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* Introduction: General Aspects of Coupled Simulation
« Example of MBS/PDE Coupling: Rotor/Bearing System of a Turbocharger
« Three Coupling Approaches:

« Full-Implicit Approach

« Explicit Multirate Approach

« Semi-Implicit Approach

 Numerical Results: Run-up Simulation of a Turbocharger



Aspects of Coupled Simulation: Decomposition

Subsystem 1

Xl :fl(X11u1)
Y1 = gl(xl’ul)

Coupling Conditions

Overall System

U =Y,
U, =Y,

X =f(x) Splitting

4L U, Y,

_____________________ u,, u, ... Inputs
X, =f,(X,,U,) V., Y, ... Outputs
Y2 =0,(%;,U;)

Subsystem 2

ldea:

» Split overall system into (two) subsystems, coupled by input and output variables

—> Coupling loop created



General Integration Scheme: Multirate Approach!!!

Subsystem 1 Y1 =01(%,Up)

Macro-Time Step Ty, 2 Ty: Integration: X, = (X;,u;)

Step 1: Subsystem 1

» Coupling variables at Ty (i=1,...,N) are ® /\
known YiNn- ‘

! o~ yl,N i
* Integrate Subsystem 1 from T, to Ty | |

using extrapolated coupling variablesu, :=vy, : e .
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« Compute output variablesy,

« Communicate output variablesy,  to 2 -
Subsystem 2
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<Communication

Extrapolation:y,

Subsystem 2

Remark:

» Weak Coupling: Coupling loop is cut through - Sequential or parallel integration of subsystems

« Communication-time grid (“macro-time grid”) is required for data exchange



General Integration Scheme: Multirate Approach!]

Subsystem 1
Macro-Time Step Ty, =2 Ty : '
Step 2: Subsystem 2

: Interpolation: Y,
* Integrate Subsystem 2 from T, to T using ® . Q

interpolated coupling variables u, =y, Yina T O \C U
« Compute output variables y,

« Communicate output variables y, , to :
Subsystem 1 ;

—>Steps 1/2 are repeated at next macro-time w
step Ty 2 Tpet | ®

Integration: X, =f,(X,,u,)

Communicatior>

Subsystem 2 Yo =02(Xz,Uy)

Remark:
» Coupling scheme is an explicit method w. r. t. the coupling variables
- Numerical instabilities may arisel?!



Examples for Coupled Simulations

Coupling ,.,Multibody Systems* (MBS) with ..Partial Differential Equations* (PDE):

* Fluid/structure interaction(®!
 Simulating contact between MBS and flexible structures!*!
« MBS coupled with electromechanical fields!®]

> etc.

Problems:

* MBS is commonly solved by implicit time-integration method
 PDE models have large numbers of DOFs

- MBS/PDE coupling: huge systems and large CPU time

Task:

» Develop efficient co-simulation techniques

- Reduce number of PDE computations
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— Rotor

Turbine Wheel

Compressor

Wheel Rotating

Shaft

Full-Floating Ring

Bearing Q

Resulting Hydrodynamic
Bearing Forces/Torques

» Motion of shaft and ring induces an oil flow in the inner and
outer oil gap of the bearing
—> Oil flow leads to pressure generation in the fluid films
- Pressure fields are obtained by solving a PDE (Reynolds eq.)

» Resulting hydrodynamic bearing forces/torques influence shaft
and ring motion

Example: Turbocharger Simulation

Kinematic Quantities

(Shaft and Ring Maotion)

~_

Full-Floating
Ring Bearing

Oil
1 Housing
/

b ANNRNRNH AN

“/ Inner Oil

Floating Ring

. Film
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Force/Displacement Coupling

MBS: Equations of Motion Model 1 FE Model: Discretized
Reynolds Equation

Kinematical

uantities ' | A
Q e 0= 1T \Upey)

X::EM - XIFEM(QI Urem )

i i
Urem = YmBs

i i
Umes = Yrem

Hydrodynamic Bearing | yviodel 4 |
Forces/Torques

Remark:
» Bearing forces/torques of the 4 fluid films are computed by 4 FE models
* No ,direct feed-through® in both output equations
- Numerical coupling approaches are zero-stable, if zero-stable solvers are applied!®!

- Co-simulation will converge, if communication-step size is sufficiently small

o TTTT—— 9 L



SIMPACK-COMSOL-Interface

FEM/COMSOL -g

TCP/IP COMSO] =
.g MBS/SIMPACK Interface Process 1 T
e ] L
& i i Kinematic Measurements Reynolds Equation
mn‘ : : U .
Vi o :
Integration | 1 Subroutine 1 ’ .
Loop : <—|ydrodynamic Forces/Torques - _ . ]
e et T | COMSOL jag
Process n
Y TR T
Different Coupling Reynolds Equation
Approaches

IPC Interface:

* Instances of FE model are computed in parallel on different CPUs

« COMSOL processes are coupled with SIMPACK solver by user subroutine
- Implicit SIMPACK solver is master and defines the (variable) communication-step size

« Communication is accomplished with TCP/IP network interface

« Different coupling approaches are implemented in a user subroutine

— O
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Coupling Approaches: Implicit Waveform Iterationl’-él

Remark: Subsystem 1

» Consider two subsystems: LIV
Subsystem 1 (SIMPACK),

Predictor

Subsystem 2 (COMSOL) Corrector
: Iteration
* Macro-time step T\, =2 Ty
kN — kN
Ui,N . yé,N)

Coupling Approach 1:

* PECE solver of Subsystem 1 calls

FE-Subsystem
Subsystem 2 after all corrector steps k=0,...,ky Y

Calls

_ .. : . Subsystem 2
* Approach is implicit w. r. t. coupling variables (FE Subsystem)

—> Coupling approach is stable

« Large number of FE-subsystem calls
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Coupling Approaches: Explicit Multirate Approach

Coupling Approach 2: Subsystem 1
* Using polynomial extrapolation y, n(t =Ty) for N-1 Predictor LY
approximating input u, during corrector iteration =~ | ___-----"TTTTTTTIT—a .
-> Inputs do not vary during corrector steps k (Ky-t) K) o Corrector
g / ’ P YIN-1 Ui = Y2 (Tn) lteration

» PECE solver of Subsystem 1 calls
Subsystem 2 only after the last corrector step ky

: ky)
- Only 1 FE-subsystem call in each macro step

(k) _
UIN"=Y2

» Approach is explicit w. r. t. coupling variables
= This may entail numerical instabilities

FE-Subsystem

Call
Subsystem 2

(FE Subsystem)
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Coupling Approaches: Semi-Implicit Approach!®

Coupling Approach 3: Subsystem 1
* Linearizationy of output y, w. r. t. y, attime Ty, N-1 Predictor N
- Used for approximation of inputu, at T, = | __-----m77mmmmmmen
ing i i i i (ky) Corrector
—> Varying input during corrector iteration YInNy Linearization oration
» PECE solver of Subsystem 1 calls (k) _ (k)
u1,|\| = l//(yl N )
Subsystem 2 after the last corrector step ky ’ (k) (k)
> Only 1 FE-subsystem call in each macro step y{) YN TY2N
» Approach is semi-implicit w. r. t. coupling \/ FE-Subsystem
variables Call
- More stable than explicit multirate approach Subsystem 2
- Number of FE-subsystem calls may further be = (FE Subsystem)
reduced

« Jacobian required for linearization
- Computed numerically and in parallel
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Numerical Results: Rotor Run-Up Simulation

* Run-up simulation of rotor: Increase angular velocity @ linearly up to 1800Hz in 5s

« Semi-implicit approach: 16 parallel processes (4 forces and 12 gradients) computed on 4 quadcores

* CPU time for one Reynolds equation (PDE) ~ 2s

 Vibration behavior of rotor is highly
nonlinearfd

- Different bifurcations occur

- Complex quasiperiodic rotor motion

— Angular Velocity of Rotor

x10

time [s]

— Vertical Displacement of Measurement Point

x10°

150

1001
< 50]
3 0
= -50]
-100]
150 ;

time [s]

D — SR



Numerical Results: Comparison of Coupling Approaches

Full-Implicit Explicit Semi-Implicit Reduced Semi-Implicit Approach!
Approach Multirate Approach | 1) —10.4 | TOL=1e-3 | TOL=1e-2 | TOL=1e-1
A Approach (unreduced) D E E G
B C

CPU Time: ~5,5Months | ~5 Months ~39 Days ~32 Days | ~16 Days | ~6 Days ~2 Days
RasieE S0 7209803 25602856 7895432 8672692 | 11898034 | 13840541 | 12393477
MBS Solver
Numberof FE- 1 2509503 6435195 1702765 1385608 | 723214 | 266211 | 98331
Subsystem Calls:
BDF-Step Size
for Stable Time le-5 5e-7 le-5 le-5 le-5 le-5 le-5
Integration

—&— FE-Subsys. Calls —#— RHS Calls of MBS Solver
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Aim: Develop an efficient coupling interface for MBS and FE tools

SIMPACK/COMSOL -Interface:

 Variable communication-time grid
» Parallel computation of FE models
« Standard coupling approaches practically fail because of large CPU times:
—> Full-implicit approach entails large number of FE-subsystem calls
- Explicit multirate approach requires small communication-time steps for stable simulation
« Semi-implicit coupling approach yields practicable CPU times:
- Approach is stable

- Number of FE-subsystem calls can be reduced significantly
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