Tight Coupling Plan
Objective

Implement a tight-coupling algorithm between the structural-dynamics modules of OpenFAST: BeamDyn, ElastoDyn, and SubDyn.  Each of these modules is composed only of continuous states, inputs, and outputs.  There are no module-level discrete-time states
, constraint states, or other states.


Limitations:
BeamDyn
· analysis_type = 2 (dynamic)

· UsePitchAct = False (no pitch actuator)

ElastoDyn:

· GBoxEff = 100%

· No high-speed shaft brake applied

SubDyn:

· No limitations

OpenFAST DAE Index 1 To Be Solved:
Without discrete-time or constraint states, tight coupling, like linearization, in the OpenFAST framework requires a semi-explicit DAE of index 1:
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The semi-explicit DAE of index 1 can be made an ODE by differentiating the constraint equation with respect to time:
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But the constraint and output equations do not depend on time-dependent parameters, so this simplifies to:
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Which can be seen as an ODE in terms of the expanded state 
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Linearized EoM

The linearized equations of motion of the semi-explicit DAE of index 1 are:
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Or equivalently,


[image: image7.wmf]0with00

yfixedyfixedyfixed

XX

xxu

xu

YY

yxu

xu

UYUUYUUUUY

xuand

yxuyuuuuyu

===

¶¶

D=D+D

¶¶

¶¶

D=D+D

¶¶

æö

æö

æö

éùéù

¶¶¶¶¶¶¶¶¶¶

ç÷

ç÷

=D++D¹=+¹

ç÷

êúêú

ç÷

ç÷

ç÷

¶¶¶¶¶¶¶¶¶¶

êúêú

ëûëû

èø

èø

èø

&



Once linearized, the constraints (in this case inputs) can be easily eliminated:
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The Generalized-alpha Method for 2nd-Order Systems
Consider the following system:
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The generalized-alpha method can be written as:
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where 
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 is an algorithmic acceleration (not the correct acceleration that balances the EoM) and with the following constants based on 
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Note the following relationships, which appear in many terms below:
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Considering that we only solve for one value per time step, there is no gain performing the interpolation, and we can shift the time in the equation of motion solve by 
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, resulting in:
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Furthermore, and again considering that we only solve for one value per time step, we can drop the 
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 acknowledging that the accelerations that will be solved are not really aligned with time properly, unless 
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.  The final generalized-alpha equations are as follows, which are solved in various ways below:
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Displacement-based solution as written by Arnold and Bruls:
The derivation involves considering the EoM as a residual equation solved at 
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and computing perturbations w.r.t. displacement at 
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The generalized-alpha method can be implemented in terms of Newton’s method where the initial guess (prediction step) assumes zero acceleration at n+1
 and the perturbation (correction step) written in terms of displacement.

Given 
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Acceleration-based solution as written by Bauchau:

The derivation involves considering the EoM as a residual equation solved at 
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and computing perturbations w.r.t. acceleration at 
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The generalized-alpha method can be implemented in terms of Newton’s method where the initial guess (prediction step) assumes zero acceleration at n+1
 and the perturbation (correction step) written in terms of acceleration.

Given 
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Acceleration-based solution, but without first multiplying the EoM by M:
The derivation involves considering the EoM as a residual equation solved at 
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and computing perturbations w.r.t. acceleration at 
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The generalized-alpha method can be implemented in terms of Newton’s method where the initial guess (prediction step) assumes zero acceleration at n+1
 and the perturbation (correction step) written in terms of acceleration.

Given 
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Adding Back in the Constraints

Consider the following system:
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Following the logic above, the generalized-alpha equations are as follows:
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Acceleration-based solution, but without first multiplying the EoM by M:
The derivation involves considering the EoM as a residual equation solved at 
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and computing perturbations w.r.t. acceleration and input at 
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The generalized-alpha method can be implemented in terms of Newton’s method where the initial guess (prediction step) assumes zero acceleration at and extrapolated inputs at n+1 
and the perturbation (correction step) written in terms of acceleration and input.

Given 
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Note that the expressions above can equivalently be written in terms of 
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These expressions can equivalently be written in terms of 
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Rewriting the algorithm in terms of these known Jacobians:
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Finally, the Jacobians can be written in term of Jacobians from individual modules:
Details Regarding States, Inputs, Outputs and the Constraint Equation
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Inputs:
· RootMotion%TranslationDisp(3,1)
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· TPMesh%TranslationDisp(3,1)
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· Y1Mesh%Force(3,1) 
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Constraint equations
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Note:
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Where it is noted that 
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 because the matrix products do not have nonzero terms that align.

Preconditioning of the Jacobian:

Terms of the Jacobian can be very ill conditioned because the inputs and outputs are composed of both motions (M) and loads (L).  We get around this by preconditioning the Jacobian.  Partition 
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 is a characteristic mass of the system (
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Thus, solve 
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 using LAPACK_getrf and LAPACK_getrs (note that we never actually compute the matrix inverse) and scale back when adding the perturbations to the inputs:
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Implementation of the Tight Coupling Algorithm Within the OpenFAST Glue Code
The current time-advancement in the OpenFAST glue code is summarized as follows:
Extrapolate Inputs

Advance States


ED_US


ED_CO


y_ED → u_BD


BD_US

y_ED → u_SD

SD_US


Continue for other modules

Input-Output Solve


ED_CO


y_ED → u_BD


BD_CO


y_ED → u_SD


SD_CO


Transfers and CO for AD, IfW, SrvD, MAP, MD, FEAM, IceF, IceD, SlD

SolveOption1 for acceleration and load transfers between BD, ED, SD, HD, Orca, ExtPtfm



k=0

DO




CO




IF (k=k_max) EXIT




J*du = -U




IF ( ||du||_2 < TOL ) EXIT




u = u + du




k = k + 1



END DO


Transfer remaining outputs of BD, ED, SD, HD, Orca, ExtPtfm to all modules
Correct (go back to Advance States) or Save

Advance Time

Proposed time advancement in the OpenFAST glue code:

Now the 
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Extrapolate Inputs
(
[image: image209.wmf]1

nn

uu

+

=


 in the generalized alpha algorithm above)
Prediction Step of BD, ED, SD states
(
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 in the generalized alpha algorithm above)
Advance States and Calculate Outputs for All Modules Before Solve Option 1
Group 1

x_ExtLd = ExtLd_US(x_ExtLd, u_ExtLd)
y_ExtLd = ExtLd_CO(x_ExtLd, u_ExtLd)
x_SrvD = SrvD_US(x_SrvD, u_SrvD)


y_SrvD = SrvD_CO(x_SrvD, u_SrvD)
Group 2

y_ExtLd-l ( u_ED

y_SrvD-l, y_SrvD-c ( u_ED


y_ED = ED_CO(x_ED, u_ED)
y_ED-d, y_ED-v ( u_ExtInflow

y_ED-d, y_ED-v ( u_ExtLd
y_ED-d, y_ED-v ( u_SrvD


y_SrvD-l, y_SrvD-c ( u_SED

x_SED = SED_US(x_SED, u_SED)
y_SED = SED_CO(x_SED, u_SED)
y_SED-d, y_SED-v ( u_ExtInflow
y_SED-d, y_SED-v ( u_SrvD
y_SED-d, y_SES-v ( u_ExtLd
Group 3

y_SrvD-c ( u_ADsk

y_ED-d, y_ED-v ( u_ADsk
y_SED-d, y_SED-v ( u_ADsk

x_ADsk = ADsk_US(x_ADsk, u_ADsk)
y_ADsk = ADsk_CO(x_ADsk, u_ADsk)
y_ExtLd-l ( u_BD

y_SrvD-l ( u_BD

y_ED-d, y_ED-v, y_ED-a

 ( u_BD

y_BD = BD_CO(x_BD, u_BD)
y_BD-d, y_BD-v ( u_ExtInflow
y_BD-d, y_BD-v ( u_ExtLd
y_BD-d, y_BD-v ( u_SrvD

y_ED-d, y_ED-v, y_ED-a ( u_SD

y_SD = SD_CO(x_SD, u_SD)
y_SD-d, y_SD-v ( u_SrvD
Group 4
y_BD-d, y_BD-v ( u_AD

y_ED-d, y_ED-v ( u_AD

y_SD-d, y_SD-v ( u_AD

y_SED-d, y_SED-v ( u_AD

y_SrvD-c ( u_AD
x_AD = AD_US(x_AD, u_AD)

y_AD = AD_CO(x_AD, u_AD)
y_AD-l ( u_ExtInflow
y_ED-d ( u_FEAM
y_SD-d ( u_FEAM

x_FEAM = FEAM_US(x_FEAM, u_FEAM)
y_FEAM = FEAM_CO(x_FEAM, u_FEAM)
y_ED-d, y_ED-v ( u_IceD
y_SD-d, y_SD-v ( u_IceD

x_IceD = IceD_US(x_IceD, u_IceD)
y_IceD = IceD_CO(x_IceD, u_IceD)
y_ED-v ( u_IceF
y_SD-v ( u_IceF

x_IceF = IceF_US(x_IceF, u_IceF)
y_IceF = IceF_CO(x_IceF, u_IceF)
y_ED-d ( u_MAP
y_SD-d ( u_MAP

x_MAP = MAP_US(x_MAP, u_MAP)
y_MAP = MAP_CO(x_MAP, u_MAP)
y_ED-d, y_ED-v, y_ED-a ( u_MD
y_SD-d, y_SD-v, y_SD-a ( u_MD

x_MD = MD_US(x_MD, u_MD)
y_MD = MD_CO(x_MD, u_MD)
y_ED-d ( u_SlD
y_SD-d ( u_SlD

x_SlD = SlD_US(x_SlD, u_SlD)
y_SlD = SlD_CO(x_SlD, u_SlD)
Group 5
y_SrvD-c ( u_ADH
y_ED-d, y_ED-v, y_ED-a ( u_ADH
y_SED-d, y_SED-v, y_SED-a ( u_ADH
y_BD-d, y_BD-v, y_BD-a ( u_ADH
y_SD-d, y_SD-v, y_SD-a ( u_ADH
x_ADH = ADH_US(x_ADH, u_ADH)
y_ED-d, y_ED-v, y_ED-a ( u_HD
y_SD-d, y_SD-v, y_SD-a ( u_HD

x_HD = HD_US(x_HD, u_HD)
y_ED-d, y_ED-v, y_ED-a ( u_Orca

x_Orca = Orca_US(x_Orca, u_Orca)
y_ED-d, y_ED-v, y_ED-a ( u_ExtPtfm

x_ExtPtfm = ExtPtfm_US(x_ExtPtfm, u_ExtPtfm)
Correction Step for BD, ED, SD and Solve Option 1
(
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 in the generalized alpha algorithm above)

Calculate outputs for modules with tight coupling and solve option 1

(
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 in the generalized algorithm above)

y_ADH = ADH_CO(x_ADH, u_ADH)
y_BD = BD_CO(x_BD, y_BD)
y_ED = ED_CO(y_ED, y_ED)
y_ExtPtfm = ExtPtfm_CO(x_ExtPtfm, u_ExtPtfm)
y_HD = HD_CO(x_HD, u_HD)
y_Orca = Orca_CO(x_Orca, u_Orca)
y_SD = SD_CO(x_SD, u_SD)
y_SED = SED_CO(x_SED, u_SED)
Exit if correction count is reached
(
[image: image213.wmf](
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 in the generalized algorithm above)

Formulate  
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y_BD, y_ED, y_SD, y_SED ( u_ADH-a

y_ED ( u_BD-d, u_BD-v, 
u_BD-a

y_AD, y_ADH, y_BD, y_ExtLd, y_SrvD ( u_BD-l

y_AD, y_ADH, y_ADsk, y_BD, y_ExtLD, y_ED, y_ExtPtfm, y_FEAM, y_HD, y_IceD, y_IceF, y_MAP, y_MD, y_Orca, y_SD, y_SlD, y_SrvD ( u_ED-l

y_ED ( u_ExtPtfm-a

y_ED, y_SD ( u_HD-a

y_ED ( u_Orca-a

y_ED ( u_SD-d, u_SD-v
, u_SD-a

y_AD, y_ADH, y_FEAM, y_HD, y_IceD, y_IceF, y_MAP, y_MD, y_SD, y_SlD ( u_SD-l

y_AD, y_ADH, y_ADsk, y_SrvD ( u_SED-l

Formulate the Jacobian, 
[image: image219.wmf]1
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, if needed based on n_fact and DT_UJac

Solve for the perturbations, including BD, ED, and SD inputs and other solve option 1 inputs:

(
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in the generalized alpha algorithm above, but expanded to include Option 1 inputs and outputs as well)
Exit if the perturbations are small
(
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in the generalized alpha algorithm above)

Otherwise update the BD, ED, and SD accelerations and solve option 1 inputs:

(
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 in the generalized alpha algorithm above)

Update the correction count and repeat

(
[image: image226.wmf]1

kk

ENDDO
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 in the generalized alpha algorithm above)

Transfer remaining outputs that depend on solve option 1 to inputs

Group 6

y_ED-a ( u_MD
y_ED-a, y_ED-l, y_ED-c ( u_SrvD

y_BD-a, y_BD-l ( u_SrvD

y_SD-a ( u_MD
y_SD-a ( u_SrvD

y_SED-a, y_SED-c ( u_SrvD

Correct the overall time step (go back to Advance States and Calculate Outputs for All Modules Before Option 1) or Save

Advance time:
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Fixing the Problem Formulation Given the Rotational Sates of BeamDyn
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With:
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With 
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 and with u, v, Y(), and U() the same as in the first-order system.

Given properties of the inverse of a block diagonal matrix, note that:
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Final summary of forms:

For second-order systems of the form:
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And the residual equation:

[image: image240.wmf](

)

(

)

1

,,,0

qMqtFqqt

-

-=

éù

ëû

&&&


Prediction step:
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Correction step using Newton’s iterations based on incremental accelerations:
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Advance time:
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With Constraints
For second-order systems of the form -- semi-explicit DAE of index 1:
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And the residual equation:
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Extrapolate inputs of all modules to 
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Prediction step:
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Correction step using Newton’s iterations based on incremental accelerations and inputs:
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Advance time:
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Modular framework form:
Original loose coupling algorithm:

1) Extrapolate inputs of all modules to 
[image: image250.wmf]1

n
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+


2) Sequentially advance states of and solve explicit IO at 
[image: image251.wmf]1

n

t
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3) Use Newton’s iteration at 
[image: image252.wmf]1
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 to solve implicit IO based on incremental inputs
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4) Solve remaining explicit IO at tn+1
5) Correct 
[image: image254.wmf]1

n

t

+

 solution (go back to 3) or advance time
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Final combined algorithm

1) Extrapolate inputs of all modules to 
[image: image256.wmf]1

n
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2) Use Newmark integration to predict states and algorithmic accelerations of tightly coupled modules at 
[image: image257.wmf]1
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:
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3) Sequentially advance states of loosely coupled modules and solve explicit IO at 
[image: image259.wmf]1

n

t

+


4) Use Newton’s iteration at 
[image: image260.wmf]1

n

t
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 to jointly:

   • Correct states and algorithmic accelerations of tightly coupled modules based on incremental accelerations
   • Solve IO of tightly coupled modules based on their incremental inputs 
   • Solve implicit IO of loosely coupled modules based on their incremental inputs
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5) Solve remaining explicit IO at 
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6) Correct tn+1 solution (go back to 3) or advance time
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� Technically, BeamDyn, ElastoDyn, and SubDyn have other states used in their internal solvers, but these states and solvers are not invoked in tight coupling.  BeamDyn also has discrete-time states associated with the implementation of the pitch actuator, which we can ignore (don’t permit enabling of the pitch actuator) at first.  ElastoDyn also has other states associated with the implementation of the high-speed shaft brake and gearbox friction, which we can ignore (don’t permit deployment of the high-speed shaft brake and no gearbox efficiency losses) at first.  All dummy states are ignored.


� In BeamDyn, q(:,1) and dqdt(:,1) are effectively constraint states, but we will deal with them inside BeamDyn so the tight coupling algorithm doesn’t have to get more complicated.





�Discrete-time states are easy to add back, if needed.  Effectively, the discrete-time states can be updated during the prediction step with no effect on the correction step.


�Technically this is not true for the BD rotational states.  See correction below.


�A semi-explicit DAE of index 1 can be solved just like the underlying ODE assuming the constraint is satisfied at each step.


�Possible solvers are generalized-alpha applied to 1st-order ODE or 2nd-order Adams-Moulton (Trapezoidal rule, which is equivalent to generalized-alpha without numerical damping, rhoinf=1).


�Note: The module-level inputs, u, act as nonholonomic constraints in this system.


�Note: For 3D rotations, the summation in the displacement equation should be replaced with a composition of rotations.


�rho_inf = 0 for maximum dissipation


rho_inf = 1 for no dissipation





The Newmark-beta method assumes:


rho_inf = 1


Thus:


alpha_m = alpha_f = 0.5


alpha_m-alpha_f = 0


qdd = a


gamma = 0.5


beta = 0.25


This is equivalent to the trapezoidal rule





An explicit solve can be written with


alpha_m-alpha_f = 0


gamma = 0.5


beta = 0





The HHT-alpha method assumes:


alpha_m = 0


alpha = -alpha_f, where -0.333 <= alpha <= 0


where alpha = 0 is no numerical damping


�Note: pM/pq*dq is a matrix and pM/pq is a 3D tensor because M is a matrix.


�Note: The papers I've seen initialize qdd_n+1 with 0.  I would think it would better to initialize qdd_n+1 = qdd_n.


�Note: The papers I've seen initialize qdd_n+1 with 0.  I would think it would better to initialize qdd_n+1 = qdd_n.





Note: For 3D rotations, the summation in the displacement equation should be replaced with a composition of rotations.


�Note: pM/pq is a 3D tensor because M is a matrix.


�Note: The papers I've seen initialize qdd_n+1 with 0.  I would think it would better to initialize qdd_n+1 = qdd_n.


�Note: The papers I've seen initialize qdd_n+1 with 0.  I would think it would better to initialize qdd_n+1 = qdd_n.





Note: For 3D rotations, the summation in the displacement equation should be replaced with a composition of rotations.


�The result is the same as Bauchau's method but with the residual equations multiplied by M^-1


�Note: The last equation uses:


[A+dA]^-1 = A^-1-A^-1*dA*A^-1+O(2)


, which is the first-order Taylor expansion of the inverse of a matrix summed with a small perturbation matrix


�Also note that pM/pq is a 3D tensor because M is a matrix.


�Note: The papers I've seen initialize qdd_n+1 with 0.  I would think it would better to initialize qdd_n+1 = qdd_n.


�Note: The papers I've seen initialize qdd_n+1 with 0.  I would think it would better to initialize qdd_n+1 = qdd_n.





Note: For 3D rotations, the summation in the displacement equation should be replaced with a composition of rotations.


�Most papers say start with qdd_n+1 = 0, but from our testing, fewer iterations were needed when qdd_n+1 was initialized to qdd_n.


�The result is the same as Bauchau's method but with the residual equations multiplied by M^-1


�Note: The last equation uses:


[A+dA]^-1 = A^-1-A^-1*dA*A^-1+O(2)


, which is the first-order Taylor expansion of the inverse of a matrix summed with a small perturbation matrix


�Also note that pM/pq and pM/pu are 3D tensors because M is a matrix.


�Note: The papers I've seen initialize qdd_n+1 with 0.  I would think it would better to initialize qdd_n+1 = qdd_n.


�I write u_n+1 = u_n during the prediction step, but this should use ExtrapInterp() as currently implemented in the glue code.





Note: For inputs that are loads instead of motions, the forces should be scaled like they currently are in the glue code.





Note: For 3D rotations in BeamDyn, the summation in the displacement equation should be replaced with a composition of rotations.


�This is final proposed tight-coupling algorithm, with the following caveats:





I write u_n+1 = u_n during the prediction step, but this should use ExtrapInterp() as currently implemented in the glue code.





For inputs that are loads instead of motions, the forces should be scaled like they currently are in the glue code.  Moreover, the inverse of the Jacobian is not calculated directly.  See details below regarding preconditioning of the Jacobian





For 3D rotations in BeamDyn, the summation in the displacement equation should be replaced with a composition of rotations.





Instead of calculating the Jacobian every time step, I would implement the equivalent of N_Fact in BeamDyn or DT_UJac in the glue code.





k_max and TOL (the equivalent of BeamDyn inputs NRMax and Stop_Tol) should be user-specified inputs.<-- Propose an input file.  It may be OK to set k_max = 1, which eliminates the iteration.





The following stepwise implementation is proposed


1) Implement this algorithm by calling *_JacobianPContState and *_JacobianPInput to formulate the Jacobian.


2) Figure out how to replace the existing finite-difference methods of calculating the Jacobians with analytical Jacobians.  This should be straightforward for SubDyn, not too bad for BeamDyn, and difficult for ElastoDyn.


3) The Jacobian is actually quite sparse.  Consider using a sparse solver rather than the full solver.  Note X_2 and qdd are size 6*order_elem*NumBl + NActvDOF + qml, which is typically about 150-210.  Note also that U and du are size 18*(NumBl+1)+12 = 84 for 3-blades or 66 for 2 blades.





Once linearization of ExtPtfm is enabled, it would make sense to include ExtPtfm in the tight coupling (as an alternate for SubDyn), when enabled.





There is no evidence that tight coupling of MoorDyn or StC/SrvD is needed because the mass in these modules is typically much less then the mass in BD, ED, or SD.





I still need to clarify how this algorithm interfaces with the existing option 1 / option 2 solve--see below.


�I haven't listed inputs and outputs here that are not directly needed in the BD-ED-SD coupling.  Of course, other inputs and outputs exist.


�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.


�I'm "hand waving" the rotation states here.  In the nonlinear system, orientations are a 3x3 DCM.  In the linearized system, this is replaced with a 3x1 vector, dtheta.


�This algorithm assumes we are at n and need to advance to n+1.  Some changes are likely warranted at initialization and when t=0.


�This should be a call to InterpExtrap for all modules


�Should we predict acceleration as stated here, or should we extrapolate the accelerations like we do with inputs?  


�I would guess we should extrapolate the accelerations, just like we'd do with the inputs.  But probably something to check which method is better in the implementation.


�The solve order stated here is based on the order derived in the corresponding InputOutputCoupling spreadsheet.  This order may change pending review.  Also, efficiencies could be gained by simplifying the coupling based on the enabling/disabling of OpenFAST functionality.


�When calling the DLL, why are we using extrapolated values at t+dt?  Suggest using current values at t instead (likewise for simple controllers.  The StC implementation looks correct to me.  


�Need to save old states before looping back on in the overall time step correction steps.


�Note: All CalcOutput calls and transfers of output to input happen at n+1 (t+dt).  Likewise below.


�These transfers of output to input overwrite the input derived via extrapolation or from the previous iteration.  If no transfer is shown before the input is needed, the extrapolated value or value from the previous iteration should be used.


�ExtInflow has no _US or _CO, so, I'm not sure where to put this transfer.  I've just placed it here for now.  Likewise for other transfers to ExtInflow below.


�We want all modules to use the same set of inputs within each correction step.  So, we need to transfer the displacements and velocity as input to ServoDyn before the Option 1 solve.  Likewise with other displacement and velocity inputs to ServoDyn; see below.





Accelerations need not be transferred to u_SrvD yet, but they do need to be sent to the other modules.


�(See qualifier on this acceleration statement below.)


�I'm questioning if we really want to transfer the accelerations here.  We do this in the current glue code, but now the state-updates are different.  I don't want the accelerations into MD to be too inaccurate.  The other accelerations are corrected later.  Likewise with y_ED-a, y-SED-a, y_BD-a, and y_SD-a below.


�Probably something to check which method is better in the implementation.


�The u should be from the original extrapolation with overwrites from the Option 2 solve or the updated u from the correction steps.  The y's are derived from the CO above, which are then used to formulate U based on transfer of outputs to inputs as shown (see transfers next).


�Needed for tight coupling; the values could be different from the previous correction step.


�Needed for tight coupling; the values could be different from the previous correction step.


�These transfers are to form u_tmp, which is used to formulate U.


�Note: the load-based Jacobians and inputs need preconditioning, as documented above.


�These Jacobians should be detailed out a bit before implementation.


�The input that is updated here is the actual input, not the temporary input.


�Note: ED_CO and SED_CO were already called in the option 1 solve above, so, no need to recalculate here.


�Note: This approach is not really needed because the rotational parameters are solved in the generalized-alpha method simply by replacing the update in displacement with a composition of rotations.


�Note: pf_c/pc*cd = d/dt(Lambda) = Lambdad and pf_c/pc is a actually a 3D tensor because Lambdad is a matrix.
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