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Abstract

In this thesis, we present a novel approach to estimate angular rates of MEMS vibratory
gyroscope systems. Different from most .of the existing methods, wherein all system
parameters were assumed to be knewn andssystem measurements were noise-free, this method
uses extend Kalman filter (EKF):techniques-to estimate all the system parameters, including
the angular rate. And, it nulls out:the noise from system measurements and thus increases the
sensing accuracy for gyroscope systems:

Simulation results indicate that the proposed method can estimate all the system
parameter correctly. The estimation accuracy of angular rate is 0.0021rad /sec when the
standard deviation of the measurement noise is 2.857 x107° um (signal-to-noise ratio is about
twenty). In addition, the proposed method can be used to compensate the damping terms and
“coupling forces” in gyroscope systems. Subsequently, the rotation angles can be calculated
directly. As compared to the conventional methods wherein the angles were obtained by
integrating angular rates over time, the proposed method does not suffer from the error

accumulations and thus more accurate.
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_ \ﬁ , F = \f 237)
m

@%&:M’[w_w’thw'“’ﬁiﬁﬂfﬁﬁﬂﬁﬁﬁﬁﬂﬂwﬁ%ﬂ%
QF,J@”J@FH PSS IR o A VR R e J}]Q*I‘w’nJFé[ ) gmﬁkggﬂ?jﬂﬁﬁfj@m
P (BRI R B RS (1 2.9) - B3 € EA AR T - iRk~ K, o ﬁﬁ%

W ] L PR P -
. Q.

X
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il 2.9 AR

K, Bl

BT T IR 2.10) -

proof mass

R ST

(a) (b)
Eé‘l‘ 2.10 ﬁﬂﬁ?ﬁﬁ D@D BET () 7 R (O)RE24 () -

[ % A BT TR IR AR IS P () H I o
TERHEUTARA [ RLEI RIFO B EL » 3 TR Ay - ]

w, k,m k,m K,
o - = 2.38
o \/ k.| \/kxmr2 \/er2 (2.33)

X
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& HII’E‘@:;EJIFUJ z Qi b S 7 o FUBH0.38)78 [ 4 - HE‘HILE'E%D R ISIE

HEEEL I e um@$@*’%¢’ﬁﬁ@%@m%:@w’ﬁﬁﬁw,m

X

St o) 2

o B s T

234 FIEVREIEIR BELE L B AR
ﬁﬁﬁwwﬁﬁﬁﬁﬁ%ﬁ%%W%’ﬂm [ BB REATH R  J
P R A« QDR B RS SRS
X =6, % =0 > X=0,

EIS‘FF@J—}*}}{J{%ﬂJ%?\I

JR] [0 1ok
EX2=—a)§0a)§ X, |+{10]Q
X 0 0 Oflx| |1
(2.39)
X
y=[10—1]x2
X

ANy PR RO » HIQ TSR REQIOSD S5

1%
C 1 0 -1
rank(Q)=rank<| CA |;=rank<s| 0 1 O |}#3
CA? -, 0 @
EI ij/‘g] [ifﬁﬁﬁ] “\\2_5;:";# ﬁLy fi El %ﬁ —f [Ff :?E“L[ g ﬁ{; *:/J—“ —,;J I:L . ? [5*'

ﬁ—ﬁl [?LﬂEULII Frfr , J‘-HFIEJ [ﬁ[]@%‘gt :j\;p ) #‘f bl- @ ’ I":F ]EUF lﬁiﬁr’r ,Eﬁiﬂ iEIF)}
[FLHEUL W E R (R T RS e A (Q.30) 700 BV T A e T AR A QL
R o BB R R LEI0] B

X = AXx+ Bu+ Dv
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Efru E@L‘iﬁ[lﬁﬁ]“ ' v ERF iﬁ['ﬁﬁﬁ“ P (2.39)70 ~ (2.40)70

0 1 0 0
A=|-w} 0 @| C=[1 0 -1 >D=|0|v=0
0 0 0 1

8y E’IEﬁJ LI

100 10 0
T=[N D]=(0 1 0|>N=[0 1|>D=|0
101 1 0 1
bs% L RN (B EICAL
_ 01 0
A=TAT = {Aﬂ A&Z}_ 0 0
1 AZZ 0 _1 0
C=CT=[CN CD]=[0 0 -]
0
5=T-1D:m= 0
! 1

o HE R T R R

(1) rank CD =rank D

(2) rank [SIgN'K“ _C%}=n , VseC,Re(s) =0

0 55 FRAGERr > 7 h AR =3 - 5L ALY T A B R R
[+ St AT

0 0
()rank CD=rank| 0 |=rank D=rank| 0
-1 1
& — s -1 O
(2) rank SI=A A | 0 s -w |> VseC,Re(s)>0
CN CD 00 -1
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*s=0 - flrank A A g
CN CD

S0 SR o I R AR YRR RT AT PR AP FE R R 15 LA 1 g
Qe PR ED Y RPREIEN ¢ 0 1 S E R A éﬁﬁ’ﬁéﬁﬁif;{/ LS
HEIRTS (6 7 e ap ™ Bl is b SU IR RS R > (ELRLsbAS | TBRfo i il F e 1) e
ER Y R A 5 PRI PR SRR e ENRIPVR B T e -
A > S5 b R — PR ROV MR R B [k
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B5y= ﬁrl
PREPPUR R PR Lt 88 i

PRI R B $RF é“*ﬁﬁi‘ﬁﬂ?il}ﬂ I TR
STV P PRSI SR S R R PR R
B~ TR L B R RIS ) - TR !T”?n“ﬁ’wE"Jiﬁ@EHEU?%E‘?
SEHICHIEIE ) > 2GS P R R - RGP 5 FREI R 6 )

:-[/ F[J l”%‘ ‘]‘i{: o

3.1 $EIETE] L 2RG% B (extended Kalman filter)

B b P TP BRI BLF GAR 8 - AT S S R P
— PRSTEIF R 1 R < R Sy R RS e -

3.1.1 - AN B

AR AR FUE Rudolf Emil Kalman Friffl S @t » 7 1960 » foal Rigid —
FIP RS P S BRI - PRI L8 P~ sy U RIR [ Rk

B NI L -

A RNRQY EA ORI AR 1795 & A 18 Bl F(Carl Friedrich Gauss)H-
g | = SR DY SR SRR R R A I e
PRELRIOE TR SRS, A AR R R T B [ LAl o AR
R AY IR ST IR  BEEY  RIHERNIEETI02) -

3.1.2 fﬂliﬁiwﬁwﬂ%ﬁ'@fﬁl

A EATRON IR L - PR R 1 R SR BSET RN (optimal recursive data processing
algorithm)fv IF‘IJE'U%E T B 1 e PRECAVEN ST SRR R
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S RIS EJJTE IFEFH(White Gaussian NOlse)Ef > H[] ;ﬂﬂ‘h“l 1A Iaﬁﬁ T E FT;J[ T
= FT fif 3 )(Gaussian Distribution) » + RRGUHAR L] HEE | [HO8STHREE -
g R
x(k +1) = A(K)x(K) + BK)u(k) +w(k)
y(k) = c(k)x(k) +v(k)
Epl1w(k) B =5 (plant noise) » v(K) BB EFE (measurement noise) » - &AVEIL B
A PSR
(DS S5 S g BT ERo-L 55 AR S SR L i
QUPNEREE TSR fp L - JIReE ) 1
R B o130 K TR
(W PEpsE]

%(k +1[k) = AK)R(k [k) + B(K)u (k) +,w(k)
§(k +1]k) = C(k +)x(k +1Jk) 3.2)
P(k+1]k) = AKK)P(k [KYAK)™ +Q(K)

3.D

QTEpV T

S(k+1) =C(k+1)P(k +1[K)C (k + 1) +R(K)

K(k+1)=P(k+1k)CT (k +1)S(k +1)~*

P(k+1k +1) = P(k +1]k) - K (k +DS(k + DK (k +1)" (3.3)
residual = y(k) — y(k)

R(k +1]k +1) = X(k +1]k) + K (k +1) - residual

(3.2) VA L S 7 A =V (prediction equation) 0 (3.3) =V AL £ £ -7 A =N (correction
equation) » N F[1 X BRI lﬁﬂE‘Ulﬁj I ELIRIE l'ﬁﬂEU%“b%é i (state covariance matrix) >
P =E[(x-X)(x=%)"] 5 Q £h-Faf 7 s 1 il > EXQ=E[ww'] 5 R ERENFE
R EERR=E[wW'] ¢ KA &% (Kalman gain) °

R R R I R TR TR - b A R RO ™ e i
Ry 2 S P SERERL S AR R RSP T R SRR > L
AR E T RIS O i (P ISIED - AT 30 fENADE e > R
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o Hﬁf@f@ﬁ Kk (=Rt s -~ Eﬁ LV (R R T 6 S R
ARETRIE[OM 20 WSRO R PR R K TR - R
T TR IR T AR e S o FE PP Sl -

Stete at t, nput at © State estimate of 2, State comvariance ot T
x(k) uik) 2k |5 Pk iy
L y v
w(ie) Tramsition tot, State prediction State prediction convar iamee
()= e 2]+ )| " | | R+ 1) -
xCh+ 1) = FTkx(uck)] +w R+ 1) = ATk 20k o,k
AEYPCR[) AR + OXF)
v v
Measurerment pradiction Residual convariance
Pl 1)y = bk, Rk ] Sk + L= Rk
+ Ok + DR+ 1) (ke + 1
L4 v h 4
(k) Measurement at t Measurement residual Filter gain
> . . E(k+1
(K = hE, )] + vk vesidual = p(k) - (k) G+ 1)
= P+ 1)C e+ DSGe+ 177
v v
Undated stote estimate Undeted state comvariance
i+ 1+ 1) * P+ 1+ 1) = e+ 1))
= f e+ 1)+ Ko+ 1) -residual —K(k+ DS+ DE(k+1)

' 3.1 ARV B IR el

3,13 PRHTE AL

RSP BLRLR OB R RIS R (B > T TR R L
ek o ST » 2V A U R E) B L A

VIV o SEE I SR AT S e RO SR T R 5 -

i 2

x(k+1) = £k, x(k), u(k)]+w(k)
y(k) = hrk, x(k)]+v(k)

P AR B R  CRESBET  R) SRRy ER
(IRt

34
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R(k +1[k) = [k, %(k [k), u(k)]
§(k +1]k) = h[k, %(k |<)]

(3.5
P(k +1|k) = A(k)P(k |k)A(k)T +Q(k)
QUINERVIET-
S(k+1) =C(k +1)P(k +1K)CT (k +1) + R(k)
K(k+1) = P(k +1K)CT (k +1)S(k +1)
P(k+1k +1) = P(k +1|k) - K (k + DS (k + DK (k +1)" (3.6)
residual = y(k) — y(k)
R(k +1]k +1) = R(k +1]k) + K (k +1)- residual
TIAF R R E > AK) ~ C(K) il iR
of (k
Ak = I H)
OX x=%(k|k)
oh(k +1 57
+
C(k+1) = onh(k +1)
OX x=%(k+1k)
State at B Mnput at t, State estimate at B State comvariance at
x(i) u(k) 3015 Pl
L y v
Tramsition 1o ¢, State prediction State prediction convariance
Wik
1) = 7 xR 00 + W) | | wes g = s fekli.uce AN
x(+1y= e x (), RO+ 1k = e, 20k i), u0R)] AR AR + 000
r A 4
Mdeasurerent prediction FResidual convariance
Ftie+ 1)) = w7k o)) 1) = Ak)
+ O+ PG L (et 1)
() Measurement at t, Measurerent residual Filter gain
> . E(k+1)
P = Bk, x (Y] + vk vesidual = p(k)-Fik) _ PG O (e DG 1y
v v
Updeated state estivaate Updated state comurionee
Hr+1e+1) N B+ e+ = R+ 1)
= A k+ L+ E(he+1) -residual =K+ DS+ DECE+1)

[l 3.2 PEIETET R RO IR A [
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3.2 SHEIREY FEIBRCY £ 0% )
3.1 (BB At

B+ P ET R e d (BB R Y 1 S R AR A R
HA o WRCEESREE T S QO RPINE WA A

0 1 0 0 |
X k X
- 0 0 2Q
apX)_pm ’ 39)
dtjy| | 0 0 1 0]y ©.
o 20 -2 oY
i m
&‘@,*J']'Fr[\]EUQ » I ['FEJ,E{EJ’ Qi) £ ﬁgﬁl J}[k’r]:'f@@( £ ]:‘?fg’@%{k’rg ) ﬁ'sr@.g);—‘? F[’ EI'SFF@,FS' :
— —_ | X ]
X _kx
X
al " y (3.9
at| '
-5 oax
| Q| m
- 0 -
A £
z,| [x
z, X
| |y
Z,] LY
3.2.2 FEAREE % (observability)
@j,}{{ﬁ‘gﬂj%?cj/ o B H:,—: JT (B R L AR 7\tn Vp’ s EHJ[‘;%FK[%_;
?ﬁi'l?p% » ZY P AR R L
z
- 0 Z
0O=— 3.11
0= (G.11)
Z(n_l)
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oy ) e 2 ya — d(nil)z N e 2
xSy 20 =5 n B g ¥

rank) > [l K i B (D 5
PG DD 2 2SR 2l s (A

z
— Z Z
rank(O) =rank 90 > rank 9 .
OX oX| 2
74
1 0 0 0 0]
0 1 0 0 0
0 0 1 0 o0
z
rank{i{}}zrank ) 0 0 L 0
ox| Z k
——= 410 0 20 2y
m
K .
0 =20 +=~1"=0 -2x
- m
HG@ﬂHVIIH@“ﬁ%@HW%.ﬁ“ D

3.3 EPREIIREL £ R R 2 B

33.1 (R

ST Bl

(3.12)

(3.13)

HRG Y AR LA RS PSR A1 55 [l Q 28 2 Hek,

ik, o SR Q K, T RS REEE  [iY HE R A
- —_ i X ]
X
| |20y
y y
Lyl Ky
— Y7 _ 20X
dt a X
K, 0
_ky_ 0
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il R,

z,] [x
z, | |x
7 — - (3.15)
Z3 y
Z,] LY
3.3.2 = AAHEHEL % (observability)
FHGID 2R 25 M T w1l
z
z
= 0 0.
rank(O) =rank {— >rank<—| Z (3.16)
OX oX| .
NE) Z
z
rank 9 z
oX|
7
1 0 0 0 0 0 0 |
0 1 0 0 0 0 0
0 0 1 0 0 0 0
0 0 0 1 0 0 0
_ke 0 0 20 oy -X o
=rankq[ M ) m
0 20 - 0 2% o0 X
m m
0 ka2, 2ky  x 20y
m m m m m
k .
20K, . 0 My X o20x
. m m m m m _
3.17)
FHIGAT)Z A o PRI R e [P AR A BB s KL e 1 7 ok
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3.4 ZERESERLIR B IR (2 G
34.1 (MRS LAt
Pyt S IR B U S R SRR R Tk, =k, %0

d,, =d,, %0 » i FRAUE LA 1]

0 1 0 0
X X
dt|y 0 0 1 0 y '
VI ke Oy o k4 Y
m m m m |

P A 1P W A R S S, ~ d, - d,

ik, K, ~ Ky 2" I'FEJ}[ij’Q s d, > ey, Kk kxy,ﬁFFJgﬁ,gaﬁ’lfjﬂkﬁgﬁg(r, FI‘E&F@'(B.IS)
UG
_ . .
X | ¢ d_y K
. _M_Ly_M_Ly+ZQy
X m m  miom
y y
y _deX_dyy_ kxyx_ kyy—ZQX
’ Q m m m m
& k, |= 0 (3.19)
k, 0
K,y 0
d, 0
d, 0
_dxv_ 0
- 0 -
a8
Z, X
z, X
Z3 y
Z, y
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3.4.2 S REIEL M (observability)

FNGIDZY > Z5{F o ek 1 e L

z
z ,
Z 0 ’
rank (O) = rank 9 . |t>rank{—| 7 (3.21)
ox| ox| .
7(10) z
_.‘Z”_
i SHET
-
i
0| .
rank<—| 7 (3.22)
oX| ..
7
_Z_
.
z
rank i Z
OX
7
_..Z.._
- _ 3.23
1 000 (3:23)
0100
0
=rank{||0 0 1 O []4*7
10 0 01
[A21]7><4 [A22]7><7_

(B23)751 2 F [ A ], FIFE o B i ST o 1 ob P 1 I

T g > Z5PF]M] mathematica i fRiE = iy ) IR o e i i RIS
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A,=|2x 0 -y -x 0 -y =X (3.24)

2% 0 -y -x 0 -y -X
_2y(4) - 0 _y _X(4) 0 _y(4)_

FEHE % - A E iy iEl%ﬁJfﬁﬁl*J%?%’ﬁ’ﬂ’%ﬁ P R g [ [ o PR 2

HICT T e NI R PR TR Ao, 20, > F30 frls s
R - Ao, =0, =0, » B R R HRLA (R B SRAREEE T

X+ o, X+ w0,y =2mQy

Y+ o, X+ o,y =-2mQX (3.25)

P R » [ R I U mathematica i

il
2 2
x = (A E2A cos(at) T~ A cost@ant)
2 o, g, 0N
W’ QA @ QA
+(——)sin(at) — (——)sin(w,t)
@, (0, 0,0, 396
2 ) (3.26)
w;, A w,, A
y = (=) cos(at) — (F—) cos(w,t)
20, 20,

ZOA . . ZOA
“n )sin(at) + (a)n

@, @, @, @,

—( )sin(,t)

Ll

o, =& +20° + o,
w, =& +20° - o,

w, = \/a);'y +4Q% (0 +Q7)

}H(3 26)?h (324 T oo, (o+0,) (0, —0,)" 20 > Ala,#0 > [[[A, £ ﬁ'xﬁ% v

U I R R R IR R
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3.5 FREAIRBRY 1R LA

P P R AP 1) R FEO BN - — ARHIRLF S | s SR RS S5 T
SR > 7 B A R ) R EY P K USRS B R ORE
PRI — A5 T RS 1 - I 2 T T R B P B
riﬁ'FTN BRH 1 > Friendland 71 Hutton et ! F]E' FfE R0 o Bl pORS ARG =
VI BrERpo S T L G F2[13] BRI S B R

X+ w X = 2Qy

j+ @,y = 20K el

B¥o,-0,-0  FHEE302 T

X =acosdcos(at +6,) —bsingsin(at + 6,)
y =asindcos(at +6,) +bcosdsin(awt + 6,)

filia - b~ 6B A FIGETICE M - 6 UHRELD S GA 3.3) -
T

3.3 BVEI Lz

|
—

E_ O (C+y)+ (X +y°)  o(a®+b?)
- 2 2 (3.28)
H =xy-yXx=wab
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FPE QR ARSI #eA

. @’ Xy + Xy
Sin20 = ———=—
VE? -o’H (3.29)
Cosze_wz(xz_y2)+(xz_y2) .
2JE? —o’H
%Ziﬂ&ﬁ tH
1, 2(°xy + Xy)
f0==tan™ :
2 (w%ﬁ—y6+u?—f> e

Il ZR SN R ORLY PRI = PR e RS AR e o Iy (2.1.2) 815
PHRZ -~ 0 RS Wﬁﬁ’%F%%FW%%ﬁ@W’ﬁ@%T%ﬁﬂﬁﬁﬁm
[ o BT 7 AR PR R g 1440 e S A 55 10 RO B 7S I [ e
[P - =275 IO S SRR DA (2.9)7¢ - Al R0 1(3.30)7 33 ] b 72
ot FERREL v Ao O A R % "R e A i JF1 v T e IR o S = I i
SYRSET A S A R AR AR SR A R
ROTRAL AR PV TR B Ay o IS VR RREpIRIRAT s B> =5 (178 RO B P& i
il = 7 Qu17)7 2 R

mX+d,x+d, y+kx+kK, y=2mQy+u,

31
my+d, x+d, y+k x+ky=-2mOx+u, (33D
Epl
u, =c]x>2+&xy9+ Axyf/
u, =d, X+d y+k,X

A ~ A

FJ@)& Ry TSRS CEE '/I%a’d —»d, ~d —>d,~d, —>d_ ~k, >k, >

y y Xy Xy Xy Xy

IR R AR R 5 RS B30 AN o £ 7%
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gj‘j‘p y ﬁrl

AN B 25 PR RIS PO RS 5 R BRI AT  R
IS A7 T IO SRS b7 3 BT R A 1) R 1)

“

—.E

4.1 FEREIRE A VP

(7] MATLAB AU SR FATER > PIPREVIIE R o S ’uﬁ PR ;@F
i P o B IR P [ SRLAEHR G TRRAIRERY 0k — (4] < 4 R
b SRR P PR {0k 2 PR | Bk B S TR PO -
g gl Lﬂﬁr“ ER '/B‘L‘lif IE'FSQTT;CE}JF\"

mX+d x+d, y+k X+K y=2mQy+F

my+d, X+d y+k X+Ky ==2mOx+F @1
@D Z RS R BT R
G+ G+ q=-204+— @)
m m m
i
5 d, d, < k, ki o 0 -Q
|d, d, BL 1o o
SERSH
= ’ q: .
R y
—ﬁqoﬁﬂ% G SR (4.2) 7 i R N
4,Da KA _,p4,F 4.4)
Q% mg, mda, O M
5 2 —, re ct d _ d 5 —0 7 [E[ _fr —£
'&J oo B A > [ (R STy > I (447 R il P



q" D Q' K q Qq' F
—+ 7 = e+ 2
Jo Mw, q, May Q, @, 4y Mayq,

4.5)

zwn¢=%%,5ﬁm4m? (4.5)7% B0 iR SR FTEAD K~ Q ~ F -

q
i dX dxy kx kxy 0 _2
b Mo, Mo, K- me; M} oo @ |
dxy dy kXy ky 2 0
M@, Ma, Mo, Mg 2}
F, X
ma’q 9
= oo | q= do (4.6)
Fy A
_mwgqo %o

[ SRR ORI I G TV R (43)2 A L P
TR BRI R [ il ”;ﬁ%ﬁpﬁ}%iﬁ SR R
s BT % g

4.2 PSR R (Q 44
42,1 USSP BLY S R

AL 2 PSR R Rk, ~ K SRS (I SRS - AR

5A<'+kx)?:2£:2§/

',: N A @A.7)
y+k,y=-20x

B R o 25 DRI SR APl AR 2 7 B2 DA H Al VP A
T H ] Matlab 3 ST RIASURE . F 4.1 EVSURESERE e [ 4.1 ELETRELRT GoiEl g A2
X—y SRR E > R TR PRg [paed ) Qv i & SEE o 4.2 B

FRRASTER IO RO BRIV FEETE - [ 43 IR
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o U= R AF ) o I 44 B gl AN AR - RS PTR 1 g > 98
BRI L R AN 1 IR RSP IRES > VI R X TIPS R ey [

AR g o R L O« R 42 SRR ARG R -

* 4] sy

EHIZ 8 S22 B A
kx:3_55}<103 0=1rad/s

(o, =3000 &)
k, =3.55%10°
(22, =3000 FE)

15F 4

y position ()
=
|

0.5 4

15F i

|
-2 -1.58 -1 0.5 1l 0.5 1 15 2
¥ position (pLm)

q*i‘qﬂ 4.1 [EERIEAYVETE S Bl AR x — y 1 g b 1 SET R
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sensor output observer output

= 0.05 = 0.05
S =
5 0 5 0
3 3
o =
= pr
= -0.05 = -0.05
8994 995 99.3 100 994 89965 8995 100
time (ms) time (ms)
w1000 w1000
£ £
= =
oy a oy 0
= =
=) =
a k) e k]
= -1000 - -1000
8994 935 998 100 8994 835 838 100
time (ms) time (ms)

[l 4.2 RIS e T iR S E A 2.857x107% um
RS S ﬁffﬁfﬁj&uﬁ E|fEEE 63.85%10°7° um /s I [

4

¥ 10
2
—-—-real 2
£ 7
% 1 estimation £
= 0
=R =
2 2 -2
= e
! . . : ] 4 . : .
0 00s 0o 015 02 a aos 01 015 02
time (ms) time (ms)
— = - 2000
E 02 =
= 20
5 z
5 0 2 2000
= >
- = 4000
0 00s 01 015 02 a aos 01 015 02
time (ms) time (ms)

i 4.3 W15 BN I R0 BRI E D 1Y
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1.1

1.05
0 —-—--real
1R
E estimation
0.95
0.9
] &0 100

time (ms)

[l 44 £ A VS

*42 R

CArad /57
BFF{E 1

90ma~100mefEEes (0.0000262
il iR E A7 EE 0.00262%

4.2.2 EEFREITH R R £ P i R

2( Xy + Xy)
X2 —y?)+ (X2 —y?)

1 , e
ﬁl[(330)24h ’ 0=Etan l[a)z( ] s ﬂ—"ﬁ%l%[lwzzkx:ky En IJFD ’ l‘!f?‘

PBEERI > X USRS RSy RS S i D
PSSR R ISR o 7S PSR B SRS - A

ARENS = LE - [ 4.5 AU B WIS R 10ms [P s = P EFak
s T i P (B30) T VL £ 7% -
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15 T T T T T T T
—-—--real

14 estimation

B [degree)

100

time (ms)

[ 45 P2E i

4.3 PRI EIRBRERES (Q ~ k, ~ k5
4.3.1 BEFgfER R R fﬁ.?ﬁﬁﬁfﬁ?@%ﬁﬂﬁ%—

WAL 25 PRI LPEI SR I IR Rk, - k, 135

1 P

A

4.8)

R R SRk, ko 25 PRI R A M B3 DA
HERLLN VASE LAY > 207 ] Matlab 28 S EIA AR F 4.3 EUSHESERY - [l 4.6 HUET
BB A B x — y T [ BRI 5 B RTRHALD PRE T R ) Q o i 4
SR o [ A7 BRI L SERARRR o B AR PO VR R R RO A A T RN
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