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Vibration and over-run cause unclear view, noise and, in the worst case, a wiper system is broken. Conventionally,
these phenomena are reduced by tuning of mechanical design in a trial and error manner. However, a new approach is
expected due to the recent vehicle design requirements. Therefore, this study considers the control technology to
reduce vibration and over-run by servo motor control. Because important factors such as occurred timing, causes are
different, it is necessary to develop individual control technology for reducing them.

Vibration of wiper system is self-excited oscillation that is caused by the property of friction between rubber and
windshield. Because the expectation in a timing to occur is difficult, measurement of vibration is necessary for to
reduce it by control. However, installation of a new sensor is difficult for the reason that increase of cost, securement of
reliability and so on. Therefore, estimation is suggested. Here, the dynamic model that replicates self-existed vibration
is necessary. However, the property of friction is non-linear and discontinuous. For this issue, the equation of friction is
divided into two portions depending on or independent of velocity. By the above method, it becomes possible that the
Extended Kalman Filter is able to be applied without changing characteristics on the wiper model. After that, the state
feed back control gain is designed for vibration reduction and reciprocal movement. Here, to design the controller
efficiently and easily, two method of design are suggested. The first method focuses on the mode of the system for
reducing movement of primary vibration mode. The second is using the pole-placement method to focus on the
eigenvector. Finally, vibration reduction becomes possible by using the estimated value and the designed controller.

Next, this study considers the optimization of wiper’s periodic motion to reduce over-run by servo motor control.
Because the frictional property of a windshield surface is complicated and difficult to be modeled mathematically, this
study applies the response surface method to minimize the magnitude of over-run including undershoot (Hereafter,
only the term “over-run” is used). In order to visually understand the property of over-run, the motion trajectory should
be described by two parameters so that the property of over-run can be illustrated graphically in a three-dimensional
space versus these two parameters. Hence, this study presents a method to describe the motion trajectory of a wiper by
two parameters, by which the peak velocity position and the velocity reduction ratio around the reversal position of
motion can be explicitly adjusted. The effectiveness of the proposed approach is confirmed by simulation and

experiment, in which the approximated response surface can be generated with practical number of experimental data.
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Wiper arm - blade

Fig. 2-1 Nonlinear dynamics model of wiper system
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T AN AT L OERHEE TV & IERIVEE & & TR O HEE

Table 2-1 Notations

Symbol Definition Unit
Vm Input voltage for motor \
Ty Torque generated by motor N-m
0.
) ' Angle of each inertial body rad
(i=M,G,AB)
4 Angular velocity of each inertial bod d/
ngular velocity of each inertial bo rad/s
(i=M,G,AB) J y
R Resistance of winding Q
Ke Constant of back electromotive force V-s/rad
Ki Constant of torque N-m/A
) J Inertia of each inertial body Kg-m
(i=M,G,AB)
Cn Viscosity between inertial bodies or inertial body
N-m-s/rad
(n=1,2,3) and ground
K, Stiffness of between inertial bodies or inertial body
N -m/rad
(n=1,2,3) and ground

Vi = Ri + K0y (2-1)

Ty = K¢l (2-2)

T = Juby + C1(9M - éc) + K1(6y — 65) (2-3)

C,(6y — 6¢) + K1 (64 — 65) 24
=Jc0; + Cz(éa - éAB) + K (85 — 0,45) + C36; + K304

C, (65 — Bap) + K2(05 — O4p) = Japbap + Tfric(éAB) (2-5)

> e[rad/s]DENFIRAE &,

CEC e Opp) 55— & H 5 ARIDEERI 2 RS BG4
|045| < elradis]DfFILIRFEICIT T B, BfEIZRQE6) L 25, 7o, el ZBIFIRAE & 47 1HIREE
T 2 HETH Y, UNRIEETH 5.

Trric(0ap) = sgn(6ap){as exp(—az|04p1) + a11045] + ao} (2-6)
TTT, sgn iIfFE 2R TBT, ay, ay, ay, a3l ZEEFFELRRT N TA—XTH L. T4
DHETHIC X WVIFRT 2B ED 57-0, FF5EER 5.

i)
Cor

13



H2E TANVRT LOEFHEE TV L IERIVER & T IREDHEE
{FIRIRAE T30, = 08 72 528, Z D, KQR-B)DEATEREIN S E— 2D 5 DI DK
IEEEBE N Trrie max RIIOKF X, SHEHVE D X IKEEN @ E, UTThzohs. 34
b,
|K2(86 — Oap)| < Trric max P & &
Trric = —K,(06 — O45)

2-7
FnLso & &L, @D

Trric = Tfric_max

E 5.

2.1.2 EEBEEE
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FTAEMMIZXTHEDO & — AR v a—£14096 S 2/EERIC X Y EHIIL, ~fave
A voN— X B AR L 72 BRE) BB CHlfE %2 17 5

indshield  Am-Blade

B e

Motor and gear assy
with sensor of rotational angle

Fig. 2-2 Wiper system for experiment
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v
etg ¢ X PI Controllor M Plant

- > Xap=14045

A 4

Fig. 2-3 Structure of PI control

Orge(t) = 15 sin(mt)[deg] & L TEE I & R DHER &2 4 2-4 1R T
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Fig. 2-4 Experiment results by PI control
Top : Rotational angle of gear output shaft
Middle: Voltage for motor input

Bottom: Acceleration of tip of arm
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Frequency[Hz]

Fig. 2-5 FFT result of acceleration of arm tip
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+ Yi =8
+ Pi(s
etgt Ci (S) 1( ) > QAB
- (Plant) . L
> Xap=taUap

Fig. 2-6 Diagram for identification®

TZC, sld7 77 REET, uld Plant ~OHHAT), dy &dy | ZFEED 7= DFIMES, v
FETE S, Pi(s)iE Plant DRiERIEL,  C;(s) 1XHHEIZR DASEBIEL Y, (s) &Y, (s)idd, & d, I E)
Frtk e Firc 2 2EBCH 5. b, AR CRTSESIdd, DAL L, d,=0 & L7z

2-6 Du TN QR-8)DImER i cRI NS,

Y;(s) d
1+ C(s)P(s)

2 B stepl & LT, dyICRERESZ AL, Hy(s)ZFET 5. RiTstep2 & LT,
H,(8)d,Z AJ1, yi#lB1e Lz —7L B3 2L T, P(S)DRETE 3.

[FIEFERIC BT, O,y = Odeg, dy 1EHRIE 1.0V T, JEEEAIK 2-7 D@ Y, WIHHETD %
0.1Hz 7>5 50Hz £ T, 50sec ¥ CT—EDMHX THMT 2 [E7%AA —FEF5, Ci(s) T 7x PI
M, Y,(s)=1& L7-.

u; = us(s)dl = (2-8)

Frequency[Hz]

F 3

Final value

Initial value

0 End time

Fig. 2-7 Variation of frequency for time

¥ T HENOg, T — LI D AN, T — LAHE DN s ZGHIIL, ¥ 7 AL,
LT — DAt RO 13 (2-9) L W B L 7.
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éon)::HOn-F¢2;AzOn—-¢) (2-9)

T, midy v 7Y v IIRRT, @ldESOMRETH . kb, 28 TIHENZMEL T2
CHRESZHCTO S, BEimI LARD T =2 22720, A7 7 4 VIC TS 5,
Oc, Oag» Ogr Op, Xap® 5 DDIRRERZ T, R(@-1)-R(2-5)DEEHEE T LD & Fhk
T=AB =T ELICNRNTA—=RERETS.

2.1.4 FEREEIEE T LV ORIERR
[FED 7280 DT — & DEIEIICHRE)D TEZ V5. X 2-8 ICRTHEORKT 7 2D 1
KT =L 7L —F2HEIE, P—FRE—XICL Y H T R % —ERE ChiE X 72KFCT
IS B EZOT AT —VIC X DRE L, BEEIICHRE 2, W % 28 0 8 {F ] Rg

BERIKHE D DR LI B TnE, X 2-9 1R X ) ICHE, BEEoBEE ey b T
5. 8, T—L4h, 7L—FEIHICEEINAEFEICHEET 5. Ric, HET—£x&—3
T2 551K Q-6)ICHB T BT X=X, ay, a;, ay, azZIdE LR Z15 5. o, it
I EEER S, R 7 — 20 e, HcEHEl o R AECIERL L Tw B

Glass disk

—— Arm-blade

|_— Column

+—— Base

Arm-Blade

Glass disk
_____‘ Plate

Servo motor

Base

Fig. 2-8 Experimental apparatus for measuring friction®
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Fig. 2-9 Velocity-friction curve

RICK(2-1)--B) DEIFHEE T A DT A — 2 % [FET 5. X 2-10 I 0-4.0sec(0.1-4.0Hz FH)
TOEBHT =L, FEICEY AT A=ZAZRELZETAOHT L DK E RS, b,
X 2-7 DRAFRIC X b REfETll 3 RS R A I — 3L T 3. F 72, 7 — LSEHIEE o 5 Rl 2
BRIREIC Y 77 v 7 TI{ToTw3 2 b, £TADT — LIEmaEE % X (2-10)iIc L v
/[ IBEE A fek N = A o

X =1,0 (2-10)
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— treal. — — :model
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T o;/_/\J i MJ » R4 }\ Ui ': |
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Hn |
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Acceleration[m/s?]
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Time[sec]

Fig. 2-10 Comparison results between experiment and identified model at 0~4sec
Upper left :  Angle of gear, Upper right : Angle of tip of arm
Middle left : Angular velocity of gear, Middle right : Angular velocity of tip of arm,
Bottom : Acceleration of tip of arm
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570, HOKAIDRAES, KOBIC X Y EERHEDAZIC X Vs ExoNns, LD
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Fig. 2-11 Comparison results between experimental and identified model at 21.50~21.70sec
Upper left :  Angle of gear, Upper right : Angle of tip of arm
Middle left : Angular velocity of gear, Middle right : Angular velocity of tip of arm,
Bottom : Acceleration of tip of arm
OO IREI DAL 725 21Hz fHEICBEWT, RIEMCMHA B L CnbZenb, 74
NOEEHERE L T\WA 2 L AR TE B,

x5z, FMEHOERT —2 LT ADHNICET 37 — LIEIEE D FFT BIE O %

2-12 ITRT.
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Fig. 2-12 FFT results of acceleration of arm tip
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Ric, [ 2-6 1SR HIER OIS E T, 0,4 = 15sin(nt)[deg], d; = d, = OV DIRFICHE
A9 2 VY IREN DI & X (Q2-1)- K- 0EFEET A EH Ay Tab—va ViR
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Fig. 2-13 Comparison results between experiment and simulation
Left: Simulation, Right: Experiment,

Top: Gear Angle, Middle: Acceleration of arm tip, Bottom: FFT of Acceleration of arm tip
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JERIBEE 2T & o\, 2 2T, [X2-14 @ X 5 1Tkt & il 2 1ESIC S L 72 Maxwell &
Tl U CEEER ) % R L COBIELRERG T 2 17 5 . IR IEIC O W T3 tkib 3% EKF I X b Af)S
T3, coETrcky, XE@11) & HX2-12)% 155

Motor

Gear

WiperArm
815 & Blade

Fig. 2-14 Linear dynamics model of wiper System

C,(66 — Oap) + K205 — O4p) = Japbap + Ku(Oap — Or) (2-11)
TTT(Oup—O0R)IET — L4+ 7L —F & T N—DEEFEZE, 6137 N—DEBAEETL
TWw3, 7, 79—t RQ-12)¢ T 3.

C4-éR = K4(04p — Or) (2-12)
TIT, KeClExEnZh, T—2L4 - 7L—FE IRt iEERRRcHh 2. K
(2-1)-(2-4) & (2-11)-2-12) TR I N2 P OBEFHEE T A DOFREIC B VT, RITR T 5 Z il
72T LA T A= 2MERFET 5.

D7 A v 2T LOBFHE A T 5

Q@FEM Lo JEHEAT (St 50Hz LIT & E® 2)CHE & B3 2 R R o

ZZT, AET2 7 xA—%13FK1EC, K,THY, 2138 LR UL ANES 1T X bl
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Fig. 2-15 Comparison results between experimental and identified model at 0~4sec
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Fig. 2-16 Comparison results between experimental and identified model at 20.9~21.1sec
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Fig. 2-17 Comparison results between experimental and identified model by FFT
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K& Bx & HEE R DA DI E(2-15) L 72 5.
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Fig. 2-18 Structure of state estimation observer

K215 X WA THF =D v 2T LTH & 72 B (A — LO)PHHE R E 7175 72 513K (2-16)
DT L, Bl & HEEMER—ET 3.

Jim e(8) =0 (2-16)
RO BN & 2+ 7HF =T 4 v Ltts
/= %fow(nTaln + uTo,u) dt (2-17)

TZTobo 3BHDOEARTH S,
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24 AN~V T 4 NEE6D

KF OFED 1 DI 7 4 XEpEMREDR S 5, KF EHAR OB EET VI3 A 7 —oN L
H U ot 7 v 2w 5. KFICiZX(Q2-13) DR ©H 2 X (2-18) D ke FE X
W3,

xq(k +1) = Agxy(k) + Bauq (k)

Ye(k) = Cex(k)

T IT, kEFRRERL, x4(k) = [0y (k), 0y (), 65 (k), 0 (k), 045 (k), 045 (K), O ()]T, ug(k) =
Vu(k), ve(k) = [06(K), 0, ()T CTH 2. 7k, HEBULIC X Y X(2-13)DITHALBIXA, & By~
LI N D DS, BRATTAIC, IS s,

KF O#EEX, T FHAT v 7 & L CHIMREHEEMR, (k) &, BRI SBITHIP™ (k)
R 3,

2 (k) = Agkg(k — 1) + Baug(k — 1) (2-19)

(2-18)

P=(k) = AgP(k — 1)A4" + 62B4B4" (2-20)
ZTC, P(k—DIFHERRALSBATIIORIEIE, o,ldv AT L7 A XD43ETH L. RICH
Rz BT A o<V 74 v g(k) Rk 3.

P~(k)c,”

gtk = CeP—(k()C)eTe )

ZZT, 0,38 A X0nHTH Y, T2 CEBUANEE AEE, (k) & ¥ T AEN0g(k)D 2 D&
T2720 2172508 s, ERMREHEEMEE A~ v 74 vic X Y, IREEHEEER, (k)
2135,

(2-21)

Xq(k) = %4 (k) + g {y, (k) — Coxy (k)} (2-22)
RRICH RS BATIIP () 2 HH T 5.
P(k) ={I — g(k)C.}P~ (k) (2-23)

T T TH 23R,
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1723 EKF 25@H T X 72\
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7 A EKQ-6)DER AIFIPER A L TE Y, M ITA
Oz, EREAMTIE, 52K T sgn BE % tanh BAFcE 212, X224 93
TiERD 5.

Trricn(0ap) = tanh(x0,5){as exp(—az|0,5!) + a11645] + ao}

T 2T, kit tanh BAEDMEE ZFHHE 3 2R 8CTH 5. 2 DITEIC X Y Az #H L, EKF

DD FIEE & 72 5 B3, 0,5=0rad/s VL% TDRILAL D 72 0 DRI IC X 2 EHEMESKE L A&
ZOHEERELENT 2. 22T, fEkTECRb 2 HERRE

(2-24)

D, VH A XD
T 5.
1oz, X(2-6)% KA D@ v ICH#ET 5
(2-25)

Tfric(éAB) = Tfric_s(éAB) + Trric d (éAB)
T T Cppic s (Oap )1 HEITHRAFE L 2 WIHE LT (2-26)& T 5. 1ppic a(Oap) EBE IR S

I E LT (2270 H H(2-6) & K226 DIRZEE 2 5.
Tfric_s(éAB) = sgn(645)(as + ao) (2-26)
Oup >0D L Z

Trricd (645) = Tfric(éAB) - Tfrics(éAB) = az{—1+ exp(—a045)} + 16,45 2-27)
Oup <0D L E

Trricd (645) = Tfric(éAB) - Tfrics(éAB) = —az{—-1+ EXP(azéAB)} +a,6,p
KQ2NITHBWT, Gy > 0D L FOLEMRE, 6,5 <0D & X DOHMRITRAL 2 5.
Oap >0D L E

BAlBiI—I}w Tfric_d (éAB) =0
(2-28)

Oup <0D L E
lim 750 q(645) = 0
64p—>—0

A (2-28)IC BT BAHRIR & FERIR & D—B0> 5, Trpie q(045) VAT TH 5 Z L DBERTE S
Riz, K250 X BIRMIIIC L Y XA %15 5.
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Fig. 2-19 Improved partial derivative of friction
Upper : Separated friction in Eq. (2-25) and (2-26)

Bottom : Partial differential value in separated friction model
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RIZT A NOEFEET VD5, BKF 2ikat3 5. (2-1)-(2-6)2> 5 HK(2-30) DEfEEL R D
RT3 5.
X (L+1) = f,(x (D) + bp& (D)
v = h(x (D) + ¢
TITC IRERERL, ) = [0y, 0u1), 061,051, 0451, 645D, £, (D)7
A S OEEE & AP B O Rt 2 X TIRAEBBE, Iy 27 oM, (DI EHIHE

(2-30)

., b, = [by. bs]T, by = [byy,0,0,0,0,0]", bs =1[0,0,0,0,bs5,0]" & L, boy = k;/JyR. bss =

1/ TH 5. T2, y(D) = [6:(D),0,(D]"TH Y, D 2 -DDEHME B % (K E 3
%,

EKF Ic W 2 EIE AR 2K (2-30) & L, —MWAFIEEIC KO EHEST 2. £3, K
(2-31) & b FHapkEEHEEER, (D2 EH L, K Q2-30)0 510 %K (2-32) D8 b ICHIEEM T 5.

2 (D = (%1 -D) (2-31)
AP(l -1)= afgix)
ah( ) x=Xp(l-1) (2_32)
X
Cr(D) =
x=8£;” (1)

DEIC, LT oH(2-33)ic & Y FHAERELSEATIIP- (D 2Kk, KQ23H)THr=v T4
vg(k), R(2-35)CHilfANC i 2 IREHEE L, (D) Z KD 5. REICH(2-36)D HiRiAA
SEATIIP() %KD 5.

P=() =Ap(l— DPU— DA (- 1) + a2(l — Db,b," (2-33)

2T, RV AT L) ARDGETH 5.

P=(DC" (D)

IO = P OGO 1 @39
T, o3l ) A X TH 5.

%) = %7 + gD — hEE D)) (2-35)

PQ) = {1 — g(OCWIP~) (2-36)

32



5y
S
E
ol

F2E TANYRTLAOEREE T L IERIEERE 2 & TR EE

2.6 HEXEPERE D FFAM

26.1 >IaL—vayv
Xl 2-20 (T3 HIER Z RS L, 2.3 fi-2.5 BiCEH L 724 7% —%, KF, EKF OH#ED
BEER Y I a2l —v a VICTHERT 3.

—o— O,
+ Vi
Orge Pl Controllorf—» Plant > 04
) " Xap
+
S?‘lOISE + = . =
Angle | 8 | Estimation —» %(k)
— speed "

Fig. 2-20 Simulation model for verification of observers
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Plant DFRFER & DUKIC X W §HIliS 2. 7k, EEMICHET 3720, K(2-38)Ic/~ T Plant
DR R & #HEEER & OFEAEE V5.

O(m) =

Mn
1
Err_mean = — Z [x(m) — Z(m)| (2-38)
Mn m=1

my I FHEMDRAED T — 2 DFZSTHY, T—2DEERD. 7P, Plant DFHHEFEM
120.1ms & L, HEEGRCHEEHRERY, T—20% v 7Y v 7RI Ims & 3.
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Fig. 2-21 Estimation results by observer without noise
Left of first row : Motor angular velocity, Right of first row : Motor angle
Left of second row : Gear angular velocity, Right of second row : Gear angle
Left of third row : Arm angular velocity, Right of third row : Arm angle
Right of fourth row : Rubber angle
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Table 2-2 Error mean of estimation values by observer without noise

State Error mean ) State Error mean )
Unit Unit
Value value Value value
Oy 8.2204 deg/s Oy 0.9038 deg
¢ 2.9465 deg/s 0 0.7791 deg
Oap 14.411 deg/s O 0.7657 deg
o0, VOV IRBIDFEDKE T — L AEE O % [X] 2-22 10K
—— : Plantoutput , —— : Estimation
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Fig. 2-22 Simulation comparison results of arm angular velocity

and its estimation by observer without noise
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— : Plantoutput , — : Estimation
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Fig. 2-23 Estimation results by KF without noise
Left of first row : Motor angular velocity, Right of first row : Motor angle
Left of second row : Gear angular velocity, Right of second row : Gear angle
Left of third row : Arm angular velocity, Right of third row : Arm angle
Right of fourth row : Rubber angle
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Table 2-3 Error mean of estimation values by KF without noise

State Error mean ) State Error mean )
Unit Unit

Value value Value value
Oy 42371 deg/s Oy 0.2909 deg
¢ 0.7921 deg/s 0 0.0164 deg
Oap 13.431 deg/s O 0.1163 deg

5T, PV IRBIOFENKE T — LS AEE D% X 2-24 1T T

— : Plant output , —— : Estimation(conventional)
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Fig. 2-24 Simulation comparison results of arm angular velocity

and its estimation by KF without noise
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T tanh B E 722 T X W E%EEL 72 EKF &, (2-25)-3X(2-26) D@ b /3t L 72484 5
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Fig. 2-25 Estimation results by EKF without noise
Left of first row : Motor angular velocity, Right of first row : Motor angle
Left of second row : Gear angular velocity, Right of second row : Gear angle
Left of third row : Arm angular velocity, Right of third row : Arm angle
Right of fourth row : Rubber angle
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Table 2-4 Error mean of estimation values by conventional EKF without noise

State Error mean ) State Error mean )
Unit Unit
Value value Value value
O 0.6610 deg/s Oy 0.0803 deg
¢ 1.2287 deg/s 0 0.0829 deg
Oap 6.9575 deg/s O 0.1019 deg
Table 2-5 Error mean of estimation values by proposed EKF without noise
State Error mean . State Error mean .
Unit Unit
Value value Value value
Oy 0.5440 deg/s Oy 0.0110 deg
0 0.9391 deg/s ¢ 0.0025 deg
O 4.2881 deg/s 045 0.0292 deg
THIT, VUV IREIDFEESKE T — LA ORGSR %X 2-26 ISR
—— : Plant output , : Estimation (conventional), —— : Estimation (proposed)
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Fig. 2-26 Simulation comparison results of arm angular velocity

and its estimation by EKF without noise

Top * Overall display , Bottom : Partial display
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KFIZxf LT, BREDTFIT %KL CTH WV FEAH ELTw3, 51, U0 iREID
EDPRKE T — LR T % REOUE RO N, RIE, HEICRIFCH 5. HE
Orad/s JEf5ICHEH L 724 2-26 D XD X 9 12, fERiED EKF TidiKEE Orad/s 3Tt CHRE A3
AL T3, 2, HE Oradls T TORQR-7) DG T OUBIC X 2 A#ftE 2R K < &
3. —J7, REDEKF TIZZORENIAELCTwAawv, HbEdr s, RED EKF IC X 38655
WTE 5.

RIC, Spoise ® EFRTH V2 v F D 2LSB #i7E YT 2 0.176deg AR IRIE L 3
27 VELMEHFEANNLIESBGEDY IaL—va VEERERT.

#2610/ 4 XEBHOL 7THF —NICB 1T 2 HREROMAETHHE L RT.

Table 2-6 Error mean of estimation values by conventional observer with noise

State Error mean ) State Error mean )
Unit Unit
Value value Value value
O 8.2320 deg/s Oy 0.9039 deg
¢ 51.669 deg/s 0 0.7793 deg
Oap 16.062 deg/s O 0.7665 deg

T — LA DFE R A X 2-27 1SR T

: Plant output , —— : Estimation (conventional)
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Fig. 2-27 Simulation comparison results of arm angular velocity

and its estimation by observer with noise
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B 2-27 X W HEEHIC 7 4 X D582 F, B2 3.5-3.65sec [HID & 9 ICFEEL Tz ik
BiaRAE LT3 2k, 365-3.75sec iICH VT, PV IRBIOMIEAR % C L AR T X
5. FRCF T Al OFRFE VL ) 4 X D% % % 1F 0.0518rad/s 7> 5 0.9018rad/s & Kl
fELTw3, 2hi, ¥STHEERA 7Y - SCcoflilliiichdy, FTAEME Y XE2-37)D
P CHINT 2BRIC ) 4 RO EER RESZ T -0 eEILND,

RICT ) A REEFFD KF I X 2 R IRER O PEEZ R 2-7 IR T,

Table 2-7 Error mean of estimation values by conventional KF with noise

State Error mean ) State Error mean )
Unit Unit
Value value Value value
O 46.360 deg/s Oy 0.3845 deg
¢ 17.280 deg/s 0 0.0339 deg
Oap 15.215 deg/s O 0.1213 deg
T — LAl R DR % X 2-28 1T T
— : Plant output , — : Estimation value(conventional)
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Fig. 2-28 Simulation comparison results of arm angular velocity

and its estimation by KF with noise

X 2-28 XV, FT7HF—NEFERRIC ) 4 XDORELZIF T, 35-3.65sec D X 5 AFEL T
WEWIREIZHEE L Twa, X561, ML ENLTw 3,
RIZIC /) A REERD EKF O#EEFER 2T, £ 2-8 IT/ERED EKF, £ 2-9 ITIREED
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Table 2-8 Error mean of estimation values by conventional EKF with noise
State Error mean ) State Error mean )
Unit Unit
Value value Value value
O 1.4640 deg/s Oy 0.1864 deg
¢ 31.114 deg/s 0 0.1893 deg
Oap 20.497 deg/s O 0.2247 deg
Table 2-9 Error mean of estimation values by proposed EKF with noise
State Error mean . State Error mean .
Unit Unit
Value value Value value
Oy 1.2960 deg/s Oy 0.0236 deg
0 2.6014 deg/s ¢ 0.0172 deg
O 7.6096 deg/s 045 0.0464 deg

X5, T—LMAEEOFEMAX 2-29 IR T

—— : Plant output , : Estimation(conventional), =~ —— : Estimation(proposed)

]bo L] L] L) L] L] L)
=
“@ 100
=
5 9
'3
= 0
(5]
>
Y 50
gn 100

I w AL 1 1 A A L

32 33 34 35 36 37 38 39 4
Time[sec]

~ ]bo L] T T T T T T
K
g oop _ Y
£ wf M
(&)
(=}
E VmeﬁwmwmefV% E
B 50 v .
gﬂ 100 .

I w AL A A1 ' A L

32 33 34 35 36 37 38 39 4
Time[sec]
Fig. 2-29

Simulation comparison results of arm angular velocity and its estimation by EKF with noise
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[ 2-29 D 3.45sec < 3.6-3.65seC I BT, ERKIED EKF 13/ 4 XDgie K& {xF,
TEAEEME T LT3, —77, $REED EKF IBEENIER NS, BEIHEETE T
5. IHIC, EEPEICEWTY, FIZIEF T AEE LA 7 —3C 51.696deg/s, KF T
17.289deg/s, HEHiED EKF T 31.114 deg/s 12X} LIRZEIED EKF 13 2.602deg/s & JEH 1T/ & W,

PIED#ERD S, /A XREEFHIEWT, & 7HF— & KF I3/ 4 XOEELZ T CTHETH
JEAMET LT3 Z & p ol ~o@EH IZArRE & HIWT 2. EKFICHWTh, kKL
A XD BERRKE LR, BEMETLTWS, —7, REEREI 4 X0EENNSL, BT
DIREN DAL X CHEECE TV B 2 L AR TE 5.

2.6.2 B

vial—vavickh, vv¥ /4 XPEEINLRIAT TO Y IRE) O HEE 1352
K5O BKF BEXTH 5 Z L 2B L 7=, HEEMIZ T WK OFIENCEH T 5 720, &
Wik 2 AR AR T 2. X220 1H1F % Plant % 2.1.2 MR T EKBEELE L, 5
HEDEFRY IaL—vav L ET S, 7L, ERTIBHEIEICIT 4 XHBEEN
T30S, =035, COVIRBIOMBRAMEZED 5720, 77 AKRMITIE RO
KRB L, BUKT 5. OO0 IREIOHEIE L, 2.1.2 i & RIS 7 — 2080 ICHL Y 11 72
JEERRE Yy 27 v 7CeHlT 5. 22T, MBEERHEE L Thihwize, 7 — L5k
M OHEE % K (2-10) & (2-37)2> & 7 — L Jeum i Ic #4853 % . EKF OFE K, 7
—Z2DH 7Y REIEY I a2 —vavERL Ims &5, b, EEFTlEvial
— > a VCTHMM MR L 7212 KEED EKF OHET D A% EMi L 72, ¥ 2-30 I VU Y R8¢
WD 7 — 2SI RS OHEEE &, HENIC X VR 72 T — L SEIRIERE O HEEE, T — 4
Sl EE o BLHE % 7R 3
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Fig.2-30 Experimental results of state estimation by the proposed method
Upper : Estimated value by EKF
Middle: Acceleration calculated by eq. 2-10 and eq. 2-37
Bottom : Acceleration of tip arm (experimental data)
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Fig. 2-31 Comparison of acceleration of tip arm between experimental data and EKF

IRENGAMG & 72 5 1.5~1.7sec |IIRIEICTRBED D 5 A3, 1.7sec LARRIZIRIE & ArAHIGIc—3L <6
D, BEIHEETE T3 Z LA TE 3.

1.5~1.7sec DAME 7 A X%, 7 — L5elm A B DHEEED © 3 (2-37) D753 TR & 72 BRI
L7z AXThY, K2-30 LEDOT — LS ffisEE CIIiER < & 7o\ 2 & A S HilfEE R~
DB EE 2 B,
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LA DOBEISHEN TR, 22T, 74 508t T v L, HIHT7 A <OM—D
LV HTH DX TALMOERD b, Ak CIERE R BRI 2 o7 A4 D RER
JE L7z, PEVRRRE R, BEICKE T 2IHE, L R WIHICHHEL ©, KL 2WIHIZ Y R
TLDOHNAEATIE L, KT 2THD A2 BFHEE T vicil At 2 & C, BB RS
WY ATRE L 72 0, EKF 2SEHAIRE L 72 3. X bic, ki 2 3 2 56k & L C tanh
BABE T L 72 BRI U 2 B © 72 ® DRHGT I X 2 SHEMEO SN X 2 B % %
ROHEERTREL o7z, ZDFER, /A XEEBEROY I 21— 2 VITBWTT — L5
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3.1 =— Ff#fr

IREEFB T3, HilfHR 2L E L WICREAHE T2 £ 9, B L3 TEICIEETE 528,
IR R OB Z K ECEBE L 25AICIE, SF 74 vSBEICKE ), HEQOKET
DHIFIATI O LR %Z 72 E B WIBE P, REWHRO 72D 0L EWOBIRI»OET L
WIGAPEI NS, D70, KIFFETIRE— FEIFCOT0% T, Y RIS
22— F%WHIEICT S 2 LT, ZOFEDREIHT 2HIHRG 21T\ SF 74 v ok
HEET B TIRERET 5.

- FFTICX D, RERECTIIRL, T FICEHLZGIHZITS 2 & ©, RERICHT
B ETCIINEECH o 7 IREMNH & b — R oW S RE L 2 5. HIMEEGHHET AL L
THWV 3 2-14 DITEBIEEE T A DE — F OBEMIZH 3-1 L 72 5.

Motor Motor Motor
Gear Gear Gear
Arm Arm Arm
*Blade  Blade  Blade

Fig. 3-1 Expected modes of three inertia system

Left : Primary mode, Center :Secondary mode, Right : Rigid mode

BJ3-1 D1 XE—FIL, 3 20BMEEOEMITTRRFEL T, D27 —4 -« 7L —FEX
T—ROEMEBEPRDKELRDZE-FTHD, 2RE— FR>FROXT DENTTAIDHH
Bx3E—FTh3. kE—TE, 3O00BEEEILRIEOLELESEE—FTHE. 32
DIEMWAE TR I NS v 2 T7T L0EEIZVTnrDE— FOMAGDLE TRET 32 L8
A[RETH 5. 22T, R TH 2 POV IRENE, T — LR AERTH Y, 2.1.2 Hi
DREEFGRP DS T — LN RKE LT T L I RE—FTH LI LHMHERATE 2.

FlE R B F I 3 2 MR E R 7 v o BE SRR L EB AR TH 5 L (2-1)-(2-4)
& Q2-11)-HQ2-12) TR X N 2 KB-1) DT 4 DEH R 7 F VTR S W= 2284475 v %
e, x=vze L, X@B2)%E3.

X =Ax + Bu
31)
Ye = Cex
zZ VG, XZ[HM, QMI éG' 96, éAB' QAB’ QR]T, u = VM’ Ve = BG‘/G% 5
4=V 1AVz+V 1Bu (3-2)

B, VIAVIZEBEMEL E N AR ICE T AT E s, KBk sFbzidE—F
TR brchbh, ZogHiEz(0)ILREEx DHIHEX(0) L b K(B-3)THRI 150,

48



W3 OO IRMER E 5 — R W 5 0 B

z(0) = V~"1x(0) (3-3)
K322 KB-NPHzOEI TH 5 2,DICE TR E Y,
z; = exp(4;t) z;(0) (3-4)
ZATHN V DEHNR T+ Vv ~v, mTREEMDOXITTTn=7)2 35 &, xiE
x=Vz,V=[vi vz - vy (3-5)
rRIN, KGE3)-XG5X WV XROBFEERS.
x = VAV ~1x(0)
= [v, exp(11t) vy exp(A,t) -+ v, exp(A,t)] X V71x(0) , (3-6)

A = diag{exp(4;t)},i=12-n
7272 L, diag{ HI{ INOXNABEREZAET 20ATIHIEZEKT 5. X3-6) X VIRERIZ
v exp(L) DBIEREGTH Y, BEHEMEELERX7 Fvictkirs 2. oy 3EFEEAT
25, — FOMEOFEBIEN 21T 720, #ilicz=QwoZHziT 5175 0 ZiER LR
B-N%&H5.

W =Q W lAVQw + Q~V~'Bu (3-7)
VAV = A, QTWVTIAVQ = ATk L, ANOBIREGD 2 RFEL 72
, _[-a+pBj 0 ]
=] ~a - pj G
x FEHUL L 721751
"no_ —a _B
A%y = [B — (3-9)
ST 2475 p 13 (3-10) L 72 5.
R
_[911 9121 _ |2 V2
Q= [qu qZ2] L _ij (3-10)
N

A@EB-5)icz=QwrRAL, EHITHIVQETL T2 &L REMICROBERER .
x1 Wq
[t & o ]| (3-11)

272U, GREWTI T OFI~2Z P THY, FE— Fw,OFREE~DFE L KT

2-14 OEFEE T MICE VT, 22 HiOFEEIC X W 37237 X =2 % XB-DITRAL,
* 3-1 OEHEZ1G7.
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Table 3-1 Eigen values of wiper dynamics model

Parameter Value Natural
frequency[Hz]
A -16.89+233.1;
! / 37.1
A, -16.89-233.1;
A -10.89+133.6
& / 212
Ay -10.89-133.6 5
As -23.83 -
e 0 -
A5 -6.94 -
=770, JIERFMNTH L., 22T, £3-1 IVERKERDLDIEv-v,D720, BT

0 IxRB-12)L 7 3.

1.

-1
1 1.
1 1
0= 0 0 NG ﬁ] 0 0 O
1 1
0 0 NG \/E] 0 0 O
0 0 0 0 1 0 O
0 0 0 0 0 1 0
L0 0 0 0 0 0 1
H(3-12) & W ZHATHNT TR L 72 5
Vi1 Viz Vi3 Vg Vis Vie V177 \/15 ﬁl )
Vp1 Vaz Vaz Vay Vas Vas Var|lm T V2
U3z1 V32 V33 Vszg V3zs Vzg Vsy 0 0
T =1V41 Vap Vaz Vay Vss Vse Vyy
Usy; Vsz Vsz VUsqg VUss Usg Vs7|| 0 0
Vo1 V63 Vg3 Vesa Ves VUgs Vg7 0 0
V71 V72 VUzz VUza V75 Vg V77l 0 0
L0 0
Ly Lo, L L
V11 7z Vizz  Vn ﬁ] V12 ﬁ} V17
1 1 1, 1,
172154‘ Vaa iz Va1 5] T V22 5 Va7
1 1 1, 1,
Va1 ¥t Va2 m Vs f] — V32 f] V37
1 1
=|Va1* 5 Vs Va \/—] Vg \/—] Vg7
1 1
Us1 * St Vs2 5 Usi 5] — VUsz 51 Usy
1 1 1, 1,
V1 * 5 + Vg2 7 Vo1 5] ~Ve2 3l Ve7
1 1 1, 1,
Vn*F5tVng Vngl Vgl V7]
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0 0
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1 1,
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1 1.
NI
0 0
0 0
0 0
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https://eow.alc.co.jp/search?q=natural&ref=awlj
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ZH 2 by, DEE, BETHITOH]IR 27 b At 3527 + v, OEGRERT. BEHHEA,
ERITHIGET BEERZ vty bFEIEKTH 5.

KIZEWATH O 12 X 2 HEH L BER D EE D% Ltk 2~ 3. KB-5)IcH T, = Fz; &R
REEx; OBIRIIRA L 72 5.

X1 Vi1 V2  Vi7][21 V1121 + V1225 + - V1727

X2 _ vfl V22 . v:27 22| _|Va1% + 17222:2 + - Vyr2Z7 (3-14)

X7 V71 V7 o Uy7l %7 V7121 + V7223 + - V772

ﬁ(3-14)i D, Uliﬁi%/ziﬂtﬁ'éixl ﬁmbf‘z‘% %@f:b, V1i> VU3i» Usi&iiBE_FF0:, Vyis
Vais Veis V7 (TAZALICHIGL T3, X 3-21XH_7 by, Lo, DK EFEEZEEZ VM EIC
CCT, BN b v kv, DRAMEICE L CESLL 2 b Dk T 5.

oy b33,
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Fig. 3-2 Plots on the complex plane of each element of the column vector v; and v,

BT, vy, Vps Vaps Ve Vpld 70y b EICHERRCE R WK E X2/ X L,

vg; DAL £8.76deg, vs; D AR 1Z
7 b vy, v, DEIHBH|X 2 b

X 3-2 1
B2 b Ay, vyldvs, v BKEHIE o TV 5.
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Fig. 3-3 Plots on the complex plane of each element of the column vector v; and v,
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Fig. 3-4 Results of mode analysis
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3.2 BT 1 — Py 7R ORRE

3.2.1 BER~OEBLBSEHRICX IR
Oy IRENINH & BEEEEB~0BEER L2 HW E 32720, IREFBITMAT, %
HOREEAEZEBL 72— F RO BSHEIC R B, JREE FB IO —FRIT—%ic,
WA RHIEN Rl ¥ 7 A% e BiEfE L ooy sr AT HIRESR & L THERK
INB 2, 1o BEEICIE U 28RN R REBREIFET 2720, TR bIEET 5 RERz
REMKT 2Lk, y—KMEREET LT 23L& 25, AEITIEZORGHEICD
WTHER 3,
FEe— FEBICEBI NG Z TN R E L, UTOHEBELE & 2 RKEGEXZE
#£75.
w* = Q V1AV Qw? (3-15)
22T, w=[whws,,wiy|TTH Y, BEREIZKE-FOHEETH 2. X3-7)L K (3-15)
Dz LY, ATORERAERZS2.
é=Q W lAVQe + Q"'V'Bu(t) (3-16)
ZTT, e= [(wy—w)), Wy —w)), -, Wy —w)" BRERZ PALTHDE., RREED
fR7E R &2 RR & L7 REE FB HilfHl R ORXEIAAIRE & 72 5 728, MRECIERIC X 0 &R D IX
FMATEICHEECTE, y—FEEom EAMFcE 5. X O ICERIIMTREREI1ICBET 2
HEaflgEeREAmL, ch~oBftErzntds,. COBEEEE » BllEZy = Cx =6
L, Z2omERAG-17)TERL, XG-16) b THB-18)DIEKFRE/HS.

5=Jfr—eddt (3-17)
MR A L o1
b, HhRERRIXG-HERXG- 1LY, XGB-19¢ 7% 3.

51=12¢, ollal+[5]x (3-19)

3.2.2 MRECIELIC X B E%ETt

MRl E R IC KD %, B-19)% MR, Y IREIO(KIK & ¥ — R R L% W23 5 SF 7
Avekew s, AG-NDICHBTONAIEERICEHINTE Y, RERICEH L COIEFTH ok
570, HEPSLERE—-FOHLOERPAGRETH 27, x, =167, A, =
[[Q-1v~1AvQ,—c.]7,[0,0]"], B, =[Q V1B, 0]T¢ L, HX(B-19)% KA THT.

Xe = Agx, + Bou (3-20)
X Z T —F, x,,%ZJEHHlE—F& LT@2002 08 L, XG20)%H3.
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ol =16 a bl [al 621
KE2)2 oW1 7my 22 L, SETA Y Fy = [f' L f e fls f ] ZRET 5.
Z2ZT, olZX@B2)DE2 7a v 7 DRIT, fAFIERFTEML 2o e Citc s 27 4
veh b, R@E2)DFE2 Tay 71k, ®— FEFTORRD L OO IREJNH] & 3 — R
FIcEHBL 2w eI L 72— FTH Y, X[IET 5 SF 74 VF,ld o RILDITHERZ F L
Elnb, DEICF LML, RE-18)ICHT L2 SF7r A4 v FlgRA L3,
F=[f"0f i f a0 0,f] (3-22)
B, RG-1)~DHEED 2O fAIRICHET 5. KEB-7)ITXHIGT 5 SF 74 v iEH(3-22)
ofERwizbo b, XG-DICKT S SF 74 v Fp 2 (3-23)DEHIC X Y KD 5,
Feg =[f' o f i f e 02 0]Q7V 1

(3-23)
= [fu f2r ) fu-al
RE2)DRN T 4 v ix, RE-24) D% O EHIIAETH 3.
V. = Cce = CcVQw (3-24)

T— T ORREER3-1 20, CRVIRBICHICT 2E—F3 exfichzE—F4, ¥
—FEExmET 00— F6 7, IoICHNEEZICET2E-FOEFSHoE—F%
T 2D E L. cnbichitd 2:E21)DA,, DEHEE, £ 320X 5 ICEHFE
NOEDHANCHEEIT 2 X 5 i, MRCEEZ AT SF 74 v 2 RHL 2. 2otk K(3-23)
DA X VIRREBXITH T 5 SF 74 v 2157,

Table 3-2 Desired eigen values for pole-placement method

Parameter Original Assigned
Ny -10.89+133.6j | -35.89+133.6j
Ay -10.89-133.6j -35.89-133.6j
N 0 -10
Ny -6.94 -9.94
N's 0 -8

56



W3 OO IRMER E 5 — R W 5 0 B
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3.3.1 ¥YIal—vav

X 3-5 IR TIREEIRZ R DIRAE FB 22 MR L, 3.2 ficiEH L 72 IREER 2% 1o o
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Fig. 3-5 Block diagram of state FB control system
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WIS A Y Fpos = [fs fo fo ] Foa = [fifsfs], TR X6)05 = [051, 06,045,051, Oper =
[65,05,655] TH 5. 7n¥, EKF TiEH(2-11)-(2-12)D Maxwell ETVICE T 20, % &0 7200
729, 0 = 0,5 LCHITEHIT 2. Oxldw,icB 0T, flkE—FE LTEALTHEZ L5
R &I L 72, SHIATRE R I F T AEM L L, 87 4 VK1 GB-2)0f Th
5. nk, EROEBEOEEAEL, FTHLMICEY I 4 XS, i 2EHET S, ZC
T, Spoise T ERTH WS & v ¥ D 2LSB #i7%E YT 2 0.176deg Z AR IRIEE 32 7
VELMEETH .

Eoic, ¥—AER LD DRERZZDONREZMHRET 2720, X 3-6 (IR T HIIFRE
FOEEDHERT 5.
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Fig. 3-6 Block diagram of output error state FB

Plant, 65,5 EKF, B4 4 VK3 3-5 (CRTRERERDOS IaL—vaveFELE
L, SE74 v FIEX3-23)DF;TH 5.

4 3-5 DREERZAZ LK 3-6 D NRZEZRD Y T 2L —3 3 viddkic, Plant @8
% 0.1ms, HEEMPCHEE~DHE, SF 74 v OFHERVEHHED Y~ 7Y v ZTEHIE 1ms
L35,

WL % 6, = (60m/T)sin(2nt/T)[deg/s], PLETEHEZ 0505 = [ O5edt[deg] & L 72l
DX T AHEMEFIEIAS, 7T—20mINEEE Lizy a2 —y a VEEREZX 3-7 /77, 1§
SEOIRIEIZ B DR CHEHT 32X 2-2 IR HEE CEERER LIRE L, BH 7 13
2.0sec & 4.0sec & L7, —MRZRT7 A NOBEICIZEHAOM - Hi €= FEREW Lo £E—F
B 55, OO IRENIGRRHICFEA LB, RIFFE ik, EREEICE T 25y 7 ) 041k
KX 2E—2HEEORTEZEL, THK ldsec D Lo E— F X Vi 2.0sec DA TENE
TR EHICHLWEHTCORIE DR T 272 4.0sec DREIIAD FEfE L 72. 7od, EKF ~
DA ERDXFTAEEIR, FTALMD»LRQ3NDOECHRELZEEZHAV5. EED
Y — R ERE 2 AT ORI X 0 Gl L 7=.

mp
1
Err_mean = —
mTL
m=1

=L, m BTN IHETH L. m B3 FHEMORBEDO T -2 DEFESTHY, T —
OB LT B,

Bgos(m) — 0 (m)| (3-25)
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——— : State FB control(state error), : PI control,

— - = State FB control(output error), ===- : Target position
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Fig. 3-7 Simulation results
Left: 2.0sec period, Right: 4.0sec period
Top: Gear angle
Middle: Control input

Bottom: Acceleration at arm tip

T=2.0sec 123 1F 3 3475113 PL IR C 3.64deg, IREEMR 7% 4.01deg, /1R 75 % 16.5deg
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EEBfBoN T 5, —F, HIRZESR TR EOZ(LITE 22, IMAEIFH L &
D, EEREOURMICOHELRITT.

HEIIHIIANI CTH 2= — 2 ICHIME N2 EETH Y, HEEMA Ny 7 VEEICADE
CTER%Z 135V & L7z, SF7 A4 vEmARke 352l fllRFETHARETH 2720, »
ITNOHNIRER 2L T35 2 & DERTE S,

TEZ T — L DNEEE T H 3. T=2.0sec IKFiC PI HlfHI % D H R8O & AMEI1Z 89.9m/s2,
PRAEMR 2% 1d 23.7m/s? T 73.6%K3, HI1RZE % 1% 31.3m/s? T 65.2%fKIK L T 5. T=4.0sec
713 PI IR C 55.3m/s%, IRREMR 252 (3 37.4m/s® T 32.3%DAKIK, HRZE%1Z 37.6m/s> T
32.0%KIHL T 5.

3.3.2 KB

4 3-6 I3 1F 3 Plant X 2-2 iICR$HEL L, HIHOEK, HEAHHEIEZS I —vav
AL ET 2. COVIRBIOFHO LS S 25, # 7 ATl % &m L, §ok
T 5. COYIRENE, 7—25EmICRY T -EERIREI Yy 27y T CHET 5.
FERICHEWT, vy Ialb—vaveftkic, RERFEERDIRRE FB & & Pl iR DR
RO ZX 3-8 ITR-T. Ak, &ﬁﬁ%%iyi:¢~4yay%%mﬁmf%&#m%
—RPEEEE T L C W20, el E 0BG ICHEL, FEE2FEML v,
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——— : State FB control(state error), : PI control,

---- ! Target position
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Fig. 3-8 Experimental results
Left: 2.0sec period, Right: 4.0sec period
Top: Gear angle
Middle: Control input

Bottom: Acceleration at arm tip
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FIRL 7.

T — LA O M E O & K FIRIE X, T=2.0sec Tl PI HlfH:% 88.5m/s> TIRFEM =%
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REMEIHIC B W TH Y I ab—v a v ERIKOMBEEZEZ. 72771, T=4.0sec BT B IRE
=R 1L, WX 4.0sec fHED AR E IRV K > T 228, Z Ot OIZITIE 10m/s? F2JE

61



B33 OO0 IREMEIR & Y — R A2 WAz B FIE o 2% E

F ML T3
RERDHIFIA S TIE, FERD 13.5V 22 2@ KR AR nwZ & 2iERcx, HIE7 4

v A3 E Y]

WEINTEEZ D,

3.3.3 ERic BT 2l o FHREOMHER

HE OB OFIEEZ R T 5729, T=4.0sec & 2.0sec DIEH

XL, PI IR & IRTE

RERICEBWTE 10 4 7 VDO FEE% 5 EITW, S0 34 70T —2 % IEET 5.

RKIZ, 1 A4 7 NFICT — LACuIEE O FFT 23k ®, X 3-9 0@

5.
100
o
E 50+ ('
=
2 ol
‘g s i Jh ﬁ,l ”Iﬁ’ﬁ‘ﬁ"
-~ -5
o]
o
o
< -100 ] | |
18 165 17 175 15
Time[sec]
40
o
E 30
=
e
\\
53 10+ N ipl
o _ |
é 0 -_ APV ,M_u"‘l uh‘u\" P
107 100 1401 et
Frequency[Hz]

Acceleration[m/s?]

Acceleration[m/s?]

Y 21Hz D v — 7 %k

e :Peak of FFT value

100

50 n n ]
o] W MN JWW u v N
18 165 | 17 175 18
Time[sec]

40

! |
o J||

o \“\\k_\ | & II

0 N e WL A
10! 107 10! 108

Frequency[Hz]

Fig. 3-9 FFT results of 1 cycle acceleration data

Left : State FB control(state error) , Right : PI control
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— : Dataregion, o : Average
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{72 % D25 9.79m/s?, S ELAS 1.79(m/s?)? TH 5. PR OB AK & WEHIL, X 3-
8 DIET B DKEA 3-dsec Bl X 512, PV IREIO/NI WIREEDSFEAET 22 LIk 3
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lalb—vaveiFAkofdmcd s, 72720, EHD Lo £— FE/ELLZEEICIE,
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BTH D LhroEMMERE AT 5.
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Fig. 4-2 Effect of parameter B to velocity profile
upper : angle, lower : velocity
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4.2 EEIC X 2 BEEIEDOER

H T AL TAN—[HOBEERFEIINESLEKAIC L VBT 22D, A—"—TF vOfiE%E
KL BT LOBERRD TlERV. L > T, AifETiR, BESHEOHKIEKTH 3
abBEFAEL CRZMWET — 20 oA — = F V% R FTICE AL %2 8 A L <X (4-10)-(4-
1) D EEIE 2 BT 5.

4.2.1 JCEHHEEORRE
JOERTERE X ATRE R IR U D e WHIE T — 2 %L1, WRD > R T LI BT 5 R % 8 H

T 57D DA D, et Fihch 290N I0E %y, ANEREx,, ..., x, EIEL,
XA %G5,

y=f(xg,...,x) +e (4-12)
TCT, eldFET -2 LICEMmOELHEL OFRFETH L. ANEREx, =alx, =6, &
By A —"—=J vOELRET 5. IWEHIEICHE T, BfflEkoLHEAcRI N5,

Y =Co+ Xy + Xy + €11X2 + €35%3 + ¢15x,%, + higer order terms + e (4-13)
T 2T, €g,C1,C1,Cr1,Car Crop - IEFEBRIVITIRE T 2R TH 5. n HDIEE Y, o, yn & AT
X11,X12) X210, X2, wves X1 X \CXF L, RXD X 5 ICHLIRVRETH 5.

Y=XC+E

Y = [ylr '"lyn]T

Y=XC+E

E=ley, .., ey)" (4-14)
X11 X120 X11X12
X X e Xp1 X

¥ = ?1 gz : 21: 22
Xn1 Xnz P XpiXn2

: : VC‘\C = [CO, C1; Clr C11, sz,(:12,"']Téi‘;f"‘fZ 277) 5?;&%?5%%@“5, el, ,enliifﬁu tm%lﬁﬂ
A X 2EE & DIRZETH 5.
RECcix, K@-15)IRTiAEe, Di/N_FFEABIC L V BEH T 5.

[\S)

E
1 (4-15)

E'E = (Y — XC)T(Y — XC)

S
I
gk

-
Il
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R@-15)% BT 2 Loid(4-16)L 7 5.
®=YTY —CTXTY —YTXC + CTXTXC

=YTYy - CTXTy —YTXC + CTXTXC (4-16)
=YTy —2CTXTY + CTXTXC
I oiR/N_FEOWERZ KD 5. X@-16)% ClItOoWTH LR@-1N%15 5.

2 = —2XTY +2XTXC =0 (4-17)

R(@4-17) &V K@-15% 5/IML T 2 BERFTH 5 4-18) %15

C = (XTX)"1xTy (4-18)

4.2.2 27580 X 3 HEEBIE DR L IGE ML IC X 5 REEIE OBER

JCEMIRE DA 2 R T 5720, AREREFEICE KT A4 N oB)fiEE 7 AL O089-60
AT S, vz —vaviERoOfIER 44 1CRT. i —vaviiBnT, B
al BOHIPHIZF-01<a<01,0<p<1TH Y, ZHFHNTOMAGDLEICL Y, Hix s 441
WY OHEEERER L7, BT A X VRO N X 44 ODFERP O A — =T v &K
B, K4-51C441 HDOT vy b L 441 HDOT — 20 bAER L ZINE I %2 R~ 3.

Fig. 4-4 Example of simulation results
4-5)lF, ZHalBT, 41 @BYDORLZMALEDEZED, XE-10)ITAAL TR
HIEEIEIC 351 5 EREEAE & FRIEMEDO A —~—F v 2 V% EHLL 2Eo
Zuay b THY, X 4-50b)iF 441 HOFERD S H(4-19)1CR T 2 KEERX X 0Tl L 72 0%
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Him %2 7~ 9.
Y=o+ X + Xy + €11 XE + Cppx3 + 1%, (4-19)

2T, R@-19DIREC = [co, c1, €20 €11, C2, €12 13 RM@-18) X W HHT 3.

72



BOEEIEIC X 2 A — N — T VKR

54

(a) Plots of simulation results

(b) Approximate response surface

Fig. 4-5 Simulation results with 441 plots

(Vertical axis is the normalized over-run)

EDHHFFCE 5.

-
—

X 4559, a=0, B=05TAH—NN=F VHRHR/NE D
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TR T — 2 % IO R ICBE 3 % BRI, R o MEiE e, EERRIE KRB ER I
000D L7zio T, ZHalBOHEHNTONEIRZ 21 225 5 L L, 25 D Rx 574
HhwTh BEEEEZER L 7-. 461y Ial—vavicBiTs, 441 ik 25 HoT
— X CHERL L 72z 0l o el % 7R 3.
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(a) Generated with 441 plots
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0.7 0.3
0.8 0.2
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a

(b) Generated with 25 plots

Fig. 4-6 Comparison of approximate response surfaces with different number of plots

(Color denotes the normalized over-run)

4-6 DHIR X Y, 441 FH L 25 AR L 2KISEHEOE T w2 & 20, JuEhmE
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RS 270 DOFRMT — 2 8% 25 LRE L. UbEXY, EERTIE 25 HoRL 587
A =2 DB BDE LTS,

423 EBC X 3 BEEIEDOEE
X 4-7 IR TEEZH T, 422 HiTHRE LT —2EICE T 3 )05 hm o fEE 2 £5
I CHREIET 5.

Wiper system « windshild Motion capture system

Windshild

Wiper system

Fig. 4-7 Experimental system

X 4-7 DI, P L —LCHIEOA T AR, TAFERL TS, F T I
DR E, FTHEOF - AKX T v a2 =% (OERE 4096 -5 v Z/[ElfR) CEHEIT 5. a &
B OFERETHER L 72 HEEEER, U v 7 i OEEI OO & F 7 Hifho BB E I
L, ¥7HhEo AL OFHIEIC X b PID HIflCEEX ¥ 2. &k, T 26X, ~
Aavi g vn—2 B L -HIEHEEE TS, 6L, A—"—F VOHlliElL, £— =
VI X TF v AT L (OERE  lmm, ¥ 7Y v ZEEH  10ms) TIT .

KERT — 25 HIEM L 72 )G M &2 B 4-8 108, B 4-8(a)i 2 REIAK, X 4-8(b)1E X
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(4-20)IC7" 3 4 RLEIEAAXTER L T 5.
Y=o+ C1Xy + CpXp + C3X2 4 caX2 4 csx1 Xy + CoX3 + c7x3 (4-20)
tegxxy + Cox1 X2 + CroXt + Cr1XS + C1X3x, + €315 + CraxPx?
2T, R4-20)D%8c, %K (4-18) TR 5. [X] 4-8 D maxl-max5 FA4— =7 VR KZ
W NS HoERT -2 %R L, minl-minS I TS5 HTHDL, 2L, Yial—vav
DFEF LRI, ENERE FREEDOA — =7 VDO “IFHETH 5. X 4-8(2)DIEE
HICEWT, HlZiE max5 & minS RRIBEDOA —N—=F VL 7> T3, IGEIHE DR
/MBS minl X 0 min2 fHEICH 2 7 ERFE MK, —T5, X 4-8(b) i, JEEHIT O i/ ME D
minl DV ICH 27 L, K 4-8)icxf LISEIMAOREL M ELTwa, 2 LT, il
EOFERDL S, a=0.04, B=05DKFICA—NN=F VRN ERD.
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(a) Generated with the 2" order polynomial
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(b) Generated with the 4™ order polynomial

Fig. 4-8 Comparison of approximate response surfaces with different order of polynomials

(Color denotes the normalized over-run)
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4-8(b) DAER TR L7z, 4 ROGIHAXOHIME LR ST 5729, K491 2 KL 4 RDIG
Zoilh & EBIfE & DFEE RS

Normalized Error ~
[ ]

|
=

1 T 13 19 25
Data number

(@  Results with the 2" order polynomial

Normalized Error
@
®

1
f—

1 7 13 19 25
Data number

(b) Results with the 4th order polynomial

Fig. 4-9 Comparison of approximation error with different order of polynomials

22T, X49@) Dt 2 REEX0JSE M OEEE <, (b) DEfti: 4 XK%LEKX D
EMETH Y, fedhd R & TR DO A — N —F v o ZIREEfE L, IS IRIC X 2T
Bl DFEAEZ FRL L ZETH 5. K49 XV 4 ROELEICE T 3EI/NX N & p
brxitic X 2 om LR iR L 72,
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4.3 ¥t¥

TANZHBEOEEARZHRLD 1 2TH Y, SO 7o v b7 2o kKEe, A
REPEOILKIT LD, BVBEIEEEEN KD b Twd, KifFETld, Av 7 — L DI X
5 A XRES, REFICIBRBICER LA —"—F V2T 27200 HEEELE 2
5. fHRICE D T A ANBWAR L 25561, WRIKFOHRABTHERTE v v o EHKZAME
BRET 5.

KETIE, FTRO 2 ODOYHIEKRE b DalPTHRT 2 0D 8F X —&IiC X 3 HiZH)
EDRBR G EZ R L2, ZROVNERD 1 2 H i3 BAEESHE O3 O Al O A7 E o
T, 2 0 HIE, KEEEMEDEESVOFETH 5. 2DHED 1 DDEE LM A,
F—N—=F VDL 20D X=X VTR 3 RILD 7T 7 2T, KEHED
BRI R IR FREL 2 2L TH 5.

F—oN— 7 VIZERE, WE, BKAIOMNEIRE, 74 NERT 4 Btk & OREE 2T B
720, BRETFTLOWENPRS TIE R, Lo T, AFETE ERD 2 0D 87 2 — 2D
XY ol HAEEER AT 5728, A—"—F v O % RS 7 o i e B ik & w5
3. JEEEIC X 30 RlE, 3 Kty T 7 & LCRBHEABETH VD, Z DRtk % LR i B Al BE
TH5.

JSEEIC X 2B OFMED T, VIDIFHEREREICHE IS VA DBFHEETVICL Y,
a b BOMABDLENEL D 441 N2 —v DY T2 —v g VIER X WIERL 7208l &, 25 ¢
X — v OFERD» AFR L 2IGE M 2 iR L, FFoRUsHERkRTE Y, BHENEZT — 28 7TH
JCEMAI O RETH 5 Z L 2R L7z, 51T, EERCT 25 o7 —XICX% 2 R%IH
KOGEIACTIREELARTDTH 57228, 4 REER L § 2 2 & THEUIME & FEMMD UKE
DA &R L 7.
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BE5E WS

5.1 TR

AW cld, FEOHR LR T 2 HEHOBEERREZHED 1 D TH L7 4 XDIEE
FET X200 IRENE, F— =T v KT 2l & BESEORRFEICONT
vial—va v EEREFHC I VAMERER L. SONREEZUTICENT 3.
1. 7 A XOBFRHEE T L O

DO Y R8N % FIH CIIR T 2 720 I BB 72 T 4 O IRBEHETE 12 V> 2 JERME @ B £
Frl, HEEFHCH WV 2B OBt T A RBEL /2. I T AR TR L TN —
OB Z A N ITARy 21RE 7 —u VEBETRHELZ, SLICHREET L TILE
#)1% Maxwell €7 VICCEEEX 2. MET LD T X — R 2T L[EETRD 7253,
7 A NOEEHFHARO N T B Z b, BALV—-TREZH V. EREET LTI, E
LRI VU Y IRBI O RAEZTER L, BT T VicswTh, HRE DT O BFREA—
BLCsY, HELHIHORKFNC T aEF 2 AT 22T 21572,

2. AEfE A IEMIC IR 23 5 7 4 N OIREEHEERR DX

FERRME o AdfetE 2 PEBR U, EKF 2@ 3 % 720, BRI 2 3B Ik IF L s W &
KIF S 2IHICEEL 72, ARTF L R WIHIZ—EMEDIMVEAT & L, IRTF S 2 THO A 2 BRitk &
LTS 2 &, BB &S 1o ic X 2 BRI IRE & 72 » EKF 258 A AlRE & /¢
o7z, b, AR PR T 2 WEREMTTH % tanh BB CRIE L % 2 LD 20 D
R Ic X AR EMEOB AL AL 7w, Y Ialb—vavicBnT, COVIRBoFEr
DX HIREETH 5 7 — L5 A B O R Pl 1d A4 7 — ¥ T 16.068deg/s, KF T
15.215deg/s, tanh % 72 €KL D EKF T 20.497deg/s icxf L, 24D EKF 13 7.6096deg/s
& BHEERRITHT L 50-63%72, A THEAMET L, #HERKEOWELHZETE 2, I b,
FERICBEWTD /AR L2 EEEENNS S VWVIRBIZBEICHETCETWL L %
MR L 7=,

3. &— M IC X 2 IREMIGI 2 ZRE L 729 — R R DG

HEEME AT, 74 SOFEES T F—FEL VOV IRBIZ KRBT 2L FaL —
ZURE R T AR A RE T2, 3, E—FEICL VT VIEBI 2 2E—F&,
—FRUEEETTI2PCROBE—FEREL 2. b Ol L 7€ — F DA CTHK
T3 IRRES R 2 HIHN &R & LR EEEZ W22 LT A4 v ol k22 5 2 L sl ke
ot Enic, y—FMER LT 30, HEER%, RERERETLLT, 7
A I —ARAIC W oS PLEER & [ 0BREEE S, v Ia—va v EERT
P — R L IRIEIB O R MR L 7. v 2L —32 a vyl | HER 2.0sec HilZ T
— LRI AEE o R RIEAS PIHIMH % O 89.9m/s? I} LR O filfEl % Tld 23.7m/s> & 73.6%
IR L 7=, 1 FEEFH2S 4.0sec B2 7 — L SCIi g © B RIEAS PI KR O 55.3m/s2 (<30}
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L 37.4m/s? & 323%(KIR L 72, $7-, —FAW2RTEEL LT, FTALMOIES & B
ED AT BT, 1 EERBIA 2.0sec K1 PIHITHZ D 3.64deg 15t L 4.01deg, 1 1E
1EEHADS 4.0sec KfiZ PI HlfE%R D 1.82deg ICX L 2.33deg & [AFED I —FEEHLTWEC
LEMER L. I LICEBRTS0 B4 2 A DF —2 % FFT L, UMY #REID 21Hz D%
e U 7= 485, PRI L, 194 7 42 2.0sec TIEFHT 71%, 4.0sec Tl 43% DK
WHTREE 7 0, HMEAET 2 2 L 2R L 2. U EO#ER2 S, A4 2 IRBIEKIR
PERE & Y — RUERE & M7 3 2 HlfH R 21572 &Hlr L 7.
4, F ==V RARIRT % mEBE D AL

EET — 2 p HISEMIEIC XY, A= "—F VRN E B HIEEER RS 2 Tk
ERELZ, 6, BE#EFORESNRK L 2 2 (18 2T 228 L KiED 720 0fFE k-
PLEMEDEE A AR T 248D 2o s i HV7- BEBIEO R Ex2 RE
L7z, TORBAERICKY, IWEMMEIZ 3 XICD 7 7 7 CHiETE 2 720, atE 2010
CHREL B WS E o NS, T4 XOBREETVICL Sy IaLb—v a3 VT, 41 5D
T =2 TRD 72 2 RG A DICE I &, 25 MDD T — £ TR 72 JGE I % FLik L 724558,
F%Cch b bh b, BENLET — 2Oz EHRRETH L L2 HERLE. 5
ICEEBRICT, FHENR 25 HOT — 2 BT, 2 RETEXRTIIEERIAL T TH - 7228,
4 RHBEX LT 5 LT, FRfEEECHEDREI WD L, ERHATREREE kol &
b, 2 2F0C X 2 HEEEME D RBUTIE & ICE Ml IC & 2 Fol B 0 PREBEFiE D AR % TR
L7.
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BaIni-@EE, SHBRoOBEHICOWTHRRS,

1. FEEOZHICNT 5 N ME

H T A-F N—[HOEEEE L, WESD T N —ICIIEEHER IR S N C W 3 BB A T % 2 —
74 v 7 DORBERFIC X W RE AT 5. KAWL T, BRI 3 2 TR IZTERR L 7223,
THTRIVIGS 75 —DHLIC X 2 EBAF~ONRIZEELZHECTDH 5. SHRIIHEE
RO T b a N2 MMEEZ D DR LETH .

2. Vv 2R7 A~ WY IREHIH o #

WEIZY) VI LRADY AT LAPBEINTVEY, Vv IR L BFELTWS, 207
B, 577 ADIKRACFEDOLZIE > THRAEL A B2 VPV IREIZ I 2, &£ COHl TL4e
ZHER T 2103 v 7 R~ BEELRFECTH 2. Vv /L~ T AT 4 X4
I7RICXBETMETII RS, 20RO R EET AL, A CRE-HEE Lo
KA ITHAPIA LB BBETH 5.

3. == F VR T 2 REBE O BRI~ 0

F—N—=Z v ORI BEEFO KRB AL L, REEFOERBTEORNMEL R 7272
%, KERICE T 2EEENRL, v N2 MEDOKGEEZIT\, T A SOBERE~DKME H
89, & 6ic, ShNx, HEHE~DEREIZ PID 6% Hv 7225, Fic KEEBI{EM T DB
W% = 2 HlEEMN DIt b HELHETH 5.
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