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FEM-Reduction

NASTRAN

Model-File
Modal Analysis

T

+ —»

FEM-Output FEMBS
P, Preprocessing — S/MPACK Input
M, K SID-File

D, A

T

- Definition of Master Nodes
- Definition of Modal Analysis

- Selection of Nodes p;
- Selection of Eigenmodes ®,

FEM-Postprocessing
NASTRAN

- Definition of
Frequency Response Modes
- Definition of Structural Damping

MBS-Preprocessing
SIMPACK/FEMBS
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Static Reduction

FEM-Model Equations

|\/|f us + Kf U, = Pf Dimension nf: Physical FEM-Degrees of Freedom

Separation of Master Nodes u_ from Internal Nodes u,

Maa Mao Ua Kaa Kao u P
+
Moa I\/IOO uO Koa |‘<OO u

a a

P

(0] (0]

Elimination of Internal Nodes
U, = 'Koo-l[Koaua + I\/Ioaua + Moc%) - I:)o]

v 1 ..
U, = 'Koo Koau

Guyan Approximation:

a Static Solution 2x differentiated

Reduced Model Equations

M., Ua + KU, = P, Dimension na: Master Nodes-Degrees of Freedom



e Dynamic Reduction

Approximation of Internal Nodes

_ 1 .. .. _ _
U, = -KOO [Koaua + Moaua + Mo¢/o - PO] Generalised Coo_rdlnates
/ “and Form Functions

v 1 . :
Uy, = 'Koo Koaua + cl)oquq

Reduced Model Equations

Maa Mo U4 K., 0 1[u P

aa a

+

Dimension na+nq: Master Nodes - DoF +

Mqa qu u, 0 qu U, Generalised Coordinates

= The Dynamics of Internal Nodes is taken into account by
Generalised Coordinates and Form Functions



wocs Properties of the Reduction

of Master Nodes
.

Static Dynamic
Stiffness Matrix Exact o | Exact i
Mass matrix Rigid body characteristics | Rigid body characteristics
exact " | exact o]
Eigenfrequency,-modes Dependant on distribution | Controllable by the

number of frequencies

considered ‘ ‘

Modelling Effort Dense distribution of
master nodes and check
of the Eigenfrequencies is

necessary N .

Minimum number of
Master Nodes at the
coupling nodes to the
MBS is possible i
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Exhaust System Example

FEM-Model

9619 Nodes
10374 Elements (Beams, Shells,
Solids, Masses, Rigid Bodies)

Rigid Constraint
at Exhaust Manifold

Scope of the MBS-Simulation
Influence on Engine Shake (5-30Hz)
Engine Idling Comfort (20-60Hz)

|solation of Structure Borne Noise
Coupling with the MBS by Boom at low Frequencies (< 100Hz)

Rigid Joint at Exhaust Manifold and
Elastic Force Elements = Dynamics up to 100Hz
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7 Master Nodes

- Attachment Points

Master Nodes

® Coupling Nodes

@® Additional Master Nodes

23 Master Nodes

- Attachment Points
- Pipes

Y

\

47 Master Nodes

- Attachment Points
- Pipes
- Muffler + Catalyst

e M




BMW Group
Flex AGA
EG-31
14.11.01
Page 9

Model Quality of the FEM-Reduction

Constrained Exhaust System without Mounts

FEM Static Reduction Dynamic Reduction
EigenFrequncies to 300Hz
Nodes 9619 7 23 47 7 23 47
1 1,6 1,6 1,6 1,6 1,6 1,6 1,6
2 3,5 3,5 3,5 3,5 3,5 3,5 3,5
o | 3 9,7 9,8 9,7 9,7 9,7 9,7 9,7
5| 4] 158 16,1 15,8 15,8 15,8 15,8 15,8
o | 5| 240 27,6 24,1 24,0 24,0 24,0 24,0
c% 6 | 288 31,8 28,8 28,8 28,8 28,8 28,8
=l 7] 321 36,0 32,2 32,1 32,1 32,1 32,1
c | 8| 417 49,0 41,9 41,7 41,8 41,7 41,7
o9 580 70,5 58,5 58,2 58,1 58,1 58,1
Wil 746 99,8 75,1 75,0 74,8 74,7 74,7
©l11| 853 135,4 87,3 85,7 85,5 85,4 85,4
3 |12] 873 | 1513 | 883 87,5 87,4 87,4 87,4 |
€ [13]| 1104 | 1724 | 1126 | 1109 | 1107 | 1105 | 1105 | RelativeError
Z 14| 1162 | 2429 | 1265 | 116,9 | 11655 | 116,3 | 116,3 50 < f
15| 1291 | 261,3 | 133,1 | 1304 | 129,6 | 1293 | 129,33 206 < f < 5%
16| 1484 | 3405 | 153,7 | 1496 | 1505 | 1488 | 148,7 f<2%

Eigenfrequencies of FEM-Model and Reduced Models evaluated with NASTRAN

Dynamic: Model quality independant of the master nodes

m) Static: Model quality dependant on number and distribution of master nodes
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Eigenmodes
- fe < 155Hz

Frequency Response Modes
- Excitation Frequency 0,5Hz
- Maximum 15 FR-Modes

Force Excitation X,y,z
= at the Coupling Nodes

\

- Maximum Frequency of the Flexible Body
fr< 500 Hz -> 5 FR-Modes
fr <1000 Hz -> 11 FR-Modes
fr <1800 Hz -> 15 FR-Modes
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FEM MBS - Dynamic Reduction (47 Nodes)
FEMBS fe <155Hz | fe <155Hz | fe <155Hz | fe < 155Hz
Modes fr <500z | fr <1000z | fr <1800z
1 1,6 1,6 1,6 1,6 1,6
2 35 35 35 35 35 @
3 9,7 9,7 9,7 9,7 9,7 b=
: : , : : : =
L ; ; ; : : c
L 14| 1162 116,3 116,3 116,3 1163 |o
S |15 1291 129,3 129,3 129,3 129.3
o |16]| 1484 148,7 148,7 148,7 148,7
17| 1577 2155 2155 2155 | @
> 18] 1710 236,9 236,9 2369 |3
2 l19] 1924 3458 3458 3458 |2
; 20| 2172 4128 4128 4128 g
€ 21| 2608 479,6 479,6 4796 |2
2 22| 2643 579,1 5791 |
23| 2727 : 612,1 | &
24| 2886 960,7 : o
25| 3047 17898 |3
. . LL

Eigenfrequencies of the Flexible Body in Comparison to FEM

m) Frequency Response Modes create High Frequency Eigenmodes as correction for missing
FEM-Modes to describe Local Deformations at the coupling nodes.
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Lo Comparison of the Reduction Alternatives

7 Master Nodes Vertical Acceleration at the

100,00 Rear Muffler Front Mount n
3 Nt
% 10,00 A : :

2 100 M\ / /
o i
c f ':
2 0,10 /\
il AR Y \

0,01 Force Excitation at Engine Mounts in Phase 200N

0 20 40 60 80 100
Frequenz [Hz]

10,00 23 Master Nodes 10,00 47 Master Nodes
N N
E ~
> 1,00 A % 1,00
= c
=) 5
R o)
c c
= 5
3 ks
S 010 . 5 010 -
¢ o

/
0,01 : 0,01
0 20 40 60 80 100 0 20 40 60 80 100
Frequenz [HZ] Frequenz [Hz]

Linear Response Analysis Comparing Reduction Alternatives (without Frequency Response Modes)
FEM Static Reduction Dynamic Reduction
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Validation of the Coupled MBS

Relative Error [%]

Eigenfrequencies of the Coupled MBS in Comparison to FEM

FEM MBS - Dynamic Reduction (47 Knoten)

FEMBS fe < 155Hz | fe < 155Hz | fe < 155Hz |fe < 155Hz
Modes fr <500Hz | fr <1000z | fr <1800z

1 5,8 5,8 5,8 5,8 5,8 >

2 6,4 6,4 6,4 6,4 6,4 >

3 9,3 9,3 9,3 9,3 9,3

4 10,3 10,3 10,3 10,3 10,3

5 12,8 12,8 12,8 12,8 12,8 >
» L6 13,8 13,9 13,9 13,9 13,9 > g
L1 7 |° 164 16,8 16,5 16,5 16,4
s | 8 |® 173 17,8 17,7 17,5 17 4 '/“
=19 |® 239 24,4 24,3 24,1 24,0
T |10 [= 248 26,7 25,5 25,0 25,0 —%@J]
S | 11 |9 285 29,6 28,8 28,6 28,5 [y
2|12 31,7 31,8 31,8 31,8 31,7
< [ 13 |9 458 46,4 46,2 46,0 45,9 /\::I\
= [ 14 |® 503 52,5 52,1 50,6 506 [ Plt=H
€ |15 59,9 60,0 60,0 60,0 60,0
2 | 16 78,3 77,8 77,8 78,1 78,1 >

17 86,6 86,9 86,9 86,9 86,9

18 88,7 88,6 88,6 88,7 88,7

19 112,2 112,0 112,1 112,4 1124 [ »

20 117,7 117,8 117,8 118,0 118,1 >

21 130,4 130,6 130,6 130,7 130,7 >

22 150,7 151,0 151,6 151,6 151,5 >

1

11

13

15

17

19

21

Eigenfrequenz Nr.

W 6,00-7,00
= 5,00-6,00
0 4,00-5,00
0 3,00-4,00
0 2,00-3,00
0 1,00-2,00
@ 0,00-1,00



BMW Group

Flex AGA
EG-31
14.11.01
Page 14

Beschleunigung [m/s**2]

Linear Response Analysis

Veritical Acceleration at Rear Muffler Front Mount
/ due to Force Excitation in Phase at Engine Mounts

Without FR-Modes

5 FR-Modes up to 500Hz
11 FR-Modes up to 1000Hz
15 FR-Modes up to 1800Hz
FEM

xﬂlvith FR-Modes

Validation of the Coupled MBS
Influence of Frequency Response Modes
% 1,00 ‘\
o 20 40 60 80 1(50 o
Frequenz [Hz]
" with FR-Modes 51’0
< 208
p E
Lo o 20,6
05 \ %Z:z
0,0 ‘ 0,0

Improvement of Resonant Frequency

35
Frequenz [Hz]

40 45 50
Frequenz [Hz]

Improvement of Amplitude
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Linear Response Analysis

Mount Forces (Engine, Gearbox, Exhaust) due to
Excitation by Alternating Torque 30Nm, 20-80Hz
about the Engine Longitudinal Axis

——— Engine-/Gearbox (Model without Exhaust)
— Engine-/Gearbox (Model with Exhaust)
- Engine-/Gearbox and Muffler Mounts

Sum of Mount Force Levels

H
o
o

Kraft [N]

10 \\J\_/\
\\Q

Full Vehicle Model for Ride Analysis

- Chassis 84 Bodies
- Drive Train 110 Joint DoF
- Engine Mounting System 38 Constraints 1

- Exhaust System 67 Additional ODE 20 40 60 Frequenz [Hz 80
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» The Advantages of the Dynamic Reduction are
- Simplification of the FEM-reduction and
- Accurate Modelling independent of the number of master
nodes

» The generation of a flexible body with ,too few Master Nodes*
results in incorrect frequency responses in the coupled MBS.

Possible cause
- FEM-model reduction in Constrained Condition leads to
Inaccurate Mass Distribution

» Possible improvements from INTEC
- Implement the dynamic reduction in FEMBS
- Investigate the problems of ,too few Master Nodes*



