I. InflowWind

Linearization is only possible with:

· WindType = 1 (steady) or 2 (uniform)

· Disable LIDAR

· VFlowAng = 0

Continuous States:

· None

Discrete States:

· None

Constraint States:

· None

Ignored states:

· Dummy(s)
Inputs – perturbations of:
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False
· HWindSpeed – Horizontal wind speed extended input to InflowWind


False
· PLexp – Power-law shear exponent extended input to InflowWind



False
· PropagationDir – Wind propagation direction extended input to InflowWind

False
Inputs ignored:
· lidar
Outputs – perturbations of:
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False
Outputs ignored:

· DiskVel
· lidar
Linearization is analytical—for each node:
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Linearization is also analytical for the extended inputs—for each node:
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II. ServoDyn

Linearization is only possible with:

· PCMode = 0

· VSContrl = 0 or 1

· GenModel = 1 or 2

· GenTiStr = True

· GenTiStp = True

· HSSBrMode = 0 ( Not allowing HSSBrMode = 1 is really a constraint of ElastoDyn.
· YCMode = 0

· 
· 
Continuous States
: – perturbations of:







RotFrame_x
DerivOrder_x
BStC(NumBStC)%
· StC_x(2*i-1,NumBl)
for i = 1,2,3

True


2
· BStC(NumBStC)%StC_x(2*I   ,NumBl)
for i = 1,2,3
True


2
· NStC(NumNStC)%StC_x(2*i-1,1          )
for i = 1,2,3
False


2

· NStC(NumNStC)%StC_x(2*i   ,1          )
for i = 1,2,3
False


2

· TStC(NumTStC)%StC_x(2*i-1,1          )
for i = 1,2,3
False


2

· TStC(NumTStC)%StC_x(2*i   ,1          )
for i = 1,2,3
False


2

· SStC(NumSStC)%StC_x(2*i-1,1          )
for i = 1,2,3
False


2
· SStC(NumSStC)%StC_x(2*i   ,1          )
for i = 1,2,3
False


2
Discrete States:

· None

Constraint States:

· None

Ignored states:

· Dummy(s)
· CtrlOffset

· BlPitchFilter
· OtherState(s)

· 
· 
Inputs – perturbations of:
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False
· BStCMotionMesh(NumBl,NumBStC)%TranslationDisp(3,1)
False
· BStCMotionMesh(NumBl,NumBStC)%Orientation(3,1)


False

· BStCMotionMesh(NumBl,NumBStC)%TranslationVel(3,1)

False

· BStCMotionMesh(NumBl,NumBStC)%RotationVel(3,1)


False
· BStCMotionMesh(NumBl,NumBStC)%TranslationAcc(3,1)

False

· BStCMotionMesh(NumBl,NumBStC)%RotationAcc(3,1)

False
· NStCMotionMesh(

   NumNStC)%TranslationDisp(3,1)
False

· NStCMotionMesh(

   NumNStC)%Orientation(3,1)


False

· NStCMotionMesh(

   NumNStC)%TranslationVel(3,1)

False

· NStCMotionMesh(

   NumNStC)%RotationVel(3,1)


False

· NStCMotionMesh(

   NumNStC)%TranslationAcc(3,1)

False

· NStCMotionMesh(

   NumNStC)%RotationAcc(3,1)

False

· TStCMotionMesh(

   NumTStC)%TranslationDisp(3,1)

False

· TStCMotionMesh(

   NumTStC)%Orientation(3,1)


False

· TStCMotionMesh(

   NumTStC)%TranslationVel(3,1)

False

· TStCMotionMesh(

   NumTStC)%RotationVel(3,1)


False

· TStCMotionMesh(

   NumTStC)%TranslationAcc(3,1)

False

· TStCMotionMesh(

   NumTStC)%RotationAcc(3,1)

False

· SStCMotionMesh(

   NumSStC)%TranslationDisp(3,1)

False

· SStCMotionMesh(

   NumSStC)%Orientation(3,1)


False

· SStCMotionMesh(

   NumSStC)%TranslationVel(3,1)

False

· SStCMotionMesh(

   NumSStC)%RotationVel(3,1)


False

· SStCMotionMesh(

   NumSStC)%TranslationAcc(3,1)

False
· SStCMotionMesh(

   NumSStC)%RotationAcc(3,1)


False
Inputs ignored:

· BlPitch

· LSS_Spd

· RotSpeed

· ExternalYawPosCom

· ExternalYawRateCom
· ExternalBlPitchCom
· ExternalGenTrq
· ExternalElecPwr

· ExternalHSSBrFrac

· TwrAccel

· YawErr
· WindDir
· RootMyc

· YawBrTAxp

· YawBrTAyp

· LSSTipPxa

· RootMxc

· LSSTipMxa

· LSSTipMya

· LSSTipMza

· LSSTipMys

· LSSTipMzs

· YawBrMyn

· YawBrMzn

· NcIMURAxs

· NcIMURAys

· NcIMURAzs

· RotPwr

· HorWindV

· YawAngle

· 
· 
· 
· 
· fromSC
· fromSCglob

· Lidar
Outputs – perturbations of:
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· BStCLoadMesh(NumBl,NumBStC)%Force(3,1)








False

· BStCLoadMesh(NumBl,NumBStC )%Moment(3,1)







False

· NStCLoadMesh(


NumNStC)%Force(3,1)








False

· NStCLoadMesh(


NumNStC)%Moment(3,1)







False

· TStCLoadMesh(


NumTStC)%Force(3,1)








False

· TStCLoadMesh(


NumTStC)%Moment(3,1)







False

· SStCLoadMesh(


NumSStC)%Force(3,1)








False

· SStCLoadMesh(


NumSStC)%Moment(3,1)







False
· WriteOutput(NumOuts)
(not listed above)









True for blade airfoil control and










StC, except for the BStC loads expressed in the inertial frame (_Fxi etc.);






















False for others
Outputs ignored:

· BlAirfoilCom

· HSSBrTrqC
· TBDrCon
· 
· 
· toSC
· Lidar
Except for the structural-control related terms, linearization is analytical (ignoring the repeated terms from WriteOutput):
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where C represents a value (a constant during the linearization process) that depends only on parameters or OtherStates and with:
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For the structural control terms, linearization is numerical via the central-difference method:
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The default perturbation sizes are as follows:
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 in m
III. ElastoDyn

Linearization is only possible with:

· No limitations

Continuous States – perturbations of:
RotFrame_x






DerivOrder_x
· QT(NActvDOF)




True for blades; False for others

2
· QDT(NActvDOF)



True for blades; False for others

2
Discrete States:

· None

Constraint States:

· None

Ignored states:

· Dummy(s)

· OtherState(s)

Inputs – perturbations of:
















RotFrame_u
· BladePtLoads(NumBl)%Force(3,BldNodes)









False
· BladePtLoads(NumBl)%Moment(3,BldNodes)








False
· PlatformPtMesh%Force(3,1)













False
· PlatformPtMesh%Moment(3,1)













False
· TowerPtLoads%Force(3,TwrNodes)











False
· TowerPtLoads%Moment(3,TwrNodes)











False
· HubPtLoad%Force(3,1)















False
· HubPtLoad%Moment(3,1)














False
· NacelleLoads%Force(3,1)














False
· NacelleLoads%Moment(3,1)













False
· BlPitchCom(NumBl)
















True
· YawMom



















False
· GenTrq



















False
· BlPitchComC – Collective blade-pitch command extended input to ElastoDyn

False
Inputs ignored:

· TwrAddedMass
· PtfmAddedMass

· HSSBrTrqC

Outputs – perturbations of:











RotFrame_y
· BladeLn2Mesh(NumBl)%TranslationDisp(3,BldNodes+2)
False
· BladeLn2Mesh(NumBl)%Orientation(3,BldNodes+2)

False
· BladeLn2Mesh(NumBl)%TranslationVel(3,BldNodes+2)
False
· BladeLn2Mesh(NumBl)%RotationVel(3,BldNodes+2)

False
· BladeLn2Mesh(NumBl)%TranslationAcc(3,BldNodes+2)
False
· BladeLn2Mesh(NumBl)%RotationAcc(3,BldNodes+2)

False

· PlatformPtMesh%TranslationDisp(3,1)






False
· PlatformPtMesh%Orientation(3,1)







False
· PlatformPtMesh%TranslationVel(3,1)






False
· PlatformPtMesh%RotationVel(3,1)







False
· PlatformPtMesh%TranslationAcc(3,1)






False
· PlatformPtMesh%RotationAcc(3,1)







False
· TowerLn2Mesh%TranslationDisp(3,TwrNodes+2)


False
· TowerLn2Mesh%Orientation(3,TwrNodes+2)




False
· TowerLn2Mesh%TranslationVel(3,TwrNodes+2)



False
· TowerLn2Mesh%RotationVel(3,TwrNodes+2)



False
· TowerLn2Mesh%TranslationAcc(3,TwrNodes+2)



False
· TowerLn2Mesh%RotationAcc(3,TwrNodes+2)




False
· HubPtMotion%TranslationDisp(3,1)






False
· HubPtMotion%Orientation(3,1)








False
· HubPtMotion%RotationVel(3,1)







False
· BladeRootMotion(NumBl)%TranslationDisp(3,1)



False
· BladeRootMotion(NumBl)%Orientation(3,1)




False
· BladeRootMotion(NumBl)%TranslationVel(3,1)



False
· BladeRootMotion(NumBl)%RotationVel(3,1)




False
· BladeRootMotion(NumBl)%TranslationAcc(3,1)



False
· BladeRootMotion(NumBl)%RotationAcc(3,1)




False
· NacelleMotion%TranslationDisp(3,1)






False
· NacelleMotion%Orientation(3,1)







False
· NacelleMotion%TranslationVel(3,1)






False
· NacelleMotion%RotationVel(3,1)







False
· NacelleMotion%TranslationAcc(3,1)






False
· NacelleMotion%RotationAcc(3,1)







False
· Yaw















False
· YawRate














False
· HSS_Spd














False
· WriteOutput(NumOuts)










True for blades (except for tower clearance);

















False for others
Outputs ignored:

· HubPtMotion14

· BladeRootMotion14

· RotorFurlMotion14

· TowerBaseMotion14

· BlPitch

· LSS_Spd

· RotSpeed

· TwrAccel

· YawAngle

· RootMyc

· YawBrTAxp

· YawBrTAyp

· LSSTipPxa

· RootMxc

· LSSTipMxa

· LSSTipMya

· LSSTipMza

· LSSTipMys

· LSSTipMzs

· YawBrMyn

· YawBrMzn

· NcIMURAxs

· NcIMURAys

· NcIMURAzs

· RotPwr
Linearization is numerical via the central-difference method:
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where 
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 for outputs that are rotations in 3D because rotational outputs in ElastoDyn don’t depend directly on the inputs.

Alternatively using logarithmic maps, for outputs that are rotations in 3D, i.e. 
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. This expression can be simplified for the platform rotation DOFs. Because ElastoDyn requires that 
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The default perturbation sizes are as follows:
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For the collective blade-pitch extended input, the extended input is related to the independent blade pitch:
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IV. BeamDyn

Linearization is only possible with:

· analysis_type = 2 (dynamic)

· UsePitchAct = False (no pitch actuator)

Continuous States – perturbations of:
RotFrame_x
DerivOrder_x
· q(6,node_total-1)




RotStates


2
· dqdt(6,node_total-1)




RotStates


2

Discrete States:

· None

Constraint States:

· None

Ignored states:

· DiscreteState(s)
· Dummy(s)
· OtherState(s)

Inputs – perturbations of:





RotFrame_u
· RootMotion%TranslationDisp(3,1)

False
· RootMotion%Orientation(3,1)


False
· RootMotion%TranslationVel(3,1)

False
· RootMotion%RotationVel(3,1)


False
· RootMotion%TranslationAcc(3,1)

False
· RootMotion%RotationAcc(3,1)


False
· PointLoad%Force(3,node_total)


False
· PointLoad%Moment(3,node_total)


False
· DistrLoad%Force(3,NNodes)


False
· DistrLoad%Moment(3,NNodes)

False
Inputs ignored:

· HubMotion
Outputs – perturbations of:






RotFrame_y
· ReactionForce%Force(3,1)




False
· ReactionForce%Moment(3,1)



False
· BldMotion%TranslationDisp(3,NNodes)
False
· BldMotion%Orientation(3,NNodes)

False
· BldMotion%TranslationVel(3,NNodes)
False
· BldMotion%RotationVel(3,NNodes)

False
· BldMotion%TranslationAcc(3,NNodes)
False
· BldMotion%RotationAcc(3,NNodes)

False

· WriteOutput(NumOuts)





True for all outputs in r and l; False for all outputs in g
Outputs ignored:

· RootMxr
· RootMyr
Linearization is numerical via the central-difference method:
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For inputs that are rotations in 3D, i.e. 
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Alternatively using logarithmic maps, for states that are rotations in 3D, i.e. 
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For inputs that are rotations in 3D, i.e. 
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For outputs that are rotations in 3D, i.e. 
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The default perturbation sizes are as follows:

· 
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[image: image158.wmf]u0.2

180

p

D

=

 for rotational inputs in rad, rad/s, and rad/s^2

· 
[image: image159.wmf]MaxThrust

u

100*3*node_total

D

=

 for point forces in N

· 
[image: image160.wmf]MaxTorque

u

100*3*node_total

D

=

 for point moments in N-m

· 
[image: image161.wmf]MaxThrust

u

100*3*blade_length

D

=

 for distributed forces in N/m

· 
[image: image162.wmf]MaxTorque

u

100*3*blade_length

D

=

 for distributed moments in N-m/m

where:

· 
[image: image163.wmf]222

81

MaxThrust1.22510blade_length170blade_len

gth

92

p

=»

 in N

· 
[image: image164.wmf]233

1611

MaxTorque1.22510blade_length14blade_leng

th

2782

p

=»

 in N-m

Optional conversion of BeamDyn state perturbations to be relative to the root motion perturbations, which is important for eventual post-processing by MBC3 due to numerical sensitivity of eigensolutions to rigid-body modes (following the point-to-point motion mesh-mappings below):

· Translational displacement states: 
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· Rotational displacement states: 
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· Translational velocity states:
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· Rotational velocity states: 
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· Translational acceleration states:
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· Rotational acceleration states: 
[image: image170.wmf][
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· This optional conversion of states is enabled by a new input for linearization added in the “Simulation Control” section of the BeamDyn input file i.e.

· RelStates
 – Define states relative to root motion during linearization? (flag) [used only when linearizing]

First-order form:
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Thus:

[image: image176.wmf](

)

{

}

{

}

{

}

(

)

ux

Rel

op

Root

TT

Rel

RootRootRootRootRoot

op

T

Ifpp00000

0I00000

xxu

0ppppIIfpp000

000I000

DD

DDD

ww

®

´

´

éù

-

êú

êú

êú

=+

éù

êú

----

êú

ëû

êú

êú

ëû

rr

rr

rrrrrr

144444444444444424444444444444443

 and


[image: image177.wmf]{

}

{

}

{

}

(

)

{

}

{

}

{

}

{

}

{

}

{

}

{

}

(

)

{

}

(

)

T

RootRoot

Root

T

RootRoot

T

RootRoot

RootRoot

Rel

T

RootRoot

T

RootRootRoot

T

RootRootRoot

pp

0Ifpp000

ppI

000I000

pp

fpp

xx

ppI

00

pp

ppf

w

w

a

w

DD

a

ww

ww

´

´

´

éù

--

êú

-

êú

-

êú

ëû

éù

--

êú

´-+

=+

êú

-+

êú

êú

´--

êú

êú

êú

-

ëû

r

rr

rr

r

rr

r

rr

r

rr

&&

r

rr

rr

rr

rr

rr

{

}

{

}

{

}

(

)

ux

Rel

op

T

RootRootRoot

T

RootRoot

op

T

u

ppIfpp0

ppI

00000I0

DD

D

w

w

®

´

éù

êú

êú

êú

êú

êú

êú

êú

éù

êú

êú

êú

êú

êú

---

êú

êú

êú

êú

-

êú

êú

ëû

êú

êú

ëû

&

r

rrrr

r

rr

1444444444444444444444442444444444444444

444444443



State-space equation: 
[image: image178.wmf]xAxBu
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The optional conversion of BeamDyn state perturbations to be relative to the root motion perturbations, which is important for eventual post-processing by MBC3 due to numerical sensitivity of eigensolutions to rigid-body modes, results in the following state-space equation: 
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Optional conversion of BeamDyn state perturbations to orient with the blade as it rotates, which is important for eventual post-processing by MBC3:

· Translational displacement states: 
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· Rotational displacement states: 
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· This optional conversion of states is enabled by a new input for linearization added in the “Simulation Control” section of the BeamDyn input file i.e.

· RotStates
 – Orient states in the rotating frame during linearization? (flag) [used only when linearizing]

Note: the same equations apply to the time-derivatives because the reference and OP orientations are constants.

First-order form: 
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Thus: 
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State-space equation: 
[image: image189.wmf]xAxBu
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The optional conversion of BeamDyn state perturbations to orient with the blade as it rotates, which is important for eventual post-processing by MBC3, results in the following state-space equation: 
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Combining both options:

· Translational displacement states: 
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· Rotational displacement states: 
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Note: the same equations apply to the time-derivatives because the reference and OP orientations are constants.

First-order form: 
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Thus: 
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State-space equation: 
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V. AeroDyn

Linearization is only possible with:

· WakeMod = 1 (BEMT) or 2 (DBEMT)

· AFAeroMod = 1 (steady) or 2 (UA)
· DBEMT_Mod = 3 (state-space)

· UAMod = 4 (state-space)

Continuous States:
















RotFrame_x
DerivOrder_x
· x%BEMT%DBEMT%element(NumBlNds,NumBlades)%vind(2
)

True


2
· x%BEMT%DBEMT%element(NumBlNds,NumBlades)%vind_dot(2
)
True


2
· x%BEMT%UA%element(NumBlNds,NumBlades)%x(4)



True


1
Discrete States:

· None
Constraint States – perturbations of:

· phi(NumBlNds,NumBlades)

Ignored states:

· DBEMT continuous state(s) from DBEMT_Mod = 1 (constant tau1) or 2 (time-dependent tau1)

· UA discrete state(s) from UAMod = 1 (baseline), 2 (Gonzalez), or 3 (Minnema/Pierce)
· Dummy(s)

· OtherState(s)

Inputs – perturbations of:











RotFrame_u
· TowerMotion%TranslationDisp(3,NumTwrNds)



False
· TowerMotion%Orientation(3,NumTwrNds)




False
· TowerMotion%TranslationVel(3,NumTwrNds)



False
· HubMotion%TranslationDisp(3,1)







False
· HubMotion%Orientation(3,1)








False
· HubMotion%RotationVel(3,1)








False
· BladeRootMotion(NumBlades)%Orientation(3,1)



False
· BladeMotion(NumBlades)%TranslationDisp(3,NumBlNds)
False
· BladeMotion(NumBlades)%Orientation(3,NumBlNds)

False
· BladeMotion(NumBlades)%TranslationVel(3,NumBlNds)
False
· BladeMotion(NumBlades)%RotationVel(3,NumBlNds)

False
· BladeMotion(NumBlades)%TranslationAcc(3,NumBlNds)
False
· InflowOnBlade(3,NumBlNds,NumBlades)





False
· InflowOnTower(3,NumTwrNds)







False
· UserProp(NumBlNds,NumBlades)







True
Inputs ignored:

· None
Outputs – perturbations of:









RotFrame_y
· TowerLoad%Force(3,NumTwrNds)




False
· TowerLoad%Moment(3,NumTwrNds)




False
· BladeLoad(NumBlades)%Force(3,NumBlNds)

False
· BladeLoad(NumBlades)%Moment(3,NumBlNds)

False
· WriteOutput(NumOuts)








True for blades (except for blade azimuth and tower















clearance); False for others
Outputs ignored:

· None
In the “General Options” section of the input file, a new input for linearization is added:

· FrozenWake
 – Assume frozen wake during linearization? (flag) [used only when WakeMod=1 and when linearizing
]

Frozen wake means that the axial and tangential induced velocities (
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Linearization is numerical via the central-difference method, but the four total derivatives, 
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 (essentially, the constraint equations are eliminated internally within the AeroDyn linearization):
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where 
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_CalcContStateDeriv(), 
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For inputs that are rotations in 3D, i.e. 
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Alternatively using logarithmic maps, for inputs that are rotations in 3D, i.e. 
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The default perturbation sizes are as follows:

· 
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 for dynamic wake states in m/s or m/s^2 and unsteady airfoil aerodynamic states in rad
· 
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 for orientations, rotational velocities, and airfoil control inputs in rad, rad/s, and user-defined units
· 
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 for blade and hub translational displacements, velocities, and accelerations and inflow in m, m/s, and m/s^2
· 
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VI. HydroDyn

Linearization is only possible with:

· WaveMod = 0 (still water)
· WaveDirMod = 0 (no directional spreading)

· WvDiffQTF = False

· WvSumQTF = False

· PotMod = 0 (none) or 1 (WAMIT)

· ExctnMod = 0 (no wave-excitation calculation) or 2 (state-space)

· RdtnMod = 0 (no memory-effect calculation) or 2 (state-space)

· MnDrift = 0 (none)

· NewmanApp = 0 (none)

· DiffQTF = 0 (none)

· SumQTF = 0 (none)

Continuous States – perturbations of:













RotFrame_x
DerivOrder_x
· WAMIT(NBody)%SS_Exctn%x(p%WAMIT(NBody)%SS_Exctn%numStates)

False


1
· WAMIT(NBody)%SS_Rdtn%x(p%WAMIT(NBody)%SS_Rdtn%numStates)


False


1
Discrete States:

· None

Constraint States:

· None
Ignored states:

· WAMIT()%Conv_Rdtn%XDHistory()
· WAMIT()%Conv_Rdtn%LastTime

· Dummy(s)

· OtherState(s)

Inputs – perturbations of:




















RotFrame_u
· Morison%TranslationDisp(3,NNodes
)















False
· Morison%Orientation(3,NNodes)
















False
· Morison%TranslationVel(3,NNodes)















False
· Morison%RotationVel(3,NNodes)
















False
· Morison%TranslationAcc(3,NNodes)















False
· Morison%RotationAcc(3,NNodes)
















False
· WAMITMesh%TranslationDisp(3,NBody)














False
· WAMITMesh%Orientation(3,NBody)















False
· WAMITMesh%TranslationVel(3,NBody)














False
· WAMITMesh%RotationVel(3,NBody)















False
· WAMITMesh%TranslationAcc(3,NBody)














False
· WAMITMesh%RotationAcc(3,NBody)














False
· PRPMesh%TranslationDisp(3,1)
















False
· PRPMesh%OrientationDisp(3,1)
















False
· PRPMesh%TranslationVel(3,1)

















False
· PRPMesh%RotationVel(3,1)

















False
· PRPMesh%TranslationAcc(3,1)

















False
· PRPMesh%RotationAcc(3,1)


















False
· WaveElev0 – Wave-elevation extended input to HydroDyn at the platform reference point

False
Inputs ignored:

· None

Outputs – perturbations of:







RotFrame_y
· Morison%DistribMesh%Force(3,NNodes)

False
· Morison%DistribMesh%Moment(3,NNodes)
False
· WAMITMesh%Force(3,NBody)



False
· WAMITMesh%Moment(3,NBody)



False
· WriteOutput(NumTotalOuts)




False
Outputs ignored:

· WAMIT%Mesh

· WAMIT%WriteOutput

· WAMIT2%Mesh

· WAMIT2%WriteOutput

· Waves2%WriteOutput
· Morison%WriteOutput

Linearization is a combination of analytical (for Jacobians of the state equations) and numerical via the central-difference method (for Jacobians of the output equations)
:
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where 
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 is a call to SUBROUTINE HydroDyn_CalcOutput().

For inputs that are rotations in 3D, i.e. 
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Alternatively using logarithmic maps, for inputs that are rotations in 3D, i.e. 
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The default perturbation sizes are as follows:

· 
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· 
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· 
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· 
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 for rotational inputs in rad, rad/s, and rad/s^2

The 
new state-space-based wave-excitation model in HydroDyn is implemented as submodule SS_Excitation (SS_Exctn
) of submodule WAMIT as follows:

	Inputs

	Outputs
	States
	Parameters

	
	· 
[image: image290.wmf]y

 – First-order wave-excitation loads (3 forces and 3 moments) from potential flow

	· 
[image: image291.wmf]x

 – State-space wave-excitation states (continuous-time states)

	· 
[image: image292.wmf]t

D

 – Time step (s)

· 
[image: image293.wmf]N

 – Number of wave-excitation states (-)
· 
[image: image294.wmf]c

t

 – Time shift (s)

· 
[image: image295.wmf]A

 – State matrix

· 
[image: image296.wmf]B

 – Input matrix

· 
[image: image297.wmf]C

 – Output matrix

· 
[image: image298.wmf]WaveElev0

 – Wave-elevation at the origin (m)

· 
[image: image299.wmf]WaveTime

 – Times where the wave-elevation is known (s)


· New HydroDyn input parameter ExctnMod must be added to the FLOATING PLATFORM section (after PtfmCOByt and before RdtnMod) that controls which model is used for first-order wave-excitation loads {0: no wave-excitation calculation, 1: DFT, 2: state-space} (switch) [only used when PotMod=1; STATE-SPACE REQUIRES *.ssexctn INPUT FILE]
· ExctnMod = 2 can be used for both time-domain and linearization analyses, but can only be used when:

· WaveMod = 0, 1, 1P#, 2, 3, 4, or 5 (not 6)

· WaveDirMod = 0 (no directional spreading)

· WvDiffQTF = False

· WvSumQTF = False

· PotMod = 1 (WAMIT)

· MnDrift = 0 (none)

· NewmanApp = 0 (none)

· DiffQTF = 0 (none)

· SumQTF = 0 (none)
Initialization

	Initialization Inputs
	Initialization Outputs

	· 
[image: image300.wmf]InputFile


 – Name of input file (quoted string)

· 
[image: image301.wmf]WaveDir

 – Wave-direction (rad)

· 
[image: image302.wmf]WaveElev0

 – Wave-elevation at the origin (m)

· 
[image: image303.wmf]WaveTime

 – Times where the wave-elevation is known (s)

	


· Read-in 
[image: image304.wmf]N

, 
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, 
[image: image306.wmf]A

, 
[image: image307.wmf]B

, 
[image: image308.wmf]C

, and wave direction, 
[image: image309.wmf]b

, from 
[image: image310.wmf]InputFile.ssexctn



· Verify that the read-in matrices are the proper size and abort otherwise

· Abort if 
[image: image311.wmf]WaveDir

b

¹


· Set parameters from those read in and from initialization inputs.
CalcContStateDeriv
· Calculate the input at time 
[image: image312.wmf]t
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· Calculate the state derivatives: 
[image: image314.wmf]xAxBu
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Update States

· Updates the states from 
[image: image315.wmf](
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 to 
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 using one of RK4, AB4, or ABM4.

Calculate Output
· Calculate the output: 
[image: image317.wmf]yCx
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VII. SubDyn

Linearization is only possible with:

· No limitations

Continuous States – perturbations of:
RotFrame_x
DerivOrder_x
· qm(qml)






False


2
· dmdot(qml)





False


2
Discrete States:

· None

Constraint States:

· None

Ignored states:

· OtherState(s)

Inputs – perturbations of:




RotFrame_u
· TPMesh%TranslationDisp(3,1)

False
· TPMesh%Orientation(3,1)


False
· TPMesh%TranslationVel(3,1)

False
· TPMesh%RotationVel(3,1)


False
· TPMesh%TranslationAcc(3,1)

False
· TPMesh%RotationAcc(3,1)


False
· LMesh%Force(3,NNode)


False
· LMesh%Moment(3,NNode)


False
· CableDeltaL(nCC)




False
Inputs ignored:

· None
Outputs – perturbations of:





RotFrame_y
· Y1Mesh%Force(3,1)





False
· Y1Mesh%Moment(3,1)




False
· Y2Mesh%TranslationDisp(3,NNode)
False
· Y2Mesh%Orientation(3,NNode)

False
· Y2Mesh%TranslationVel(3,NNode)
False
· Y2Mesh%RotationVel(3,NNode)

False
· Y2Mesh%TranslationAcc(3,NNode)
False
· Y2Mesh%RotationAcc(3,NNode)

False
· WriteOutput(NumOuts)




False
Outputs ignored:

· None
Linearization is a combination of analytical (for Jacobians of the state equations) and numerical via the central-difference method (for Jacobians of the output equations)
:
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where 
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 is a call to SUBROUTINE SD_CalcOutput().

For inputs that are rotations in 3D, i.e. 
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Alternatively using logarithmic maps, for inputs that are rotations in 3D, i.e. 
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, respectively. But because SubDyn requires that 
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, and thus it is implied that 
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The default perturbation sizes are as follows:

· 
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 for states in – and 1/s
· 
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 for translation inputs in m, m/s, and m/s^2

· 
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 for rotational inputs in rad, rad/s, and rad/s^2

· 
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 for force inputs in N

· 
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 for moment inputs in N-m

VIII. MAP++

Linearization is only possible with:

· No limitations

Continuous States:

· None

Discrete States:

· None

Constraint States – perturbations of:

· H(num_lines)
· V(num_lines)
· x(connect_num)

· y(connect_num)

· z(connect_num)

Ignored states:

· Dummy(s)

· OtherState(s)

Inputs – perturbations of:










RotFrame_u
· PtFairDisplacement%TranslationDisp(3,vessel_num)

False
Inputs ignored:

· z
· y

· z

Outputs – perturbations of:





RotFrame_y
· ptFairleadLoad%Force(3,vessel_num)
False
· WriteOutput(wrtOutput_Len)


False
Outputs ignored:

· Fx
· Fy

· Fz

· wrtOutput

Linearization is numerical via the central-difference method
, but the total derivative, 
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 (essentially, the constraint equations are eliminated internally within the MAP++ linearization):
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where 
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 is a call to SUBROUTINE MAP_CalcOutput(), 
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The default perturbation size is as follows:

· 
[image: image366.wmf](

)

u0.2MAXp%depth,1

180

p

D

=


 for inputs in m

IX. MoorDyn

Linearization is only possible with:

· No limitations

Continuous States – perturbations of:





RotFrame_x
DerivOrder_x
· states(Nx/2)










False


2
· states(Nx/2)










False


2

Discrete States:

· None

Constraint States – perturbations of:

· None
Ignored states:

· Dummy(s)

Inputs – perturbations of:

















RotFrame_u
· CoupledKinematics%TranslationDisp(3,nCpldBodies+nCpldRods+nCpldCons)
False
· CoupledKinematics%Orientation(3,nCpldBodies+nCpldRods+nCpldCons)


False

· CoupledKinematics%TranslationVel(3,nCpldBodies+nCpldRods+nCpldCons)

False

· CoupledKinematics%RotationVel(3,nCpldBodies+nCpldRods+nCpldCons)

False
· CoupledKinematics%TranslationAcc(3,nCpldBodies+nCpldRods+nCpldCons)
False
· CoupledKinematics%RotationAcc(3,nCpldBodies+nCpldRods+nCpldCons)

False

· DeltaL(N)









False
· DeltaLdot(N)








False

Inputs ignored:

· None
Outputs – perturbations of:













RotFrame_y
· CoupledLoads%Force(3,nCpldBodies+nCpldRods+nCpldCons)

False

· CoupledLoads%Moment(3,nCpldBodies+nCpldRods+nCpldCons)
False

· WriteOutput(NumOuts)












False

Outputs ignored:

· None
Linearization is numerical via the central-difference method:


[image: image367.wmf](

)

(

)

opopopopopop

op

Xxx,u,tXxx,u,t

X

x2x

DD

D

+--

¶

=

¶



[image: image368.wmf](

)

(

)

opopopopopop

op

Yxx,u,tYxx,u,t

Y

x2x

DD

D

+--

¶

=

¶



[image: image369.wmf](

)

(

)

opopopopopop

op

Xx,uu,tXx,uu,t

X

u2u

DD

D

+--

¶

=

¶



[image: image370.wmf](

)

(

)

opopopopopop

op

Yx,uu,tYx,uu,t

Y

u2u

DD

D

+--

¶

=

¶


where 
[image: image371.wmf](
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 is a call to SUBROUTINE MD_CalcContStateDeriv() and 
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 is a call to SUBROUTINE MD_CalcOutput().
For states that are rotations in 3D, i.e. 
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, respectively, where the conversion between rotation parameters and DCM and its functional inverse is: 
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For inputs that are rotations in 3D, i.e. 
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Alternatively using logarithmic maps, for states that are rotations in 3D, i.e. 
[image: image390.wmf]xc

=

r

 and 
[image: image391.wmf]x

DDq

=

r

, it is implied that 
[image: image392.wmf]op

xx

D

+

, 
[image: image393.wmf]op

xx

D

-

, and 
[image: image394.wmf]2x

D

 are written as 
[image: image395.wmf](

)

(

)

(

)

(

)

(

)

1

cc

op

fEXPLOGfcf

Dq

-

´

-

r

r

, 
[image: image396.wmf](

)

(

)

(

)

(

)

(

)

1

cc

op

fEXPLOGfcf

Dq

-

´

+

r

r

, and 
[image: image397.wmf]2

Dq

r

, respectively
.

For inputs that are rotations in 3D, i.e. 
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The default perturbation sizes are as follows:
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X. FAST Glue-Code Linearization

Linearization is only possible with:

· CompElast = 1 (ElastoDyn) or 2 (ElastoDyn + BeamDyn for blades)

· CompInflow = 0 (still air) or 1 (InflowWind)

· CompAero = 0 (none) or 2 (AeroDyn v15)

· CompServo = 0 (none) or 1 (ServoDyn)

· CompHydro = 0 (none) or 1 (HydroDyn)

· CompSub = 0 (none) or 1 (SubDyn)
· CompMooring = 0 (none), 1 (MAP++), or 3 (MoorDyn)
· CompIce = 0 (none)

· Linearize = True

Inputs – perturbations of:

1) u_IfW%PositionXYZ(3,NumWindPoints)
2) HWindSpeed – Horizontal wind speed extended input to InflowWind

3) PLexp – Power-law shear exponent extended input to InflowWind

4) PropagationDir – Wind propagation direction extended input to InflowWind

1) u_SrvD%Yaw

2) u_SrvD%YawRate

3) u_SrvD%HSS_Spd
4) u_SrvD%BStCMotionMesh(NumBl,NumBStC)%TranslationDisp(3,1)

5) u_SrvD%BStCMotionMesh(NumBl,NumBStC)%Orientation(3,1)

6) u_SrvD%BStCMotionMesh(NumBl,NumBStC)%TranslationVel(3,1)

7) u_SrvD%BStCMotionMesh(NumBl,NumBStC)%RotationVel(3,1)

8) u_SrvD%BStCMotionMesh(NumBl,NumBStC)%TranslationAcc(3,1)

9) u_SrvD%BStCMotionMesh(NumBl,NumBStC)%RotationAcc(3,1)

10) u_SrvD%NStCMotionMesh(          NumNStC)%TranslationDisp(3,1)

11) u_SrvD%NStCMotionMesh(          NumNStC)%Orientation(3,1)

12) u_SrvD%NStCMotionMesh(          NumNStC)%TranslationVel(3,1)

13) u_SrvD%NStCMotionMesh(          NumNStC)%RotationVel(3,1)

14) u_SrvD%NStCMotionMesh(          NumNStC)%TranslationAcc(3,1)

15) u_SrvD%NStCMotionMesh(          NumNStC)%RotationAcc(3,1)

16) u_SrvD%TStCMotionMesh(          NumTStC)%TranslationDisp(3,1)

17) u_SrvD%TStCMotionMesh(          NumTStC)%Orientation(3,1)

18) u_SrvD%TStCMotionMesh(          NumTStC)%TranslationVel(3,1)

19) u_SrvD%TStCMotionMesh(          NumTStC)%RotationVel(3,1)

20) u_SrvD%TStCMotionMesh(          NumTStC)%TranslationAcc(3,1)


21) u_SrvD%TStCMotionMesh(          NumTStC)%RotationAcc(3,1)

22) u_SrvD%SStCMotionMesh(          NumSStC)%TranslationDisp(3,1)

23) u_SrvD%SStCMotionMesh(          NumSStC)%Orientation(3,1)

24) u_SrvD%SStCMotionMesh(          NumSStC)%TranslationVel(3,1)

25) u_SrvD%SStCMotionMesh(          NumSStC)%RotationVel(3,1)

26) u_SrvD%SStCMotionMesh(          NumSStC)%TranslationAcc(3,1)

27) u_SrvD%SStCMotionMesh(          NumSStC)%RotationAcc(3,1)
1) u_ED%BladePtLoads(NumBl)%Force(3,BldNodes)

2) u_ED%BladePtLoads(NumBl)%Moment(3,BldNodes)

3) u_ED%PlatformPtMesh%Force(3,1)

4) u_ED%PlatformPtMesh%Moment(3,1)

5) u_ED%TowerPtLoads%Force(3,TwrNodes)

6) u_ED%TowerPtLoads%Moment(3,TwrNodes)

7) u_ED%HubPtLoad%Force(3,1)

8) u_ED%HubPtLoad%Moment(3,1)

9) u_ED%NacelleLoads%Force(3,1)

10) u_ED%NacelleLoads%Moment(3,1)

11) u_ED%BlPitchCom(NumBl)

12) u_ED%YawMom

13) u_ED%GenTrq
14) BlPitchComC – Collective blade-pitch command extended input to ElastoDyn

1) u_BD(NumBl)%RootMotion%TranslationDisp(3,1)

2) u_BD(NumBl)%RootMotion%Orientation(3,1)

3) u_BD(NumBl)%RootMotion%TranslationVel(3,1)

4) u_BD(NumBl)%RootMotion%RotationVel(3,1)

5) u_BD(NumBl)%RootMotion%TranslationAcc(3,1)

6) u_BD(NumBl)%RootMotion%RotationAcc(3,1)

7) u_BD(NumBl)%PointLoad%Force(3,node_total)

8) u_BD(NumBl)%PointLoad%Moment(3,node_total)

9) u_BD(NumBl)%DistrLoad%Force(3,NNodes)

10) u_BD(NumBl)%DistrLoad%Moment(3,NNodes)

1) u_AD%TowerMotion%TranslationDisp(3,NumTwrNds)

2) u_AD%TowerMotion%Orientation(3,NumTwrNds)

3) u_AD%TowerMotion%TranslationVel(3,NumTwrNds)

4) u_AD%HubMotion%TranslationDisp(3,1)

5) u_AD%HubMotion%Orientation(3,1)

6) u_AD%HubMotion%RotationVel(3,1)

7) u_AD%BladeRootMotion(NumBlades)%Orientation(3,1)

8) u_AD%BladeMotion(NumBlades)%TranslationDisp(3,NumBlNds)

9) u_AD%BladeMotion(NumBlades)%Orientation(3,NumBlNds)

10) u_AD%BladeMotion(NumBlades)%TranslationVel(3,NumBlNds)
11) u_AD%BladeMotion(NumBlades)%RotationVel(3,NumBlNds)

12) u_AD%BladeMotion(NumBlades)%TranslationAcc(3,NumBlNds)
13) u_AD%InflowOnBlade(3,NumBlNds,NumBlades)

14) u_AD%InflowOnTower(3,NumTwrNds)
15) u_AD%UserProp(NumBlNds,NumBlades)

1) u_HD%Morison%TranslationDisp(3,NNodes)
2) u_HD%Morison%Orientation(3,NNodes)
3) u_HD%Morison%TranslationVel(3,NNodes)
4) u_HD%Morison%RotationVel(3,NNodes)
5) u_HD%Morison%TranslationAcc(3,NNodes)
6) u_HD%Morison%RotationAcc(3,NNodes)
7) u_HD%WAMITMesh%TranslationDisp(3,NBody)

8) u_HD%WAMITMesh%Orientation(3,NBody)

9) u_HD%WAMITMesh%TranslationVel(3,NBody)

10) u_HD%WAMITMesh%RotationVel(3,NBody)

11) u_HD%WAMITMesh%TranslationAcc(3,NBody)

12) u_HD%WAMITMesh%RotationAcc(3,NBody)
13) u_HD%PRPMesh%TranslationDisp(3,1)

14) u_HD%PRPMesh%Orientation(3,1)

15) u_HD%PRPMesh%TranslationVel(3,1)

16) u_HD%PRPMesh%RotationVel(3,1)

17) u_HD%PRPMesh%TranslationAcc(3,1)

18) u_HD%PRPMesh%RotationAcc(3,1)
19) u_HD%WaveElev0 – Wave-elevation extended input to HydroDyn at the platform reference point

1) u_SD%TPMesh%TranslationDisp(3,1)

2) u_SD%TPMesh%Orientation(3,1)

3) u_SD%TPMesh%TranslationVel(3,1)

4) u_SD%TPMesh%RotationVel(3,1)

5) u_SD%TPMesh%TranslationAcc(3,1)

6) u_SD%TPMesh%RotationAcc(3,1)

7) u_SD%LMesh%Force(3,NNode)

8) u_SD%LMesh%Moment(3,NNode)
9) u_SD%CableDeltaL(nCC)
1) u_MAP%PtFairDisplacement%TranslationDisp(3,vessel_num)
1) u_MD%CoupledKinematics%TranslationDisp(3,nCpldBodies+nCpldRods+nCpldCons)

2) u_MD%CoupledKinematics%Orientation(3,nCpldBodies+nCpldRods+nCpldCons)

3) u_MD%CoupledKinematics%TranslationVel(3,nCpldBodies+nCpldRods+nCpldCons)

4) u_MD%CoupledKinematics%RotationVel(3,nCpldBodies+nCpldRods+nCpldCons)

5) u_MD%CoupledKinematics%TranslationAcc(3,nCpldBodies+nCpldRods+nCpldCons)

6) u_MD%CoupledKinematics%RotationAcc(3,nCpldBodies+nCpldRods+nCpldCons)

7) u_MD%DeltaL(N)

8) u_MD%DeltaLdot(N)
Inputs ignored:

· Everything else

Outputs – perturbations of:

1) y_IfW%VelocityUVW(3,NumWindPoints)

· y_IfW%WriteOutput(NumOuts)

1) y_SrvD%BlPitchCom(NumBl)

2) y_SrvD%YawMom

3) y_SrvD%GenTrq

· y_SrvD%ElecPwr
4) y_SrvD%BStCLoadMesh(NumBl,NumBStC)%Force(3,1)


5) y_SrvD%BStCLoadMesh(NumBl,NumBStC)%Moment(3,1)

6) y_SrvD%NStCLoadMesh(

    NumNStC)%Force(3,1)

7) y_SrvD%NStCLoadMesh(

    NumNStC)%Moment(3,1)

8) y_SrvD%TStCLoadMesh(

    NumTStC)%Force(3,1)

9) y_SrvD%TStCLoadMesh(

    NumTStC)%Moment(3,1)

10) y_SrvD%SStCLoadMesh(

    NumSStC)%Force(3,1)

11) y_SrvD%SStCLoadMesh(

    NumSStC)%Moment(3,1)

· y_SrvD%WriteOutput(NumOuts)

1) y_ED%BladeLn2Mesh(NumBl)%TranslationDisp(3,BldNodes+2)

2) y_ED%BladeLn2Mesh(NumBl)%Orientation(3,BldNodes+2)

3) y_ED%BladeLn2Mesh(NumBl)%TranslationVel(3,BldNodes+2)

4) y_ED%BladeLn2Mesh(NumBl)%RotationVel(3,BldNodes+2)
5) y_ED%BladeLn2Mesh(NumBl)%TranslationAcc(3,BldNodes+2)
6) y_ED%BladeLn2Mesh(NumBl)%RotationAcc(3,BldNodes+2)

7) y_ED%PlatformPtMesh%TranslationDisp(3,1)

8) y_ED%PlatformPtMesh%Orientation(3,1)

9) y_ED%PlatformPtMesh%TranslationVel(3,1)

10) y_ED%PlatformPtMesh%RotationVel(3,1)

11) y_ED%PlatformPtMesh%TranslationAcc(3,1)

12) y_ED%PlatformPtMesh%RotationAcc(3,1)

13) y_ED%TowerLn2Mesh%TranslationDisp(3,TwrNodes+2)

14) y_ED%TowerLn2Mesh%Orientation(3,TwrNodes+2)

15) y_ED%TowerLn2Mesh%TranslationVel(3,TwrNodes+2)

16) y_ED%TowerLn2Mesh%RotationVel(3,TwrNodes+2)

17) y_ED%TowerLn2Mesh%TranslationAcc(3,TwrNodes+2)

18) y_ED%TowerLn2Mesh%RotationAcc(3,TwrNodes+2)

19) y_ED%HubPtMotion%TranslationDisp(3,1)

20) y_ED%HubPtMotion%Orientation(3,1)

21) y_ED%HubPtMotion%RotationVel(3,1)

22) y_ED%BladeRootMotion(NumBl)%TranslationDisp(3,1)

23) y_ED%BladeRootMotion(NumBl)%Orientation(3,1)

24) y_ED%BladeRootMotion(NumBl)%TranslationVel(3,1)

25) y_ED%BladeRootMotion(NumBl)%RotationVel(3,1)

26) y_ED%BladeRootMotion(NumBl)%TranslationAcc(3,1)

27) y_ED%BladeRootMotion(NumBl)%RotationAcc(3,1)

28) y_ED%NacelleMotion%TranslationDisp(3,1)

29) y_ED%NacelleMotion%Orientation(3,1)

30) y_ED%NacelleMotion%TranslationVel(3,1)

31) y_ED%NacelleMotion%RotationVel(3,1)

32) y_ED%NacelleMotion%TranslationAcc(3,1)

33) y_ED%NacelleMotion%RotationAcc(3,1)

34) y_ED%Yaw

35) y_ED%YawRate

36) y_ED%HSS_Spd

· y_ED%WriteOutput(NumOuts)

1) y_BD(NumBl)%ReactionForce%Force(3,1)

2) y_BD(NumBl)%ReactionForce%Moment(3,1)

3) y_BD(NumBl)%BldMotion%TranslationDisp(3,NNodes)

4) y_BD(NumBl)%BldMotion%Orientation(3,NNodes)

5) y_BD(NumBl)%BldMotion%TranslationVel(3,NNodes)

6) y_BD(NumBl)%BldMotion%RotationVel(3,NNodes)

7) y_BD(NumBl)%BldMotion%TranslationAcc(3,NNodes)

8) y_BD(NumBl)%BldMotion%RotationAcc(3,NNodes)

· y_BD(NumBl)%WriteOutput(NumOuts)

1) y_AD%TowerLoad%Force(3,NumTwrNds)

2) y_AD%TowerLoad%Moment(3,NumTwrNds)

3) y_AD%BladeLoad(NumBlades)%Force(3,NumBlNds)

4) y_AD%BladeLoad(NumBlades)%Moment(3,NumBlNds)

· y_AD%WriteOutput(NumOuts)

1) y_HD%Morison%Force(3,NNodes)

2) y_HD%Morison%Moment(3,NNodes)

3) y_HD%WAMITMesh%Force(3,NBody)

4) y_HD%WAMITMesh%Moment(3,NBody)

· y_HD%WriteOutput(NumTotalOuts)
1) y_SD%Y1Mesh%Force(3,1)

2) y_SD%Y1Mesh%Moment(3,1)

3) y_SD%Y2Mesh%TranslationDisp(3,NNode)

4) y_SD%Y2Mesh%Orientation(3,NNode)

5) y_SD%Y2Mesh%TranslationVel(3,NNode)

6) y_SD%Y2Mesh%RotationVel(3,NNode)

7) y_SD%Y2Mesh%TranslationAcc(3,NNode)

8) y_SD%Y2Mesh%RotationAcc(3,NNode)

· y_SD%WriteOutput(NumOuts)

1) y_MAP%ptFairleadLoad%Force(3,vessel_num)

· y_MAP%WriteOutput(wrtOutput_Len)
1) y_MD%CoupledLoads%Force(3,nCpldBodies+nCpldRods+nCpldCons)

2) y_MD%CoupledLoads%Moment(3,nCpldBodies+nCpldRods+nCpldCons)

· y_MD%WriteOutput(NumOuts)
Outputs ignored:

· Everything else

Linearization is analytical:
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The final full-system linearized matrices are:
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Note: 
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 can be very ill conditioned.  We get around this by preconditioning 
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 into elements associated motions (M) and loads (L) i.e. 
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.  Now precondition 
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 by scaling the off-diagonal block matrices as follows 
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 is the approximately the total mass of the system (
[image: image554.wmf]mUJacSclFact

=

).  Note also that we never actually compute the matrix inverse.  Instead, let 
[image: image555.wmf]op

G

Y¡

éù

=

ëû

, then 
[image: image556.wmf]111

op

SGSSS

Y¡

---

éù

=

ëû

 and 
[image: image557.wmf]11

op

G'SS

Y¡

--

éù

=

ëû

.  Thus, solve 
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 using LAPACK_getrf and LAPACK_getrs and, finally, 
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.  For example, for 
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XI. Perturbations and Rotations
A. Rotational Parameterization

In the most general case, 
[image: image564.wmf](
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is the relationship between the 3×3 DCM for arbitrary angles and the 3 associated rotational parameters.  The actual choice of rotation parameters, 
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, depends on the case.
The logarithmic map is one choice of rotation parameters.  For 
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B. Perturbations About an Operating Point

For all variables (inputs, outputs, states) except rotations, a small perturbation about the OP yields:
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For rotations, a small perturbation about the OP yields:
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where:
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 is the relationship between the 3×3 DCM for small angles and the 3 associated small angle rotational parameters, defined as rotational perturbations about the global X, Y, and Z axes (
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 and 
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 are already implemented in the NWTC Subroutine Library), where:


[image: image576.wmf]X

Y

Z

Dq

DqDq

Dq

ìü

ïï

=

íý

ïï

îþ

r

 and


[image: image577.wmf](

)

(

)

(

)

(

)

(

)

(

)

(

)

(

)

222222222222

222222

ZXYZXYXYZYXYZXZXYZ

XXYZYZ

222222222222222

XYZXYZXYZXYZXYZ

1111

1

111

f

DL

DqDqDqDqDqDqDqDqDqDqDqDqDqDqDqDqDqDq

DqDqDqDqDqDq

DqDqDqDqDqDqDqDqDqDqDqDqDqDqDqDq

Dq

++++++--++++++-

+++++

+++++++++++++

=

r

(

)

(

)

(

)

(

)

(

)

(

)

222

XYZ

222222222222

222222

ZXYZXYXYZXXYZYZXYZ

XYXYZZ

22222222222222

XYZXYZXYZXYZXYZ

1111

1

11

DqDq

DqDqDqDqDqDqDqDqDqDqDqDqDqDqDqDqDqDq

DqDqDqDqDqDq

DqDqDqDqDqDqDqDqDqDqDqDqDqDqDq

++

-++++++-++++++-

+++++

++++++++++++

(

)

(

)

(

)

(

)

(

)

(

)

(

)

2222

XYZ

222222222222

222222

YXYZXZXYZXXYZYZXYZ

XYZXYZ

2222222222222

XYZXYZXYZXYZXY

1

1111

1

11

DqDqDq

DqDqDqDqDqDqDqDqDqDqDqDqDqDqDqDqDqDq

DqDqDqDqDqDq

DqDqDqDqDqDqDqDqDqDqDqDqDqDq

+++

++++++--++++++-

+++++

+++++++++++

(

)

22222

ZXYZ

1

DqDqDqDq

éù

êú

êú

êú

êú

êú

êú

êú

êú

êú

êú

êú

++++

êú

ëû

 (from global to local; closest orthonormal)
The linearized form of this function is: 
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where the function returning the 3×3 skew-symmetric matrix for cross-product calculation via matrix multiplication (valid for any vector 
[image: image579.wmf]x

r

) is defined as: 
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Note: Some terms in the linearization use 
[image: image581.wmf]DL

 (a 3×3 DCM) and some use 
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 (a 3×1 vector).

C. Logarithmic Map for Rotation Perturbations:
The angle of rotation associated with DCM for small angles is:
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Thus, the logarithmic map is:
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Thus, because the logarithmic map can be interpolated, there is no problem interpolating 
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 directly.

As a verification step, the DCM for small angles is derived from the logarithmic map:
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That is, for small rotations, 
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 and 
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D. Interpolation/Extrapolation of Rotations/Orientations in Terms of Rotational Perturbations:

Let 
[image: image589.wmf]1

L

 and 
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 be similar orientations (not too far different from each other) at nodes of a Line2 mesh that we wish to interpolate between.  Obviously we can’t write 
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 is the orientation perturbation of 
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 relative to 
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, which can be used to derive 
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.  The interpolated orientation is then 
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.  Combining everything, the interpolated orientation is 
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.  Alternatively, the perturbation could be written in terms of 
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 relative to 
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, which results in the equivalent interpolated rotation 
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E. Interpolation/Extrapolation of Rotations/Orientations in Terms of Logarithmic Maps:

Let 
[image: image601.wmf]1

L

 and 
[image: image602.wmf]2

L

 be similar orientations (not too far different from each other) at nodes of a Line2 mesh that we wish to interpolate between.  Obviously we can’t write 
[image: image603.wmf](

)

SS

12

1ll

LLL

=-+

.  However, we can use the concept of logarithmic maps to perform the interpolation.  That is:
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F. Perturbations About an Operating Point in Terms of Logarithmic Maps:
For rotations, a small perturbation about the OP yields:
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, or equivalently,
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XII. Mesh-Mapping Transfer Linearization
G. Introduction

The mesh-mapping can be written as:
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where x generically represents inputs or outputs on the source or destination meshes.

Linearization of the mesh-mapping yields:
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Derivation:
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Note: The mesh-mapping search is unaffected by the linearization because the reference mesh positions/orientations are effectively parameters.
H. Linearization of Point_to_Point Mapping Transfer

Rotational Displacement:
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Derivation:
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Translational Position:
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Derivation:

Similar to the translational displacement, the mapping of translational position (not currently used in FAST) is as follows:
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where 
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Translational Displacement:
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 (linearization is identical to translational position)


Derivation:
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Rotational Velocity
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Derivation:
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Translational Velocity
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Note: The one term may look odd, but it is equivalent to the following, but expressed as a matrix times a vector:
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Derivation:
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Alternatively:
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Rotational Acceleration
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Derivation:



[image: image635.wmf](

)

DSS

M

a

aaa

==

rrr



[image: image636.wmf]{

D

op

DDSS

opop

DS

a

aDaaDa

DaDa

+=+

=

r

rrrr

rr


Translational Acceleration
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Note: The two terms may look odd, but they are equivalent to the following, but expressed as a matrix times a vector:
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Derivation:
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Alternatively:
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Scalar Quantities
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Derivation:
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Forces
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Derivation:
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Moments
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I. Linearization of Line2_to_Line2 Mapping Transfer

Motion and Scalar Quantities

The mapping transfer of all motion and scalar perturbations via interpolation based on the projected location in the source Line2 element, is given by
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where the 
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 on the LHS is a placeholder for 
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 from the LHS of the equations above and 
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 on the RHS is a placeholder for the corresponding RHS of the equations above, with subscripts 1 and 2, respectively, denoting the 1st and 2nd nodes of the mapped Line2 element of the source mesh.
Thus, linearizations of the Point_to_Point mapping transfers can be extended easily to the linearization of the Line_to_Line mapping transfers, for example, with:
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Load Quantities

While the Line_to_Line mapping transfer of load quantities involves the creation of an augmented source mesh, the linearization will only involve perturbations of fields (
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) from the original nodes:
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Derivation:
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(Likewise for 
[image: image671.wmf]S

1

Aug

S

2

f

M

f

æö

ìü

ïï

ç÷

íý

ç÷

ïï

îþ

èø

r

r

 and 
[image: image672.wmf]S

1

Aug

S

2

m

M

m

æö

ìü

ç÷

íý

ç÷

îþ

èø

r

r

.)
Next, the lumping of distributed forces and moments to concentrated point forces and moments at the two nodes of each Line2 element of the augmented source mesh must be linearized:
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Derivation:
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Next, the mapping transfer of lumped load quantities via splitting based on the projected location in the mapped destination Line2 element, is given by
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 on the LHS is a placeholder for 
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 from the LHS of the equations above, and·
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on the RHS is a placeholder for the corresponding RHS of the equations above (but without the summations), with subscripts 1 and 2, respectively, denoting the 1st and 2nd nodes of the mapped Line2 element of the destination mesh.

Thus, linearizations of the Point_to_Point mapping transfers can be extended easily to the linearization of the Line_to_Line mapping transfers, for example, with:
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then:
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Finally, to transform the lumped nodes of the destination mesh to distributed loads,
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are solved inversely.

J. Linearization of Point_to_Line2 and Line2_to_Point Mapping Transfer

Just like before.

�Can we eliminate this constraint by changing the equations below?


�The OP values of these extended inputs are set equal to corresponding parameters at the linearization time.


�These are for WindType = 1; Bonnie also implemented equations for WindType = 2 (without adding additional extended inputs).


�The extended input calculations take place within the InflowWind module, effecting the dY/du Jacobian. Three extra columns are added to dY/du corresponding to the dU, dV, and dW with respect to the three extended inputs.


�It looks like StC_x contains both the DOF and first time derivative of the DOF.  Variable StC_xdot is not used in the code and can be deleted.  DummyContState can also be delete from StrucCtrl and ServoDyn.


�For x,y,z directions


�I hadn’t noticed this before, but it seems that the equation for ElecPwr has a numerical division-by-zero problem at slip = ( u%HSS_Spd – SySp )/SySp = 0.  This can be eliminated by multiplying the numerator and denominator both by slip^4.  I think we should make this change both in routine CalculateTorque() and in the final equation for the Jacobian below.


�Technically the derivatives are undefined at the boundaries between control regions; I chose the derivatives at these boundaries somewhat arbitrary.


�Technically the derivatives are undefined at the boundaries between control regions; I chose the derivatives at these boundaries somewhat arbitrary.


�Could this be limited to only the calls to StC so as to not duplicate output calculations for the rest of ServoDyn’s, outlined above?


�Implement this option in source code.


�This is the best variable I identified for a representative geometrical scaling parameter known by ServoDyn that would be useful for all StC modules.


�The OP value of this extended input is set as follows.  The OP is set to the OP value of the individual blade-pitch command inputs if these are all identical; the OP is undefined otherwise.


�These are not needed without AeroDyn added mass, but we’ll include them already.


�This are not needed without AeroDyn added mass, but we’ll include them already.


�Implement this option in source code.


�Implement this option in source code.


�Implement this option in source code,


�The MAX() is used to avoid problems linearizing the platform DOFs in corner cases where the TowerHt approaches zero. 


�The MAX() is used to avoid problems linearizing without BeamDyn (when TipRad = 0) or in corner cases.


�This extended input calculation takes place within the ElastoDyn module, effecting the dX/du and dY/du Jacobians.  That is, one extra column is added to dX/du and dY/du corresponding to the sum of the columns associated with the independent blade-pitch command inputs.


�That is, True for RotStates = True and False for RotStates = False.


��The translational and rotational states are defined globally in BeamDyn (nonrotating), but are oriented with the root reference orientation.


�That is, True for RotStates = True and False for RotStates = False.


�BD is a little odd here.  q={u^T,c^T}^T, where c is the W-M parameter, but qd = {ud^T,omega^T}^T, where omega /= cd.  Thus you can’t time-integrate qd to get q.  However, the linear system is in terms of dx, where dx = {du^T,dtheta^T,dud^T,domega^T}^T, in which case dtheta is the time-integration of domega.


�q(6,1) and dqdt(6,1) are effectively constraint states, but we will deal with them inside BeamDyn so the glue code doesn’t have to get more complicated


�Are acc and xcc going to cause problems?


�These are not needed currently by FAST, but we’ll include them already.


�These are not needed without AeroDyn added mass, but we’ll include them already.


�Vector c is the W-M parameters.


�Note: we use perturbations dtheta rather than dc.


�Note that in the BeamDyn documentation, f_c = R^T


�Implement this option in source code.


�Implement this option in source code.


�Implement this option in source code.


�This will become a logical parameter, p%RelStates.


�These should be expanded to include all FE nodes, except the root node.





When RelStates is enabled, the Jacobians computed by BeamDyn should be transformed to the relative as shown below.





When RelStates is enabled, T_Rel^du(dx|_op and T_Rel^du(dxdot|_op should be written to a file by BeamDyn unique for each linearization time so that the true state can be derived from the linearized relative.


�This new option of RelStates worked well for a case without rotor rotation e.g. for a stationary NREL 5-MW turbine with free-free drivetrain; the 1st tower side-to-side frequency matched better to that of ElastoDyn than with RelStates = False i.e. the solution was numerically easier.  However, for the same case with rotor rotation (to complete full Campbell Diagram) did not result in proper tower frequencies.  I’m still not sure why the solution does not seem to work with rotor rotation whereby e.g. omega^Root is nonzero.  Regardless, we’ve eliminated RelStates from the BeamDyn input file and set RelStates = False within the source code for now.





What we did find important to fix the numerical sensitivity of the eigensolver is to (1) perform all linearization calculations (in terms of matrix manipulations) in double precision and (2) output the linearized matrices with more than 4 digits of precision.  With both of these, all cases we’ve tested (NREL 5-MW Campbell Diagram and natural frequencies of a fixed-free and free-free beam produced results as expected.


�This will become a logical parameter, p%RotStates.


�These should be expanded to include all FE nodes, except the root node.





When RotStates is enabled, the Jacobians computed by BeamDyn should be transformed to the rotating frame as shown below.





When RotStates is enabled, T^R|_op should be written to a file by BeamDyn unique for each linearization time so that the true state can be derived from the linearized perturbations in the rotating frame.


�These should be expanded to include all FE nodes, except the root node.


��1=axial induction; 2=tangential induction


��1=axial induction; 2=tangential induction


��Because the constraint states are essentially eliminated during the linearization process, these should not be reported in the linearization output files.


�Logical parameter, p%FrozenWake.


�As dictated by the driver code.


�To account for these, two new MiscVars need to be defined, per blade analysis node:


MiscVar%AxInd_op(i,j) = -V_x(i,j)*a(i,j) at the OP


MiscVar%TnInd_op(i,j) = V_y(i,j)*a’(i,j) at the OP


Where a and a’ are derived at the OP, including the influence of the skewed wake correction.


�This is computed and returned as � EMBED Equation.DSMT4  ��� in the Jacobian routine.


�This is computed and returned as � EMBED Equation.DSMT4  ��� in the Jacobian routine.


�This is computed and returned as � EMBED Equation.DSMT4  ��� in the Jacobian routine.


�This is computed and returned as � EMBED Equation.DSMT4  ��� in the Jacobian routine.


�Or whatever Bonnie chooses to name this CCSD routine.


�For the case where p%useInduction = True and p%FrozenWake = True, routine BEMT_CalcOutput needs to be changed so that





y%axInduction(i,j) = -MiscVar%AxInd_op(i,j) / u%Vx(i,j)


y%tanInduction(i,j) = MiscVar%TnInd_op(i,j) / u%Vy(i,j)


y%phi(i,j) = ComputePhiWithInduction( u%Vx(i,j), u%Vy(i,j),  y%axInduction(i,j), y%tanInduction(i,j), errStat2, errMsg2 )


y%AOA(i,j) = y%phi(i,j) – theta





That is, a, a’, phi, and AoA will change whenever inputs Vx and Vy are changed.


�In AD_UpdateStates(), for the case where p%useInduction = True, and p%FrozenWake = True, the residual should be:





Z_residual%phi(i,j) = SIN(z%phi(i,j))*( u%Vy(i,j) + MiscVar%TnInd_op(i,j) ) – COS(z%phi(i,j))*( u%Vx(i,j) + MiscVar%AxInd_op(i,j) )





That is, phi will changed whenever inputs Vx or Vy are changed.


�In AeroDyn, z influences DBEMT and UA, but DBEMT and UA do not influence z.  Also, u influences z, but x does not influence z.  Thus, when perturbing x, there is no reason to find a perturbation on z (because the perturbation would be 0).  But I’ve shown this generally in case there is an influence of x on z in a future version.


�Implement this option in source code.


�This is my best guess for a suitable perturbation size, but this may need to be changed.


��The influence of these tower inputs can be removed if the section is not read in, when TwrPotent = 0, TwrShadow = FALSE, and TwrAero = FALSE by setting dX/du = 0 and dY/du = 0


�Technically, these inputs are unused when WaveMod = 0.


�Technically, these inputs are unused when WaveMod = 0.


�Note: For NBodyMod=1, WAMIT() only has 1 element (even if NBody>1), and instead, numStates includes the states for all bodies.


�Note: For NBodyMod=1, WAMIT() only has 1 element (even if NBody>1), and instead, numStates includes the states for all bodies.


�I’m not sure what this variable is called; I’ll assume NNodes for now; also in the Outputs below.


�Note: The input and output meshes are always allocated the same way, regardless of NBodyMod.


�The PRPMesh is only used for the write output.  Technically, HydroDyn doesn’t use the velocity and acceleration fields, but they are created in HydroDyn, so, we’ll include them anyway.


�The OP value of this extended input is set to 0 (consistent with WaveMod = 0).


�These are ignored because FAST also ignores them (they seem to be HydroDyn outputs only because of how the HydroDyn submodules are formed).


�This was done for the ease of linearizing the WriteOutput and for the ease of linearizing the loading from Morison’s equation.


�Implement this option in source code.





And because the first step in Y() is to calculate f^-1_dLambda(u), the linearization of HydroDyn remains linear as expected.


�This model still need to be updated for NBody.


�This submodule is very similar to submodule SS_Rad.


�There are no inputs (the input in the state-space model is derived from the wave-elevation parameter).





During linearization, the input is the perturbed wave elevation (extended input), but in that case, the state-space equations are not solved; instead, only A, B, and C are returned through the appropriate Jacobian routines.





When the inputs in HydroDyn are perturbed for calculating the Jacobian pY/pu, there is no need to perturb the extended input because the state-space wave-excitation model does not have direct feedthrough of input to output i.e. there is no D matrix.  Note that this means that the wave-elevation extended input does not have direct influence on any HydroDyn write outputs either (only passive influence through the wave-excitation states).


�When ExctnMod = 2, the loads calculated here replace those calculated by ExctnMod = 1 i.e. F_Waves1 within the WAMIT submodule.


�The ABM4 integration scheme also uses OtherStates n and xdot.


�HydroDyn currently uses RdtnDT (which must equal the driver code DT) as its time step for UpdateStates.  We can use the same DT within SS_Exctn.


�The states should also be initialized (presumably to zero).


�This can be set to HydroDyn input parameter PotFile.


�WaveElev0 is calculated within the Waves submodule of HydroDyn, but it appears to be a local variable rather than an output or an initialization output.  HydroDyn will have to be changed so that WaveElev0 (as well as WaveTime) is available within SS_Exctn as an initialization input. When WaveMod = 0 (e.g. during a linearization analysis), then WaveElev0 should be set to 0.


�Note: The SS_Rdtn input file is named <PotFile>.ss.  While the SS_Exctn input file is very similar, it differs a little.  We can’t have two *.ss files with the same name, so, I’ve used .ssexctn for the extension of this file.  Perhaps the SS_Rdtn file should have the extension .ssrdtn?


�A few points to note on this interpolation:


*For WaveMod = 0, 1, 1P#, 2, 3, and 4, the wave elevation is periodic after WaveTMax.


*For WaveMod = 5, the wave elevation is not periodic so WaveTMax – t_c > TMax (i.e. WaveTMax must be at least t_c longer than the simulation length, TMax).


�This can be identical to what is in SS_Rad, which has all 3 integration methods implemented, but uses ABM4 as a compile-time default.


�This was done for the ease of linearizing the WriteOutput.


�Is this still correct, or did Emmanuel make this fully numerical now?


�The first equation uses nomenclature from the SubDyn User’s Guide and Theory Manual and the second equation uses variables from the source code.


�The first equation uses nomenclature from the SubDyn User’s Guide and Theory Manual and the second equation uses variables from the source code.


�Implement this option in source code.





And because the first step in Y() is to calculate f^-1_dLambda(u), the linearization of SubDyn remains linear as expected.


�These have been changed to:





Force = 170*Length^2


Moment = 14*Length^3





where length = MAX(width, depth, height) of the substructure?


�Because the constraint states are essentially eliminated during the linearization process, these should not be reported in the linearization output files.


�The OtherState(s) in MAP++ are really treated as MiscVars by MAP++; I’m not sure why they are labeled as OtherStates.  Could these be relabeled to MiscVars?


�These are ignored because FAST also ignores them (they seem to be MAP++ inputs only because of how the MAP++ C-code is formed).


�These are ignored because FAST also ignores them (they seem to be MAP++ outputs only because of how the MAP++ C-code is formed).


�MAP++ does have a some analytical linearization functionality e.g. in mapapi.c/map_linearize_matrix(), but this functionality only applies globally (to derive the mooring stiffness matrix), not locally for the constraint states, line tensions, or write outputs.  So, I opted for a simple numerical linearization here.  It may be useful to implement analytical linearization of MAP++ at some point, including linearization of each partial derivative.


�This is computed and returned as � EMBED Equation.DSMT4  ��� in the Jacobian routine.


For proper linearization of MAP++, it will be important for the perturbation not to make a taut line go slack or a slack line go taut.  �Will this perturbation be problematic (too large)? But the perturbation must be large enough to prevent the tolerance used within MSQS_UpdateStates() to influence the numerically computed Jacobian.


��First set is for displacements and second set is for velocities.





Velocities appear to be stored before displacements, but need to confirm order.





Bodies – Euler angles


Rods – Unit vector + rotation about vector 


�Why are all these nodes needed?


�Where N = Number of active tendon tensioning channels.


�Why are all these nodes needed?


�Vector c is the rotational parameters.  For bodies, c represents an Euler angle sequence.  For rods, c represents a unit vector + rotation about the vector.


�Note: we use perturbations dtheta rather than dc.


�Implement this option in source code.


�Implement this option in source code.


�For proper linearization of MD, it will be important for the perturbation not to make a taut line go slack or a slack line go taut.  �Will this perturbation be problematic (too large)?





Another problem would be at the seabed where the lines can lift off of the ground.


�Matt will play around with smaller perturbation sizes.


�The matrices below show all modules.  If a given module is disabled, the associated row and column are not included.


�The numbers refer to the row or column number in the matrices below.


�These are standard inputs.


�These are standard inputs.


�This is a standard input.


�This is a standard input.


�Outputs marked green (unnumbered) are not needed to calculate the input of other modules and are not included in the matrices below.


�The input-output equation for the extended inputs is U = I*u = 0, which simply states the fact that the extended inputs are always zero, except for the additional inputs (du+) during linearization.  Thus, dU/du = I and dU/dy = 0 for the extended inputs.


��For the .OR. for the blades, the left expression is used when BeamDyn is disabled and the right expression is used when BeamDyn is enabled.





For the .OR. for the substructure, the left expression is used when SubDyn is disabled and the right expression is used when SubDyn is enabled.


�The input-output equation for the extended inputs is U = I*u = 0, which simply states the fact that the extended inputs are always zero, except for the additional inputs (du+) during linearization.  Thus, dU/du = I and dU/dy = 0 for the extended inputs.





For the .OR. for the mooring, the left expression is used when MAP++ is enabled and the right expression is used when MoorDyn is enabled.





For the .OR. for the substructure, the left expression is used when SubDyn is disabled and the right expression is used when SubDyn is enabled.


�I see the BStC load applied to BeamDyn as distributed loads using P2L transfer.  Is there a reason these are not applied to BeamDyn as lumped loads using P2P transfer?


��For the .OR., the left expression is used when BeamDyn is disabled and the right expression is used when BeamDyn is enabled.


�The input-output equation for the extended input is U = 1*u = 0, which simply states the fact that the extended input is always zero, except for the additional inputs (du+) during linearization.  Thus, dU/du = 1 and dU/dy = 0 for the extended input.





For the .OR., the left expression is used when SubDyn is disabled and the right expression is used when SubDyn is enabled.


�For the .OR. for the mooring, the left expression is used when MAP++ is enabled and the right expression is used when MoorDyn is enabled.


�For the .OR., the left expression is used when SubDyn is disabled and the right expression is used when SubDyn is enabled.


�For the .OR., the left expression is used when SubDyn is disabled and the right expression is used when SubDyn is enabled.


�This is not currently implemented in FAST, but is something I came up if we care to use it at some point.


�This is what is currently implemented in FAST.


�This needs to be rewritten in terms of M_M1(u^D,u^S,F^S,M^S,…) etc.


�Ditto
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