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Preface and background documents 
 
 
This document provides guidelines for the communication within the European JOULE III project 
’Design Methods for Offshore Wind Turbines at Exposed Sites’ (OWTES). It is an update and review 
of the Terminology used in the Opti-OWECS project (‘Structural and Economic Optimisation of 
Bottom-Mounted Offshore Wind Energy Converters, a European Joule III project [1]). M.Kühn is 
acknowledged for permission to use his document. 
 
The document is intended to define the major components of the offshore wind farm in particular with 
respect to bottom mounted HAWT (Horizontal Axis Wind Turbines). Proposed are general notations 
and conventions, which have become common practice within the considered disciplines i.e. wind 
energy engineering, offshore technology and engineering economics. 
Harmonisation in the description of the entire system and its components, the interfaces between sub-
systems and the structural design, is required and this document will give a general overview as 
accepted by the participants of the OWTES project.  
 
Concerning structural design, the 'Regulations for the Certification of Offshore Wind Energy 
Conversion Systems' of the Germanischer Lloyd [2] are recommended as main standard. Regarding 
wind turbine applications, assistance has been gained from the 'IEA 1400', International Energy 
Agency [3] and the 'Regulations for the Certification of Wind Energy Conversion Systems', 
Germanischer Lloyd [4].  
In offshore technology the same holds for the DNV standard 'Rules for Classification - Rules for Fixed 
Offshore Structures' [5] and the HMSO Guidelines of the UK Department of Energy [6]. 
With respect to soil properties, the conditions and guidelines specified by the API [7] standards are 
recommended. 
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1 Terminology 
 
 
1.1 Offshore wind farm (OWF) 
 
 
1.1.1   Complete offshore wind farm  
 
offshore wind farm (OWF) 

Entire system, comprising (usually) several wind turbines, for conversion of wind into electrical 
power, infrastructure facilities necessary for operating the farm plus the electrical infrastructure 
within the farm and the transmission of the electrical energy to the utility grid connection point 
onshore. 
Note that the environment i.e. air, water and soil as well as the utility grid are not considered as 
part of the wind farm. 

 
offshore wind energy system (OWES) 

synonym for offshore wind farm 
 

 
1.1.2   Main components 
 
offshore wind turbine (OWT)  

single unit of the wind farm comprising energy conversion system and support structure  
 
offshore wind energy conversion system (OWEC) 

synonym for offshore wind turbine 
 
electrical infrastructure 
  electrical system transmitting and collecting the power provided at the turbine connection point(s) 

and then passes on the power to the central cluster point(s). Transmission to shore by submarine 
cable up to the connection point to the public grid is included in this category.  

 
facilities 

auxiliary facilities required for operation, maintenance and administration of a wind farm. 

 Offshore Wind Farm (OWF) 

  Offshore Wind Turbine (OWT) 

  Electrical infrastructure 

  Facilities 

 
 
Figure 1 Components of the wind farm  
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1.1.3 Boundaries of the wind farm components 
 
wind turbine and electrical infrastructure 
The turbine main switch gear or circuit breaker in the tower is defined as boundary between electrical 
system of the turbine and farm infrastructure.  
The voltage at the connection point corresponds to the generator or the inverter (if any). Although a 
transformer might be installed at the wind turbine unit, it is regarded as part of the electrical 
infrastructure.     
The turbine control and safety system at the wind turbine is for proper operation of the individual 
turbine and is part of the wind turbine description, this despite the fact that its input parameters can 
also be fed by the (power) control system of the cluster(s) within/of the wind farm. 
 
offshore wind farm and public grid 
(is same division as between electrical infrastructure and public grid)  
Electrical components required to convert and transform the farm electrical power to the frequency 
and voltage level required for the public grid is part of the wind farm (electrical infrastructure). 
The physical connection itself is regarded as part of the utility grid meaning that the onshore 
connection point is the boundary between the wind farm and the utility grid. 
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1.1.4 Sub-components offshore wind farm 
 
The components of an Offshore Wind Farm (OWF) are defined by figure 2 to figure 5. 
 

 

 

Facilities 

Offshore Wind Farm (OWF) 

Offshore Wind Turbine (OWT) 

Rotor 

 Drive train 

 Nacelle 

Turbine control system(s) 

Electrical power system 

Tower 

Foundation 

Support 
structure 

Rotor - Nacelle 
Assembly 

Electrical infrastructure 

(Power) control and safety 

Power collection 

Power transmission 

 
 
   Figure 2 Components of the wind farm 
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Rotor - Nacelle assembly  

Component of an offshore wind turbine that transforms wind energy into electric power 
comprising rotor, nacelle with entire interior, control system(s) and the electrical system (including 
when it is located in the tower base). 
Components on and in the nacelle to facilitate maintenance (and installation) are also part of the 
rotor nacelle assembly. 

rotor – nacelle assembly 

rotor 

blades 

hub 

drive train 

primary shaft 

brake(s) 

coupling(s) 

bearing(s) 

gearbox (if any) 

secondary shaft (if any) 

nacelle 

bed plate 

auxiliary equipment e.g. hydraulic 

yaw mechanism 

housing 

turbine control and safety system  

electrical power system 

generator 

converters and/or inverter (if any) 

internal cables 

switch gear, circuit breaker 

 
Figure 3 Components of the rotor–nacelle assembly 
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Support structure 

Structure that supports the rotor-nacelle assembly and transfers the loading to the seabed. The 
support structure comprises both the tower and the foundation.  
Components on and in the support structure to facilitate maintenance (and installation) are also 
part of the support structure. 

 
 
Electrical infrastructure 

The electrical infrastructure includes the (power) control and safety systems within and of the 
wind farm, and all electrical components between the electrical system at the wind turbine and the 
public grid connection onshore.  

 
 
Facilities 

Auxiliary facilities for maintenance and administration which can be located offshore as well as 
onshore but are essential for (technical and economical) operation of the wind farm. The 
maintenance facilities may include a workshop, spare parts area, service equipment etc. 

  

 
 support structure 

tower 

foundation 

 
Figure 4 Components of the support structure  
 

 

 electrical infrastructure 

power collection 

transformers to collection voltage (usually at every turbine) 

inverters (if any) 

switch gears and circuit breakers 

cables inside cluster(s) 

power transmission 

electrical and electronic components (for connection to public grid) 

submarine cable to shore  

(power) control and safety 

 
Figure 5 Components of the electrical infrastructure 
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1.1.5 Boundaries of the offshore wind farm sub-components 
 
rotor-nacelle assembly and support structure   
The fixed end of the yaw mechanism of the nacelle is defined as the boundary between the rotor-
nacelle assembly and the tower. 
 
tower and foundation 
The separation of the support structure into tower and foundation depends on the kind of foundation, 
for instances of piled, gravity or skirted types and might be influenced by manufacturing and 
installation considerations. For some integrated designs (e.g. an integrated monopile) a separation 
into tower and foundation might not be applicable. 
As a general rule, for piled designs, only the actual piles are denoted as foundation. The gravity type  
foundation usually consists of structural part(s) (like caisson(s)) which transfer(s) the loading on to the 
soil.     
 
offshore wind turbine and electrical infrastructure 
In particular the boundary between the wind turbine control and wind farm control and safety systems 
are sometimes not obvious. When the control and safety system at the turbine(s) is only for proper 
operation of the individual turbine the system is regarded as being part of the offshore wind turbine. 
This can be with regard to load and/or individual power control.  
 
electrical infrastructure sub-components 
When the control and safety task accounts for the complete farm and is not specific for an individual 
wind turbine, the system is regarded as being part of the (main) electrical infrastructure. 
The boundary between the power collection and power transmission is located at the point (could be 
more than one) where the total power of the wind farm is collected that will be transmitted by one (or 
more) transmission line(s) to shore. The voltage level between the connection point and the onshore 
connection to the public grid may be adjusted to reduce transmission losses and/or to connect to the 
public grid. If so, transformation to the public grid voltage becomes part of the wind farm transmission 
definition.   
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1.2 Wind and wave description and wind turbine orientation 
 
1.2.1 Wind speeds 
 
Wind speeds are generally measured in metres per seconds (m/s).  
Without further remarks site related wind speeds are 10-min averaged (’mean wind speed’ is indicated 
by an over-line) and related to hub height above still water level (SWL).  

α

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

ref
ref z

z
vzv )(  

 

where: )(zv  mean wind speed at height z 

    refv   mean wind speed at reference height 

    refz   reference height e.g. 10.m 

    �  wind shear component 
 
Unless noted otherwise velocities for other heights are calculated by the power law. 
A wind shear exponent of �� = 0.11 according to [2] is used in absence of other confirmed data. 
 
The mean wind speed, the extreme mean wind speed and the extreme 5 seconds gust with a 

probability of occurrence of once in 50 years (return period 50 years) are written as v , Ev  and Ev  

respectively. The same holds for the annual mean and annual gust wind speeds Jv and Jv  

respectively. Different averaging periods and different return periods should be indicated by indices 
e.g. 1min ,Ev , 1min ,Jv  for the 1-minute gust for extreme (50 years) and annual conditions respectively.  

Moreover, heights different from the hub height have to be given explicitly e.g. 10m ,Ev . 

The wind direction is given w.r.t. true North (nautical reference system). When the wind comes from 
the East, the wind direction equals 90o, see figure 6. 

 
 
1.2.2 Water surface elevation and wave and current direction 
 
The instantaneous water surface elevation �(t) is described in a fixed, non-rotating axis system 
(xyz)SWL, related to the support structure with origin at the undisturbed sea surface (i.e. at still water 

φwind

N

wind speed

YSWL

XSWL

wave
propagation

φwave
φcur

current
velocity

NN

 
 
Figure 6: Wind, wave and current direction. 
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level, SWL) on the tower centre line with the z-axis directed vertically upwards and the x-axis directed 
opposite to true (i.e. not magnetic) North (see chapter 2). 
The directions of wind, waves and current are defined according to the nautical system i.e. clockwise 
from true North, which is at 0o. Wind direction �wind and wave direction �wave are given as ’coming 
from’; in contrast to the current direction which refers to ’pointing towards’.  
 
 
1.2.3 Turbine angle 
 
For a clockwise rotating wind turbine the turbine angle �turb gives the angle of the nacelle w.r.t. the true 
North. When the turbine is oriented to the East (this means that the upstream direction is to the East) 
the turbine angle equals 90o. See figure 7. 

 
 
1.2.4 Yaw misalignment with respect to wind and waves 
 
The wind turbine yaw angle �y is generally given as the difference of the wind direction and the 
position of the nacelle, see figure 7. If both wind and wave loading are present the yaw misalignment 
w.r.t. wind (wind yaw angle) �y,wind and the yaw misalignment w.r.t. waves (wave yaw angle) �y,wave  are 
distinguished.  
�y,wind =   �wind - �turb   yaw misalignment w.r.t. wind direction 
�y,wave =   �wave - �turb   yaw misalignment w.r.t. wave direction 
 

XSWL

YSWL

wind speed

N

φwind

φturb

φy,wind

rotor axis

rotor speed

YN

XN

φturb

 
Figure 7:  Turbine orientation and wind direction 
 (clockwise rotating wind turbine) 
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1.3 Rotor-Nacelle assembly  
 
This section applies to clockwise rotating wind turbines of the HAWT type with upwind or downwind 
orientation (see figure 8). For other turbine types the reader is referred to [9] which is largely quoted 
here in a shorted form. 
 

 
 
 
 
1.3.1 (Blade) azimuth angle and blade numbering  
 
The blade azimuth angle �r,B is defined as azimuth angle of blade number 1; while the azimuth angle 
�r is the azimuth angle in the rotor plane, this not necessarily being the exact location of the blade. 
(See figure 9.) 
 
The zero azimuth is in vertical upward direction. The azimuth angle is positive in clockwise direction 
looking downstream to the rotor. 
The order in which the blades pass the tower is 1, 2 ,3 for a three bladed turbine.  
 

upwind orientation,
(clockwise rotation)

downwind orientation,
(clockwise rotation)

��
wind wind

 
 
Figure 8: Rotor-Nacelle assembly Turbine orientation (upwind resp. downwind) and 

rotor rotation sense. 
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1.3.2 Tilt angle, nacelle offset, rotor overhang and cone angle 
 
The distance between tower top and nacelle coordinate system - whose position is determined by the 
intersection of the tower centre line with the rotor axis - is defined as nacelle offset dzN. 
The angle between the horizontal axis and the rotor shaft is defined as tilt angle �t. A positive angle 
increases hub height and tower clearance. 
The rotor overhang dxH  is the distance between the centre of  the hub coordinate system (xyz)H and 
the intersection of the rotor axis with the tower centre line. For an upwind turbine the rotor overhang is 
positive.  
The angle between the rotor plane and the blade axis is defined as cone angle (�c ). The blades are 
directed downwind for positive coning (figure 10). 

Blade 2

Blade 3

Blade 1

�

φr,B
φr

 g

 
 
Figure 9: (Blade) azimuth angle and blade numbering for a clockwise 

rotating rotor. 
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wind�
t

d
xH

d
zN

�
c

 
 
Figure 10: Tilt angle, nacelle offset, rotor overhang and cone angle. 

wind speed V

rotor plane
(zero coning)

�

�

�

chord line

effective
wind speed W

XB

YB

 
 
Figure 11: Local blade angle �, inflow angle � and angle-of-attack �. 
 (Z-axis points towards tip (out of paper)) 
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1.3.3 Pitch angle and twist    
 
See figure 11, in which:  
 
�  =  local blade angle is angle between chordline of the blade element and the rotor plane.  

Positive when airfoil trailing-edge points downwind, which is consistent with airfoil nose points 
upwind (feathering direction). 

          - full span pitch:  � = �  + �  
           -  partial span pitch: 
            inner part of the blade:  � = �  
            tip:    � = � t  + �  
   
�  =  pitch angle.   
    Positive when trailing edge points downwind. 
� t   =  tip angle. In general the tip angle determines the default blade setting. 
    By definition:  � t = 0o, if chordline of tip-station stands in the rotor plane, see figure 12.  

(Sometimes extrapolation of the twist towards the tip is used as reference for the tip angle, 
because tip shapes complex the convention)  

� 0  =  blade set angle. Pitch angle set at blade installation. 
 
�  =  local twist angle of the blade relative to the tip station  
 

 
 
 

chord line at blade station

wind speed V

rotor plane
(zero coning)

�

�

�

 
Figure 12 Blade pitch angle � and twist � 

(clockwise rotating turbine, looking from the tip towards the root 
section) 
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1.4 Offshore technology 
 
In the part related to offshore technology the DNV-Rules [5] and the HMSO-Guidelines [6] are used as 
reference for terminology and notation. Appendix A obtains a list of common definitions copied from 
both documents.  
 
 
1.5 Periodic signals and dynamic characteristics of the support structure  
 
Signals that vary periodically with the rotor revolution and its integer multiples are denoted as 1P, 2P, 
3P, etc. and Nb P, where Nb is the number of blades.1    
 
Support structures are characterised by the relation between the fundamental natural frequencies 
f0   

2 and the rotor frequency fR  as well as the blade (passing) frequency fB =  Nb fR .3  
 
   f0  <  fR  or  f0  <  1P  : soft-soft design 
fR  <   f0  <  fB   or 1P   <  f0  <  Nb P : soft-stiff design 
fB  <   f0    or Nb P <  f0    : stiff-stiff design 
 
 
In case of a turbine with variable rotor frequency fR,min  � � f R  �  fR,max  respectively with two constant 
rotational frequencies  fR,1  <  fR,2 the following definitions are valid. 
f0     <  fR,min   or f0    <   fR,1   : soft-soft design 
fR,max  <  f0  <  fB,min   or fR,2  <  f0    <  fB,1  : soft-stiff design 
fB,max  <  f0     or            fB,2  < f0    : stiff-stiff design 
 
 
A very soft support structure design is synonym with a soft-soft design. 
A soft support structure design is synonym with a soft-stiff design. 
A stiff support structure design is synonym with a stiff-stiff design. 
 
 
1.6 Cyclic and circular frequency, definition of spectra 
 
By convention: 
Cyclic frequency f in unit Hz as well as circular frequency (angular velocity) � can be used in 
equations. In figures and tables, however, the frequency axis should be written as cyclic frequency f in 
unit Hz, in order to avoid confusion.  
 
According to the definition of spectra given in Appendix B the following relation is valid between 
spectra expressed as function of cyclic and circular frequency. 
 

 

                                                      
1  The symbol P is used with respect to ’per revolution’. 

2  Usually these are the fundamental fore-aft and the lateral bending mode.  

3  Instead of the applied notations soft-soft and stiff-stiff, in literature respectively soft and stiff are in 
general mentioned. This is confusing because soft and stiff has another general understanding. 

xx xxS (f )  =    2  S ( )π ω  
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1.7 External and operating conditions 
 
External and operating conditions are described in figure 13 and figure 14. 

 

 
1.8 Economic terminology 
 
In this section the use of the ’IEA Recommended Practices for Wind Turbine Testing and Evaluation. 
Vol. 2: Estimation of Cost of Energy from Wind Energy Conversion Systems’ [8] is advised. Appendix 
C obtains a list of common definitions copied from [5] and [6]. 

 

extreme 
i.e. conditions with a probability of being exceeded (typically) once in 
fifty years 

i.e. in general events which have a probability of being once 
a year or more often 

normal 

 external conditions 

External conditions are all external influences on the wind turbines resulting from 
oceanographic or meteorological conditions or other external sources (e.g. grid 
connection, mechanical powered machinery) 

 
Figure 13:  External conditions of an offshore wind turbine. 

 

i.e. no fault or other shut-down condition, 
wind speed v < vi or v > vo, turbine standstill or idling 

stand-by 

 operational conditions 

normal conditions 

start-up 
i.e. transition between stand-by and power production, 
or between different conditions during productive operation 

power production 
i.e. wind speed range vi � v � vo 

normal shut-down 
i.e. transition between power production and stand-by, 
or between different conditions during productive operation 

fault conditions 
i.e. state arising if defects occur in the wind turbine 

condition after occurrence of a fault 

erection 
i.e. transport, erection , maintenance and (de-)commissioning 

vi cut-in wind speed, vo cut-out wind speed 
 

Figure 14:  Operational conditions of an offshore wind turbine. 
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2 Reference systems 
 
Nine Cartesian, right-handed reference systems are introduced, see figure 15 - 17. 
 
Installation: 
• A fixed, non-rotating axis system (xyz)LAT  (LAT = Lowest Astronomical Tide) related to the offshore 

wind turbine with origin at lowest astronomical tide.  
Offshore wind turbine dimensions and construction at sea are expressed in this frame by 
preference. 

 
Loads: 
• A fixed, non-rotating axis system (xyz)SB  (SB = Sea Bottom or Mudline) for the determination of 

structural loads related to the offshore wind turbine with origin on the sea bottom.  
 Structural loads are expressed in this frame, by preference. 
 
• A fixed, non-rotating axis system (xyz)SWL  (SWL = Still Water Level) related to the support 

structure with origin on the undisturbed sea surface (i.e. at sea level SWL).  
 Hydrodynamics are expressed in this frame, by preference. 
 
• A fixed, non-rotating axis system (xyz)T  (T = top) related to the tower with origin in the centre  of 

the yaw bearing system.  
 Quantities at the nacelle/tower interface are expressed in this frame, by preference. 
 
 

Sea bottom

N

WS

E

YSWL

XSWL

ZSWL

g

ZSB

Sea bottom

YLAT

XLAT

ZLAT

XSB

YSB

Still Water Level
(SWL)

Lowest Astronomical Tide
(LAT)

ZSB

XSB

YSB

YT

XT

ZT

centre yaw bearing

 
 
Figure 15: Reference systems for installation and loads description. 
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Components: 
These coordinate systems are allowed to move with respect to the inertia reference systems 
described in the installation and load paragraph. 
 
• An axis system (xyz)N   (N = nacelle), related to and rotated with the nacelle with origin in the 

centre of the yaw bearing.  
 
• An axis system (xyz)H  (H = hub) related to and rotated with the nacelle with origin in the rotor hub 

centre. Note this system does not rotate with the rotor. 
 
• An axis system (xyz)HR  (HR = hub, rotating) related to and rotated with the rotor axis with origin in 

the rotor hub centre. This axis system rotates with nacelle and with the blades. 
 
• An axis system (xyz)B (B = blade) with origin at the blade root of blade i.  Note this system is 

rotating with the azimuth angle, but not with the pitch angle. 
 
• An axis system (xyz)rot  with origin at the leading edge of i th blade section, rotated with the nacelle, 

tilt, cone and local blade angle and rotating with the blade azimuth angle. 
 
 

g

�t

N

WS

E

XN

φturb

dxH

YN

Z ,ZT N

ZH

dzN

YH

XHXT

YT

Wind Speed V

 
 
 

Figure 16: Tower top (T), nacelle (N) and hub (H) reference system. 
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2.1 Construction reference system 
 
x LAT , y LAT , z LAT :  right handed coordinate system, origin at the lowest astronomical tide (LAT) 

and on the tower centre line of an unloaded tower.  
       Is parallel to (xyz)SB coordinate system.  
 
xLAT -axis:  directed to the South (opposite to true (i.e. not magnetic) North), 
yLAT -axis:  directed to the East, 
zLAT -axis:  along the support structure centre line, positive in vertical upwards direction. 
 
 
2.2 Structural loads reference system 
 
xSB , ySB , zSB :   right handed coordinate system, origin on the unscoured seabed and at the 

centre line of an unloaded tower. 
 
xSB -axis:  directed opposite to true (i.e. not magnetic) North,  
ySB -axis:  directed to the East, 
zSB -axis:  along the support structure centre line, positive in vertical upwards direction. 
 
2.3 Hydrodynamic loads reference system 
 
x SWL , y SWL , z SWL :  right handed coordinate system, origin on the undisturbed sea surface (SWL) 

and on the tower centre line of an unloaded tower. 
       Is parallel to (xyz)SB coordinate system.  
 
xSWL -axis:  directed opposite to true (i.e. not magnetic) North, 
ySWL -axis:  directed to the East, 
zSWL -axis:  along the support structure centre line, positive in vertical upwards direction. 
 
 
2.4 Tower top reference system 
 
xT , yT , zT :    right handed coordinate system, origin in the tower top centre; parallel to 

(xyz)SB  coordinate system. The tower top centre is defined as the intersection 
of the tower centre line and the interface plane between tower and nacelle. 

 
xT -axis:  directed opposite to true (i.e. not magnetic) North,  
yT -axis:  directed to the East, 
zT -axis:  along the support structure centre line, positive in vertical upwards direction. 
 
Support structure top loading: 
 
xT : Fx,T  = horizontal force on top of the support structure, directed opposite to true (i.e. not      

magnetic) North, 
yT :  Fy,T  = horizontal force on support structure top, directed to the East, 
zT :  Fz,T  = vertical force on support structure top, positive in vertical upwards direction. 
xT : Mx,T = moment on support structure top, bending the tower top to the West, 
yT :  My,T  = moment on support structure top, bending the tower top to the South,  
zT :  Mz,T  = torsion moment on support structure top, positive in anti-clockwise direction. 
 
2.5 Nacelle reference system 
 
xN , yN , zN :    right handed coordinate system, origin in the centre of the yaw bearing 

system; rotated by the turbine angle with respect to the tower top system.  
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       Origin and orientation of this coordinate system move with the movements of 
the tower top centre in its six degrees of freedom. 

 
xN -axis:  horizontal along the rotor shaft (assuming zero tilt angle) in downwind direction in the 

plane of the interface between tower and nacelle. 
The turbine angle (�turb) gives the angle of the xN-axis w.r.t. to South i.e. the xT-axis. 

yN -axis:  directed to the left, looking downstream to the rotor, 
zN -axis:  along the (local) vertical tower and support structure axis, positive in vertical upward 

direction. 
 
Note in [9] the (xyz)N coordinate system is rotated by an azimuth angle of 90o i.e. the yN-axis is 
directed upward. 
 
Nacelle loading: 
 
xN : Fx,N    = axial force on nacelle, positive in downstream direction, 
yN :  Fy,N    = lateral force on nacelle, positive if the force acts to the left, standing in front 

   of the rotor, 
zN :  Fz,N    = vertical force on nacelle, positive in vertical upward direction. 
xN : Mx,N  =  Mtorq,N   = moment around xN-axis, torque on nacelle, 
yN :  My,N  =  Mtilt,N  = tilt moment, positive if it increases the tilt angle, 
zN :  Mz,N =  Myaw,N  = yaw moment, the turbine angle (�y,turb) is decreased by a positive yaw          

   moment. 
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Figure 17:  Hub, hub-rotating and blade root reference system. 
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2.6 Hub reference system not rotating with the rotor 
 
xH, yH, zH :    right handed coordinate system, origin in the rotor centre; 
       Origin and orientation of this coordinate system move with the movements of 

the tower top centre in its six degrees of freedom. 
 
xH -axis:  along the rotor shaft, positive in downstream direction, 
yH -axis:  directed to the left, looking downstream to the rotor, 
zH -axis:  along the vertical upward direction (assuming zero tilt angle). 

 The tilt angle (�t ) gives the angle between the xH -axis and the xN -axis.  
 
Note in [9] the (xyz)H coordinate system is rotated by an azimuth angle of 90o i.e. the yH -axis is 
directed upward. 
 
Hub loading: 
 
xH : Fx,H =  Fax   = axial force on hub, positive in downstream direction, 
yH :  Fy,H =  Flat,H  = lateral force on hub, positive if the force acts to the left, standing in front of   

   the rotor, 
zH :  Fz,H =  Fvert,H  = ’vertical’ force on hub, positive in vertical upward direction (assuming zero    

   tilt angle). 
xH : Mx,H =  Mtorq,H   = rotor shaft torque, 
yH :  My,H =  Mtilt,H  = tilt moment, positive if it increases the tilt angle, 
zH :  Mz,H =  Myaw,H  = ’yaw’ moment, (assuming zero tilt angle). 
 
 
2.7 Hub reference system rotating with the rotor 
 
xHR, yHR, zHR :   right handed coordinate system, origin in the rotor centre; 
       Origin and orientation of this coordinate system move with the movements of 

the tower top centre in its six degrees of freedom. 
 
xHR -axis:  along the rotor shaft, positive in downstream direction and coinciding with xH , 
yHR -axis:  perpendicular to the XHR and ZHR axis, 
zHR -axis:  in radial direction towards blade tip, parallel with the axis ZB of one blade. 
 
Hub loading: 
 
xH : Fx,HR =  Fax   = axial force on hub, positive in downstream direction, 
yH :  Fy,HR    = traverse load on hub and rotor (shaft), 
zH :  Fz,HR    = traverse load on hub and rotor (shaft). 
xH : Mx,HR     = torsion in rotor shaft, 
yH :  My,HR     = bending moment on rotor shaft, 
zH :  Mz,HR    = bending moment on rotor shaft. 
 
 
2.8 Blade root reference system 
 
xB , yB , z B :    right handed coordinate system, origin at the blade root centre, rotated by the 

turbine, tilt and cone angle and rotating with the blade azimuth angle.  
       Origin and orientation of this coordinate system move with the movements of 

the tower top centre in its six degrees of freedom. 
 
xB -axis:  in downwind direction (assuming zero turbine, tilt and cone angle), 
yB -axis:  in tangential direction from the leading to the trailing edge for zero local blade angle of a 

clockwise rotating wind turbine, 
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zB -axis:  in radial direction towards blade tip.  
 
Blade root loading: 
 
xB : Fx,B =  Fflap   = flap shear (out-of-plane) force, positive in downwind direction, 
yB :  Fy,B =  Flead-lag  = lead-lag shear (in-plane) force, positive from the leading to the trailing edge 

   for zero pitch of a clockwise rotating wind turbine, 
zB :  Fz,B = Fradial,B  = radial force, positive towards blade tip. 
xB :  Mx,B =  Mlead-lag  = lead-lag (in-plane) moment, positive w.r.t. the rotor torque for a clockwise    

   rotating wind turbine, 
yB : My,B =  Mflap  = flap (in-plane) moment, positive if bending the blade in downwind direction, 
zB :  Mz,B =  Mpitch  = torsion (pitch) moment, positive if reducing the blade pitch. 
 

 
 
2.9 Local blade reference system 
 
xrot , yrot , zrot :   right handed coordinate system, origin at the leading edge of blade section i, 

rotated by the turbine, tilt, cone and local blade angle and rotating with the 
blade azimuth angle. 

       Origin and orientation of this coordinate system move due to blade bending 
and torsion. 

 
xrot -axis:   perpendicular to the chord line; positive in downwind direction for zero local blade angle, 
yrot -axis:  along chord line, positive from leading edge (y = 0) to trailing edge (y = c), 
zrot -axis:  along rotor blade axis directed to the tip.  
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Figure 18: Blade root reference system [4]. 
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Blade section loading: 
 
xrot : Fx,rot =  Fflat   = flat shear force, positive in downwind direction for zero local blade angle, 
yrot :  Fy,rot =  Fedge  = edge shear force, positive towards the trailing edge, 
zrot :  Fz,rot =  Fradial,rot = radial force, positive towards blade tip. 
xrot :  Mx,rot =  Medge   = edge moment, positive w.r.t. to rotor torque (for clockwise  rotating turbine), 
yrot : My,rot =  Mflat = flat moment, positive if the blade is bended in downwind direction (for zero   

   local blade angle), 
zrot : Mz,rot =  Mpitch,rot  = torsion (pitch) moment, positive if reducing the blade pitch. 
 
 
Flatwise vs. flapwise moment 
The flatwise moment is defined w.r.t. the local blade reference system. It is the moment in direction 
yrot, standing parallel to the local chord.  
In contrast, the flapwise moment is defined in the blade root reference system, but it is parallel to the 
rotor plane, i.e. for local blade angle � = 0 the flatwise and flapwise moments are similar. 
 
 
Edgewise vs. lead(-lag)wise moment 
The edgewise moment is defined w.r.t. the local blade reference system. It is the moment in direction 
xrot, standing perpendicular to the local chord.  
In contrast, the lead(-lag)wise moment is defined in the blade root reference system, but it is parallel to 
the rotor axis, i.e. for local blade angle � = 0 the edgewise and lead(-lag)wise moments are similar. 
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3 Abbreviations and symbols 
 
3.1  Abbreviations 
 
DNV    Det Norske Veritas OT 
DIBt    Deutsches Institut für Bautechnik WT 
GL     Germanischer Lloyd  
HAT    highest astronomical tide OT 
HAWT  horizontal axis wind turbine WT 
HMSO  Her Majesty Shipbuilding Organisation OT 
IEA    International Energy Agency  
MSL    mean sea level OT 
LAT    lowest astronomical tide OT 
LPC    levelized production costs  
OT    offshore technology  
Opti-OWECS     Structural and Economic Optimization of Bottom-Mounted Offshore Wind Energy  
           Converters  
OWEC  offshore wind energy converter (synonym for OWT)  
OWES       offshore wind energy system (synonym for OWF)  
OWF   offshore wind turbine farm 
OWT   offshore wind turbine 
RP     return period OT 
STA    spring tidal amplitude OT 
SWL   still water level OT 
VAWT  vertical axis wind turbine WT 
WT     wind turbine WT 
 
3.2 Symbols 
 
Symbols and units 
 
a      [-]   axial induction factor  WT 
CD,ax  [-]    axial force coefficient:   CD,ax  =  Fax  / ( 0.5 � v2 � R2 )  WT 
CP    [-]  power coefficient:     CP =  Pshaft  /   ( 0.5 � v3 � R2 )  WT 

[ ] auto covariance function    
c    [m]    chord length at rotor blade    WT 
cd    [-]  aerodynamic drag coefficient   WT 
cD    [-]  hydrodynamic drag coefficient   OT 
cl     [-]  aerodynamic lift coefficient  WT 
cl,    [rad-1 ]  slope (derivative) of the aerodynamic lift coefficient dcl / d�      WT 
cM    [-]  hydrodynamic inertia coefficient   OT 
DR   [m]      rotor diameter   WT 
D    [-]     fatigue damage    
d   [m] generally: diameter   
dw    [m]      water depth OT 
dxH   [m]      rotor overhang (along rotor axis) WT 
dzN   [m]      nacelle offset   WT 
E   [N/m2 ] Young's modulus  
Fax   [N] axial rotor force  WT 
Fedge  [N] edge shear force WT 
Fflat   [N] flat shear force WT 
Fflap   [N]  flap shear (out-of-plane) force WT 
Flat   [N]  lateral force   WT 
Flead-lag   [N] lead-lag shear (in-plane) force WT 
Fradial  [N]    radial force, positive towards blade tip WT 
f        [Hz]    frequency (general)    

C xx 
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f0       [Hz]    fundamental eigenfrequency (general)    
fB    [Hz] blade passing frequency =  Nb . fR   WT 
fB,1 , fB,2 [Hz] lower (upper) blade passing frequency (double speed wind turbine)  WT 
fB,min , fB,max   [Hz] minimum (maximum) blade passing frequency (var. speed wind turbine) 
fR     [Hz]  rotor frequency WT 
fR,1 , fR,2  [Hz] lower (upper) rotor frequency (double speed wind turbine)  WT 
fR,min , fR,max   [Hz] minimum (maximum) rotor frequency (variable speed wind turbine)  WT 
G   [-] gust reaction factor WT 
Gs   [-] modified gust reaction factor WT 
g    [m/s2 ] gravitational acceleration 
H   [m] generally wave height (crest to through) OT 
HB   [m] breaking wave height OT 
Hred,50 [m] reduced extreme wave height OT 
HsN  [m] significant wave height with return period N (e.g. Hs50 ) OT 
Hs   [m] significant wave height OT 
HN   [m] individual wave height with return period N (e.g. H50 ) OT 
h    [m] height  
I   [-]  turbulence intensity WT 
I   [m4 ] moment of inertia   
k   [m-1 ] wave number OT 
k   [N/m, Nm/rad]     generally: translation or rotational stiffness (preferably with subscript)  
Mb   [Nm]  generally: bending moment   
Medge  [Nm]  edgewise blade bending moment  WT 
Mflap  [Nm]  flapwise (out-of-plane) blade bending moment  WT 
Mflat   [Nm]  flatwise blade bending moment  WT 
Mlead-lag [Nm] lead-lag (in-plane) blade bending moment  WT 
Mtilt   [Nm]  tilting moment  WT 
Mtorq  [Nm]  rotor shaft torque  WT 
Mpitch  [Nm]  pitching blade (torsion) moment  WT 
Myaw  [Nm]  yawing moment  WT 
Nb     [-]   number of blades  WT 
P     [Hz] rotational frequency    WT 
P     [W]    power  WT 
R     [m]     outer rotor radius  WT 
Re    [-]     Reynolds number   
r    [m]     radial position, r = 0 at rotor shaft  WT 

[   ]   auto power spectral density function (of stochastic variable x )  
T   [s] period (esp. wave period or structural eigenperiod)  
Tz   [s] mean zero-up-crossing wave period  OT 
t    [s]     time   
tw    [m]     wall thickness   
V     [m/s] horizontal incoming (undisturbed) wind speed at blade element  WT 
v     [m/s]   generally: wind speed  

v    [m/s]   mean wind speed (10 min averaged, at hub height) WT 

Mv   [m/s]   averaged mean wind speed (10 min averaged for many years, at hub height) WT 

Ev     [m/s]  extreme mean wind speed (10 min averaged, at hub height, return period 50)  WT 

vE,1min [m/s] reduced extreme gust (1 min averaged, at hub height, return period 50)  WT 
vE    [m/s]   extreme mean wind speed (10 min averaged, at hub height, return period 50)  WT 
vi     [m/s]   cut-in wind speed (at hub height)  WT 

Jv     [m/s] maximum annual mean wind speed (10 min averaged, at hub height)  WT 

vJ     [m/s]   annual gust wind speed (5s averaged, at hub height, return period 1)  WT 
vJ,1min [m/s] reduced annual gust (1 min averaged, at hub height, return period 1)  WT 
vo    [m/s]   cut-out wind speed (at hub height)  WT 
vr     [m/s]   rated wind speed (at hub height)  WT 
W    [m/s] effective wind speed seen by blade  WT 

S xx 
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W    [m3] section modulus   
x   [m] generally: coordinate in horizontal, axial direction towards North or along rotor axis 
       in downwind direction 
y   [m] generally: coordinate in horizontal, lateral direction towards West or lateral to rotor 
     axis to the left looking downwind  
z    [m] generally: coordinate in vertical, upwards direction or along the rotor blade towards 
      the tip 
 
�   [o ]  angle of attack    WT 
�   [  ] wind shear coefficient  WT 
� c   [o ] cone angle    WT 
�t    [o ]  tilt angle    WT 
�    [o ]  local blade angle  WT 
�F   [-] partial safety factor for loads  
�M   [-] partial safety factor for material 
�    [o ] local twist angle relative to tip station WT  
�   [m] water elevation w.r.t. SWL OT 
�   [o ]  pitch angle  WT 
�t   [o ]  tip angle   WT 
	   [  ]  tip speed ratio:   	  = ( 
 R ) / V  WT 
�   [kg/m] mass per unit length 

�x   [   ] standard deviation 

�x
2   [   ] variance 


, 
I  [   ] modal damping (of i  th eigenmode) as fraction of critical damping  
�   [   ] 3.1416  
�  [kg/m3 ] mass density  
�   [o ]    inflow angle at blade element  WT 
�cur    [o ]    current direction  OT 
�y,wind  [

o ]    yaw misalignment angle w.r.t. wind direction  WT 
�y,wave [

o ]    yaw misalignment angle w.r.t. wave direction  WT 
�r    [o ]   azimuth angle  WT 
�r,b   [o ] blade azimuth angle  WT 
�turb   [o ]    turbine angle  WT 
�wave   [

o ] wave direction  OT 
�wind   [

o ] wind direction   
�   [rad/s] rotational frequency of the rotor WT 

  [rad/s] angular frequency (esp. circular wave frequency)   
 
Subscripts  
 
B       blade root reference system  
b      blade WT 
D      design value (e.g. HD design wave height)  
F      foundation reference system  
el      electrical  
H      non-rotating hub reference system  
hub     hub height  
N      nacelle reference system  
ref      reference e.g. associated with reference height  
rot      rotating blade root reference system 
SB      sea bottom or mudline  
T     tower top reference system, which coincides with centre of the yaw bearing system  
w      water, wave OT 
 
Diacritical Marks 
_mean value e.g. 10 min averaged wind speed 
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4 Units 
 
4.1 Units system 
Generally SI units (metric system) are to be used.  
 
4.2 Unit of frequencies 
Structural eigenfrequencies are generally written as cyclic frequencies in Hz.  
Other frequencies are given as cyclic frequencies in Hz, by preference. However, circular frequencies 
in radians per seconds or periods in seconds can be used if this is common practice and meaningful.  
In general, both frequency f (Hz) and the angular frequency � (rad/s) can be used in equations. In 
figures and tables, however it is recommended to use the unit Hz for the frequency axis in order to 
avoid confusion. 
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Appendix A Offshore technology terminology 
 
(The pages A1-A6 and page A7 are reproduced from [6] and [5], respectively.) 
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Appendix B Definition of spectra 
 
Notation 
 

 x xS :  auto power spectral density function (of stochastic variable x )  

 x xC :  auto covariance function 

:  standard deviation 

: variance 
 
f: frequency (Hz) 
�: angular frequency (rad/s) 
 
We will use the convention of one-sided spectra (positive frequencies only). 
 
 
The spectrum and the covariance function forms a Fourier Transform pair: 
 

 
and 

 
The variance equals the area below the curve of the spectrum: 

 
It is also possible to use as variable the angular frequency �=2�.f with unit rad/s. 
In that case the Fourier Transform pair becomes: 
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The variance equals the area below the curve again: 
 

 
In the OWTES project the frequency f (Hz) or the angular frequency � (rad/s) may be used in 
equations. In figures and tables only the unit Hz is applied. 
 
 
 
 
Conventions 
 
1)  In literature about wind turbulence it is common to use the frequency expressed in Hz. In case of 

waves both convention are possible, but the angular frequency (rad/s) has the preference.  
 
2)  According to the definitions given above the following relation is valid between the spectra 

expressed in units Hz and rad/s: 
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Appendix C Economic terminology 
 
(This part is reproduced from [6].) 
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