.  
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Figure B.6. Select the “Look Under Mask” to reveal the model components 

 
Figure B.7. Internal components of the SimPowerSystems DFIG model 

Figure B.7 shows the internal components of the DFIG model. The Currents yellow blocks 
represent the simplified models of the power electronics. The green block represents the wind 
turbine model. The value of the Wind_On block is 0 when the user chooses to bypass the wind 
turbine model. As the logic switch senses a low value of its second input (i.e., the “Wind_On”), 
the first input of the switch (i.e., the output of the wind turbine model) is ignored. Instead, the 
third input (i.e., our generator input of interest, “Tm(pu)”) is directly transmitted into the blue 
Generator & Converters block. 
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Figure B.8. Internal component of the Generator & Converter block 

Double-clicking the blue Generator & Converters block shows its internal components. Again, 
we would like to track the “Tm(pu),” which now goes into the yellow Asynchronous Machine 
block, shown in Figure B.8.  

To reveal the internal components, the user can right-click on the yellow block and choose the 
“Look Under Mask.” The “Tm(pu)” now comes into the Mechanical block, as highlighted in 
Figure B.9. 

 

 
Figure B.9. Internal component of the Asynchronous Machine block 

To reveal the internal components, the user can double-click the Mechanical block. The “Tm” is 
being used in the mechanical equation of motion of the generator inertia. The equation of motion 
is highlighted in Figure B.10 and enlarged in Figure B.11. 
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Figure B.10. Internal components of the DFIG Mechanical block 

 
Figure B.11. The mechanical equation of motion of the generator inertia 

As shown in Figure B.11, the equation of motion is expressed as: 

( )mgenegen TFT
Hdt

d
−−= ωω

2
1  

Therefore, if the generator model is to directly take the speed input, the blocks before the ωgen 
must be deleted. While trying to delete the blocks, the window shown in Figure B.12 will appear: 

 
Figure B.12. Dialog window to disable the DFIG link 

This warning appears because the DFIG model has been provided as a linked file, which can be 
called through the MATLAB command window. The user should click “Disable Link.” After 
deleting the unnecessary blocks, the internal configuration of the Mechanical block should 
appear, as shown in Figure B.13. The reader can also alter the signal and input port labels from 
“Tm” to “w” (to represent ω) and subsequently replace all the “Tm” in the input ports from Figure 
B.7 through Figure B.10 to “w.” We recommend not altering the signal router, which is 
highlighted in Figure B.8, to avoid other unneccessary modifications. It is safe to leave it as a 
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dummy signal routing because the [Tm] signal routing is used only for the data acquistition of 
the model, not for any calculations. 

 
Figure B.13. The modified Mechanical block to take the speed input 

Normally, modifying the input label of Figure B.1 (b) can be done by right-clicking the icon and 
choosing “Edit Mask.” The window shown in Figure B.14 will appear. The user can try to 
change the highlighted port label from “Tm” to “w,” then click “Apply” and “OK.” However, for 
some reason, the change does not get applied and the label “Tm” prevails. Therefore, although 
the label still reads “Tm,” the model in fact now takes the speed input.  

 
Figure B.14. Attempting to modify the input label from “Tm” to “w” 
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10.2.4 Complementing the DFIG Model 

 
Figure B.15. Generator model readily integrated with FAST 

Figure B.15 shows the overall generator model that is ready to be integrated with the FAST 
aeroelastic code. It shows several additional blocks that are necessary to complement the model. 
The input and output of this model are described in the following paragraphs, along with the 
descriptions of the complementary blocks. 

10.2.4.1 The Speed Input Into the Generator Model  
The generator speed input comes from FAST, with RPM as its default unit. Because this 
generator model works in the per unit (p.u.) system, the actual speed must be divided by the 
generator synchronous speed. The parameters of the generator can be accessed through the 
“Generator Data” under the Parameters “Display” list, shown in Figure B.16. In this study, the 
generator nominal power has been set to 1.5 MW. 

 
Figure B.16. Modifying the generator parameters 
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Similarly, the parameters of the converter can be accessed through the “Converter Data” under 
the Parameters “Display” list. The original parameters are maintained, as shown in Figure B.17. 

 
Figure B.17. The original converter parameters 

Last, the original controller parameters are also maintained. Figure B.18 shows the parameters as 
a reference.  

The synchronous speed of the generator is calculated as: 

RPM 1200
)2)(3(
)60(120120
===

p
f

syncω  

Therefore, the generator speed must be multiplied by 1/1200 to result in p.u. The multiplication 
can be done using the Gain block. This block can be found at the Simulink library under 
Simulink > Commonly Used Blocks: 

Name Icon Description 

Gain 
 

It multiplies the input by a constant value. 

10.2.4.2 The “Trip” Input Into the Generator Model  
The trip input defines whether the generator is connected to the grid. High value (e.g., 1) means 
that the trip occurs and the generator is disconnected (i.e., no output power), otherwise (e.g., 0 
input) the generator produces power. To provide this value, a Constant block can be used. This 
block can be found at the Simulink library under Simulink > Commonly Used Blocks:  

Name Icon Description 

Constant 
 

It generates constant value. 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



116 

 
Figure B.18. The original control parameters 

10.2.4.3 The Voltage Input Into the Generator Model  
Three-phase voltage source (A, B, and C) must be connected to the generator model. The 
following blocks are used to build the voltage input. These components can be found at the 
Simulink library under Simscape > SimPowerSystems > Electrical Sources: 

Name Icon Description 

Three-Phase 
Programmable 
Voltage Source 

 

It implements three-phase voltage source with 
programmable time variation of amplitude, 
phase, frequency, and harmonics. 

The user must set the voltage source to deliver the required line-to-line voltage of the generator, 
as shown in Figure B.19. As highlighted in Figure B.16, the required voltage is 575 V.  
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Figure B.19. Supplying the required line voltage 

These components can be found at the Simulink library under Simscape > SimPowerSystems > 
Elements: 

Name Icon Description 

Series RLC Branch 
 

It implements a single resistor, inductor, or 
capacitor, or a series combination of these. 

Ground 
 

It provides connection to the ground (zero 
voltage). 

A small resistance normally presents in a realistic voltage source. The user can set the mode of 
the “Series RLC Branch” to represent only the resistance of the voltage source, as shown in 
Figure B.20.  
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Figure B.20. Representing a pure resistor 

10.2.4.4 Extracting the Generator Outputs  
The DFIG generator model delivers a series of outputs in p.u. The ones needed by FAST are the 
generator electromagnetic torque and the output power. To isolate any desired output, a “Bus 
Selector” can be used. This component can be found at the Simulink library under Simulink > 
Commonly Used Blocks: 

Name Icon Description 

Bus Selector 

 

It outputs a specified subset of the elements 
of the bus at its input. 

To select the torque and output power, the “Bus Selector” must first be connected to the DFIG 
model through the “m” port. Afterward, double-clicking the “Bus Selector” shows the list of the 
available outputs on the left column. Selecting one output at a time can be done by first choosing 
“Te (pu)” and then clicking the “Select >>” button. Similarly, another subsequent variable 
(i.e., the “P (pu)”) can be chosen to obtain the results shown in Figure B.15. It is important to 
note that the position of the torque signal must be above the power signal.   

Because the outputs are in p.u., they must be multiplied by the corresponding rated values to 
result in the SI units. The rated torque is calculated as: 

Nm62.11936
rad/s

60
2)1200(

W105.1 6

−≈







×

−=−=
πωsync

rated
rated

P
T  

The negative value is because it is now a generator model; whereas the positive value is for a 
motor model. This rated torque can be implemented in a Gain block, as shown in Figure B.22. 
The rated generator power is 1.5 MW, which is also implemented in a Gain block.  
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Figure B.21. Selecting the generator torque and output power 

 
Figure B.22. Multiplying the rated torque to convert the unit from p.u. to Nm 

Finally, the torque and power are combined into a vector by using a Mux. This component can 
be found at the Simulink library under Simulink > Commonly Used Blocks: 

Name Icon Description 

Mux 

 

It combines its inputs into a single vector 
output. 
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10.2.5 Integrating the DFIG Model 
Figure B.23 shows the integrated wind turbine and generator model in the Simulink 
environment. The SimPowerSystems model shown in Figure B.15 is in the blue block. The 
FAST S-Function block is in the orange block. This block is readily available within the 
downloaded FAST package as the OpenLoop.mdl shown in Figure B.14. The Pitch and Yaw 
Controllers block are not affected by this integration. The Torque Controller, which gives the 
torque and power inputs to FAST, is now replaced by the generator model. 

 
Figure B.23. Implementation of an integrated wind turbine generator model 

 
Figure B.24. Original FAST S-Function block as OpenLoop.mdl 

The grey FAST Output Manager Block contains parallel Fcn blocks, as shown in Figure B.15. 
This Fcn block can be found at the Simulink library under Simulink > User-Defined Function: 

Name Icon Description 

Fcn 
 

It applies the specified mathematical expression 
to its input. 
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Figure B.25. FAST Output Manager block 

Each Fcn block can be used to isolate a variable of interest from the array of FAST outputs. 
These outputs are defined at the end of the FAST input .fst file, under the section OutList. 
Similar to other generator models in this report, the generator speed is the required output from 
FAST. Therefore, the generator speed must be listed in the FAST input .fst file. According to 
the FAST User’s Guide, pp. 102, the “GenSpeed” corresponds to the measurement of the 
generator speed. Another equivalent name of the parameter is the “HSShftV.” This 
measurement can be isolated by setting the Fcn block, as shown in Figure B.26. 

 
Figure B.26. Fcn block parameters to isolate the generator speed 

Figure B.23 also shows other Fcn blocks, each of which is used to isolate one variable of interest 
(e.g., the rotor speed). To do so, the “GenSpeed” can be replaced by another proper parameter 
name (e.g., “RotSpeed”). 

Instead of the Switch, Figure B.23 shows a Transport Delay block near the FAST input. This 
delay serves as an alternative to break the algebraic loop. The user can define a very small time 
delay (e.g., 5 ms) to prevent any significant changes in the overall dynamics of the system. This 
block can be found at the Simulink library under Simulink > Continuous: 
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Name Icon Description 

Transport Delay 

 

It delays the input by a specified amount of 
time. 

Moreover, a Powergui block, shown in the top of Figure B.23, is a must in every simulation 
using SimPowerSystems models. This block can be found at the Simulink library under 
Simscape > SimPowerSystems: 

Name Icon Description 

Powergui 

 

It serves as the environment block for 
SimPowerSystems models. 

It is important to note that the “Powergui” block is to be placed at the top level of the Simulink 
model diagram for optimal performance and a maximum of one Powergui block is allowed per 
model (i.e., for each .mdl file). The default setting of this block is Continuous. As described in 
the early discussion of this DFIG model, the phasor setting is recommended. As illustrated in 
Figure B.27, changing its setting can be done by double-clicking the block, clicking “Configure 
parameters,” and choosing “Phasor” from the “Simulation Type.” 

 
Figure B.27. Changing the Powergui from “Continuous” to “Phasor” 

For physical models, such as those of the SimPowerSystems, MathWorks recommends implicit 
global solvers, such as the ode14x, ode23t, or ode15s. The solver setting can be modified 
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through the “Configuration Parameters” window (from the Simiulink tool bar: Simulation > 
Configuration Parameters or by pressing Ctrl+E). Under the Solver Options, the user can set the 
Type to Variable-step and the Solver to ode23tb (stiff/TR-BDF2). Figure B.28 highlights the 
necessary modifications to the “Configuration Parameters.” 

 
Figure B.28. Modifying the “Configuration Parameters” 

10.2.6 Running the Simulations 
Test12.fst is provided in the FAST downloaded package as a part of the certification test 
files to represent the WindPACT 1.5 MW Baseline Turbine. This test file is chosen as an 
illustration in this report because it represents a turbine with the same rating as the default 
SimPowerSystems DFIG model. 

Several changes are required in the Test12.fst; whereas some are recommended to fit the 
simulation purposes. These changes are as summarized below: 

   

 

 

  1 ADAMSPrep - ADAMS preprocessor mode [REQUIRED] 
100 TMax - Total run time (s) [RECOMMENDED] 
  0.0005 DT - Integration time step (s) [REC.] 
  2 PCMode - Pitch control mode [REQ.] 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



124 

 

After implementing the changes, it is recommended to save the file as a new file, e.g., 
Test12_SPS.fst. Some changes are also recommended to the original Aerodyn (AD) file, 
the Test12_AD.ipt, to represent a much simpler wind profile: 

 

After implementing the changes, it is also recommended to save the AD files file as a new file, 
e.g., Test12_AD_SPS.ipt. The onestep.wnd wind file represents a step wind speed input 
at 50 seconds, which is in the form of:  

 

The simulation can be set up by typing Simsetup on the MATLAB command window, and 
then by typing in the FAST input file name, which in this report is the Test12_SPS.fst. The 
simulation can then be run. Some warning messages regarding algebraic loops will appear on the 
MATLAB command window. Those warnings can be ignored because they come from the wind 
turbine model of the SimPowerSystems DFIG model (i.e., the green block shown in Figure B.7). 

The generator responses—in terms of speed, torque, and power—are shown in Figure B.29. 
Compared to the previous types of generator, these responses show much less fluctuation 
because of the ability of the Type 3 to store and restore the kinetic energy from the wind. When 
the wind speed changes, the large inertia of this megawatt-rating turbine contributes to the slow 
response of the generator (approximately 20 seconds) to reach the optimal rotational speed for 
maximum power capture.   

 0 TPCOn - Time to enable active pitch control 
    (s) [REQ.] 
  3 VSContrl - Variable-speed control mode [REQ.] 
 11.0 RotSpeed - Initial or fixed rotor speed [REQ.] 
------------------------- AERODYN ------------------------- 

"Test12_AD_SPS.ipt" ADFile [REC.] 
OutList - The next line(s) contains a list of outputs   
"GenSpeed" - Generator speed [REQ.], and other desired outputs 

"Wind\onestep.wnd" WindFile 

! Wind file for sheared 18 m/s wind with 30 degree direction. 
! Time Wind Wind Vert. Horiz. Vert. LinV Gust 
! Speed Dir Speed Shear Shear Shear  Speed 
    0.0 7.0  0.0 0.0 0.0 0.0 0.0 0.0 
    0.1 7.0  0.0 0.0 0.0 0.0 0.0 0.0 
   49.9 7.0  0.0 0.0 0.0 0.0 0.0 0.0 
   50.0 8.0  0.0 0.0 0.0 0.0 0.0 0.0 
  999.9 8.0  0.0 0.0 0.0 0.0 0.0 0.0 
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Figure B.29. Simulated generator response 
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