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Simplified Washout Filter Implementation for
Enhanced Driver Experience in 6-DOF Motion Simulators

Gyung-Seo Choi™ , Chan-gi Kim", Sang-Hyeon Jung,
Sang-Hyeog Jo', Yun-Jin Park’ and Shin-yu Kang"

* Department of Mechanical and Biomedical, Mechatronics Engineering, Kangwon National University

Key Words: Motion Simulator(X241 Al & #|©]¥), 6-DOF(6 A-+X), Washout Filter(Washout Z¥), Inverse
Kinematics(¥] <% 38}), Driver Experience( %%} 7d3), Motion Cueing(=A FF%), Real-time
Simulation(Z A] 7+ A& 2| ©] A1), Human-Centered Design(At2 41 A7), Virtual Reality(7}H3
& 4l), Feedback Control(¥] =1 A|of)

£ A% gaol Qo] A AU} SARE Sd @ An dgel v Fad ax AguAch
53], AHe 2dAe ¢4 A8 2L /180 AoHoR Ax, wy $A49 A% AL w2 o
ol olelgol Bk olF SAsts] fia) B MANAE g o T NE A% {4 &
A Ago] AsAEE 6 AfES] AN BH AEH dmelH et AL ZER dh
9:5he washout BEIS AAF ] 7P L2 aRel A Foldl 6 ARl HolHE s1Fsta, /A4
cquitiond B3 £AUe TR B A2He FF A4E] 24 4 P el AF v
AbaLE Folt | 2 A% 73 gl

Abstract: Driver experience is crucial for safety, especially for novice and elderly drivers who often have
limited opportunities for practice and face significant challenges in road training. To address these issues, this
project aims to develop a simplified 6-DOF motion simulator algorithm designed to provide a realistic driving
experience in virtual environments. A simplified washout filter will be employed to process 6-DOF data
accurately in any virtual program, and mechanical equations will be used to implement precise movement. By
enhancing the driving experience for a broader range of drivers, this project seeks to contribute to a
reduction in vehicle-related accidents and improve overall road safety.

+ Corresponding Author, gomdorel000@naver.com
© 2024 The Korean Society of Mechanical Engineers
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22 APAT 4
2.2.1 Stewart Platform

Z
0y Joints
y L

Legs

Q-
X
Base Frame

Fig. 2 Schematic of Stewart Platform

Stewart platform®] 23l &elF 6 AFE SHF2 1965 A S At o] FE3] /MM AFE 7]
AlT-zo]t}. Stewart platform= 6 A% WH F& #HAUSFSZE, F N A top frame?} base
frame®] A 79 leg2 AAH FRE XY
AL-2-38}o] top frame 2 base Framed} 23 H U}
A Azt W22 top frameo] X9} AAHE

& ] Stewart platform®] kinematicst= % % Z= Alojo] O 7lEE, &R Aoj7kA| 7HeshH,
pm 9 22k el h® wave FEHI2] motion cueingS T A A 7hEd FEAA] T PCEO o
Abgr #7 (human-perception)?] Aol 22 Al A A Fli=4d], vestibular system 7]%F2] semicircular cannals
el otolith & S oz whdu gt ?

x%
ot

. 4 legT‘E % E9l universal joint, =-> spherical joint &<

ZAE LS closed-loop FENZ 5™, 2} legd] =3
Jolg = k@

o
PO

2.2.2  Washout Filter

Washout ZE = Stewart platform¥} 72 &5 W7t At A 2vloA dAdo] F2AS ZWstr] 9
& AFgE = dlole 71E WA &) pre-processing AN A] A EHTE® F=2 classical, optimal, adaptive
Al 71HA] Bdlo] ARREW, 1 Fol Ak ZF FHoll HY ARl gain F'd°] 7hestil mlo|ARAEEH Y &
T AFge] gtk FA Yitoll classical washout BE7F 9] AME-H & —ZF/H]O]\:}

gy FZ27F 71 @3k classical washout LE| ZAFE AA] TN = A A7 sdte] o
t}. adaptive, optimal, vestibular =29 A9 7| Fx7} H3bely, ALb A O] Aojx] mlo]m2HE
o] Q- AbFo] EobA &= EAIZE Ak ol E o] = Q& AAIol "olx|aL, A&ste] of# 3ol
27 o
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B Ao A= ZHE A E AA Ao]E $13 inverse kinematics HE AAFS &3] x, y, z
$ 9} pitch, roll, yaw ZEE Ao 3t} Washout ZEH Q] A= 71¥9] classical, optlmal, adaptlve Je B}
sl R, FoR A" g A FA NEEAT o] BEE x, y, z WEe] ¥ s} 7t

%‘ 3 e B 755 E A5k, low-pass BEH TS 283 pre-processing HAIE 7|53t Ao
2 dlo|H7F FEHA 7tEEe] FEH e, o2 Qs RE 5= PID Ao tAl $1A] A|of(Position
Control)& AH&3te Zlo] 7heslizlon, Al=dle] ShgAd3 84S AL = AATH
AAE Al="e] dess At Al AA AlgEdEelHE A&, As APS st HeolHE
TRt o] & E3l ©estE washout LEISF A Aoje] x3to] fadhS FHalH, AAZA A
A Al

2.3 Washout Filter A7

(a) Translational

data | s X,¥,Z
» P b .
Scaling displacements
Low S
s Ljumlt &
; Scaling
Filter -
Angle data | .
.| Limit &
I "| Scaling .6, angle
Angular Velocity T
data Limit &
Scaling
0 Input
(b) (c) 90°
y
Past
heading Present
heading
0° ~180°
Y —— x —180°
-90°

Fig. 3 (a) Schematic diagram of the simplified washout filter, (b) Algorithm for processing phi data, and (c)
Algorithm for processing yaw data
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Fig. 4 (a) 3D Vehicle coordinate system, (b) Acceleration detail algorithm

Fig. 4(a)¢} #o] HFAES AAT uf, XZF 3| H(phi)oll #3+ /NF=7} Fig. 4b)el AAHo] Uk 2k
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2.4 Platform 27|
2.4.1 Inverse Kinematics %2 7

(a) (b)

Fig. 5 (a) Schematic of Stewart Platform with vector, (b) Extracted vector

Top frame2] WSS WFZE A AES A oJ3t7] 213 inverse kniematicsE %] -85} equation% aia=
A

Fig S@AA ST P A% Gelel A0 ADE g, 2ol AFAE AL AGE b2 A el
HES Fig. st 2ol tekd & vk duel v REAS Sue nY RFAR ABS] 8 3
o] & g}

AP P e Ang

cosy —siny 0 cosf 0siné 1 0 0
C=|siny —cosy Q|- 0 1 0 |+|0cos¢—sing

0 0 1 —siné 0 cosd 0sing cos¢

cosycosf —sinycosg+ cosysinbsing sinysing + cosysinbcos
C=|sinycosf cosycosd+sinysinbfsind —cosysing+sinysinbcosd | -——---m-mmmmm- (1)
—siné cosBsin g cosbcos ¢
T=lz y 2+ 1) )
q; =T+ C+ p, 3)
[, =T+ Ce p,—b; 4)

A (e 0duzts ol g3 Bd A uehin, 2%, Y&, X3 242 77t 8 dE8S Fato]
Ml HS F3 Aotk ® A (2)= base frame Y NA top frame YH7FA S HME S EFATE Top
frame AW x, y, zo] %ol h ¢S dall A 9XE AAHT) 0|2 IO leg WE 1,5 T3
ol g2 T A @)l B 5 %o, A ATANA Al p 2 WaEd 2 Fal base
frame?] 1A HFEAZ WH3lsta, o5 T Hﬂ' tjgho 24 q T F Utk oA s ;i:;i_zigl
W AMS B leg WE 1,5 7T 5 Atk Leg W A9 || & B3 22 4w Al ne
leg Ao]E T8 4 Quk? AnHoz A 29 x, vy, z 229 4 (1)2] v.0.¢ L2 o|gate] 2w
g1x 9} AAE Ao 5
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Top | degres | cosg sinf) Bottom X y q X y z [ 2] ]
alpha | 3455 |0.82363 056713 0 |-244982] 721693 0 |-622.435| 428588 | 1056.99 [« T v T =z Toitcheo [ rolig) | yawid | Coordinate
bete | 2545 |0.00206 042972 1 |7a7406]-148.686 1 |-e82385)324750 | 105699 e | o [ o | o | o | o | L -
gamma | 8545 | 007933 | 099685 2 |5 73,007 2 | -50951|-753.338/1056.99 mm  mm  mm  radian  radien redian -
Radius | 75572 3 |52 73,007 3 | 58951 |-753338] 105699
4 | 747496 |-148.686 4 | 682385 | 324750 | 1056.99 x | vy | z picheo | roli) [ yawez)
Bottom | degree | cos) | _sin0 5 284082 | 721.683 5 | 622.435 | 428.588 | 1056.99 300 | 300 | 300 | 40 | a0 | 40
alpha | 7125 |032144]094693
beta | 11.25 | 0.98079 | 0.19509 Top X Y L x Yy z
gamma | 4875 |0.65935 | 075184 0 |-622435] 428588 ©  |377453|203.105| -1057
Radius | 762.14 1 [-682.385| 324.750 1| -65.111 |-473.436| -1057 = 0
2 |-59.951|-753.338 2 |-442563] 180.331 | -1057
3 50.051 |-753.338| 3 |442.563 | 180331 1057 - s e e
2 |682385|324750 4 [ 65111 |-473436] 1057
T 5 622435 | 478588 5 | 377.453]293.105 | -1057
Coordinate
Length Error [ Lend |
o [1160.00 | 116000 |

(a)

2

Inverse kinematicsE &3t Z3AEF o 22U IAZE Felst = Q. AA A|2FsE T2 9] 4

AE Fig 694 AT = gom, of e Fa Just st AW AAE AARAY AF A
A AAE Fig 7oA BT & Avk A A RFAS BEHS FANN BRE 2717 A
. I A A% A %A A FeAT

Al AAA FEF F9 3}

0] 7] a2 ok 1 Fo = 6063-T5
* Ll = BE, UE % AZE& FFo
theretAl AlgH Yk webd A 2 2y BN HeRy aeAde neste] B ApdAe



1460.00

(a) 1555.00
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st
—->
3
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142482
M
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1355.00

Fig. 8 (a) Base frame design, (b) Top frame design

st @ dwel & AAE Fig sl BAT 5 glor], Fig 74 goE AW REE wow

1o =
AAE PPt FHe 4 AlEY ool Al B2 seat, steering wheel, pedal, tv &, 71 F %o &
Sh o arels] AAEAT. T3 AA dAlA =2 F 3 Aok AbE dE ool Hd <l
1800 mmE HA ¥EF A7IE A it Awe $2E MAA R AAY F A=F A
sHAl AAER oW, 67 FEH] TR Qg sh¥ke] FAES WAEHy] f& F2A BAFo] o] FolR
t}.

243 TEE A7

Table 1 Total weight of the applied 6063-T5 profiles

Zzud x4 Zo] (mm) N Al (kg)

1425 1 3.8731

850 2 4.6206

570 3 4.6477

6060 450 4 4.8924

424 2 2.3048

390 6 6.3601

80 4 0.8697

1230 2 8.3271

6090

690 1 2.3356

=z A 38.23
st AMbS el WA dabel] Abgw RS F FAE AAFETH Table 1o WEW, Z 23]
F FAE 3823 kg2 FHT 7)ol AR i FAZ 120 kgo 2 1T A5, v 5 714
# 60 kg= XE3Feto] T UiEf 21823 kg9 st S AW, o] dFS AW B HEE Sl 4
ofujef gt} olwf <tAS fla HA AA dial FEHF Ao F s Y F UAEE dE HAAE

A8,

- 10 -



7h AA =4

AlEH olE m, =98.23kg

AP my, = 120 kg

AT S=1.5

8 JhEE o= 10m/s?

% 85 F=(m+my) » Sxg=3273.45N

. Lead”} 4 mm<] SFU 1204 C5 A ball screw= AF&3Hc}; @)
Ball screw 2T (FK10)2] H] &% v=250mm/s
#HEH] R=1(Etol™ &8 &Y 95 ALE)

I 600 60 « 250
wE o) 54 N= 00— 0020

o
=
1o
oY
of\

= 37507rpm

A g5 WE FTEEAT=

B 2aF J= stF

p e’ e E«_ (4.0)« 7%« 2.1x10" « z/64 - 10
I 5507

B 297 985

_ 604 [Ely _ 60(3.927)2\/2.1><104 « 7/64 « 10" + 10x 10°
A

4
};~ [_ 3273.45 - 422.32N- "

27(0.9)

P=

=13.5kN [p=4.0(2A-1LH A A )]

© oxl? 271 » 5507 7.85x 10" % o /4 « 10° — AodLAzrom
Folg 23 9090 U d Wil A 7}s 3k ball screw SFU 1204 C55 AFE3H7] 3% A5
6401 AN AHA S & ball screws AHESE Zlo] RS o Atk wEYFE 8T Zzi% =
=37 98 £ 24 Nom, A £5 3000 pme] AC B ZES AP} o] ZEHE 750 wel 1
=9 28 ZHE, 3¢ Ao/l 238} Teensy 4.1 X =E micro-controller 2 A}-&-3}¢] —,~J]—~’E Zg
o2 FEHE Aot
TERF A #Bed AF FEELS 3D PO AFEHAeH, ZortaxAHe] Z-PLA AR} ALEH
At o] AE= A A5 47.95 MPa, It ¥ 46.53 MPa, wd S3 56.80 MPa®] SA& 7HAL Q)
O 2 AN E s 54 #s Bydom HEste 70% ol st HAEE Fdseith
7ZF AAK-9] A= Fig. 84 AT 4 dow, o5 dFuE do|X EE T2udd A7
e, 2E AL g FHEe] A AAFHJG. sk A Fig 109 AAE wpe} ol
SolidworksE AF&-3l {Fhs] laEqom, st5s APAos we AdAdFEo dsiAnt 218t 27
A& 6~89 A AE dof, 3D THHE A= FF24 FAV §leS FAEAT
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2.4.4 Hardware Assembly
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F-o] AgtE-o = universal jointt} spherical joint TH4! rod end bearingS AF&-317] wliTol o]E $3
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Fig. 13 (a) Power wiring diagram, (b) Distribution panel hardware design.

At A TS A BT AdF A A A o AAA AMEShe BE =dolH
2 TE AES ALE AL 750WE, 3/S HER A7 A F 2250W, 10.23A2] o] o HT o=
orAsHA A3tz Y] Hh 2500W/11.36AE o F= Fof AAF).

A8 wjES 98] 11.36AS 118]dte] wattfols= -84 F7F 26A¢] HIV 2.5SQmm TS A& 3t
ES 16A AHY FEE wia z}WlE Agste]l AAl Aol HE&HF 80%E WA ¥FEF ATh EH
=aloln & 1;017% 217ke] Aol ® 5A WA Ad7|E AAEe BAFRE A7 Al odeta o
44S = Fig. 13(a)°ll A Pﬁ% HAEE Sele = glow, of& whgdh vk AAE Fig. 13(b)°ll
Al gle 4= 9tk
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2.6 AAA

Table 2 Total material costs

== e g H| 2
ZEHE ==LEA} 127} ¥ 223,080 T8 Hzg
Ud=0/& 00| = 2170 % 71980 | TEE 7Haas

90st-m02430 A & B H 674 ¥ 1,973,400 ==
29 LHEE HE 127} W 18,350 T HZ2e
S &£210|c H[oj Y 2170 W 266,222 SsEEE
S0 el 174 # 84,000 H2| &2
£E HE ME 07H W 317,480 MZ2ge 25
M7l o B8 074 W 53,200 =HEt 2R
m20 Y 074 ¥ 849,250 e d—
AT O] A 671 ¥ 220,000 TR MHZE
logitech g29 wheel 174 W 270,000 7|1 4E
hdmi, usb 1 & o7i ¥ 65,000 17| AE2 &
Teensy 4.1 074 ¥ 120,000
ZAEEY #A B E 07H % 53,000
U 2231 H&E 127 ¥ 250,000
= W 4,834,962 | W -

AA T AR AL BAFAAE 65 ABHCIE T Bk 1,800% Lol 2,800% Lol P4 = of
Utk 2 Table 2014 FR1e & A%, & A=W 4807 Aoz, A3 AL S Adoh. 1A
AEHE R dE S& gekskal 30%9) 01%% Fredslm oF 1,138 AR i S glo] AdA A
AY me GuET 53, TEE Ay oA} AW AV AEA REPor AT £ o] FA%
Fgol 7bEstthe ol el 1% HEA 2@ 719S 4o ® g B2G, B2B A el w £
SHAl #gett) wek, 2 A A% simplified washout filters ©]-83}7] wjiTo] Hxo] glolAlxn) 7t
Hlg glo] FA wEol 7hsshe] 1%‘—Q o'l A EYolHrOE Hojut AAHE 1d Aoew Ay
=3
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3.1 §EE BE

AdE BA AJEEolE e 52 Fig 14@olA AT 4 oot AAdE 23E 5SS 908 5
Ao, el TV, wheel, pedal, seat, belt 2 7| HFS d&3s] A2 5 AJvh A Al A7
T35S Fig 140N 08 5 glon, Asto] BE A kg or AXES Fdinl. it
A AANZ AZE BH5S Fig. 15904 At 4 9t}
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Fig. 15 Actual distribution panel.
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Fig. 16 Platform algorithm diagram

A AlEd el As WA Fig. 1694 o) ®HlF2] Wi Al2dlo] ofw Aol st Al~F)

Ve TR A HolHE A% o] dlojE = ol AHAle] Fa &<l simplified
washout filters 7% A& T ] dolEHE Ald # ] 7H&EE s Wttt WeE 2,y,2.4.0, 9
dlolH(dae] Aol W9 d=Eihs 7 wAgAs AJ&ste] 2 Feie] Aol dlolHE WdkET) o
o] do]E = PColA] micro-controller® 2] & % S EF AdHy. A" golHE 7¥io =
micro-controller= T3 AoJE S AR REHE Ao AR EE U dzmdol|a] dAgE A gk
= W Ao 7 s A™, o] & &3l position A7t

< Hlg o2 HolEE micro-controller® 4:A13}¢] -’4
TH)

1n~er
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32 2HE ds

Z9F dsS Hrtetr]l As 67 e A4 encoder AAME AR dAoln. o] LY EZEE
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Fig. 17 Encoder pulse response in motor position control
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Fig. 18 Actuator movements for specific command execution
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Fig. 18 position A|oJE ©]&3t 67] &5 encoder pulse #tS L= UERA FHolt}) 1% /\]ﬁoﬂ
6=10" step inputs QI7Fg H, 2.5% FHol| thA] AF 59 WHEHS F FFo|th Fig. 17414 geldld
AdAR s BES A il uiA R gl
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T T T
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Fig. 19 (a) Position of Each Actuator, (b) Movement of each actuator in an arbitrary specific scenario
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S A= YE 49 Qo] FEYE FAYE Heln & wmol= glo] ¥HS Z FFske slow WA
o} Z}7+9] pos[n] #hE Fig. 19(a)°l Al Motor[n]2] encoder pulse #t= 9wt} HXo A 7k 9 7H&:
= E’éﬂ pitch %—‘?‘]—3‘ 7V A = ZdEel71el pos[0] pos[517F, pos[1]¥F pos[4]7F, pos[2]¢t pos[3]°]
A & 5 Ak 7k 3ol A pos[2]9F pos[3]9] kel EolE
s7tet ARAH o2 top frameo] FHE 7lete As & F AUk
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Table 3 Simulator Specifications

z Y z ) 0 v
& 320 mm/ s 310 mm/s 140 mm/ s — — —
7 i 3.2m/s* 3.1m/s? 1.4m/s? — — -
P — — — 10 ° /s 11° /s 15 ° /s
7} 7V e w - - - 1.745rad/s* | 1.9197ad/s* | 2.617rad/s*
TE5 At w2 AlEdeoly AES Table 3914 st 4= gl 7 &= 2 Z&EE s
simplified washout filter®] 7}&% ®dlo] thelald, Aol 715 % gk 4.803m/s*S AALE 4 ot

2
(m/s%)10 1 ——— Original AccY Data
——— Simplified AccY Data
S - Deceleration

-5 Acceleration

-10 4

0 1 2 3 4 5

1'0 (s)

Fig. 20 Comparison of original and processed AccY data.
Fig. 202 Fig. 19(b)9} 5Ua A Eelo]ld A Y B3 7}

cz =
=5 F
Z1= o A original data®} simplified washout filter® 2] ¥ datas W]+ A3} 7]—%,_
o A9 A AVE ol FFFL HAT & Ak FAT AU

| data”} orlgmal data
FAPAAE, wolZE Fx,

AEEolH e Hu rtEre 2 2AHE &Rt ATHS ST & vk B3, AlEYHIEH A
7HEERL 4.803m/s*7HA THEETE mdete AE SRl 4 gl
(m/s?)
, J
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¥ { W
3 A i a Turn / %
[ PX \ 3§
' H if W
Right |\ | ? Right
5 Turn | Mt “’%’f{ Turn
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Fig. 21 Comparison of original and processed AccX data.
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Fig. 22 Comparison of original and processed AccZ data

Fig 217 Fig. 2204+ AceX®F Acczel 7F& = dlelEE A& 4 9tk Fig 212 33, 3d

< gA 3 Hoer HJHst= A8tol| A9 original data®l simplified washout filter= 7}t datas Bl
agfzelrt. o] AR Hd 7hEE gk 4.803m/s°E SHAIR 51O original data®] WS whEtrie

V&7t AFES geost = k. Fig. 220014 Acczol 7HEE dlolHE Fod = e, oje Zuh
7HE F 3 =W 9 H S %ﬂr e e AlEdeldg Aol o] Afolx A V&R ghs
A2 original data®} H]5=8F o] 7lE& = HolEE g2l 4= it}

33 IH:}X—I gl 9|9

Simplified washout filter= 24082 GdtHAL £ FFAS AHstE dug5S gAs
th ol HHE S3 F=g HolEZt FEHEE FEFoA] position AOWHS AREEte] &gk ¢
A A7t 7hsatz] wstolth ol 2 QlaE AH]E, &2 oAl AHE nAH LS A3 4 9l
&3t 754 0] ul-$- =1}, Simplified washout filter= Z U] 4.803 m/s22] 7I&EEE A4S & s A
AR, S35t Aol A3t = T A At AHol| ofgh xpA|o] Ztref Fao] ¢
3k 7} gain %k% 7tz AR de 58S gdS S0 AlEHIAS THsstA B, ol &
71 BH e apiste AAYow Hrkd 4

oe] 3 F3E 7H9E & JAGEL dAIE LEZoL ZFEd g2 o alld FHE Fo Al
sHlolds M A AW ogk AA] ZtE9] gain kS TVHAA HoldS F74% £ doH, =4
oluyf i T F3 Aol FHE Fol AlEHAS IFT AS TPl g 7HEE gain GE ST
AA Fahol SoldE T 5 AEE A7t 7hsetth o2l gk FA% filter A8 E7F YT A E
ol d AlugE] oA A&dE & A5S onstH, AH8A BtEE APS AT F Ade o AAH
dAE o g

34 8 et 2 Ut 231

Simplified washout filter= TF3EH AlE# o] G4 AT e AFES AT 583 =7
53] 4, £ ofo]x9p e F3t F3 Adstol Ao Abal i SERE ofy e, A X, S, nEER A%
FE T A A AEHelAx sttt ARlel Atk ol& &3 AEak “f?:{ T WAL F =
Abarel A AEs vlE dstal A s 719, AA Aol ALE Fole d =%l 2
ATt

BE

g A AAE ZEek AR A5 Giel A FAHe] v Hojurh B Al vls 7HA
ARl FstnE V|E AV AW AlEHelH AlEE EATIAL o] EE HTAZ 7}%*301 =
O HEo] TarHA e & A FEds] XAk fug, =
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