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MEMREDTE B background

o IVJVNEBRBIRENTIE. BEEIT D777 v 7 DIREIHD I DA K
wﬁﬁtﬁﬁﬁ elastic vibration of rotating crankshaft has influence on crankcase vibration
under operating condition

o EEE{*O)*E;’]E@(&*@*E C AN=A LSRN d for rotating structure

tough post-analysis

time domain simulation (high computational cos ZI3EHETELL

b ﬁ .I]: EZ.’ *E $ ) ,ﬁ 5& ?ﬁ%ﬁ Hﬁg iﬁ inappropriate to solve vibration of ¥

\crankshaft which is not axisymmetric

a. [FMEISABAR L HEAaFHA J 95090 7MNDESLEEEOR
t

frequency domain simulation in stationary coordinate system Py
~

c. ENEEEEROREREERE AT Ao |
frequency domain simulation in rotating coordinate system ZA)@C 6 L - ok

incapable of solving
crankcase vibration

® PS-X TRERE. B D277 /7R FMENIRENZFATEESRiE%Z

HELT= we developed a new frequency-domain simulation through which one can obtain

operational vibrations (up to 1kHz) of crankcase and crankshaft in a short time
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AF EDFFF(REEEnBHL) features of proposed method
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PS-XDEIIE formulation

o PS-X BRIV 1IN 52720EE )T AMOEEIREIFZ{RE

I77AEEQ > EuzEXARINN m/2=n_ order number
Q/2 O7-)IMPB TR [lny  :complex amplitude of n-th order vibration

& FBUERTRELI DV OEREOIRE) & BERTRE=V77+7MRE)
crankcase deformation in stationary system crankshaft deformation in rotating system
- i(mQ/2 - i(mQ/2
U,(t)= ZUS(m/fZ)e (a2 u, ()= Zur(m/?.)e (a2
¢ EFHFIER (EEERE wR) n=0,£1/2,%1,+3/2,%2,---
equations of motion in frequency domain (n-th order
: . P, p,: EBEEROTE
crankcase: (—n’Q>M, +inQC, +K,)U,,,) = P, +|F s, Dr kg
T A e D s i e ¥ om ( BAE. ERRYRTRMA,
crankshaft:  (—n"Q%m, +inQc, + k. ),y = Py +fr5n) 9SUIELHE )
= 7VHETEHLTES
Y predictable in advance
Fy, f.: @32 7] bearing forces
z ~ = BHICKEFTIRAE
¥ % :journal bearing stiffness R DREHER T BREI
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TlS2 Ik D READERL bearing force

@ RIEEERTREREZ ROIF77+7MREIEETTRDIE
RIEEIRRDNSRBE n+ LRICE(L

), 2nd order 1st and 3rd

vibration FIEEERA order vibration
= b o717 =
z o B ERER 5
x £3 |:> 23

<
% _ EE
53 transformation 5 5
= to stationary P~
0 180 360 0 180 360
system

Crank angle [deg] Crank angle [deg]

OIZRAMZNLTI P AREICEEE = 1R DAMEE

(n%E1)th order bearing forces are transmitted to crankcase

interactions between different orders are caused

[ B3 RMETERARETDRE J
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mﬁj]a)iiﬂb formulation of bearing forces

® Hi3ZMIRD ReynoldsTFIEV &R (L. MIRMAIE - RRER L

modeling journal bearings as linear springs and dampers in stationary coordinate system

® AT REIVFIERRHOEUHERMELTEIMETES

amplitudes of bearing forces can be formulated as linear sum of vibration amplitudes of multiple
order (frequency) components

& IVOUFRMEICIERTS nREIEA ® 7570v7MIERT3 nREIZ A
n-th order bearing force acts on crankcase n-th order bearing force acts on crankshaft
ur(n—l) Us(n—l) ur(n—Z)
Uf( {Fs(n) }: [Ass(n) ]{ Us(n) }+ [Asr(n) Up(n) {fr(n) }: [Ars(n) Us(n) + [Arr(n) Up(n)
s ur! n+1! Us( n+1) ur! n+2!
. 7 re N ¥
| y case vibration shaft vibration case vibration shaft vibration

n-th n-th, (n£1)th n-th, (n£1)th n-th, (nE£2)th

)

[Assm), Ayt BT EHSBEASREZERTH

complex matrices determined from n, €2, and bearing characteristics

I
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;ﬂ&ﬁﬂ@ﬁ;ﬁﬁﬁﬁﬁ how to solve coupling problem

& EEENROEEHEREEMZZS 1-th order motion equations and bearing forces

((_n?‘QZMs +inQC, +K) US! n) ~ Ps(n) ) Fs(n) (crankcase) mﬁﬁlﬁﬂﬁﬁﬂ'ﬂ:
(_n2Q2mr +inc, + kr)ur(n) = Pr(n) 1 fl’(") (crankshaft) iﬁf-{gab‘ "
Up(n-1) Us(n—l) Up(n-2)
Fs(n) = [Ass(n) ]Us(n) + [Asr(n) Up(n) fr(n) = [Ars(n) US‘L) + [Arr(n) m
Uy (ne1) (@ Urnsd)] unknown

NRUAED gz nTHRB (n—0, £1/2. 1, ... +M) B BEIILTHEL
B AR R (n=0, 2172, £1,..., M) =BiL

solve motion equations and bearing forces of multiple orders as simultaneous equations
coupling between orders

M EEHREE)+RK
larger enough than order
number of interest

RYURELERIRSE IS
PS-XO:EENHIER
cBRICKRIRENDS
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Eﬁi ﬁll example of application

e BRI/ IUETH simplified engine FE model
® IO UKK

® 752+ 71M3000rpm)

elastic crankcase elastic crankshaft (spinning at 3000rpm)
Wy Journal #1
I I Load on Crankpin
WA - RRZNLTHISR é (4th order, 200Hz)
m HEEELES Fixed
X Ty bearing forces are transmitted to /
each other via radial springs &
dampers

¥ %
vy

Journal #2
® A7 external forces

v 38107 (OH2) centrifugal force acting on crankshaft (0Hz)

v’ [E§54:% (200Hz) IRiE1000N EVFHE
4th order (200Hz) fluctuating load with amplitude of 1000N acting on crankpin
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ﬁg*ﬁ' ¥IIIE analysis procedure

crankcase crankshaft engine rotation rate Q
FE model FE model (3000rpm, 50Hz)
journal bearing model
My, Cs, Ky (spring, dam\fer model)
\4
append effects of rotation¥ € 5| coupling matrices 4,
.k (n=0,%£1,%2,....+12)
\ 4 \4 \\ 4
crankcase modal model crankshaft modal model project coupling matrices onto
(~3kHz, 19modes) (~3kHz, 33modes) modal coordinate system

excitation forces P, p,,,
(centrifugal force, 4th order load)

N

motion equation of whole system modal forces [€

\
operational vibrations (modal)

recovery .| operational vibrations (physical)
Ug, u

\

r
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ATFEDREE verification of proposed method

. X, x Conventional Method
WM Y,y 2 (time-domain simulation)
X % — X, x
—— Y, y PS-X X h%
Crankcase 2 Tab. comparison of
) N ) computation time
) )
Q Q
5 50 Conventional method 20 min
L) < (time-domain simulation)
a a N x PS-X 4 sec
Crankshaft
0 90 180 270 360 0 90 180 270 360

Crank Angle [deg] Crank Angle [deg]

comparison of simulation results (displacements of journal #1 center)

*Multi-Body Dynamics simulation with flexible body

o KRB ELFRFNHAERRE. SVERRETHICEHNTEL

equivalent results to conventional method can be obtained with much less computation time
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Eﬁﬁ%% interaction between crankcase and crankshaft
I

o FELAEORGEDN)BLVAR(EVHE)EREELT 1 ROIFIHEHE
starting from Oth order (centrifugal force) and 4th order (load on crankpin), vibrations of
order X1 are propagated

o HiRFIEFETIIIRIEHIEX
amplitude increases around resonance frequency

& BEANDHFEHNERICKES

contribution of each input force can be obtained

600 : . S 12 : :
Crankcase Vibration 112 Crankshaft Vibration

500 ©10

400 s 8
T Resonance of 7<
> 300| Crankcase 6 i
% = 5/ ,| Load on crankpin
=) 200
2 3@%_; Centrifugal
= 100 1/7 2 Force

0 o <

RMS amplitude of XYZ-displacements RMS amplitude of xyz-displacements

Force Contributions Centrifugal Force Load on Crankpin
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BBITIREOEESD conclusions

o RRHMMEICEHIZI D RBEIREBINFEERAELE

frequency domain simulation of operational engine vibration is developed

o RRMHEFELFFNRRHILVERETESND

equivalent results to conventional method can be obtained with much less
computation time

@ VDI EI IV BRBRBITEL S, REBHERDAD=X L%
IRIETES

better understanding of order-coupling phenomenon caused between crankshaft
and crankcase can be obtained
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BRLGEEDLEDEMN? Why high-speed algorithm?

> PS-XId R SSAEIOMRE, BESEEREICKORDEVHERFYTT

= W . : :
ﬁgﬁ‘fa bnéo The new theory requires smaller number of steps in computation.

> ULALEFIEIV VR THVWShSDARIBETNTE. ETGERXD
ﬁ E EE&#‘&%DOF%E%%O With automotive engine models, dofs exceed several 100 mill.

BXICL5ETDHER.. Huge Sized Equation

EFNVOYIEEBEL (#1007)
MIBEHERH X R¥(=100) physical dofs of model

B i pr (-N)
drr - Arr N Ars .

MIEEHESH D

X % .

R y oy B
Physical dofs - 5 s :

x Order i | kUs(+N) ) | Ps(+N)

> E—HNEHICKUEADOFRIRIC, ULHLHERMEIZE109 /R,

The modal tansformation decreases dofs to several ten thousands, though one computation job takes several 10 min.

= {ERMBEICH '6'67’|~I Wr-JiREND, JUBEBELBESIBA.
The advantage over usual solution algorithm diminishes. Therefore a hlﬁhel‘ sBeed alﬁorlthm is reﬂulred
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EE{K 0)7]-:4?# . Em § j] Journal Force : a key to the higher-speed solution

@ XA, BIEREFEREDOLE, RLDIRVDIRIBEEMSETLVS,

The journal force connects the rotating and the stationary systems, resulting order coupling.

Eﬁ¥ Rotating system .
> WA .

51 (BRFIDOAT); T 11
L Lo fr 9 VE HIE PSpress Stationary system
ERRRFRMA Sthrust
EAMAZAMA
( W30 KMOAA |
Prpin 959 HE External f
g it Disp. Force G:]
Original Eq. of motion | — 0
t)ta) drr _Arr _Ars u, _ Py
E@;AERX | -4, Db,-4,||U] |P Fs waen
Sr SS SS S S EXterna] Journal
KA Disp. Force Force
HENERANEREL THRSE 1 HET
{ EliER & BIER dy O\ Ju | _Jpr| | Iy
& RUDEA o o |lu (" e[ |k
FINTIEERICE S, Chzefg<l, KA KA

Introducing the journal force as new unknowns, the rotating and the stationary systems are isolated from each other.
—
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Eﬁﬁﬁfd)ﬁ j's *b\t’:ﬁf’n An outline of the high-speed algorithm

tnal disp. ournal oil film ournal Force .
C?niﬂtiﬂl;ﬁmaﬂlj Force 5 di/nami(i stiffness : iméFjJ ® it!m§ﬁ5ﬁ<°
S mmamo =7 o mammen.
{U"“} {U”J} BhRIE {FJ} HEEMEOHICLS
01) g, U 4 oW memmc,
Journal disp. 2% n R I (n-2) .
Joural disp. Rl ® HIE NI ME BT
ructural transter function n
WS E RS DEATHS.
® NAICKDHTDESI
n Hy == MR,
QLRI Er Total system response System response trarls;t{;lrafﬂilﬁon ng;;g:l . gsllér;taelrg;?pﬁorce
® BONAMBNEME R E M o, WE7
LU RBDOGEEITHE, ="
o RumAEEHLOT. 1 U | _| M Jrl, [t
ERIIC £ 30 wHWE (U 2 \F ([ u,
Té%o ! Y
® SRGEHERRTHETHE, ettty

Response due to Journal Force

e
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=R A0 E A

An example of the high-speed algorithm

Engine mount vertical disp.

@ ARiEE60077DOFRIR
DOFABEI O FEETIIC
&

We applied this algorithm to an automotive
engine model with 6 million dofs.

@ 64bit FAIMITPC %
{EALT. St EMERMRED
#¥1108H 5208/ EiER4

Computation took 10 to 20 seconds on a 64

bit desktop PC. ENG type 4 Cylinder Inline
@ RMAERREOHIR/ 7 displacement 2000 ™3
- R - Overall FE model dofs approx. 6,000,000
(*ﬂfftgﬁﬂ_l\_‘l—&% Crankshaft mod 81 (Ei 2kHz :41 / Residual : 40 )
_ ranks modes igen up to : esiaual :
R E - N == |
Iy] “-I-E ) “'tb/\ 1 001“ LJJ: ENG body modes 239 ( Eigen up to 2kHz: 163 / Residual : 76 )
MiEo Operating conditions 3000 r/min / WOT
Its speed exceeds usual time-domain solvers’
by more than 100 times. Max. Response frequency 1000 Hz ( 20th order )
Computer 64bit PC / CPU 3.6GHz / 16GB RAM
Ref. points 45 dofs
| -
Wallclock Analysis Time 12 seconds r
24 Copyright 2020 ESTECH CORP. All rights reserv.
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4-1. )7 2178

FAMLIE Rk, B5R9E, TS5, FroA0

ESTECH.Nast+
FE®'FIN = =45 IVETN
ESTECH. PS-X
JIviN—
EEEERE. /\UF0E
BAE. MBS CRERESS |
E-SIWVEFN E—FZE
MPC. pchZ71) pchZ71J)V
BAEE
resZ71 N
7I)m£! 1 NV E
E-SFNVEFNERE. HEF—4EH JHINIEE
vaJAh
datZ71)
ESTECH.Nast+

W ETIRIR
PS-X#{* : Windows7 32bit/64bit
Nast+ : LINUX. Windows
W J7hx7IER
PS-XZ{& : FLEXIm
Nast+ : FLEXIm. MSC Nastran 2012.1

N
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4-2. E-FHFE5 R

@ T FFEAMBIIRDBIHNORFLET—RMICALShTNET,

@ T FABEINMREAMUICHTIEERE-FRMOGENOKIESHS
BEEHINEZERET-FERVIALIEHNTEET,

T—FERICEBDEN ©® RFiEMsALiD

N E-FE570VOH
U= ¢,(m)T(m)

E-KkmnHFE

U, =o,(m) U(m)

® PS-X THRE. UTF2EANE—NESHMHAHTRTT.

D 7av9F-FEE : IOV0FFBIREICHTII VKK
BEHE-rDHE

@ 279F—-KREE : IOV ERBIRICHETIIF90vT0
BEEE-—FOFES (MHREAR)
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70v7-r&E55h0fl

® 7O0V7E—KRHEERMICEY. IOV RBIRIDZEET—RHHASHIC,

Bl {1 BHRE—NE O—AE—Rig
 >e Big M;t_ S< .];ﬁ S
RBM region Global mode region Local mode region
FWD 4Cylinder
Vertical Bend 327Hz Rr Mount / Vertical
Torsion 344Hz 3000rpm / WOT
/ EM BRKT Local  * Proiection onto OA
490Hz
Local Overall

/I\

~ RlEisk 200HZLAF IND—=T 5 6RI{EE—F (RBM)
BHEBOZEE-F gigE—Ki 200-500Hz : /X7 —75 b L TFHIlF 327Hz
F#aUY344Hz (EKEBEE—NR)
O—ANE—RE 500HzAE : 2275 iR 490Hz4:E
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4-3. 77— REE5R T

® V50 v7MDERE-REMUD I DA FIRIICERAZIREZEENIC
Sl TEAMLULAINFIE,

R -
ixwﬁﬁﬁﬁﬁ |:Drr - Arr N_Ari i| {ur } _ {Er}

s - " IVSUEREIC 9500 TRERDS
IOVHE IUOVEREE  ERERTING  EHHIhIHSH

DE-FESI DIGIERIEN
! L X / A, i,
7 n ! T A N1 AL T g
Us = Dss [ (I_Assts ) (Ps+Asrur) ]PS 7\
| C 1
HSERICLZNSNOMERT %
ENG body

OO ARRIRENENNTFTELIF7/VEEICHRERTHE
Q77785 IREISICEEROFEICHBTES.
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E—RNFAZEEHEEE
® THNETFINOHRTIEI DV
RENFEIEE-RFAIE, E-FEE.
T—RFBR. TFEIROE-RNS
AZICHRBITIET,
® PS-XA-HE. ChSE—-FINT
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& HEERITTEET.

® FEETFIEREEETHELS
REFEECOREEEESICTR
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TEEY,
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4-5. MEANRODHFESDH

=

2T\

@ BEDANELSOFENHICLZIE=FRMEZEHELET.
® EARIREMICHFENR/VANRERIEL. BEINSEGEERIREZRETEEY.

170 5

)3 S 150: ? E?Mﬁiﬁ
A ) E@70 E/Mg LT
B 1 2000rpm/WOT4A
140 _1'
Qwu i
5120: #1CV| ﬁiﬂ)& iI .
#2Cyl HEOH AR oncelc
30 #3Cyl HEDH "EAPL TN
o BB
3 ETNTEF
= 80
;g 7n -

=2}
=
L

&0

40 -

L T T T T T T T T T T T T T T T T T T T
0 100 200 ann 400 a00 600 700 ann an0 1000
Frequency [Hz]

ABEFUCEHOTIE, [FIFLREETHAICYIOZ? IV MEEINDTEHBEETHS.
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?’Eiﬂﬁ*ﬁiﬁ“ Vibration analysis

RWD REAEH4ASEIV Y yOWOTEBERI Yo MRrESHEERZSITL .
9 Campbell7OYMIEIREIL ANV DA KEVEERG. S URREEZIBIE.
= 3200rpm / 600Hz & R RICERTE

RWD 4Cylinder

° LH-Mount LH-Mount Longitudinal (back-forth) Vibration / WOT
Longitudinal 115R1 [11.0R
CampbellE —1058%  HREEOEEZN. REICEBILANEL
_________________ ' ';________"'- . RESMFOrder
B Analysis 3200rpm -
ﬁ#ﬁﬁ% 5% 0%
Analysis Target 10.5:% e \
g /
-
I /R I /EERHE

N
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iR 2 53 4

B 3200rpm BEREOI P2 MEEIORIRIISEE7OYN,
B 580HzftiE (ElEE11:R) [CHEELE—I7HDFETIAIEHERINT,

RWD 4Cylinder LH-Mount Longitudinal Vibration / WOT

LH-Mount
Longitudinal
] AiR# 2t
CampbellX Frequency Analysis 3200rpm ZE{ IR 1E OO R iR $ 4 1
RS 1R

Analysis Target

|

Frequency Response @ 3200rpm

I VEEEN ik
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H 3200rpmD2 o MREENICHL. 7OVIE-RTFERhEKE. TEMNEL
Iy:/?*'*lzlﬁf_bé ﬁibko Identify the dominating body modes to engine body vibration

RWD 4Cylinder LH-Mount Longitudinal (back-forth) Vibration / 3200rpm / WOT

. EEH‘fZ;’R - ’h
- ZEEHH' p hbh2l*
g y Overal Latoral Bend 193Hz = -overal Bend 411HZ - 5 Torsion 593z
/ a-AlE—k
Local Modes

‘ AR ¥
(ﬁl]ﬁf—h%ﬁli‘i} < BHE—N4EE > O—AE—R$EiE >

RBM region Global mode region Local mode region
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V77— RFE DT Giakki)

B AFIRENICHTEII77v7 NERE-FOREZEENICIEET S,

PS-X provides a new method to identify the dominating crank modes to engine body vibration.

RWD 4Cylinder LH-Mount Longitudinal (back-forth) Vibration / 3200rpm / WOT

1]
L —
!
) EHaMlTF2:R
rx o1y ond | ateral Bend 565Hz
Lateral Bend 252Hz \ TR 2:R
/ 2nd Vertical Bend 652Hz

\

AR ¥
580HzE—713 750 ERMIT 1 RESL V2 RE-RFICEIRIERENTVBDZEHHIA,
A peak near 580Hz is excited by crank lateral bend modes.

]
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FIBAL Z=iREN A N =K L

B PS-XIE D2 iEEEZFMAL. 3200rpm/600HzfHED2 7/ MRE)
E—7HDRETIAN=-XLHASHICLDT,

Vibration mechanism is clarified by using advanced analysis methods provided by PS-X.

BIEASKE 7777E0HIITE-RZME XFRLhE—RzEIE IV e MNEE

Force generation Excite crank lateral bend modes Excite crank lateral bend mode LH-mount vibration
¢ LH-Mount
Longitudinal
(from web) R .
R 1R/ 2R ot OUN2R
1st and 2nd Lateral Bend Torsion 593Hz Frequency Response @ 3200rpm
252/565Hz
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KEREHTE-NOMER

B UANEEICESTEEDEEREF LB RIRBMBEAT, TP HE
BEIUVI77v7 b2 ORBERENE—RZRIRILTIEHNTES,

Recovery of entire engine vibration for arbitrary operating conditions or frequency ranges is provided.

RWD 4Cylinder LH Mount / 3200rpm / WOT / Vibration recovery in 550Hz to 650Hz

DHANJEHR

LH-Mount Recovery
Longitudinal

770

Crank side view
550 - 650Hz

Freauency Response @ 3200rpm 9T #5Sv—F WAHENKE<ERL . REEMEL TS,

Large deformation near 5t journal is observed which causes the excitation force on engine block.
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Ity & HIE 53 4f

B 7 ’/7 r7bDE-FAIE,. T-FREEESKETELSELEHTZTL
S MREIDIEEIZ{ERL 7=,
O Eﬁ’éﬂﬁﬁ*ﬁ’&ﬁﬁb\%g&?nsﬁ LEsHR#DIESNS,

B NIARPABDBICLDIAENEREERPONMMCKIMETE =, (&F:2100ME], 7h)
ﬁ*wﬁﬁﬂﬁﬁﬁifflilﬂ;ﬁo (EE118) B IRSMOETLE

% Change in Frequency
97 7BBE—ROINFALEE

':

Change modal parameter (M/K) A ?Ei’lis?( .
of crank lateral bend @ Increase of vibration
= 2RV —
E7) Current } o FE
S Engine . Similar level of
> = —0O— vibration
[
Q . REhR/)N
S Reduction of vibration
S (Better)
EHMFE-F ]

Lateral Bend 252Hz
Change in modal mass

]
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