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ABSTRACT 

 

 

 

 

 

This report describes the creation and use of time-series simulations of wind power 

systems using TRNSYS, a transient system simulation environment developed and 

maintained at the Solar Energy Laboratory (SEL) at the University of Wisconsin-

Madison. In order to simulate both single turbines and clusters of wind turbines, several 

component models in TRNSYS were created, and several existing component models 

were modified. ARCView Geographical Information Systems (GIS) output data for a 

prospective site in DePere, Wisconsin provided input turbine array data for the 

simulation. Coupling of GIS spatial information with TRNSYS temporal analysis 

provided powerful analytic and optimization capabilities not otherwise available in 

either environment. The wind turbine component and wind cluster components 

described in this report are the first detailed wind energy components developed for 

TRNSYS. The wind cluster component is the first time-series implementation of a wind 

turbine \array" model. This is also the first-known use of coupled GIS and time-series 

tools. The DePere, Wisconsin site was shown to be attractive location for a wind energy 

project composed of wind turbines.  





 

 

iii 

 

ACKNOWLEDGMENTS 

 

 

 

 

 

 

This research was co-sponsored by the Wisconsin Energy Bureau, and by the 

University of Wisconsin-Madison. The Renewable Energy Assistance Project operated 

by the Wisconsin Energy Bureau under the Department of Administration, is gratefully 

commended for its programmatic support of university research in renewable energy 

technologiy. 

Valuable time, support and collaboration were provided by Don Wichart and Dan 

Moran of the Energy Bureau.  They are acknowledged for their supportive of this work, 

and for being good friends to the authors over the course of the project.  

Very special thanks go to Kent Withrow, formerly of the Wisconsin Energy Bureau. 

Kent provided critical expertise, information and GIS data for the completion of the 

project.  





v 

 

TABLE OF CONTENTS 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract ............................................................................................................................. i 

 

Acknowledgments..........................................................................................................  iii 

 

Table of Contents ..........................................................................................................  vii 

 

List of Figures ..............................................................................................................  xiii 

 

List of Tables .............................................................................................................  xviii 

 

Nomenclature ...............................................................................................................  xix 

 

 

CHAPTER 1: INTRODUCTION.............................................................................................. 1 

 

 1.1  Wind Energy Research in Wisconsin.........................................................  2 

 

 1.1.1  Recent Wind Energy Research in Wisconsin ................................  4 

 

 1.2  Wind Systems Modeling..........................................................................  10 

 

 1.2.1  Energy Production Estimation .....................................................  12 

 

 1.2.2  Power Curve Estimation ..............................................................  12 



 

 

 

vi 

 

 1.2.3  Cluster Modeling..........................................................................  13 

 

 1.2.4  Wind Resource Modeling Using GIS ..........................................  15 

 

 1.3  Motivation for Research...........................................................................  15 

 

 1.4 Modeling in TRNSYS and TRNSED ......................................................  17 

 

 1.4.1 TRNSYS ......................................................................................  17 

 

 1.4.2 TRNSHELL .................................................................................  18 

 

 1.4.3 TRNSED ......................................................................................  19 

 

 1.4.4 TRNSYS Component Libraries ...................................................  21 

 

 

CHAPTER 2: WIND TURBINE PERFORMANCE MODELS .................................................... 23 

 

 2.1  Fundamentals of Wind Energy Systems ..................................................  23 

 

 2.1.1  Momentum Theory ......................................................................  25 

 

 2.1.2  Thrust Coefficient ........................................................................  33 

 

 2.2  Factors Influencing Wind System Performance ......................................  35 

 

 2.2.1  Air Density...................................................................................  35 

 

 2.2.2  Wind Shear...................................................................................  40 

 

 2.2.3  Turbulence ...................................................................................  44 

 

 2.2.4  Wakes...........................................................................................  47 

 

 2.2.5  Other Factors................................................................................  49 

 

 2.3  TRNSYS Type 85: Wind Turbine ...........................................................  49 

 

 

CHAPTER 3: WIND TURBINE CLUSTER MODELING .......................................................... 53 

 



 

 

 

vii 

 3.1  Wake Models ...........................................................................................  54 

  

 3.1.1  Early Wake Research ...................................................................  55 

 

 3.1.2  The UIC Wake Model..................................................................  55 

 

 3.2  Cluster Performance Modeling ................................................................  58 

 

 3.2.1  Coordinate Transformations ........................................................  59 

 

 3.2.2  Wake Superposition Methodology...............................................  61 

 

 3.2.3  In-wake Rotor Wind Speeds ........................................................  62 

 

 3.2.4  In-wake Turbine Power Output....................................................  62 

 

 3.2.5  Cluster Performance.....................................................................  63 

 

 3.3 TRNSYS Type 88: Wind Turbine Cluster...............................................  65 

 

 

CHAPTER 4: WIND ENERGY SYSTEMS MODELING ........................................................ 103 

 

 4.1 Data and Data Files Used in Simulations...............................................  106 

 

 4.1.1  Weather Data..............................................................................  107 

 

 4.1.2  Turbine Data ..............................................................................  109 

  

 4.2 Hybrid Systems Simulator Using TRNSED ..........................................  111 

 

 

CHAPTER 5: WIND ENERGY SYSTEMS SIMULATIONS ...................................................  120 

 

 5.1  Verification of Wind Model Operation..................................................  120 

 

 5.1.1  Wind Turbine .............................................................................  120 

 

 5.1.2  Wind Turbine Cluster.................................................................  121 

 

 5.2 Verification of Wind Energy Systems Model........................................  128 

 

 7.2.1  Validation of Wind Turbine Cluster Component.......................  128 



 

 

 

viii 

 

  7.2.2 Cluster Model: DePere WI Case Study......................................  134 

 

 7.4  Simulation Results .................................................................................  137 

 

 

CHAPTER 8: CONCLUSION AND RECOMMENDATIONS.................................................... 139 

 

 8.1  Conclusions............................................................................................  139 

 

 8.2 Recommendations..................................................................................  141 

 

 

CHAPTER 9: BIBLIOGRAPHY .......................................................................................... 143 

 

 

APPENDICES 

 

Appendix A: EES Programs and Lookup Tables........................................................  163 

 

 Air Density Elevation Function ......................................................................  165 

 

 Wind Turbine Model.......................................................................................  168 

 

 Rayleigh Function Model................................................................................  169 

 

 Shear Sensitivity Analysis ..............................................................................  169 

 

 Thrust Coefficient Polynomial........................................................................  170 

 

 Wake Turbulence Model.................................................................................  170 

 

 Wind Turbine Cluster......................................................................................  170 

 

 ACME 500 WT Lookup .................................................................................  174 

 

 Line Cluster Lookup .......................................................................................  175 

 

 Random Cluster Lookup .................................................................................  175 

 

 Symmetric Cluster Lookup .............................................................................  175 

 

 



 

 

 

ix 

Appendix B: TRNSYS Types .....................................................................................  177 

  

 TRNSYS Type 85: Wind Turbine ..................................................................  185 

 

 TRNSYS Type 88: Wind Cluster....................................................................  189 

 

 

Appendix C: TRNSYS Decks.....................................................................................  197 

 

 

 Wind Turbine Performance Demonstrator......................................................  201 

 

 Wind Cluster Performance Demonstrator.......................................................  204 

 

 Wind Turbine Simulation................................................................................  206 

 

 Wind Cluster Simulation.................................................................................  209 

 

 

Appendix D: TRNSED Installation and User Guide ..................................................  225 

 

Appendix E: Wind Turbine Data ................................................................................  229 

 

Appendix F: DePere GIS Wind Cluster Location Data ..............................................  229 

 

Appendix G: DePere Wind Velocity Data..................................................................  229 

 

Appendix H: Thrust Coefficient Function Proof ........................................................  251 

 

 





xi 

 

LIST OF FIGURES 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure Description Page 

Chapter 1 

 
1.1 Wisconsin WindWorks turbine being raised. 3 

 

1.2 Example TRNSHELL screen. 19 

 

1.3 Example screen from a TRNSED user interface. 20 

 

Chapter 2 



 

 

 

xii 

 

 
2.1 Streamtube control volume with actuator disk. 24 

 

2.2 Wind speed plus static dynamic and total rotor pressure. 27 

 

2.3 Cp as a function of a. 32 

  

2.4 Typical Cp versus wind speed curves. 32 

 

2.5 CT and Cp as a function of the axial induction factor. 34 

 

2.6 CT as a function of Cp. 35 

 

2.7 Air density as a function of elevation. 38 

 

2.8 Percent of standard air density for typical conditions. 38 

 

2.9 Output of power-regulated wind turbine. 40 

 

2.10 Example output in power as a function of shear exponent. 43 

 

2.11 Turbulence added as a function of diameters downwind. 46 

 

2.12 Wake interactions in a hypothetical wind cluster. 48 

 

2.13 TRNSYS Type 85: Wind Turbine. 50 

 

Chapter 3 

 
3.1 Graphical description of wake regions. 55 

 

3.2 Typical profiles of the wake deficit. 56 

 

3.3 Wind cluster modeling algorithm. 58 

 

3.4 Effect of the coordinate transformation. 60 

 

3.5 Example cluster efficiency as a function of direction. 64 

 

3.6 Cluster power output per wind speed and direction. 64 



 

 

 

xiii 

 

3.7 TRNSYS Type 88: Wind Turbine Cluster. 65 

 

 

Chapter 4 

 
6.1 Example hybrid power system modeled by UW-Hybrid. 104 

 

6.2 Example first page of the TRNSED interface. 108 

 

6.3 Example second page of the TRNSED interface. 109 

 

6.4 Example third page of the TRNSED interface. 110 

 

6.5 Example fourth page of the TRNSED interface. 112 

 

 

Chapter 7 

 
7.1 Typical plot from wind turbine verification simulation. 121 

 

7.2 Cluster output as a function of direction: in line. 122 

 

7.3 Cluster output as a function of direction: symmetric. 123 

 

7.9 Goodnoe Hills wake effects pairings. 129 

 

7.10 Modeled wind speed and power output at Goodnoe Hills. 130 

 

7.11 Comparison between cluster model and Goodnoe Hills. 131 

 

7.12 Correlation between cluster model and Goodnoe Hills. 132 

 

7.13 Modeled wind speed and power output at Goodnoe Hills. 133 

 



xiv 

 

LIST OF TABLES 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure Description Page 

Chapter 1 

 

Chapter 4 

 
 

4.1 TRNSYS Type 90 input variables and parameters. 76 

 

Chapter 7 

 
 

7.1 MOD-2 Specifications. 128 

 

7.2 Goodnoe Hills wake deficit data. 132 

 

 



xv 

 

NOMENCLATURE 

 

 

 

 

 

Variables 

A = area of PV array (m2) 

Ar = rotor area (m2) 

B = number of blades 

Bp = barometric pressure (mm Hg) 

c =  the transverse crosswind axis in the d, c coordinate system (m) 

Cd = coefficient of drag (dimensionless) 

Cp = coefficient of performance (dimensionless) 

CT = rotor thrust coefficient (dimensionless) 

D = drag force (N) 

d =  the longitudinal downwind axis in the d, c coordinate system (m) 

Dia   = rotor diameter (m) 

g   = gravitational constant (m/s2) 

N   = total number of turbines 

n   = turbine n, also the North axis in the E/N coordinate system 

P    = power extracted (W) 

p   = air pressure (N) 



 

 

 

xvi 

 

PR   = wind turbine rated power output (kW)  

PR
+   = pressure upwind of wind turbine rotor 

PR
-   = pressure downwind of wind turbine rotor 

Q   = torque (N-m)  

R   =  ideal gas constant 
  
287m

2
s
2
K( ), also rotor radius (m) 

r   =  radial distance from rotor or rotor wake centerline (rotor radii) 

T   = temperature (°C) 

t   = time (sec, hour, year) 

U   = free-stream wind velocity in the principal direction (m/s)  

Uci   = wind turbine cut-in wind speed (m/s)  

Uco   = wind turbine cut-out wind speed (m/s)  

UD   = normalized wind speed deficit in a turbine wake (fraction)  

Ud   = downwind wind speed (m/s) 

Ur   = wind speed at the local rotor location (m/s) 

Ura   = wind turbine rated wind speed (m/s)  

  U    = average free-stream wind velocity in the U direction (m/s)  

  ′ U    =  turbulence intensity in the U direction 

  V    = average free-stream wind velocity in the V direction (m/s)  

V   = free-stream wind velocity in the lateral direction (m/s)  

  ′ V    =  turbulence intensity in the V direction 

W   = free-stream wind velocity in the vertical direction (m/s)  

  W    = average free-stream wind velocity in the W direction (m/s)  

  ′ W    =  turbulence intensity in the W direction 

X   = downwind distance from upwind rotor (upwind rotor radii) 

x   =  longitudinal downwind distance measured in rotor (upwind) radii  

Z   = ground elevation above sea-level (m) 

z   = height above ground (m) 

α   =  exponent of the wind shear power equation (dimensionless) 

η    = efficiency of wind turbine, cluster or diesel engine (fraction)  

ρ   = air density (kg/m3) 

λ    = tip-speed ratio (dimensionless) 

σ    = transverse (crosswind) turbulence intensity 

θ   = wind direction (degrees from North) 



 

 

 

xvii 

 

Variable Descriptors 

 

amb  - ambient 

avg  - average 

c.v.  - control volume 

ci  - cut-in 

cluster  - cluster 

co  - cut-out 

elec  - electrical 

elev  - elevation 

hub  - hub, rotor centerline 

max  - maximum 

mech  - mechanical 

min  - minimum 

nom  - nominal 

off  - off condition 

on  - on condition 

rated  - rated 

sys  - system 

tot  - total 

WT  - wind turbine 

 

Acronyms 

AWEA American Wind Energy Association 

CanWEA Canadian Wind Energy Association 

DNR Wisconsin Department of Natural Resources 



 

 

 

xviii 

 

IC Internal Combustion 

IEA International Energy Association 

MG&E Madison Gas & Electric Co. 

NREL National Renewable Energy Laboratory 

REAP Renewable Energy Assistance Program 

SEL Solar Energy Laboratory 

TRNSED TRNSYS Editor 

TRNSHELL TRNSYS Shell 

TRNSYS Transient Systems Simulator 

UCS Union of Concerned Scientists 

UMass University of Massachusetts 

UW University of Wisconsin 

WEPCO Wisconsin Electric Power Co. 

WP&L Wisconsin Power & Light Co. 

WPS Wisconsin Public Service Corporation 


