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Abstract

For direct-drive motion stages with redundant actuation, an innovative synchronization con-
trol philosophy is proposed in this dissertation, which focuses on not only synchronized motion
performance, but also simultaneous regulation of internal forces between the redundant drive axes.
Specifically, systematic and novel methods for modeling of the coupled rigid-flexible dynamics,

and synchronization control of this kind of stages are studied and proposed respectively.

The dissertation analyzes the structural characteristics of the high-performance-oriented re-
dundant direct drive systems. It should be noted that there are subtle but fundamental differences
between the synchronization control of dual motors studied here and the coordinated motion control
of two-axes machines for contour following tasks. Dynamics of individual axes in the synchroniza-
tion control are completely coupled, which is in contrast to the essentially decoupled axis dynamics
of the coordinated motion controls. Large internal forces and unknown complex coupling nonlin-
earities exist due to the high-rigid physical constraint and the consequent closed-chain structure
between the redundant axes, which significantly restricts the possible further enhancement of the
control performance. Thus, motion tracking with strong disturbance rejection capability and avoid-
ing excessive internal forces are both keys to smooth operation of these systems with fast response
and high precision. However, existing control approaches mainly focus on pure motion compensa-
tion and synchronization, and the problem of internal force regulation has been essentially ignored.
That is why existing control schemes can not meet the requirements of higher performance con-
trol design. With this in mind, after deeply studying the dynamic model of redundant direct-drive
stages, this dissertation proposes a simple yet effective synchronization control scheme based on
thrust allocation to suppress the influence of excessive internal forces first. Further more, a multi-
variable synchronization control scheme is proposed then to control the internal forces and motion

synchronization at the same time and achieves further improved performance.

Firstly, the dissertation explores the modeling method of the coupled rigid-flexible dynamics
based on the physical connection rigidity and the guide ball bearing flexibility. The proposed phys-
ical modeling method gives a complete kinematic description and dynamic relationship for each
moving part of the closed-chain structure. The resulting multi-order coupling model is of impor-
tance for the analysis of the limits of control performance. Also, further studying of the coupling

dynamics for the control oriented parametric model is useful for future controller design. Secondly,
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a precision synchronization control scheme with thrust allocation strategy is studied, which consists
of two levels, and is of low order and easy for implementation. In level I, the adaptive robust control
(ARC) theory is applied for motion tracking with guaranteed robust transient and steady-state per-
formance. In level 11, a thrust allocation algorithm is proposed based on the steady-state constraint
condition to regulate the internal forces. The proposed controller can achieve both the goals of
ensuring the accuracy of motion tracking and avoiding excessive internal force. Lastly, a multiple-
input — multiple-output (MIMO) precision synchronization control method which simultaneously
controls internal force and motion performance is investigated. On the basis of the obtained coupled
multi-order rigid-flexible dynamics, a compensation control oriented parametric MIMO coupling
model is established, which includes the nonlinear uncertainties and coupling nonlinearities. Us-
ing the effective model compensation and high-performance robust feedback technologies of ARC,
and the desired compensation (DC) which only relies on the reference trajectory information and
online parameter adaptation, the proposed MIMO DCARC controller can ensure both the steady
state and transient performance of the internal force regulating and motion tracking, and further
improve the overall control performance. Identification results validate the effectiveness of the
proposed modeling method. Control experimental results also show that, in comparison with tra-
ditional approaches, both of the proposed schemes can achieve decreased internal forces, lower
energy consumption, and higher motion performances. The proposed modeling and control meth-

ods are effective in solving the control problems described above.
The dissertation consists of the following five chapters:

In Chapter 1, the background and development of the dual-drive systems studied here are intro-
duced, after which the main problems in the control and application are summarized. Afterwards,
a comprehensive literature survey is given, including the modeling and analysis of redundant dual-
drive stage, the precision control theory of linear motor and the synchronization control of dual
motors respectively. After that, an innovative synchronization control philosophy is put forward
which focuses on not only synchronized motion performance, but also simultaneous regulation of
internal forces between the redundant drive axes. A brief introduction of the work to be done in

this dissertation is subsequently given.

In Chapter 2, a complete description of the translation and rotation kinematics of the cross-
beam is given based on the elastic analysis of the recirculating ball bearing of linear motion guides.
With the study of the force and motion relationship among the various components, a physical rigid-

flexible coupling dynamic model based on physical connection rigidity and guide bearing flexibility
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is established. After that, the high-order linear dynamics and the flexible modes characteristics in-
fluenced by the bearing stiffness of the guide rail are analyzed. Identification experimental results
validate the effectiveness of the model. The frequency range of the flexible modes caused by the
high-order rotation dynamics is also analyzed. In addition, according to the existing control strategy
based on motion synchronization, an adaptive robust synchronization controller with cross-coupled
synchronization error model is designed as a representative. Results of comparative experiments
with different controller gains show that the control performance is significantly restricted by the
coupling rotational dynamics, which is useful for the following control design.

In the Chapter 3, an two-level adaptive robust synchronization control with thrust allocation is
proposed. The method applies ARC theory in the motion tracking control level to ensure the track-
ing performance of the system in presence of uncertainties, while uses a thrust allocation algorithm
in the other level to avoid excessive internal forces between axes. The overall controller is also
easy for realization in practice. For the unknown or variation of load distribution, an adaptive al-
location factor is introduced via a physical model based recursive least squares estimation (RLSE)
algorithm. For a kind of task situations with known load motion, a compensation algorithm is intro-
duced into the allocation. The experimental comparisons with the existing synchronization control
algorithm verify the control performance and practical value of the proposed control algorithms.

In Chapter 4, an MIMO adaptive robust synchronization scheme is proposed which consid-
ers the rotational dynamics directly in the controller design. Firstly, a parametric multi-variable
coupled model is obtained which is feasible for the compensation control and online parameter
adaptation. A synchronization control method which simultaneously controls the internal force and
motion performance is proposed subsequently. Considering the the measurement noise in prac-
tice, the desired compensation technique is applied and an MIMO DCARC controller is designed.
Finally, comparative experiments are carried out on a dual-drive gantry stage. Compared with
the deterministic robust control (DRC) algorithm, the proposed DCARC behaves much better and
shows its high performance essence. It is verified that the MIMO synchronization control method
proposed in this chapter further enhances the performance of dual-drive systems.

In Chapter 5, the research progress of this dissertation is summarized. The conclusions and
innovations are highlighted. A brief prospect for future work is made.

Key Words: Redundant actuation; Direct-drive; Rigid-flexible coupling; System identi-
fication; Synchronization control; Adaptive robust control; Linear motor; Precision mecha-

tronic system
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BV R AR AL )AL, Zheng FUN A X B H A RALR AP FRTI RO EAEEESHATT
HRMBIUE. XEFARRHA, ERAREEZARBEMNERRWER, HaBLH0%
MAF L (SR B LEWAENEWL FAEERRAD, WEEEEN ¥,

FHle, FARATAELREZES T & ZEHRER/EEB N FER, ZXITURR )4 H
REMRERANSEER. AMBTRRAERARRERLNBEN N FEMHET AL T E
WA ST, YA B4 B 5 =R B 50 = 2 T & S e R 3l 7 AR AL T e AR L 2 TR B B R
o, RAEEENTHRAE., TFERDBEHREE T B IAR S EMAATER K, Fla
it RN RN AT AL R F R P 5 BV, SO A A A B
FEMNRZGERWE I LZNBEERRRATEF S IR H R P20 0% %, BA LRy
BRX M RE, ARZARWHALRIE. NEWEHNAETHEXRE, ﬁ%%ﬁ%
REREHF oG L ERENRTHON, TEBG BNy R ERENZY, HRXRH#

13



14 % _F AL E A RN ER e BEHFR KL RN

TEHR, Nt —FHARBENHFNTEFERNIE, FHUU LA o HiE A
TERNEFRLZANTNAERE R AT ERGER I wULUIRE, A 8 A AR AT,
MRBENNFRNRZGEREREARTH, LR TGRSR EEAEZNER
=

22 MEEWEETERZENNFER

AVHNHBZFemBRAEITEMEF, UNEREN T, SHTRAELRE
FFeREFEARME (MIENESESWEEREFEMENZENSRZE EH S
) MEZFEWA, Bk R, AMAELEUNKE ZEKE WM ZIF o) FE
A,

E&F A&RFH

AL Y2

LS

BH&EMY A

B 2-1 MATELEBHEITFETER

Bl 2-1 Fror 2 RA B L BN TR B H A & [125)F % ARE. WA AT
FHZXNFELLTY, AR LR AHREN, THEFEL A RZEREANTH
N E S BNAFE RS, TULHABRREY #7wmizs. ELE YL Y2 95 F 4
A EERFORERER, MERToABHELTRHAS ER Loy TN G 758w
MRS SEIE X FEyiEs], AFEERL, UTEERE BB TELREE A%
ZE,
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22.1 FHRNRFELSHE

RALLBRBE G TERAK, BHE. BTEE. BTIHFEL, NS ETH
ErE, BERALARIR. BEETFIURT T RGHEE AT, b, BHR
RALLSHBAERXFTARNTAERR T EA T LAERL RN A. A 22 fr
T, RALLSHBIZE RS ERAENER, REURELSRES IR, B TEK
Foth A3 E B AT S SRR ECO S — ST ARG TR E R, E, BA
RAEMNEHF. HE, SHEWEREAR G EEE —RTEETUAARELEH, 2%
ERMRFHSRBLTHEEW T H., Bk, BT EALSRSOWERHI, BRE
FEEEWSMER A, BATRFTAEE TSNS HWEHEY, MR LEREAEHE
FRMEERZ—,

# R B4 2 3 S HB B A A TR A B R B TR 48, TR Bk 45 A E0 R0 A 0 FE M BB A A
MAETUAES S ma At N R E L TRANERT. AR TETEE 23 F, &
Bl FiEk 2 AR SREFHAEESE, BRESAZ AT N ABELH. BRELS
92 2 B8 JUAT AT B VT DL A (R AE, 5B 90 2 B A A TRUR A7 AL T A T A T A 1
R, MLLBEEETESMKEN, HTSAER LT B RGN EREEH AT, B
W% AT R

B 22 RANARNAXFHENEHTER

222 BEIEFHIR

LOXY R TFEETOERY ¥ PFATHEL SRR PHANREMFLRA, HELZH
FHEBMEE. UGREERL., ELAENT. BHRM RN E KB 20 FO; [
Foly fRIRERCBFAHELFINESE, BNGP| =1, |GP|=1y; EF P AP, JEE
EERZ LA S (EE2B3HTRFERET, PR PR AAATIRONELMASHE
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Carriage-1 Crossbeam A g Carriage-2

v ] STy
A A I . N
gD -] b G > P ]

" Head

/ /,
I T I
Ay
2.

Guide-Y1 0 Guide-Y2

c;m\*
23]

K23 FE#5T

ZFRUHNREMLE) . WRIWABRKE—RAHEUEIELIAKE—F P AWML
R KR Kby, Vs WER2E P, AFMNEERKE A Hby, Vo

WEL Gry ETFREAMT G ELFE#HTIT OXY WiZs 5% BT R, Gijg &~ E
ETGH#PTTHEERE T MMELRR (WE2-4 7)), MEEE OXY FH|
B UBEBLUT A X SRR B RRHE: RO E LT 26, yo, URFTARE
AR Giy MEEAE a. EXMHFERIKEZEHZEXT, P &M P R OXY FHMLET
Lo BRI K Pu(ar, ) 7 Po(wg,y), HF g 71y (5 BT B H LOL M4 A0 2 I 8 15 5
2 FiE S SR EA . EARAXE, RANBEEEAE o B, BIXT o WELER
B LR A LT E, EE ] UARE

r1 =z — lycos(a) = xg — Iy,

=yqg — l1sin(a) = yg — L1 a,
= yo — hisin(a) =y — I 2-1)
o = g + Iy cos(a) = xg + o,

Y2 = Yo + lasin(a) = yg + La

é\l:ll-i—lm W 40
Yo = 2y + Ly

. (2-2)
o = 7(y2 — Y1)
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F A

b Ay
F)

Guide-Y1 0 Guide-Y2

223 WIEHBEHNFEE

ELEES, Fai Fuo 7 Fou. Fop 2 AR E &AL £ 07 s a3 77 fo 5 4L i B
B, EABANERBE TR AFZRNCHN—KARFENERA ¥, B
Tk B B9 E & B ALR 5, ﬁ%ﬂé’ﬂ%’[iﬁ””%% TR RBRAAIRS B B, A#HE
HEFIA T RA PL AR ES %, 23 PWM WERA R~ AR, A ERMER
R B B R AL I . £t PIifﬁE’]Wtﬁ%J RS E A 1, AEA
IR ‘LT He, RN ARG RO EFGERNTUEAR B HFE, #

ALK B A7 A A F 3k A
Fron = Kyuy,

Fro = Kyus
Hou fuy REFMANBERS, Ky Ky AENEEADEH. AUTEANEEBENH
FALIEHF] AT, R A A A LA R O LU I A

(2-3)

Fi = Bith + A1S¢(th),

(2-4)
Foo = Boyo + A5 (12)

EF BB, aHEBERENRK, AT A REREENREK. M TEEUEBEENWE
A, Sp(e) HE LB A — AW LI F B sgn(e) W EL R, Flant Sp(e) BUESH p
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TR B At E K Sp(e) = arctan(pe). EAXWHAEH PR FEREE, BT IH
BFR AR RN ENEHER2RE, HRAHENTEIIZZT 2 SRR
i, FERRRXEFENHENRE R, HfRIANE R T o4 XA EE
A7 Wy An Wy, BiSEm AT BAREFT,

B (2-1) R a, BREFFGIRN P w40 P, 7R X #REFIETH

sp =21+ 0.5l = 2g,

(2-5)
Sp, = T2 — 0.5] ~ ZiG
I AFC GAEXNTEFHEMES X S s
i =26 — 0.5l — Iy) (2-6)

GERTFNY, =125 23 BB g M UAES, XT Ge[-b,bl],i=1,2
BEANE— TR, EEEEPITUHER A

8¢ = Sp — CZ Sin<a) N Ig— CiOé (2-7)
Aky RTABEMQAKE X EHENERNE, WHE AW AT URRE N
wi(G) = —ksise, & —ksi (Ta — Go) (2-8)

TR, RAFAFTUFTHUTHA

Mig = Z S (C) d¢ = — K ig + Crax (2-9)

M?JG: Fm1+Fm2_Fr1_Fr2 (2'10)
2

Jb = — (Fp1 — Fo)li + (Fra — Fo)la + > Mo (2-11)

=1
o M A J Al AR ABERN TR E, K, ARBENE
2
Ko= ki (bi +1) (2-12)
Cra N RHK
Coa = Y _ ki (b2 —07) /2 (2-13)
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F M TR 5K 1 328 T 39 8 5 19 71 7= A2 9 70 S 3 iR 3% 5l 0 5 B ROV

2 b1
Z Mai = —/ wl(gl) — ll sin(a) + Cl COS(O()] dCl
i=1 —b}

j[ ) [125in(0) + G cos(a)| des (2-14)
~ Croic — Kaa
Ho K, REREERE
K@::EZ%kn@?+b?) (2-15)

MERBEB BT EY, IRFRASABNEFENE b, E7 (2-9) X F R
Y K, A1 (2-14) P RNE K, A, SR T 4 R 1 15 o o e 4% f B 5/ N o

of N

2.3 ZMBINFEHFES
2.3.1 1EEIGE L

AT AMER TGN A, ATHNERAEELHERERNFHTH. WIE
AL EZTRERAERLT, BT REEN FEHNERTR, (2-13) RAHFLH C, FEFE
e HTEAXEMNBERY WARKANFHE, G THSERANFZHNHELX R
Cra®a,Ta + Cro T/, FURBEXWELT W, BN Ic WIAFELXTHAF R
AR, EREE (2-D K. (2-3) KUK 24) KX, A% (2-100 F= (2-11) FLLH
A LT R

M?JG = K1u1 + KQUQ — BtyG + Cydd (2—16)
Jo = —K1l1u1 + KQZQU/Q + Og]dyG — Bad — Ka()é (2—17)
H
Bt == Bl + B2 (2'18)
Cya = DBili — Bsly (2-19)

By = B2+ Byl (2-20)
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232 EMmhERBEFES

A (2-17) A A TR EHH TR UFE L), REXM (2-16) RH#ATEHFL

e, FHARE L] RN, "L uy Bl ye M uy B yo 8917 35 B3] DLROR A

Ki(Js* + Balyls + K)
D(s)

Ky(Js* + Bilyls + K,)
D(s)

PGl(S) =

PGQ(S) =

HnFEaH D(s) HUTAREH

D(s)= JMs*+ (JB,+ MB,)s*
+ (BiBo + KoM — C3,) s* + K. Bs

(2-21)

(2-22)

(2-23)

ERE (24119, ERERNTURZZEHH UK ERRA R RENE RS K K, >

Co. /M, Bl# &
K M —C3, ~ KM

B ERARN (2-23) , TEER Poi(s) 1 Poo(s) A 2 A

K, Js% 4 Bslols + K,
Ms?+ B;s Js?+ B,s + K,

Ky Js? + Bilils + K,
Ms?+ B;s Js?+ B,s+ K,

PGl(S) =

PGQ(S) =

FE, TN u A uy Bl o B9 E 5 BB Al A

P (3) —Kl(]\/[lls + Bgl) 1
ol N Ms + B, Js? + B,s+ K,
P(ﬂ(s) . KQ(MZQS + Bll) 1

Ms + B, Js? + B,s + K,

(2-24)

(2-25)

(2-26)
(2-27)

(2-28)

(2-29)

MULRGFH AFF A UENHE S, KA FOFEU Ms+ B, (9 XA W
K, BIERATHTAAB SRS ¥ W Js® + Bas + Ko WKL T R FHE| LEFEHN T
W, SHMZMAN @R FEA BN ERESEE, EREREARAEY (/2

Fir o 2

RMH, TREBNCENEESS, TELLET u. upy WAZ y,

Wk, FRAE B #HATRIL .

Yo i B 17 %
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K, (J+ Mi3)s*+ Byl’s + K,
Pin(s) = 2-30
11n(5) Ms2 + Bys Js2 + Bys + K, (2-30)

K2 (J—Mlllg) SQ—f—Ka
P, = 2-31
120(5) Ms®+ Bys  Js? + Bus + K, 2-31)

Kl (J—Mlllg) 52—|—Ka
P, = 2-32
21n(s) Ms? + Bis  Js? + Bys + K, ( )

Ky  (J+ Mi3)s*+ Bil’s + K,
Psa,, = 2-33
220 () Ms? + B;s Js2 + Bys + K, ( )

2.4 #HASCIGHE

AFHN EXFHBEN T A ARF 6N ZHEE A M, Wit 58578 5% R
Sy, TERLRTIRA A FENGARE, FAGRAR M) FIAE N R ES /%7~ &
2 e A A AT AR BT TR A AT

24.1 BEEFEHILIE RGN A

IBRAANEN—ANELEBENTALA RGN EITEZA T E, BEANATAERIE 15§ 5
BREEEHHELENTE. Boh&. FRE. dSPACEHKEXRERZHE R G H R, B4
R WA 2-5,

HBANFA IR RGN TR H, BLAENTFEREKET —NEL 20 W ER
FTet, ZTPEXARARK: Aa—ERAMHAKRER, dExTIAREELE; BT
—BERE—AAFTE, e THAMNEHXALE TN NERELE, UWZIAEHEZH
B F RN, BITF & — M & — & Anorad /A & 42  #9 LC-50-200 % % 7T Rl B £ & 41
W, HABNIEER N AB A 5 #2 4 H Uloa3000 2 7 & MR 7= o . BALHE 77 % 38
TA2N)V, R ABE RN H 632N, mAFLEE NN 2TIN, & ABE BB (141§
B, TE) % 245A, IAFLERN 924, 7 —Mldr— & HIWIN 2 5 #7 LMCDS8 T 4
SR E LB R, BENI % 4 Copley 2 5 B Xenus XTL 2o 2, BALEANF
¥ N 55.6N/V, HJABERIEA N 186N, = AFFLIE A N 262N, & A BEE I o BT A4
13.8A, AFEEINA 4.6A. FENELIEREWEEM R ESE, £/ THK 2 560
WEELTH, YHAERIELELN N 520mm.

7 ) 5% 5 28 o 32 5 7] 3 3t F B 48 (Renishaw) RLEL0 ¥ 5¢ T 3 L5k RGH22 % 7| 56 #f
Ru#tgErle. BAALMRUBEERELAMBR TE LR, ZHL) B EZHINE
AHEE N 0.5um, RAMEEE N 2m/s « HATH NN ELE N 4m, EENE LR
K 2m/s, H%E A £10nm, Fine X 4 # £ 4 20nm, W &4 E £ S n I 5402 & 8 A
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T4 A IR
ZHFE
WAL H AR
A%
Wa B ,
‘.'b & e
g )
a 4‘—;;%
FER BN dSPACE % 4 A
A/D. D/AA | | ZRE | B
xF 10 [T 2 . =]
MATLAB /Simulink 4% % % —>
Real-Time B3 SRR

B25 ShFALRER

+1ppm, FEARAREAM AL RS,

¥FEH R 5k A B 1 E dSPACE & 8 7 X 8§ — & % T MATLAB/Simulink #71% %
HATEHER A ENEH LI, dSPACE R AWM EZH R e A, B &EE AN
MATLAB/Simulink/RTW B % flE# &, #E T REAsBFRENELZ 7T, T UFR
BEHERA LT R, EREHLEA, KFEARNIESEL dSPACE & i 4 i 245 # O
SEET R &, T EY ST 4R ) Bk 8 3 T 41 Matlab/Simulink 4872 23, 4% & B A BAE
RLAL# R A T # 5| dSPACE # %I F 5L Bri5 4T, i D/A D BEMNEEEFGES, &
WA & AR E, ER AL ES ., ZATL A F @ T dSPACE # ControlDesk
Loom R LI E B BN A BB IC K R

2.4.2  Siisiim Rz AN gEiH 25 R

HTHFFRGHHER, FATHEESNBEELENRNBESR&E, w2
P, MAEERBEEBHEAFCEESLHAERS. AHEEXEMNRE, FIHIR
Hom R EAE, FEERENHBEERERDBA MM S, LR E AT EH
M, ATt B ERAEENERES, 2R MR BRENELBE, 534S MME
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W, RO EZNEMAEYTREHR T ELAEENRESRT R, FHibEFEH WAL
WER RGN ER T BT oA AT ATEEr RS LG,
RAE AN, X B 29K F| A Matlab 8] 44~ [sinesum frequs J=idinput({10000 1 50],’sine’,[0
1],[-11],[499950 1]) % 7=\ 1Hz | 5kHz #4999 MR WAL R E# 4 EEWERE T
W& e A B E S, REEME RN 10kHz o

2421 Py(s) BIFHRLER

Velocity
Magnitude(dB)

-100 .
10 10 10

200

Voltage
Phase(deg)

*  Experimental data
Curve fitting of P

10 10 10° 10° 10 -600

Frequency (rad/s) 10 IlZ(r);quency(ra dis) 10
B 2-6 u %Y, 898 At I B 27 Py (s) SRR R

RA#BES BRI ELBIN YIFMNE Y WEERRERGT, BLhEEEFTTHE
Bl al ek uy ROR Z i gy B9 e 1] 2-6 BT . A Al Identification Toolbox H #Y
spafdr % A B, 7T LA B AR B2 69 S8R B ) 2o ELAE A AN WURN T 3 AL iy 72 1] 2-7
Rl 6% SRR, TelhRESHRANZTREIL B Py(s) MRFRLER, B
T % 3% BBV K

P11 (s) = Gi14(5)G11(5)G11e(5) (2-34)

By AR B B3 7 FRER 2 A A

1
- - 2-
Gals) 0.64s + 57.6 (2-35)

2.504(s% + 57.325 + 3.612 x 10%)

2-36
52 +42.97s +9.046 x 104 ( )

an(S)
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ML ZERFTUFER, G, 1 Gy SFARHEMNAF (2-300 294, RAERM
Vo B A &I RIS A A, HE 190.1rad/s A1 300.8 rad/s SME AL B M T Al &I
KRR fr R SN2, W #RE R T8 G
1.283 x 108(s? + 87.17s + 6.369 x 10°)(s? + 200.4s + 1.824 x 10°)
(52 4 160.9s + 9.542 x 10%)(s2 + 130s + 1.986 x 106)
y (5% 4 291.25 4+ 3.3 x 100) (s> + 225.25 4 4.471 x 109)
(52 + 160.85 4 3.387 x 106)(s2 + 120.4s + 4.808 x 106)

y s+ 1.465 x 104
(52 + 24545 + 1.911 x 106)(s + 5464)

o MNRREBAECE T HIAWS ¥, FHFE— T HENMH R,

W BEIRE R G, (2-35) . G (2-36) A FF#EEH (2-30) A Feydtix
o ERAE, 4

Gnc(S) =

(2-37)

K,
K,
- = 9.046 x 10* (2-39)

R 3E % 15 B Anorad f7 HIWIN & k9 2B F MUK B LM E R, o UREMEX
SHEMAEX I T HERERE, BRANTUHEFH AL ETE J = 1265, K, =
11.45 x 10°, Frig Bl S4B 5 £ IR EA K .

2422 Pp(s) BIFHALER

FR S WA E LA Y2 HIE gl W E RS AR S, b ek R 5
B L uy B gy SR 2.8 B, AR AHRHE A, B AL
AT R A 0 3E BN Z TEAE B R B R A0 29 BR, % Pro(s) IR
4 BT LS e T i BV &

Py (5) = G12a(8)G12b(5)G12C(5) (2-40)
He
0.82
Gruls) = Ge1s 1576 (24D

—0.4355(s + 475.5)(s — 475.5)
52 +52.97s + 9.846 x 104

Glgb(s) = (2—42)
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10 -20
o 40
z
(7]
°
S -60f
e
j=)]
&
= -80r
-100
10
200
OF* K x % 4
=)
(7]
z
© -200
(%2}
©
= *%g
400 T Experimental data + " 1
107 ) ) Curve fitting of P12
10° 10" 10° 10° 10* ‘50301 162 1(‘)3
Frequency (rad/s) Frequency(rad/s)
B 2-8 wy 2| Y 894 N 0% B 29 Pp(s) MHHHIRER

6.881 x 10%(s? + 70.93s + 2.515 x 10°)(s% + 82.93s + 6.678 x 10°)
(52 + 60.885 + 2.63 x 105)(s2 + 59.97s + 6.319 x 10°)
y (5% + 73.085 + 9.083 x 10%)(s* 4+ 992.1s + 1.999 x 10%)
(5 +802.4)(s2 + 44.14s + 8.582 x 105)(s2 + 51.48s + 1.031 x 106)
y (82 4 62.15 + 2.329 x 10%)(s + 1.048 x 10%)
(52 +306.95 + 1.983 x 106)(s2 + 73.09s + 2.189 x 109)

Gch(S) =

(2-43)

ElEEHM, Nilbwm&f tRERRHHERERTUEL, HIRBEIW G, # G
REFWHEET oMEENHAF Q23D FHAWEH PR, BLFEFTFRENENS
BFMLE, RGEHA4XME K = T42N/V #1 K, = 556N/V, FLHH & £2 tE i
B 075 ; MEEHRER G, (2-35) M G (24D XFHANTUFE T HEEN
2=082, AEEATSE,

AMBEREF A F RN REES, E Gy T HILAERAEE 3138 rad/s 4, WX
BIHER B Gry F B FIR R A 300.8 rad/s &b, FHJLF—%K. WA, RIE J = 12.65
Ky = 1145 x 10° it HE LT UFE Y e = —2.154 x 10°. # i, wREFFEX

(2:31) , FATF UMW R S 2 464.1rad/s AEMABIA - ERDEEHT A,
T i A6 4 R Gy, 7 4TS5 rad/s MIRIET X — K, AT E L2 HIEHA T s

B R B




26 F_F IR WIED R G rI | F ke AR R R R oA

2423 Py (s) F Py(s) BUPHRLE

FE, BEXWEZEMNHMETRAELENANE 2 WHEREE M, 7TU
T Poi(s) Fn Po(s) BB A A, TE4H T A8 N\ H g (E2-100 2-12)
Ao R N R IR R (211, 2-13) » ZHRBEWBERERL L LU Pu(s) 8
Pio(s) AW MTAEE A, WATEHR, A, EFANAGHREROWRTFNRIET
A FERE (2-32) A1 (2-33) .

10 -20
10° 1 @ -4
2 A
= >
S 107 S -e0
= —15 %
0 1 = -80
10720 1 1 1
10° 10" 10° 10° 10* -100~ " S
10 10 10
10° 200
1070k ok *... %
N =)
> [}
I —20 T -200
§ 10 " 1 § ;
10 T -400
*  Experimental data
10 -600 Curve fitting of P21
10 . . .
10° 10" 10° 10° 10" e 1(‘)2 1;)3
Frequency (rad/s) Frequency(rad/s)
B 2-10 wuy 2] Yy 894 Ntk Rk B 2-11 Py (s) BUAHFIREER

Gliprd, WEHALBRONERA S RIET IRENTAEIREZGF ez I FEE AL
RIR R e 3 0 A B R M B BB M. AT B ol 0 o £ R S 0 S oA An 3R B
HRH, ETRRFUE CEZENERERTHET T ERIRE I F RAE B & B H
A ER = AN, BT H BN B e EA X R R Tk B =& T 7 B r B E a4

2.5 MBENNEXNE LEH1EREF MR SLIRHR

WX BB B, B A A R A A T4 s ALBY B 456 b A2 % B 1
. TR b £ B4Rk R B E S, B b 7 3L 7 4 42 3 2 7
£, AT BAVE R 5% 2 0 B RN, 3 P B BT /2 e I e AL
HWHERNBEHAL, RIEBEWHEN N TRRAE. VBN BNAE, 4178
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s —~
i | 2
> )
= (3]
8 107} E
g 5
-15
10 F 1 =
_20 . L L L
10 10° 10* 10? 10° 10* -100 ; ,
10" 10° 10°
o 200
107" o
(o))
o S
8 10 T
S % -200
> g
10 |
400 *  Experimental data
- Curve fitting of P22
i . . . .
10° 10t 10° 10° 10* 600 ) 5
10 10 10
Frequency (rad/s) Frequency(rad/s)
B 2-12 up 2] Y, d% A b i ik B 213 Py (s) ASIRLER

EAAFNEFER LT, RERFAATEENEER, b — PRI HEENTE
EH BHATEE,

25.1 ETHAERELSRIER X BTzt

AAZFARTRELRAWE S EFRCETET KEWH K TAEN02632 88098101 3
MERERFE, ARTERRAZFANZHASERLNEAS REZETZHE P R E
fl &IOS, THRMNREFRNLEENREREEL, AAGERKENRX
o vl =0, BN PR 2R ORI A B R E A, AME R AL 8 B IE 5
TR 2= T AR AL = ] 2 1 /e

25.1.1 REHizE

WE2-14 i, R, Y, oAl RERMELENLE, WHZE Y HTEE
EEFHRINAEAN v =45 M & b, BU g (¢) = va(t)o

RGP ENNHLENIBAHN A yat), WRU P, REEHLEZR ST LT
—HZWHEME, B Py =yat) = [ya(t),ya(®)]", P, REERCE, B P, =y(t) =
(), ()T, AL BN S BENEAREFERZTUAMERZE PP, K5 A%k, B
e=le, el =y(t) —yalt)e HENHEFERZ . TEXHNELRME P, 2L E S HTH
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Y, —axis

desired trajectory

/\ g Y, — axis

K 2-14 RFig£892 X

i
ge = —sin(y) - ep + cos(vy) - ey

A—FHWE, X PP, EHEREH M F M A e
g; = cos(y) - er + sin(7y) - ey
A e =le,, )b, TEAUTLRE I

e=T.e

T —V2/2 V2/2
| vEe Ve

2512 REHHEF

T R RALB AN F, WELEABNERT Dl LT A

My + By + ASi(y) =u+d, +d

*EA AT ENBCEREEF AN EHEAHATT T WA,

(2-44)

(2-45)

(2-46)

(2-47)

(2-48)
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EFu = [u,u) REENGEFRBARLERE; Se(y) = [Sp(tn), Se(ge)]” £ A ki
TlEERMER A HEEE; M = diag[M, M) REXE X BN T2 R BEE;
B = diag[Bu1, Bno] REMEEE N RBEFE; A = diag[An, Ans] REERBEE T RBUE
. dy+d REXHEEEERZIATFHRETHEMN, KDLA dy = [du, d]T RERT
HREFHEELE.

BT E R (2-46) MAT ERFAF, TUREUTIREZF A FHEE

Mi& + Bié + My¥a + Byya + AySe(y) = up +dg + at (2-49)

_E_

M; = T.MT_! B, = T.BT_.",
M, = T.M,B, = T.B,A, = T A, (2-50)
w;, = Teu,d; = Ted,, dg = Ted

8 B 2 1 AR R e WY AT

AR (249 FHHEXLZAATUERATHREZAH M., MRA% B, BEEA R
BA FTHEFLXMEd, E— RV ARSHENEEAMER, TURXRZHW R EH
XE 0. T

T
90 = Mnh MnQ; Bnl; Bn27 Anh An27 dn17 dn2 (2'51)

2513 BHiBENBHEHIRT

2 Ae = diag[her, o], At F1 Ng RIEREE, W — M KBAELEN

s=¢c+ Ace (2-52)

xR (2-49) iRz A ¥, EXEEREN
Vo(t)= 2sT™Ms (2-53)

5V, R
V. =sT lug + U(y,y,1)0. + dy (2-54)

Hep U= [0, U7 h—A 2 x 8 BEETE, U, fo U, b
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V2. 1. 1. V2.
\Ill = —7% + 5)\0150 - 5)\02515’ 9 yd + = Aclgc + = )\02€t7
T
—5Yn 5 2, —TSf(?h)? TSf(Zh), o Ty (2-55)
V2. 1. . 1o V2. 1. 1,
Wy = Tyd - §>\c1€c + 5)\c2€t, 7yd + 5)\0180 + 5)\025t7
V2. V2. \/_ V2, . V2 V2]’
9 Y1, B — Y2, — 9 f(yl) TSf(yQ): - 2 ) —7 (2-56)

EREN (254 ;W A, FURITUTEEEENMERAMEI v, 8 HE K KR
Ugy + Uy HY B TE N B R IE ] B
Ug = U, + Ug1 + Us2 (2'57)

b u, = —U(y,y,t)0., BHE0, Bt gERE 9 = Projg, (Pee)™M, LR B & B E 4

Wﬁwaﬁ%%,ﬁ¢ﬂﬁﬁﬁﬁlﬁﬁ F?W&%ﬁﬁﬁ@l@——me%
TﬁJﬁJZ‘E‘Iﬁ, FREZLEXRG, Ky BEuES BN ECEE, ue HATRITHRTAE
R R R R B KR T

EBRRRGRMSENTEE T UK ETRERE Ocmin M Oemax ATIRE, HFEEERZEZS
T 2 AE B KD ||d| 7T DL 3 /\Eiﬂé’ﬂﬁgﬂ‘ B oa, RKIREWER T, =Hl&
R AR S RAR T ugs Tulxﬁﬁ Us2 = — = ([|0cmax — Ocrnin[[1 ¥ (y, ¥, )] + Sa,)’s, HF
ne>0RERNHKITSH., BEULHE )”@V‘%”?Lﬁﬁ” Wxit, B e RIEARW

AN A0 25 e g 11200,

252 EHISRSHNIEREXT LS

AT RN 6 RGN ) F R ERS F SR B P, AN XA
Frx it WETE RS KB Be B EN ERE S EFRSHTELRA L. LRPEL
KRB B E R S0 5B AT, ROMESE P B EZAE G0 F R T regs
KB ey R RE

2521 XLESEWARIZE

T 2.4.1 T F A EHERLRTFE L, NA LRI E P ER B R EATIER L
% ., dSPACE iz 4T %& %ﬁﬁ#fﬁﬂﬁﬁrﬂﬁﬂﬁ T, =0.2ms, HENCLENE 2 HFHEEL N
0.5um, ﬁ&f?vﬁﬁ@ﬁfavm% A El, oA EA U T HAER B EHE P E
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il 5 %

Cla: A, = diag[80,60], K. = diag[50,35];

Clb: A, = diag[120,80], K. = diag[70,50];

Cle:  A. = diag[150,100], K¢ = diag[90, 60];

Cld: A. = diag[200,120], K. = diag[120,70],

EERFHEFELIA L, KEEHK Si(e) BUIE 2arctan(9000e), 141, | 2

MEBRMT ug +uee HEEFRB AR TN Ko 9 —Keso 58 EE N EEH Y
. = diag[20, 20, 20, 20, 10, 10, 3000, 3000], Z# F TF K EHH O.mm = [0.4, 0.1, 0.1, 0.6,

0.05, 0.1, =1, —1]7 2 0, ax =

# 8.(0) =
£ H05Hz HIEZHT, T UEEUTELELER,

2522 SRIGHER

_a:

o

x =

~

N

=
=

Clc (m) Clb (m) Cla (m)

c1d (m)

Bl E SR EN B 2-15 From. BT E, RARE S+ 8 E 8 A F 0

50 55 60 65
x107°

50 55 60 65
time (s)

K 2-15 SRIZiE £ 3Tk

ol

(0.7, 0.6, 0.45, 0.85,0.3, 0.4, 1, 1)7, Z %k i #9404 15 B
0.57, 0.3, 0.23, 0.79,0.15, 0.27, 0, 0]7. Frée R A2 M ZEE A 0.15m, T

55 A

Mt s, FEER S Clafl Clc EH S HWH A, RLARAGWE S REFIRE
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WRE N, %, BTERSEFRSZRAEETHEZWAMETARALE BB F, B
o b SO IRER B LB E 300 rad/s MEW AL HAN E FREEL, HLARRHEF
SRR RS, —EFeREARAXEZEFENTN I AFHBAE R, ERL
PR AL Z (A B AR A, B R AL R AL AR B A RV B R B2 T E R R R
R, EEFRATAR.

MEFANER (B 2-16) $HALUESR, MEEHA oA - SHRSE/MEEKL
s Rt E, Cld WERImAEF 6" £ 2 A%k, MREZERCETHMAN
BRI RE R,

10

10

— —
b b
- o~
> oMWW > OWJW
ol «
i i
O 1o O 1o
50 55 60 65 50 55 60 65
—~ 10 : : —~ 10
) )
— N
S O N i N g N N NN S ONANATNANANAN AN
a a
— —
o -10 - - O -10 i i
50 55 60 65 50 55 60 65
—~ 10 : : —~ 10
2 2
< [\
> oMMMMM S 0NN AN AN A A A
3] 3]
i i
o -10 . i O -10 H ;
50 55 60 65 50 55 60 65
—~ 10 : : ~ 10 : :
2 b
< o~
S5 o0 S o
2 2 W
i -
O ‘ ‘ O g ‘ ‘
50 55 60 65 50 55 60 65
time (s) time (s)

B 2-16 =4|# A3tk

2.6 KRENG

1. 4 TAAERAEZHFEMBER R TRAEEY, 2T 2T HHEIENH. Z
HEmER, AARKARNELENBIMBEEL, SFTREESET IHESD T H
A R A R RS i = AN BT FHA, dMEZ BN EE TFEETHELEE
Atk Fr S4B X T M ABA T A SHER, RIEBE ML BE, BHEEHALL N
T8 H T AT R T %

2. EABEER B BB LA ER LR LR YRR ET, B L8
AN FERAFTENARAT T BN AR AFREIN. R T ARG NN EER
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BER, EREARGARNEN A Em L, TEFHRAFEREENE N7 %,
FARAGHBHEURIYA, EHK. RARTAERUEF SR IEZRET X,
LRGSR CERER RE B Ok R

3. AN —ABBNRELENTR RGN RTEZFF &, MET BRMELEN,
Baies, HRE. BRZHARFLARNENZHERLRRAREL A E SRR EZRIF
o BB RLI, BT AT IR BRI AR B3 7 AR B AR (RT3 A0 8 AT R
oA s, Bt WA, BIRE R GE 300 rad/s M HY SR A RCE AR
MAE LI R ARAEL, GREPTE 2605 B i 4 50 77 5 0 U By R R 2 &
WAL T PT$R AR oA 7 ik OB RN E

4, REAF L REZHFAFWEFERS, RUETETRABGRAS REZERWEEN
SRR EREENZEY, ZEMNBENRZAANSE TR EMEMERRZNDHAR
REWMF G, RERILAZASRERZNRABAERHeE, EARBHRKE
o BRAMUAEER SO LERELRER, AR T HeWhFXNEATEREEH Y
W, BEFEDREN, RARPRERMD; HEFREEHA-SEA, AT EH SR
Fir Zws AR AR R B IR #e o 0 S B, BRI REE 2T St P RALZ A A P A ROA
HEE NS FSERARERNMARERY, EETREXRAGAR. ERKH, wEI7H
FREGIRWAEAZTRATERALEELRNEERE ., FF 2 0EE g7 4 R
B RE Y F = B T R R R






=8 ATENSEERNTRWELEHHE
PRI

WE: AFRUT - HETHALPERENEENEENEERMERGRIT 7T E, &
FEALHERMEETEENERERAERILARETH I E TR, £®S7
SEREETAANRFHFZRRITEA S BEEE, ME % %5 E 8 A2 URIE &
GULFERER, BEAEHASLEER S T TEZANE R H4XAKI T ARBREN
HEFRER, IINELSRHSRE T EXIAEEN R AP BEE; A REEATmiZs
MR TR, T&ET AREZHIERAQEEE; SIREFER LR LEZRBIET
Frie 2 T8 71 o BL SR we B B 36 1 B T B 455 4 7 v Y 15 R M RE AR SE R L

3.1 5|8

HARAZENKREREZH RGO R ENRA S EH T E, BRASREFETRIXALR
R EZAETFRT T2 ATE, KETAMEREE, RET RARWEASED)
R U020 N2 IBI R, MEE R SRR RN IAWERR, TRARRTHRASEMESEMN
NARBRAEND AN LI, FAFSERNE— PRy, B EAEWIZHE P,
T ik A i (8] BB AR 618 A 8 W 20 ) S ROR A SR R R BN REARS, W E e 1A A A R
REERRAERESUEZAR. wAETREBEAEN SN, R RRBHEANTE
U EERFT T ERAETEENENFHAALR. A IER T =TT
FA, AELEELAENWEEN EGBRERER, AXTAREAZERE —MHETHR LR
SRuE R BN B RIS A, R URIEIE B IR BR R B AN R B R A T B B 1B A
A, BFRUAHMEAERSLEANKK, 72T ITEELZAFHA. HK, wTERRL A
K, EUBREZHEATRILAZREREFERECEZRRARERF2F AN, H
Yo, DRENRAPBAZHTXRENM R ZTE, WA —FPREALEREEIZAN
-

32 ETHNSDEHBENEHNEES

AR R — R B BB B S AR o R 35 L A
Bib, RAERAES IR AR THEE AT IR ERRARRER: &
HAE AR R F B, B 5T R % R B R AR A 3
¥, (RALR G B E FRIER.

35
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3.2.1 |o]g iR

HTRAARERFF 2 FeBZRWERZL - E TR RTWIZEREER X THE
71, EREREWAF (2-100 FEHRERELEEESN. 2. SATHREEMAH
REWRR, BREME TE TR FTUE N

Mijc = Fr1 + Fpa — Fry — Fra + d,, (3-1)

HEPALBNWEHRAA By 0 Fo ® (2-3) R H, BEEAF,fFa i (2-4) &
Bk, d, KRS TR AR R IR £ A T R A, IR,
BMAELMFREBIRE,
HEggRl, X G- 8 F, +F, 38 F. (yc) + F.,(4c) TR, AMIREH
dpy +dpe, EF
dfy = Byye — B1y1 — Baye

(3-2)

dre = ASp(ya) — Ar1Sy(yr) — A2S5(5e)

H By =By + By, Ay = Ay + Ao Sh 1 ¥ (3-1) XA H
MyG = le + Fm2 - BtyG’ - AtSf(yG) +d (3’3)

HFd=d,+dp, + dfeo
A—HE, MTARX 223 WHERWEESN ¥ (2-1D) , TUERR R A E
Coo MIEBR Tt LRI S0 My (2-14) EH —Koa, T (2-11) FTLUE A

Ja = Fm2l2 - lell + Frlll - Fr212 - KaOé (3_4)

BHRRE R T AENZ A ZAFEENINARA R, BT IAREATARNEL BN
B Es, ABEIAZ AN THai, RIZGERTRETEZEAZRRFEL BN
FERER, EMATFRARGHEFENRA, S TEE NI SWHEEHH T
ya(t),t € [0,ty], A TIRIHER BN w 57 uy,

D FEET Fa(un) + Fra(u) BAERREHLED), AE/RRARAANFRT (3-3)
B ya(t) 2T ya(t) B9 IR BR IR 2 # /N AT 5

2) R Fny(ug) M Fro(up) £ E RSN, SERZHANR (3-4)
FaREAFREF D
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322 EHISRBAEH

T AFE (3-3), AEERNMETALRFEER AN ERNAATIT—MWALE, A
M, = M/K,, B,=B;/K\, A,=A/JK,, d,=d/K\. #HLEERH k,, = K2/K,, T
=H

Myije = w1 + knus — Brye — ApSt(Ya) + di (3-5)

NI AN dp, BTEREMRm, KERAFIN-DPRBAE S A, XRZR d, WEEL
€, TRETURXAGN—ARBEHREN

0=[0r .0 = [Me B 40" (3-6)

LM AF 35 AUEBRATRBESHONSHEEMH AT
Orijc = v — Oaiic — 03S(9) + s + A (3-7)
HF 0=+ kouy TEVNHEHBN, ETRERRZLHFEFSENLEEHA; A=

dy — A, NIRRT EMET d BB A, S EME T 5 &

ydﬁj}dﬂj}dl Level |

i Adaptive Robust
i | Tracking Control Law

S R — Level Il Ve Ve
i Thrust Allocation |1 Y i =12

A 4

Strategy | Dual Drive System

B 3-1 P ek T4/ 589 ARC W R34 B 44

MFX (34) , EEE YL M, LIEEERT H B AW KR, TR
B HE Fooly — Foilh + Faly — Foly AZEREF /DN, WREAFHZT FERN o REEE
o BETULSMH, ATHMTUAERZ A5HEE T —MET #8745 BEE ARC #F
EH T, ERBMEKRENWE3 R, ZERMBESARE: LE (LevelD HiZz)
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M REER Hx, AREZIAXN TEEZHELWRHRE; TE (Level ID X374 8
EHEE, ARBATARBARENN S, RILAZHERFRET, £ LEREER
B9, AAEENEREERERNELENANF 37 Bt aEN R EF A v,
ERBEH WM yot) B RES WM EZANE yy(t), ACRRFELESHKOW
THERmERTHEEEE AWERTHRESRILATHEIEEMRAKLE. &
TRHEWEFRMAZTE BRI, XEFAIMRAXERAT-IPHAFLE. BT
URafFZ2Mz it EaERBATRARNBEEN . WHETEREAFBAEF, R
EENEFR TN v, ETHAAARTERR, AR EENNERRAN u W uy, ER
(Frnz — Foa)ly — (Fyy — Fr)ly AFFAEE/DLOR T 50E A 77, 3 0 & W E A6 40K
HE M iedksh %, THEFHENBERSHAEERLIH,

323 BENEHEIMREFEHIEZE

MTAXHARNNFE RS, IR THERSEREEZN — A2 B AESH A2 H i
THEEFEET T, SEITHEURERRET LB RE 0 ARTNE, FlnEABRET ERE
TR ITEESTAR, EEAZEE W RREEHTFEANIET R ETAE, B
R, ENSHBNITYERNAE T LSRR BEEE—ERBEZN, BT UANRER
A LT Bk &1

BRi%3.1: A&AHKOAHTERRCI, BRhER

eeﬁeé{eme<e<am§ (3-8)

;El:_\:]J Q@ 7%'—/]\%—%{&/7&%’ emin - [elmina T '794min]T ﬁu emax - [elmam t '784max]T 7‘%‘43 &
FnH BB HER ET R KE, [ ]

AFEEEZ, BRA RS, BEEZRFUEERA RN, B RAMBRER
#l, FERUEBEBENMEMAWNANET 2 EIEE—AME, Hx BRI UM T K

i 3.2: FAZIFREGLEAR I8y, KRN TRUR—AC I3 a(ye, Yo, t)
T
A e s {A: Ao bo.t)| < dalye o 1)} (3-9)

Hop oa AXTHEARY, B 36,(va, 0c) st. 10a(ye, ¥, t)] < 6p(ya, Ua), Vit u

TR, WTAXFAANREZRANTE TR TREFH BN L TR ZENADKR
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K Gith 0 B S A B BB IR £ U ey (t) = ya(t) — ya(t)e % T EA DR T H
AR RERER A (D, KB A RGBS RIS s DL LB
B, BE X

s=é, + kiey, (3-10)

HEHFf b 2Rk rHaWEFH. BN EEFAY TEX T ARERZHMLAMS RIE, FH
MsEle ZBIFENEEREXREARERINENE, FF e, 2E s BATEHER
Elle Mt W E#ATE, IEREWETARNEREF 1D BN T W TARIE s WS
*U%@/fiﬁb
X
Yeq=Ya — k1€, (3-11)
EREER B UK s=19g —Yog» v Bl s OB F T LULHR A

M5 = Myijg — Myijeq

_ (3-12)
=0 — Mkyeq - BkyG - Aksf(yG> + An + A
;El\:l:}j yeq = yd - kléyo EX—A/]\—]——EE_@%k
1 2
V(t) = EMkS (3-13)
XV KT A Kk E
V :SMkS
_ (3-14)
=5 |V — MiJjeq — Brjc — AeS¢(Ja) + An + A]
¥R (3-14) FHEXEZTAFASH 0 2 ETH
Myijeq + Bijie + AxSp (i) — Ap = —¢"0 (3-15)

;EL:EF’ Y = [_yeqv _va _Sf(yG)7 1]T Epyﬂ Eb E%ﬂgjﬁkm)&%ﬁuﬂiﬁio _3:7?5 (3-14) BT
DL b A
V=s (v+goT9+£> (3-16)

TR (3-16) WEMLN, It T EE N EHEG 2

V= V4 + Vs (3-17)
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EF o, RANAGTREREFEZRITHH T @EENERAMET, o, £ THFER
HERER . B AR AMEI A

Ve = —"0 (3-18)

OANEHKOMETE, FEARTHAMEERERE., WEE XS HEITIELE A
0=0—0, k% (3-17) . (3-18) KA (3-16) , FLLEF|

V_s( T9+A) (3-19)
HSEEITIEERAHEELIBEFHITIRE, RiITEFAHLH RN EREHE

Vs = Vg + Vssys
(3-20)

Vs, = —ksS, Vs, = —kyas
WREH ks A —NEFH, v, RERAT —MNTUARERE L X RGN LA KR @
HWEEH B kos) 15 vs, A LM RRTL, T UULRARRIERFZESHEEFEREN
THEBERE, BEEH, FriRite v, MiZ#EEUTEREN

i s (%2 70+ &) < (3-21)
i svs, <0 (3-22)

Hp&fri P 2T BB A RRCERSKEN R SH; Fra WENT RIEEREK
BREAR R M

WG it B Bt ER E T Ui, RERMATHEN —0T0 + A B AN
AUmFEERFREARE, f— 2T UKREKE R v, ERNERANWETEy, FF
BENAFIRRBHHER, LR REFTULBLA BRI U FE —RWEHEEE. AT, fr%
BEHREFWENGAESET AR A ETHRERERE, X—H LW RETURE
Wit 60 EE N SRR RAMEE R

it B B K
T = ps (3-23)

ot L5 3R A 98 A7 |
0 =1 (3-24)
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)

g[%, - va] AR B T BB E B RE K AT, ERGBIAEE RN LW

A F] BT b8 AR F A S ST, R DR R AR R A B 2E AR A AME T v,
RTURBRNEITIEZ —oT0+ A AN, NTIRLAKERGHEREEE., B2, fIA
EIEMNE (3-24) ALEHRSBNETRBHETAE FRBEFAIRE, AW EwmEEE
TR Z OT0, H BB ERE M i WA T HEER, XU R 5% EE R E R 5w

A rELErRnEER], gENEREHELWARELAZ — 2T A AL
%U%I‘T%fifum, kM EENSHETEEHTRE, TEE (3-8) ik, fAIA—1E
41 B ¥ Projs(e) = [Projy (e1), - -, Projg, (e4)]" * 81 3 B3 f H % (3-24) #4715 315 %]
UTEEERTZASHEENE

0 ¢ é\ = 0; max and%Ti >0

=~ 1 —~

0; = Projs (viti) = 0; = 0;min and ;73 <0, 1=1,2,3,4 (3-25)
YiTs else

TLER, VO(0) € Q. BIE/EH HE R ZEH LT HA BN

MR 3.1:
é\<t> S QQ = {é\ Hmin S é\é Qmax} P Vit (3_26)

MR 3.2:
g (r*@ _ T) <0, Vr (3-27)

BRI UHT SR BT O BLLEEQWAEQ W, EWTUAEESER
tEmAemrerElE, EEE (321) f1 (322) , wWEA KN —NHLE L >
|0 — Owin ||| + 0a BT EEL, krzﬂ‘JTuuﬁﬁ h2.

HUGEH, UEAERITHEENERERSRBEEUTERER:

EE31l: RAAEREHEIHE (3-17) Ao hE R H %k (3-25) , TUKIER %
B BE S MR AL S AR

A BAR LRI, RAABEHMAFIARAGETARA R, HIFK (3-13) F R L8y
ER R V() RA R, H A A T 4o

V() < e MV (0) + 2(1—6—”) (3-28)
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&\

2k,
;gl:_c}:r)\: °

01 max

B. Blw EATRGEH ¢, B RAREALAKTH AN (BHLA=0, Vt>1) , 7
208 A PHTEGEREME, FHLRDBENARSIRENRG SR, Y

t — oo AT e, — 0, s — 0o u

WERH: W ABA R T fe
y < D 5’ (3-29)

XA (3-19) . (3200 . (3-21) AR (3-29) , T4e
V= —kys®+ s ('USQ — ¢T§+£>
< —kys* 4+ (3-30)

< =AV +n
T2 i i b Ak 5] s U221 5T L4

V<eMV0)+ 5 (1—e) (3-31)

>3

Rl oL B T 45 RO SRR B AR £ s 89 BRI Al 424 Bk A g\ Ao BT iR,
B R WA S Al SR, B s AR, Kl s Bl e, BRWBZ XA T e, #né, LR F
8, TANSTARELNTFOMEIIE y;, Thyg #2go R BERAE (3-25) &9k
FBIARIET 0 AR, ALESMHHERRIET o AR, Biko AR, &L, HAESHA
AR, BRI T AL £,

BT RIENRIZAH 5458, FBIRERBL A =0, Vt >t LRI T
R

V.(t) =V (t) + %5TF15 (3-32)

B A (3-25) . (3-27) #9MH 3.2, WA (3-19) . (3-20) . (3-22) a9 &M, The
V, % Fuia] 69 8 i 2

Vo= —kss’+s (USQ — <,0T§> + gTF_lé
< —hos® — 5070+ 0T 0 (3-33)
= —]{;832 + 5T (F_lé — gOS) < —I-CSSQ
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vt, 3t (3-33) XA
b, [t 1 1
/ s°dy < ——/ Vsdy = — [V5(0) — V()] < —V4(0) (3-34)
0 ks 0 ks ks

%%W%se@-ﬁwiﬁ%A%Aﬁ&%ﬁ%Tse@ﬁmwxm(}u>%%s%
ARG, Hts 2A—#HELM, 2L, @1 Barbalat’s 51320231540y ¢+ 5 00, s > 0, T
A ey, — 0, iEEE, [ |

324 EHHEEEE
EEPHWEADTREETEW BT RN IR A Fop F0 Fp, BAKEFEED S 2
Bl RIS, FEIR 34), UTHANAHE E

Klllul — K2l2u2 — ﬁrlll -+ Frglg =0 (3-35)

B R M AL AB A BT = A A A RA RGN ESRANEE, £+ F,F Fy ZFMEL S
SCBEEAETE, ERE ETERRAG T EEAML T I~ £ W) R G5 2 0y B8 7
FEFN, (335 —HEAMNLHETAZSL Kilhu — Kolouy =0, EEEIX (3-4) ¥&T
FURENERA, £ —Koo B RAEE B KRAERT, HXR/NEIT ) Hn EE
NENRAEAENZHEFTHR, IFERABBHERELTRAREFEX, XA TES
o B Bk e

) uy + kg = v

" uy/us = kS
Heo o BB REERE 3-17) £ R ENEFRBN; 0=>0/L EXAE 2R,
ERREGEANZHH ) FOLERRNAR)AETL. YEeBREFRBEELEE, AT FH
& AHBERIt S, TUBELFE /LA XRGEHESE A &BHRFE,

(3-36)

3.2.5 XTELSCIGAAsR
3.2.5.1 SLWRGENA

A B X H 2B A 5 349 #E 1B 3-2 TR B Anorad N B RGN — & TV AT A EIR A TF
&L ERIHBELREE, SHAERRAAME LN 2.4.1 F /4. dSPACE 1103 R
iz 4 ?ﬁﬁ&%%ﬁm#ﬁ SEREBN T, =02ms, FEINLENESHFHEHN 0.5um,
EERGFNELESMEETESTHE. AT %2 EHIFNE B H & &6 ZRAM
%, ﬁ%mqu%m%wmﬂ

I
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K 3-2 Anorad TR AR AEITF4&

3.2.5.2 HEEIRRR

leulls = (3 ST leydt) ", RRBR 2o R, AR AAEES I R B T
R, T REEZFHE,

leylloe = masc{ ey (D)}, RRIREZMBA LA, FABEENEHURERL S

o
e s

Ml = (3 i o]+ o) " 25 8 2 7 AL 20 S 1 838 AR
A s B A A A

3.2.5.3 XFEESEEG 1

KAE251 FFRUHWETEZGE S RENRIXBLERBEHNRKEERNT L, §
A REANETRA P EREN Y FEEFSELRPHRTHER. ANFRL, ERITH
F R ARC Wit Bk, KB R G552 A IR 250 T 3 S R T o947
FROR, tEER S5 TR MRS R AMBR—#, Bl

Cl: ETEFEY FKEH ARCK XMEEH k. HIFBE S, (o) BUE 2arctan(9000e),
BH B E N A = diag[120,80] 1 K, = diag[70,50], 5% BEZE N E B A T, =
diag|[20, 20, 20, 20, 10, 10, 3000, 3000], %% F THERERH Oomm = [0.4, 0.1, 0.1, 0.6,
0.05, 0.1, =1, —=1]7 # O, pax = [0.7, 0.6, 0.45, 0.85,0.3, 0.4, 1, 1|7, H K hit s
BH Y 6,(0) = [0.57, 0.3, 0.23, 0.79,0.15, 0.27, 0, 0]T;
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C2: HRERHBWETIEADEKEH ARC I EH &, Sp(e) BUE %arctcm(90000); B =
2.15. WHI TR vy, = —kiy(y, 9, t)s BZE A — DR RBEH W 0, = — 507 K2
FRiLenradEREME, XEXA—ANEbk Mk, WEBAREEE L, £H
ERE, A (3200 v, =—k.s, XHRABHERG AN ITELENGRE
K BHELHEID, HHBWEEATA L =120, k=70, 32HEAENEBRALD =

diag[20,20,10,3000], Z#H ETHRRXED A BA O =

~

[0.6,0.65,0.25, —1]7, Opax =

[1.2,1,0.6,1]7, SHKEiTHATHET A 0(0) = [0.85,0.88,0.37,0]7,

C1l
Tracking error(m)

50 55

time (s)

60

Cc2
Tracking error(m)

time (s)

60

B 3-3 SRk E3FEE

65

%;E%]J:%i)% ||6y||2 HeyHoo ||u||7’ms
pm 1%
Cl 10.05 33.71 4.98
C2 10.08 31.56 4.18

Kk 3-1 BRI T AT R AT 1L

ST LR B RS R AR — MY 0.15m, MEN IH: HERHE
ok, E3-3FE 34 B RMWER LM AN, B35S FRWERMESEETAEL
BALA BB E, B4, FHBRBEEE (ol BAREEE |||l b8

BN ERANEAT [|ullrms BIE BRI 3-1

o
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(10 Tracking error (magnified) Control input
4 T T T <) T T
2 5f 1
—~ 2t ;‘ of |
E S of )
o O ; ;
. 0 50 55 60 65
— — ‘ ‘
O -2f S 5t ]
S o 1
_ i i i — el
460 60.5 61 61.5 62 O 5 ; !
time (s) 50 55 60 65
4 x107° S sk ‘ ‘ ]
S o \
E 2+ 8 -5 ‘ ‘ ¥
S l 50 55 60 65
o ° - ‘ ‘
. > st i
N
(:\i _5 L 4
“a i i ; O i ;
60 60.5 61 615 62 50 55 60 65
time (s) time (s)
B34 FRIEFEERKA K 3-5 I =4m At

MERFITETUE H C2 Im KIRE |ley||oo N2, B LRFHAER T EN
REFMEREEAME . wRXEERAEONAN, BT RN BAESS A FNEFE, B
EHREHREA S EREURTHERLT, MEANANERERATRFE. &, EXEH
W, BTREAZEAWHEEL ‘w7 FE W, SERERNETEA AT ER S E
RAEN R TH X UME 3-5 LR 3-1 F [[ul|rms BT H LEREE R R, BT
EUA R EZ ke R EHMERL T, CLI C2FrAMERAEESE/LF 20%. UL
SERWHAT IRENMEER T EAELBRFRERENEN, REFIHBTREANT
B, MEF R HALED,

3.2.5.4 XFTEESEEG 1T

WRI TR MBS W 2R E BIRGIE £ 2 —, L 11K A1 50 50 @ B % oy 7 A 45
flBEEReEM g, ERARET AL PORE, LK.

C3: AT F KM ARC X X6 H k. JIE B Sp(e) BUE Zarctan(9000e),
EH B E A A = diag[180,150] f1 K, = diag[110,90], 5K EE N EH A T, =
diag[20, 20, 20, 20, 10, 10,4300, 4300], Z#H L TR K ERH O.mm = (0.4, 0.1, 0.1, 0.6,
0.05, 0.1, =1, —=1]7 1 O ax = [0.7, 0.6, 0.45, 0.85,0.3, 0.4, 1, 1|7, S H it wansk
BH Y 6,(0) = [0.57, 0.3, 0.23, 0.79,0.15, 0.27, 0, 0]T;
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C4: ETHAHEEREE ARC W EH %, KEEH Sp(e) HAE 2arctan(9000e), =
Tl B IRAN k = 180, k, =110, ZH EENER A T = diag|20, 20, 10,4300],
ZHETRREDABHA Onin

~

= [0.6,0.65,0.25, —1]7, Oypax

HHATHEE B A 6(0) = [0.85,0.88,0.37,0]7 .

70

70

1 x107
E
S
3o of
§
= | | | | | | | | |
_150 52 54 56 58 60 62 64 66 68
time (s)
x 10"
4
E
5 2 1
3o o ' ‘
r__ | | | | | | | | |
_450 52 54 56 58 60 62 64 66 68
time (s)
K 3-6 £ 11 £ 3kt
pagn el | el | llellons
um V
C3 20.14 75.03 7.46
C4 6.78 22.92 4.21
% 32 F Il 894 ARt

=[1.2,1,0.6, 1], &%

I BB A A B K 0.15m, MEN 1H: WERES, AL EEms
YR BRAE A0 T AL B B A & A Rl 3.6, 37 P38 A, NEZBERT
ERFE T, HEEEMRK T HA%NELHA L
BA, BRASANEEEENTY, 3l RPENEHG AR, LELEN Y 4
WK AR, SHAGILT AR, HLZT, FRENESEE CAHTEELT B
B, B R T RENREAE., MR RS EE R (&
32) BEHTR— K, #— b, WEM IR FWEREE, C4MWTH RN
A7 [[ey ||z A58 25 e BEASHT [|eylleo 5 C2 # WA RIRUNT 33% 2 27%.

L, O3 8B A KT F#T
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|1

F AT R - T A B U AR P S B AL R 4 R B

<

N

O\
&

Tracking error (magnified) Control |nput

’ y |
| —~ 10 T T
b
L | { 4
S o '
60.5 61 615 62 O . i

time (s) 50 55 60 65

ul

C3: Error(m)
o

|
ol

(2]
o

=
N
OI

C4: ul (V)

C4: Error(m)
& o
C4:u2 (V) :
o b5
o
3 1 &
F 13

60 60.5 61 61.5 62 50 55 60 65
time (s) time (s)
B 3-7 R MixZEZAKE B 3-8 SEI II 4= %] 4 AT kb

IHRIAMZHRNNEREANAT TREEREEGS LN EFNERERE, FH
A EENERAELEN, S TRIEAABEREZSTE, FiREHNEN 2R EL S T
RHEER, CERBFEEFEEEHERNER, FHMB ALK LB LT ENRA
2, RIERFEEARE TFRITAT,
3.2.5.5 XfEESCEE 10

NTRIEFRERENEERRE, ELR PRI TNAGSERAREFBUEET S
BRI ERERE., RANEREZN

C4: ETHAPBKBEN ARCHEEE, EHESHENHEZE T F C44HH,

HATUTHA LR

Setl: A AGREF—HZ L wiEk E-FIEEWEE R S-curve BIZH T, Hog & 23 &
HIZATALAE A 0.3m, ML R AKEE K 0.5m/s, mAMEEL R 5m/s?s

Set2: BMEMI LML LR —RRNEN 9.8kg B9 H, MAFEWEEERE. FT
REFH %8 R EIE AL S Setl A .

ME 39 F P RRERZNE AT UM LA PR SWHRSER. THNIE
WEETHROERL, THNEECHATH AKNEL. TUELARRABRE NG, &
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HlBEHBAERELET RPN, LEHRTEHREANIBMBNSRE T TIREREA, A
MR T IREN AN BEEKIAY, AFFHZTNME L BAEA, & R3S S0
RBEIRE (6147Tum) HEAT L AEHEF SN HAREIRE (41.39um) . BAW
Mo, RS EE KRR AT,

o, EERTARANSTEAHE, BENAEHBAMTNERAZHDI. ARER
WIZATHE R 5 5 B AR A B M IR Z F 384T epina RN, T 3-3. Za 34T LKA
3-10 LR EE, BRAARSHERETRAZMN, ARSRKRET, BHREMARETT ELR
W EAR-BWREM G, REARBIRZRE epna WEBZI/NT |leyl20

5 Transient performance

(53]
T
|

|
o

T

|

Tr;:cil(r?; ;?%?%m)

=

—=
—
—=
—_
=
=
=
—
=

| | | |
45 50 55 60 65 70 75

o
T
|

Trgi;f.vxlgthelr?g%)

=
=
=
= |
=
- 1
==
. =
=

1
(6]
T

60 65 70 75
time (s)

I
a
al
o
al
a

B 3-9 525 III B A M A 3T b

N N (& (& [e’) €Fina

%?%U;E?Kj || y||2 H yH Final
um

C4 (Lm#) 6.11 41.39 33.29

C4 (#Fm#) 6.70 61.47 36.74

% 3-3 S£I5 NI 69 P AR 54T 3T L

ME3-11 FE 3-12 F At H B EF AL REN TH IR SR ETERTUE M
EAMGEEAN, @ THARUTHERTLSTEERFINFNFL, T THEREKS LN
B ERHLZREN THRLWSHE T HENBERE; TARRLN 0.99(V/m/s?), &
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x10° Steady-state performance

b}

a1
T
1

C4 (no load)
Tracking error(m)

|
()]
T

90 91 92 93 94 95 9% 97 98 99 100
time (s)
x10°

C4 (with load)
Tracking error(m)

| | | | | | | | |
90 91 92 93 94 95 96 97 98 99 100

time (s)

B 3-10 523 NI A2A Mt (B3 AR/ EIE)

Parameter Estimation History (no load)

1
1.1 1
0.95 1
1 i
@ o 09 1
0.9 : 1
0.85 1
0.8 1
: : : ‘ : 0.8 ‘ : ‘ ‘ :
40 50 60 70 80 90 100 40 50 60 70 8 90 100
time (s) time (s)
0.5 T T " . : 1
0.45 05
0.4 : .
™ M S
D D
0.35 : 1
0.3 05
0.25 : : ‘ ‘ : -1 : : : ‘ ‘
40 50 60 70 80 90 100 40 50 60 70 8 90 100
time (s) time (s)

B 3-11 5236 I A4 A&+ HL (73D
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Parameter Estimation History (with load)

1
0.95 : : 1
0.85 1
‘ ‘ ‘ ‘ ‘ 0.8 ‘ ‘ ‘ ‘ ‘
40 50 60 70 80 90 100 0 50 60 70 80 90 100
time (s) time (s)
0.5 1
0451 0.5
R S es a
™ ~ 0
[«n) D
0.35} : » 1
0.3} 05
0.25 1
40 50 60 70 80 90 100 40 50 60 70 80 90 100
time (s) time (s)

B 3-12 523 I A&+ Ho G i 2D

YK 1.12(V/m/s?), EZMEH 0.13(V/m/s?). TEEEX (3-5 FHEESHHE
UL BN B S8 F M LT an e AL % 8 Ky ) TA2N/V, 9.8kg B 51 3 = B BT *F B B9
BWHSHEER 0.132(V/m/s?), REZRER T LY A . AR 8 E PR M b4 E
TAt 2 LB REZHEE 39 Y, EFKETNNARLE, REaREEEHTH A
®'F. BT AR Ay ARC F % 2 & R T 2N v 48 AL M2 TRy 40 R sk 52 31 ¥ 47 i 34 18 R
B, MATREIANTAEENSHOGEITEA, Hib, BEE— 258 R A
GUEBEBNRBESHHLA—RAERY, ARTWERBZSELFRIAFIET REFDH
IR BR M R

3.3 ETHENHEIZENEENEETEIET
xw%§@m~w%ﬁwH#ﬁM%mi KE—FET HE N A ST E%E ARC

R, S-SR EsE R ANE, FHETEIRAR.

3.3.1 |o]ER &k

B SCAER R - A A SE 00 46 RUCHA T B 4% o T T 452 40 38 vk 5 15 5 Bl o5 455 4R S R AR TL AT
ARWEERM LA, ERAETAANRTENEA L EL EZRILA RERLERE
ERNT, AFRALBEAEA TR AZANEARBEA, /A FTURLELHR
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HEBE B BRI, R E—BRETA, TAREE
G R AR R, BRTASERORLE, AMALTRBREL, REFE
BRI E KBRS, R E R BT LR IR A T R ok B AL
B, AR, RNFLALINSRAER HLINE, RIETEA BN EHE
FEL B DUSR 5 2 G 4 M

EEI (24, FA AS (o) BEDAS G, i=1,2, BA%E (217 TEH

Jo = K2l2u2 — K1l1u1 — Baé& — KaOé + Cydyg + Adef<yg) + dg (3-37)

H¥ B, =Bili+Bol3, Cyo =Bilh—Bola s Ays = Aily — Aslys dy HEFREBIRE, H
Do RFEHEAE. U EAEEHE TR E 80 HEED T DT KR 554
WHEE. FERITH S G T HEIOF E AR Rt & | T E LT H

3.3.2 1TH2E B IREEH

ydﬂ)./dﬂj}dl Level |

i Adaptive Robust |«
i | Tracking Control Law [*

<
<

RLS Estimation

0!,0'5,0;‘)'/(;)@

Dual Drive System

A 4

i Thrust Allocation

Strategy :

K 3-13 PrREET AE NN B ARC R 125 5 244

ETULpAT, A32FirEMGEMERNEM L, AFRET —MHETEEN
# A BEREE B ARC A F 1 Bl 5 F 25, EEEREHWE3-13R. £LE (LevelD #
TREEF ST, NABENGBRER BRI FENFLEAAFE 31 RiteENE A
Bl v, EREERSOEY yo(t) BB RES RO EENNE y (1), FERRRF
TEH W 0 BT H AR TR AR A A B TR R B R AL BT AR AN B AR
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A, ETE (LevelID A BEEEF, REEMWEF BN v, ETHALRFHEX

R, A RAREEAER RN u A u LR RE N, BRMAKRNEAES S %%%%

B REN . Wi, BT o RAKW EENGITER, REREN N FNE

TETYEME R E)T RN R LT (RLSE) Bk LI A KM #H 5 56T, ﬁﬁTEﬁ

FEFHRE L URREERNEN TR, ERRAED T ARAZLEZMAFEIL TR

E%%ﬁﬁﬁ%#%ﬁ o £¥, EE ARCEZEFREERENZITHLAE ST — 1 EM,
A8 A By AR 2

333 TELBHmSHMEIT

AT R SHEITEE, REFRAFRARSHAHAME, BEBRRK Ay =dye HH
FRI, 2o =e/Kil, TEAUREWTETZIRWES ) FHNSHEITHER

|

Uy = Blimus — J'é& — Bhd — Kl + C! i + ALy Sy () + A (3-38)
K BHENH
T
9, = [B, T, Bl K., Cly Al AL (3-39)

51)\ /\f‘z' %LTI%% 7}%( Hf( ) (Tﬁdﬁn, Hf(S) = 1/(7’f8—|—1)2) ’ EZH EUK
(3-38) B ¥ IR BRI G50 1 % A

ury = ¢r0, (3-40)
E)T& % XK
.. . . . T
Gy = |kmuay, —0p, =0y, —ar, Yoy, Srr(Ya), 1y (3-41)
Ht e, R& o S IEH FHIE,
TR A 1R £ 4
€=1Uif — Urf (3-42)
HE A URSHEITREN
Qip = 0100 0o =00 —0, (3-43)

o] LA BTN AR =
s (3-44)
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WAKEERAER, A7 ERRBBHANELS RGO, a2 BRI AR
SRBBERSRUEURARY T 2R T8N —REHE T ®

~

O =TaTa (3-45)

A (3-45) FEHIENFHK 7, HBEY

Ore

S o A 3-46
1+ 52¢?Fa¢f ( )

Ta =
BN R D, (t) 2 — MEET FUARE RS, FRIEZRF AT ENR L a0
A&, Bt To mUAT A X EH

. Fad)fd)?ra .
R{mm S e (Talt)) < s

0, else
HHTL0) =T7(0) > 05 1y >0 BHBETF, ry >0 BAEMETF (Ao ny BUREH
FENERSHEETEELZTRERTARGELR) o py £A T B %A HE L #W R
B [[Ta(O)]] B9 £ 5y A ftma (Ta(t) £ Ta(t) R ABAEM, I 4 BfHEHE, FETH
Fa<t) S PMI7>Vt°

334 BENEHNSEREA

GHERSHEE, RTUAR BRI EMNT 324 FHEERRAHBH . &
ML, SHEHHE 345 FFRRIESHEHRGRELWERBRARE, H
T REEY f LRABEHNHEEFB T TRAAEHGNEP R RGBS ORAR. w0
R RAMATT A EHEREEL, RAAT R THENELE TR, KESHKE
WA A EERZIATRPAT, RARERSH R, £HE, T
TR%

B 33: AmbH 0, A ERARCIdy, BRER
ea € ro é {004 : gamin < Qa < Qamax} (3'48)

HEFQ A—AAFGE, Oymin € R” # 0ymax € RT RE LI F R ARG SH ET R X
%, |

TREEMT 323 THEBEAE, TUNZELEITHEEH#T - EWBEE, EEE
323 FNANFESRDEMHANKEN TN ABENEERF T ELER, Hib
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FEEHWI. RNEEEGEFENER T, BEAEHREHARE A Cada RO
EFO LW —FAFERZEA, RGBT ENELEITEEA

B0 = Proj; (Tama) (3-49)
A
£, if 0o € Q0 or T £ <0
Proj; (&) = ) - (3-50)
UAS) (b Rxf%”*)f, if 0, € 00 and n! € >0

Qo RE Qu BIHE, 00, RE Q, R R; ny, REED, €00, RASHELERE. N
RERZEHETEE (3-49) JURIESHNEIHEEE Q, WA Q, W, FILFT
LR ] B4 ] % 4

Mesh, BT R FI & N TS AT R R RIFE SR E, L, ERGRHR
T Er o s (Persistent Excitation) 414

HﬂM@>Osit/ Grdpdy > Kylr, Yt >t (3-51)
t

i, A DURIE S B 0, A RSB XA L@, Bt —0, 6, — 0,
TEXAEENERZHERE (3-17) URESKHSKEIT (3-49) , HFEEE
WAL R TR (3-35) , AR T B M3k 77 4 BLBy ARC W 7] 45 ] 2

B
Uy = =

145 (3-52)
Ug = Y =

k(1 + 8)

3.3.5 XFEESCISHEASE
33.5.1 SR ERSGNE

AT ERARHER3-14 ITaEXEENERENTRERAETFE LT
RATELBBIE. #ETMEH— & BXU33-075A4PT8-001-L(ST) T 4 & & £& = HLIK
T, ALENHERAGERIES N 120N, BAERNTHRAFLIEA N 2I5N; BREE
K 1.46m, Y #E AR TETEA Im; BN B EE T HMWMMWQT%LDMW
BELAAMRMECE Rk, EHNESHEZH S FEA 0.5um, #E K kN E L % 4
HEESRETHE. ERHLATFECEHFELSIWMARNERLT, REHL 580
ZXAEH My, = 1.48(V/m/s?), By = 3(V/m/s), Ay =0.36(V), A, =0, EAWEHN
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k,, = 1.05,

BH IR RAAWEA RN ZTRES 241 TR EN—B, P rélEox
JHl dSPACE 9 %1 — X 7 & MicroLabBox, LW FiZ T H x W LW X EME X E X
10kHz, BRIz BN T, = 0.1ms.

B 3-14 FBETHABLRLITTE

3.3.5.2 [HREIERR
N T B E BEHAT N AR E RS R, LT H e AR

L#A:<jM%mﬁ2,%ﬁ%ﬁ%%ﬁﬁﬁﬁ,m%%ﬁﬁﬁﬁ%%¥ﬁ@
B, Ed T RERKRITATHEK;

%Mzmgﬂ%m@,%ﬁﬁﬁ%%%ﬁ%%ﬁ,m%&%@ﬁﬁﬁ%%%%&%
Bt

eyr = mm{m b, REAHEMEE S NREEEMRARAE, AAHE

T-5<t<T

1 B 15 ) B B 4B A5 M B

.@[=(lﬁWmHmmw@”2Eﬁ@%ﬁ%%mﬁ%mkﬁﬁﬁ%ﬁﬁﬁﬁ,m
KT A AN
3353 EWAHR

g Ak Tigi RSN XBe B, B & e s T8 7 o B 5 oy i Bl 2 6 7
URIEBR/DNA T, EMARENNEFRGEEEAURT KRB EGNERE, TEN 325
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TRET AR AT ER T BRI AR 85 M3 7 o B ey 1R AL A 2 6 BOR
B X bb LU 70 7 15 o vk

Cl: 32% tfﬂi%ﬁé’vf&ﬁ%ﬁ A B R ARC Hh R &%, AP BAKLENEE

Bits4 (FEEERNE) o LEEH Sp(e) BUE 2arctan(9000e). ] AT v, =
—ky, (y,9,t)s BLAZEL A — HF%% W KRB0 vy, = —4-h%s K2 B RIS B8 1 B8 B SR A
t, XEXHA—NEE kA k, RGARITHE A L, REAZERE, 4 (3200 A
vs = —kys, XEEIRAR GG E R4 AW TAE 6 B W B AT BRI A U2, 24 &
WIS B A ky = 150, k, =280, Z#EENZHRA T = diag[80,1800,700,4500], %
BETHRREDAA Onin = [0.8,1,0.1, =1]7, oy = [2,5,0.7,1]"5 K 3E T 5 B AT 8
RORA, WHEEY 6(0) =[1.2,2,0.3,0]T;

C2: AFHFRUMWBEENETEA LT ARC hEZH &, ISR AT
BETEFEHTELEEN. 77 =0.004, 2EETEEET 1 = 0.01, 55 =0.1; a
MR AMEE A To(0) = diag[100, 100, 100, 100, 100, 100, 1000]; b4k, =4 & F g
HClHe X HENSHHE Cl RE T2 — K.

S-curve

o
>

o
[N

pos.(m)

o
o

o
ol

1/2

vel.(m/s)
o

I
o
4]

acc.(m/sz)
G o 6
. 1 . E

o
P
Ny
w

o
P
1 oL
w

time (s)

B 3-15 &3] .5 S-curve #A % $in 1z 5

Ré’v“‘%i IR Z 3k BT G A B A S-curve I HLaE, — AME IR A A EY
fLE . . MEEAES W E 3-15 Fron: o R B S IEAT A 0.3m, Bl KEE
H 06m/s, BAMEE K 6m/s?. HATWTHALE:
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Setl: Mz LB E#EmERE, L XMEL =1, = 0.73m; FEHE W mEit
40-kg BN . I CIBLA X =1 #HATHEF 2R, —FERiEHEEE
FR BRSBTS MRE, & — 7 AL DUIE 4R A AR T H B R

Set2: N THRIEFFITEENEA ;A ZAMERA, BENLEZEEERE
S, I BARKARWAH 40-kg BN AR, ILE, BT LWL ETEENAKLF
TFEMAEANTEAEXCEER ARG, EXRENLASHKESRE, Cl FHLEAHK
B, VLR C2 4B AKAE £(0) HEE A 0.85.

3.3.54 SEIGLER

FHLPHRERES W E 3-16 i, RIAER GBS R ey RELREE
REAEAT eyr WP REFMEREIEAT Lole,] R BRI LK 34, Bh, ERAGRXESEKI;

x10°° Error (m)
:F_T 5* T T ]
q') d. I.l TR N Y VN T VA R T W TN G Y T T T T W YU VNN T W (U T W U T O T U
g)/o LS S A I S G BN G SN AE S G S N mm  am g
5 *
20 30 40 50 60 70 80 90 100
x107
g 5k T T ]
[ L|.likihikmk&knhik&hnkmumuukm
@/0 [[rrvrrrvrrrvrnvrrrvrwvrnvrwvrrrvrnvrrrvrrrvrrr
— -5 b
U 1 1 1 1 1 1 1
20 30 40 50 60 70 80 90 100
x107°
/(S 5k T -
q') o d I.l VR O VT PN ¥ N VY T WA TN (A T VO YW U YU TN O U YU VU TU (U YU VU T T Y
(\/)/ LR L AL O L A L A L A AR AN LR A0 LR OEN LR LOOD LA 0N LI . 0
o -5 IT
O 1 1 1 1 1 1 1
20 30 40 50 60 70 80 90 100
time (s)
B 3-16 &34 5% 500 RIZ IR £ 2 bk
L e s EyM EyF Lsle Lylu
%g%]]%_& Y Y [y] [ ]
wm V
C1 (Setl) 66.04 14.96 3.76 2.56
C1 (Set2) 86.95 16.47 5.12 2.69
C2 (Set2) 74.89 15.20 3.99 2.55
* 3-4 MREAART L
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B G im 40-kg 40 B8 ARC Ik G H I8, MHILT — M55 63 5 7 UL
BEAHRARERR, RARENON —AMESHFE (205um) , HHT TR
He A B AR T 2 M

-5 Transient performance

6l ; ~— —C1(Setl)H
! -~ C1(Set2)
| ——C2 (Set2)

Tracking error (m)

1
25 30 35 40 45
time (s)

B 3-17 BEASIRIZIRE £ KAk

x10° Steady-state performance
4 T T T T
- - -C1(Setl)
3t , - - Cl(Set2)n
——C2 (Set2)
—~ 2F 7
é [
5 i
@
[}
£
4 -
Q
©
|_ -
_3 [ -
— 1 L L 1 |
82 83 84 85 86 87 88

time (s)

B 3-18 it A MRz 4T 8 ARG 69 3R IZ IR £ KTtk

WL ST AR AABENRLE3-17, ERARNETEAHERGEHRZZARATH
IR L 3-18 T, R G Serl # CI1 ERIER (AHUaeFskr) Ak,
MWHE 3-17 # LB B EEF LR Ser2 F, T RABLSHRETHEHAZH, ClESK
B (EAFUEBEXEET) FHEWEZ, TS, C27% Ser2 F (HFUEELE
£ MR BT B L, & ABEIEZ 86.95um . C1 F 8 74.80um &K T 4
14% , AWBESRERZ 1647um 5 C1 F89 15.2um 18t H FriE®. B 3-19 BT
REATTWAK BHWAELF I LAE, THHEBE RS ZLWSET 0.77 ; E 3-20
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3214 W T Ser2 FHBANEFMANENL. ERAAME RN FEILIE, LARE
THBHI AN ARG S, BHRECHEI I TREBRERAR, FERLS
Setl] #89 CI £EXE T JLF —HWRSREMER (LE3-18) , RABASRERE 15.2um 5§
14.96pm 8 12| 2% (W% 3-4) . BE X T A A EAF Lofu], C2 8 2.55V
INTFCIH 269V, XETRHEET C2EEHNEA T REFRANAE/N, HwHILT LR
BENEEHAEUR ESFoizdl et

Allocation factor adaptation

09 T T T T T
— B estimation history
- -=-pB=0.77
0.85 : : :
(o}
0.8 .
075 1 1 1 1 1 1 1
20 30 40 50 60 70 80 90 100
time (s)
B 3-19 Ser2 %23 C2 494 BL 7 # A & AF T
Control input (V) Control input (V)
5 L
) )
[} oy
Qo 2
— —
@) @)
_5 L

27 28 29 30

5 g
) )
[« [}
%o %)
AN N
@) ®)
-5t v Y
26 2‘7 2‘8 2‘9 3‘0 3‘1 32 82 8‘3 8;1 8‘5 8‘6 8‘7 88
time (s) time (s)
B 3-20 Ser2 FHayI=F AT — B 3-21 Set2 FHegd= s NIk =

Meoh, ERERFRRE—AFEXFSLE WAL T W35 57 R B2 15 ] 2 W 8 24 .
Flm, FREAR T LEZHREERFENZ RO A FER, TUHK (35 EHE
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A UL R
Mkij + Bkg'/g + Aka(yg) =v+ Cydkd + dlk (3-53)

H 8 Chan = Cha/Kis dup = (dy + dyo) /K REFEEZ, LR FWIBAT Cpupey — F 12
BT T REHETHEENBAER, MAEX (35) + A5 &5 E %
2 h— A, A AR A b R R R A A TR B, X
BHTABHEHIREEEEREDSEHIGE N, B C2 4 Serl #HEH, XHH
BT R R TR 4, BEEN, XWEET AL BRSNS RE
/N EL Y A B L R, T R34S A MR B B A

3.4 wHOEEHMEREN S B &N EEEIE]
3.4.1 [o]FER

NTRBEL M AMKE AN, I EE N L BEEDET DA BB USRS
FR B B TR R BB R S RLS H e 2 — 3 R a9 IR ER 1B T L R
GRESHE, WRERAELEITEET RN ESE THET 28R Kbk desr, U
ERBENERLTRARIUE -G Eet, £rE, FREA-LENATEF, AHE
AT R RN, BN LEX MW IR EEREFTNENSERE, EXHE
T, mREBHAABREGRFEES, TURBLETRAAROME, EHIOLE TR
4B AR B LUAME U S R

342 BAFIEshAMS O RHER

RGN KIE X FEWNEY, REEMTEEWE 322 R, BRERREA M,
BAk—fl, EROHEE X HHEREE o BLAARREN My, A 2(t) K
BXEWED, TETHNAZRCGH

_ Myxy + Max(t)
g = M, + M, (3-54)
HEF
{ l
li(x) = 3 + x4 b(x) = 5~ %o (3-55)
TENT A ALHT UG RU TR
Blz) =17 (3-56)




62 %

[11

F AT R - T A B U AR P S B AL R 4 R B

B oy Ma, RERGMBRER RERK

<M1+M2)l—2M1$b (M1 +M2)l+2M1{[‘b
2

a; = YAy = 3-57
1 2M2 ) 2M2 ( )
X
xb
T e ° M,
]\/[1 G |Head
xﬂ
[(x) [ (x)
Ay
Guide-Y1 0 X Guide-Y2

K 3-22 R#EEFHI|ALGFT ST

343 HHEIHIMERENDEEE

ERAEAE, EREHR G56) , T ERAFRIEPMERRES, FTEE
HARE o, BUE ST SRR, REERE o) HHRRRS EH 0o, B
R AR HOEE RO T, TREEE BE NS BEHRAE G1D UK
AAHRFE (335) , TRIHET# SR E AL A 4 T F B

oy = B
1+ p(x) (3-58)
T T 1+ B(x)]

3.4.4 ITEESCIGHAST
3441 ELWHR

AFH BRI E 335 FHNBARNAER S =6 LI T 6 2RI RE
L %4, dSPACE MicroLabBox & 1T 3 % H ik 0y L B R M XX E 4 10kH 2z,

LI P AR Sk BB T 40-kg AR, R ARE X MHTEEE,
FHBHEN THEFEZRARL. BahkE X FENEH0HE 3-23 Aix. éémYﬁr‘Jﬁﬁ
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Continuous S—curve for Y-axis tracking Head motion along X-axis
0.3

©
N

I
N

pos.(m)

o

o
[o
N
wh
I
6]

vel.(m/s)

S o

g o o
X—position (m)

acc.(m/sz)
d‘l o O

10 15 20 25 30

0 1 2 3 4 5 0 5
time (s) time (s)
B 3-23 &4 LAFH 49 S-curve 42 HiEk K 3-24 ##hKkE X HEEIiEF)

BER BT y,(t) RELLE A B R S-curve LI (& AN H B & A 3R 5 o B A 2 18] B9 1% 0E
Bf R oy &, W 3-24 Bron) , SR B M A IEATALAE 4 0.3m, IR & AEE N 0.6m/s,
WA K 6m/s?,
x$HG LT P A R E
Cl: FTHAHZHHENEALTARCHEEHE, B BENEE N L =
150, k, =280, ¥ BN EE A T = diag[80, 1800, 700,4500], 5% L TR &XE 4
BIA Opin = [0.8,1,0.1, =1]T, Opax = [2,5,0.7,1]7; RFELAHEE W RRRES, W
B A 0(0) = [1.2,2,0.3,0]7;

C2: WHRMMIBAIMEWIE S B ARC I F =418, EHEFFEE C1 +4 XM
WEHHE CIRETL2 . Blo) WAMER AR B LB RN ZREERE, e
2 B4 3-25 s, ap = 2.768, as = 2.892,

3442 SR

AEHTRMERELER. AREHER RS AL W 326 #0327 BT, W
MBS A 320 BT, R EBE, £% 35 5% TRz RER T
TESYES

eyn = IMax {\ey(t)|}, FN 40s £ 70s WH A R EZ 1R £
40<t<70

1/2 B o
Lole,] = (% Jo |ey|2dt> , RIT 40s F 70 1 KT 4RI £

1/2 _ . N ;
Lol = (& ol + usldt) ", %57 60s Z 705 a7 s AL 5B\ K
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[11

Allocation factor fitting

14

A Experimental data
— Fit result

.7 I I I I I I I
-04 -03 -02 -01 0 0.1 0.2 0.3 0.4
X—position (m)

B 325 B(x) WEBMALR

e e | Lale] | el
wm V

Cl 17.2 6.16 521

C2 16.6 5.87 5.06

% 3-5 HEEASARAT L

MERTUENES, NBRIEFEZRAE328 TLUEE, Cl (LEELE) WRKEIR
Z R F BB S AE 45s. 55s. 65s T AU M ERA mE IR TS REZHAAL (H
B2 17.5um KT AMYT) , 7 50s. 60s FEIT, Ao B A 3 3R Ak 3T &#%ﬁm%
BEHAMAE (HFH 12um AFEWE) ;3 SHaTHW—%, C2 (EegFs) &
BIEFAMZRT T ARG A R B M REH v, ﬁi;%ﬁk%%?%ﬁﬁﬁﬁim
BA, k35 0B R C2HRETRERGE. WA, TAZNEHLITREALEEFGITEXN
WAHBRESRER L, E327 27T ERAEAMEERT, ARG HANEAN RRZTHZ
e, T C2 B AREBAAERE ARG T HASTENERABR, o —EFREFERK
AT, &35 FE/NAEFE Ly[u] AT C2 EFHA A B RE.
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x107° Tracking error Head motion
5 ‘ -~ 05 w w w w
£
E g o\/\/\/—
\a_:>~ 0 | all IQ-
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o 10 Rotationa
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- e A T
5 x 10 O _ ‘ ‘ ) ‘ ‘
= 40 45 50 55 60 65 70
S -5
= Vobadon x 10
-c|,?>' O "ﬂ‘ }( WM‘N‘J‘ Uﬂr\“h\ '\i")« W{WW\WWW‘ M. \W ﬂr Mw M ‘((‘M ({‘.“‘ﬁ‘\ W;&W M( \‘dlw = 2
N (U
: 5 WA
N
— i i i i i o _2 L L L L L
40 45 50 55 60 65 70 40 45 50 55 60 65 70
time (s) time (s)
B 3-26 3kIFiEE B 3-27 X &5 a A K
x107° Tracking error (magnified)
2 T T \
—C1
1.8 - - -C2j
e {0 I T T i T O B I
o> i | ‘ | | |
1.4 ' :
L ‘ I i . |
1.2 | ‘ h l | i | “
SRRNARARRA AR AN
H ” | Hx I h ‘l h k ‘\ “ I “ I 1“ ’ || ‘ l ‘ Ll : | " I H | “ h I ‘ ‘\
45 50 55 60 65
time (s)
B 3-28 Cl1 #= C2 493k FIZ1% £ 2 K 3T E
Control input (V) u — - _u
I

1 1 1 1 1 1 1 1 1

61 62 63 64 65

time (s)

66 67 68 69 70

B 3-29 CI1 #= C2 &9 HF M A\ 3T Lk
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3.5 AKENGE

L. £ EEBA R R A eI, AT B4 LI R 5 M FRE T

AAES EAF, BIRIEE RS E T Y R B Aol i B shiEl 9 7. X, #BET
EHRBEHE (LB) + BAPREHE (TB) wsl%m, SRR s .
Bk e A B AR B R R, AR R G A TR
o, ARAET A R A AR AR R R A TR s TR AR B AT A A A
BANAUEEEFE, RIETRARMAA BT RS, F0, FRTHETRALIR

4wty ARC R BEEEMSIE. BT TRIALME X,

SEGETHAZTHEFARXBEAER FEML, FrRFEBNA N SEhyHFE = 7
BEEHGOS, Ao TUWATALEAI TS bR FHEh T, AR EHES
WET, YR ] b AL H i\ Tt 9 4 3 20%, Ao bR T AL A
FHRLAL: EETH—SRAZHEEIEER, EERSEHZRTFASENN A Y
, LERHAG AN, THRGEASHNEEHELEE—SRNT 30% A%, FEHE
IR H A, EILT LA R g

2. HAHEE SRS HRRARE TR, RETET BELBA ST ARC
Rk, FURET AR A2 W AR M RLS B3\ T A SRS R EITE,
WTEAPABNEEN BT, BE T AW EHAE, FBETEFELAF IR
TEEARPERNAE, ERALETS LWEBEH, FRAENRA SRS —
FTRE T T BN H MR AN E .

3. HA—RBHLAETHEHN TR, HREHNEHRASELEE, B
TEERANNELRD 5%, TAL \a%&%$ ﬁﬁ@%%¢%%%?ﬁﬁx i
AL R BRI, SRIE B A 4 T ) B4 AR BT P A T TR B R
2, FRERKENA BT RE, SRR T E R B R b



FNE ZESMIEENNFNRRVNELEINE
FEMEHESIIR

WE: AFAEHFER T TFERETRREG NS, RUT —ME@ N 2hEEEN SR
WRERER BRIt T k. B, ETRBEIAFRL T ETHEEFAMSREE N ZIANSK
X ER/eBEY,; EiL, RERNZEHEEAT S E/hBES 7 EHFRiTT £
O\ % % ARC T [ 5 ) 2 ;«ﬁﬁ%)ﬂ‘#a ZETrREFENNEERSE, AAHEAMER
ARITSEIHT DCARC R #=EF| &; &fe, BEETREIRAEITES LR &5 LERT L E
¥, E}@iETiiﬁﬁﬁ%%%iﬁk%i@ﬁwH#ﬁ%ﬂﬁ&ﬁﬁtﬁ?%?%&ﬁé]\ﬁi R B A5 R 7k AR
HlMERE Lyt — PRI, URAIRITWERFEEAL THAEEBER T L EERRE L
B T M RE AR

4.1 5|8

BANTARERZGFENREESF, RINCEHAT AREZB R A, EFER
WiREEE I F 2 REGERNANRURY A ¥ FHeTUERGR@EME. Ei—
FERIOHDEAER TR A ROEA 2B, TR EZRBIRIET o WRSRDAT
ﬁ’dﬁzﬁ?i T A LENAA, U T ITEESIHANER ST IOMERIET R RNERNE

o FRAFREN ZRRRORTA N G EREWERF T BAT, RS E it
”*/F, EEFRBXHFEET BRRENNF, IFREZGRERZEREALNS L EE
wlE A, R B A iR s I F A WAMEES, P RE AR Y MERER
B, LaEH IR RIS o T AR S AR B A5 BUR 0 77 R T A

FEREUNE, ZEFREY o WHAEF SERZHEA S ES FNCLEREEF S
BREAMZA, BEEFRBSRAGEIIN T E LANTEARRKA: WEZETHAES
A FBRBNEFF VR RN A EEE R, TaREEm RIS & 0E5 =,
Fh v EATRT BEEEART N AB/ET~ EWEMTHE AR, ERESHEUARK
WREFER BRI WL A ERRLERZREFA, AT, ZHERAEEIF foo) 7 FH#
Box —TEWRT A/DkE, FRD KA RE T RE XA F A HAT T LM ARE
BB, DU E R ST, AR N AR SRR RA 71 52 S ] s R ok R

HATTEANREM L, EAFARARET ALK BEN RFLRAEERLAN S
B X ERmEY, FELAIE M ER SE N S S W\ £ fr o B 2
Bt FxE, Nt— S REEH ket
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s, BTNERAA XA HEFE LS THRE T, BB RIEALBESER
PERE A E B E Gl (DRC) VP BOEA S AMMER T 2 A, flingfx s
# (VSC) EH#EH| (SMC) 126113, 131 132,133, 1341 - gk Hpk g AR SF M2 T, SLR5H 8
T e RESN, WREET DRC LI HAREM.EE, LMAXAJLALEF KN & RIFE
EARGERIHENERE, TELTEHERL DI REENSTE LT R &L
Mo REWEMATH ARC HH BRITRBIFEERFASHEENEA, ERILERE
ERREMMBESEERENEN, RAMBRERARERE., IR+FXFEEZE, &
T aRAHEEKFURMASETHRGER, NERE2TEPHE MR ITIERENE
M, AR RERDB T H2 AMz B AU 36137 5 by A 2 3 4 4 23X — 52 B [5] AR A
HE AME Y B 18 i B R H B8 (DCARC) Wit, H&# A RS E S 5.

4.2 o] RRER
42.1 BRGshhz=
H—ZN yo WA FHEFRTUEH A FRAEZRE RS, BdREGHFHEIA
HIERKEF a WRABUAR Z40EREHE, NTELT EF# &%, KAERAEF
F ARt AL RS, R 223 AN EETH AT R LN FZELH
AR, HAEERSTHRATHEEEEENZT, SIAY (BEEENE Ig~0) T ERTH
Mi)G: Fm1+Fm2_Fr1_Fr2+dy
(4-1)
Jav :(FmQ_Fr2)12_(le_Fr1>ll_Kaa+da
He Rl d, fd, KREERZERAMIITH. EREE 2-1D UK (2-4) , KUT (3-53)
Fr (3-37) A EA Sp(y) = Sp(ye) + Aiy (41D RFLLE A

Myg = wy + kU — Bty(; — Atsf(yG) + égdd +d; “2)
Ja = kplyuy — liug — Bod — Koo+ Cyatia + AyaSt(9a) + da
H
km = Ko/ K, Cya = Bily — Bsly,
B, = By + DBy, Aya = Arly — Asly,
Ap = Ai + A, B, = Bil} + B3, (4-3)

2 2
d1 = dy - Z AZA“ d2 = da - Z (—1)2141[1&2
i=1

i=1

#HA e = o/K, DLE I A% 2.
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WEFEHTHEAEANEMAS R L AL 42, RXRATE () H q =
Wo(t), )T, REHAZREETAH B THA

M, + Byg + Kyq + ASt(d) = vy + dpp + d, (4-4)

HEF G =[yet), a®)]" # G = [lct), a@t)]” AREMmREN L RE; Si(-) £ EALE
BHKE Si(4) =[St (Wa), Sp(A)]T; My By Koo Ay 2 BIRIM N ZRBE. KHEEA
RHL RE. EREENZHM2x25EE,

M 0 By —Cys
Mq = _ 5 Bq = _ _ s
0 J ~Cyja  Ba
- - B 4-5)
0 0 A 0 A,
Kq = 5 Aq = _ 5 drn = _
0 K, —Aye 0 A,

T odn = [Ay, Do) MAR KR TETERELT = [d, d) WHEESE, H#EHA
d. = d, —d., RELREHE,
v = [, 00" HFER I EDRAN, T H BN ELFEHAN v = [u, )" o

TR%E
! km]
. (4-6)
1y kpls

v, = Tyu, T, =

422 ZTEEHIBR

NTHEROAKRERRL, yo S a WHAANFEBeW, CEIAFLZHERT
MAR, FEEDEER T MUER, MELEYREEHNEEBEXANEELESH
HMIMO EH (4-4) , MAATEHIHEMELUETHEAEESR . Ak, §
My, By, Kqo Ags den 7 v, FHRE ST U — AR S HR LML HAPIELT,
RSP RE O, XN

_ _ _ T

T - _ _ _ _ _
6, — [971,- - -,eﬂo} _ [M, J, By, Cyas Bay Ky Ay, Aya, Ay, A, (4-7)

—BAUFSHRRE R AEARME, AwEARRETRRESEHTELET T
Fl, BREARBFLTREREEFFANTRATLELME. BRAWIL, SHOZTHE
RX—REE L®RET EREWADSRFAMNEERST, FHRTLUOAARRER U TR

WA
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BRG4.1: AIAhHK 0, AL RAA LI, BREEA
97“ € QHT = {91” : ermin < (97" < ermax} (4'8)

b Qy R—AAFDLE, O nin € RY A2 0,y € RO R o F HAM A 5 ETR
XE, |

MNTHEERZE, BRI kB, BEZRTOEERARE, FlioE ) el
B AE SRR A AT BE TR A [ Mok B[R o] DAm T B

Big42: THALEEBROECELAC 20, LXDTURA—ANT R H T HHK
5dr<Q7d7t) *F%E

dy € Qa2 {dv: 1di(a,0,0)] < 00, (a:6,)} (4+9)

HFBRMAERAL DT EMEERERT ¢4 = [ya(t), aald))T> % LREIE 2 4
ey = [eysea]” = [ya(t) — ya(t), ot) — aa(t)]Ts 3% MIMO % 5ty 5 4] B A7 2 3% 14 10 A
o EEFGHMHBEEE e, RTHA, B8 ay=0, LB ERHENE LET
VRN o, — B R yo(t) R ERER DT g(t), UELRAEFREN
TR R TR A B TR, B—EERH o) RTEDN, FHE
S A A M TR S AR A B LU BB R B A RIS R B
B 25 o 8

43 FEERFASHEEN

AT B SRR R e, AT LB S B N 2 ] vk A A M R R OR
BHEYW, NTEERGRANBSRBERE. AT, 5323 ¥ P EaBkEenl
AN EN, HTRIEEENWHSHE, FLERASAAC PO ERE, FE3EE
4.1, A Ormin = [Brimins 5 Ortomin] » Ormax = Brimaxs *  Ortomax) » T & 7 AR
L a St U2E F 5 1 5 5 B 8 R A2 Y

~

0, = Proj; (I',7,) (4-10)

fb, 6, RESK O, WA, $HEZH 0, =0, -0, 0. >0 REEREHH AL
Mo or, REERIH EE L. BAEHN Proj, (o) = [Projg, (s1), - - - Projy, (e10)] "
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H
ém’ = 91"1' max and ., > 0
) 0 ifq¢ . ‘
Projéri(.i) = 97’2’ = grimin and o, < 0 y U= 17 Y 10 (4'11)
°; else

UL, V0,(0) € Q. HBERE (4-10) EALTHEAE I

MR 4.1:
ér(t) € Qer é {ér : ermin < ér < ermax} s Vi (4‘12)

MR 4.2:
0F [F;1Pr0jéT(FTTr> - Tr:| <0, Vr (4-13)

DL EBYRIET B85 0, #6427 Qo WIAE Qo A, BIMRIET S8 MG HBLAAR, 7
UREERSRITNAT A 2P RAT RGN EGEEE, AHEFANTERY BENEAMm
SR 14 25 4 25 B9 4 A 100

44 BENEEEFISREIT

N> 0N EERMAWEEAAEE, HTAAE (44) , Bit— EBEERML
B A4S p A

p=é, + Ae, (4-14)
KULEL B pBle, 2 M BEENERTHERTUETH Gols) = eg(s)/pls) =
(Is — A)™', HAE WM GSE p RARLE T ERFIEEL e, wELER LA
B R R A, Bk AR AR E ARy T T RAE p R A AR
B, RX—AMEEBEHA
1

Volt) = 5p" Myp (4-15)

7 V(1) % T ot Bk oA

Vr@) = pTqu

~ (4-16)
= pT Uy — Mq <Qd - Aeq) - qu - qu - Aqu(Q> + drn + dr

KR (4-16) FHXEZTAA S0, KENRTH

M, (§a — Aé,) + Byg+ K,q + ASe(q) — dp, = —P(q, 4, )0, 4-17)
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HEFD(q,q,t) BN AHTHERMEN 2 x 10 ETEELEME, T2 (4-16) T UUEMKA

V, =p" v+ ®(q,4,1)0, + d, (4-18)

TR (4-18) WEMEA, RIHUTHEE N EEEHE
Vp = VUpq + Upg (4-19)

HF o, B4 AGCEESHABEEFTER TN EEENERAMET, o, £FERITH
BEEFHT, EEE 4-10) , 4

~

Vra = —P(q, q,1)0, (4-20)

ERCOATE
7 = @' (g, 4, t)p (4-21)

HER (4-19) . (4200 R (4-18) , FLIFE|
V. =T (Um _ 30, + d;) (4-22)
AR AW TN, RiTamHoE RN esiss s

Urs = Upg; T Ursys

(4-23)
Ursy = _Ksp7 Ursy, = _KSQp

Ups, RRARBELXRREEKET, K, BRI EREERE; v, £ PEL
MRAED, FARRILAZETHEAUEFEFLTHEEEE, ERE (4-12) FEX 42
Fria s 098 F e TR, 4

1 2
4-24
4nrg (4-24)

HEHF g > 0rmax — Orminl| | ®] 4+ 0a, » BRHFTUEAMF L, FRITOEERFRILT LT
AT RE A

Ks2 =

i P [ — 000,000+ 4| <. (4-25)
11 P, <0 (4-26)

Hep &t i P TUARAEHERRAORESE, MAMF i WRIET RIFWRE K. 7
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PUEER, DLEFrRitmEE N SR md St BE UL TER S R:

EIE41: RAAEREHEEHE (4-19) AhERpHEE (4-10) . AE R KK
(4-21) , TRAKIER A T 9B SRR A AR S M AR .

A, BARERIL, RAMEHBANAFAREESHRA RN B K 4-15) + 7Ly
EEBH V(1) RERE, H AMS AT #ide

Vi(t) < eV (0) + 2 (1 e M) (4-27)

20min (K )
EF N =—F
Omax (Mq)

*
o

B. B EAMRGENE t) EREAARABGELKTHENE (BPHLd. =0, Vt > ty) , AR
2 A PHTRZRGEME ZAATRBFEABLSREENRGHERIZE, Y

t — oo B REBME/F e, — 0, p— 0o [ |

WERR: AR R T4

Umax M
Xés——géiﬂmﬁ (4-28)

i?amAMQ:mm{%mm&%m},1@&(42)\(4%)\(¢%)%%#iu
% (4-28) , “T4=
“/;‘ = _pTKsp + pT (UT‘SQ - (I)é'r + dr)
< —0min (K) [|plI* + 72 (4-29)
S _)‘r‘/:r + r

F RGBT b & 5] 2 U2205T L3R

Ve < e MV 0) 4+ 1 (L= e ) (4-30)

FUML L3 T 456 SO SR JE A3 £ p #9 LR T A 2340 B 0 5H B2\, Ao 1), P80 4
K, BARNRSRBARE. Bp AR, Hlp e, WHEHLE Gols) Th e, fo ég
RARM, FRMTFARL T SO B I qp, Tho g2 g HRo BERE (4-10)
WA ALARIET 0, AR, ALBEFORRKIET AR, By, AR, %L, AR
THRARG, BEAT A it

EREF, gmin(0) F7 omax(e) D AR E o 89 Fa sk K AFAEAA
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H

BT RIEV RS ZHpsEn, EIEAARBLd =0, VE > tge I ERA T
1

1~ -
L@@)::EpTAQp%—EGfF;1&1 (4-31)

m X (4-100 . (4-13) &M 42, (4-21) , ARKX (4-22) . (423) . (4-26) ¥
Atrdi, TV, KT 698 L
V;z = _pTKsp +pT (vTS2 - (I)ér> + ézr;lér

= —p'Kp+ plvg, — 070 p+ 67T,

] (4-32)
< —p"Kp+0] [T, 'Projy (I)7) — 7]
S —Omin (Ks) ||p||2
vt, 3t (4-32) XARpH
/t ) 1 t .
IplPdy < s [ Vao
0 Umlin (Ks) Jo ) (4-33)
= ——— [Va(0) = Vo(t)] £ ——F=V4(0
Omin (Ks) [ ( ) ( )] Omin (Ks) ( )

FRTHpc L2; IEPRILE A KPR IEAT pec L2; ANXE (4-16) Hsmp £
HRe, Aitp R—2ESW, 4L, @i Barbalat's 5| 2B % ¢t 5 00, p—0, F
RAA e, — 0, EHE, .

4.5 HAZEAMERBIE N EEETISR1 T

ER —FH R ARC E#l &+, HETE O FRARS, AHENAE oI ET
EERFIRZETENNERS P, FHW 22 mERE S8 E N LA R AME
R8O b A 7 A ] 20 A2 S5 BTy B, B AL AMZ ey it B R T 2 5 % 78 Ao
EL&SHFN, RITHEAMENEE N EBEGE (DCARC) U#H—FRE RAkE,
EEEX 417 A

(I)(q’ q? t)er = - qéjd - qu.d — Kqu — Aqu(Qd) + drn
—Buéy — Kyeq — Agxéq + MyAé,

(4-34)

H PRI P ERIET 5 x(4,t)éq = Se(q) — Se(da) N —HZEH ., FEFREFHETE O
BHRANKBA GRS RIFWHLEETE &4, FIA

- qq.d - Bqdd - Kqu - Aqu(Qd> + drn = (I)d(qda Qda t)er (4'35)
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7+ H

@((Eq, éq7 t) = (I)(Q7 Q7 t) - (I)d(QCb Qda t) (4_36)

1 1
Va(t) = 5pTqu + éeqT K.e, (4-37)

HP K. Rt EWEEN AEME. o Vo) x TR EX#Ma, HFEFEIRX 4-18)
(4-36) H
v, =7 (vr+c1>der+i>er+dr) + el K e, (4-38)

TR (4-38) WEMPR, RITUTHEENEHEHE

~

Up = Upq + Urs; Vpq = _(I)d(Qdy Qdy t)er (4'39)

ALLERE A B NERAMEI v, REKBMT &g URELSHMEIT. BEHK (4-10)
FHEENEREENLETE Oy WIT A

Tr = ®§(qda Qd7 t)p (4'40)
WEEARAME G R AT HEEE B THR
Vi=p" (vrs + @6, — 040, + Jr) +eTK.é, (4-41)

ERE (4-14) A (4-36) , HIE A AME Ao 5L PR B AME oY 2 A7 DLdg LU KXo 2 4
*

< llegll + walleqll® + s llpll + v llp] lleql (4-42)
IR ETHERNA LA EENEN RGN ESHOTUH T AL TR K
Y1, o, s, hs0 TRER (4-41) B9ZEM, BT 0PI oAk B B = 4 8

Héer

VUrs = Urgy + Ursys

(4-43)
Urs; = _de - Keeq - Ka||€q||2pa Ursy = _Kd2p
H¥ Ky, K, NERNAFHAES, Kp AFEAERFEH. F60R K., LREHEE

il 25 B9 B R U & PR E
Umin(Ka) Z wQ + ¢4 (4'44)
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F B ARAE LT X AR %

. _ 1 _1
Q _ O'mln(Kef\) 41/}2 le 1 (4_45)
—5% Umin(Kd) — 13 — 11/14

IR B K BB F B RIE vy, 2 LT FA M BE 5 1

i P [ty = ®algardas )0, + 4] <4 (4-46)
iv P ps, <0 (4-47)
A, LA
1 1 1 1
T min (KA) > 5% + Z%, O min(Ka) > 57#1 + 13 + Zl/u (4-48)

LR 58— ARC it P EMMEEZE /N ng > 0 4
Ko = -~ (4-49)

’;Et't}j 9d Z Hermax - erminHH(I)dH +5dr ° EII/)(TIEEE7 uiﬁﬁiﬁi+%ﬁﬂiﬁ.%]\1% Eﬁ&%%*ﬁ%ﬂ
BEBRIEE£E 41 XUNWERER,

EIE42: AR AEREHEEHE (439 FhEpgHEE (4-10) . AER HEK
(4-40) , TABKIE & Al 2 9B S A FeAa S PR AG

A, BARERH, RAMEHBAATAREETHRARG: AKX (437) PRLH
ER R V() AR, IS T #ide

Va(t) < e MtV(0) + % (1— ) (4-50)
d

20min(Q)

b= max {amaX(Mq), amax(Ke)}

B. Ble A H RGBT o G R AR BAESARRA LN (Bp#HL d =0, Vt > ty) , A
ZHEA PRGN EAME, FATRYSETABERENERG S ERIE, Y

t — oo B AE %M/ e, — 0, p— 0o [ ]
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ERR: 4 2= [llegl, IIpll]", @ 5%H T4

max {Umax (M), Tmax () }

Va < 5 [Els (4-51)
HEF 0max (M) = max {erlmama Grzmax} o
%3 (4-14) . (4-41) . (4-43) A
Va=p" (vrs + 80, = @, +d. ) +p" Kee, — e KAeg
(4-52)

= —pTde + pT <U7'52 - (I)dér + Czr> 4 pT&)QT _ pTKaHGqHQP . e(jI“KeAeq
MK (442) . (444) DA (446) 5 A iii Tho

y 4 2
Vi < = win (Ka) B + ma =+ [p] |96, | = i (5a) legl PN = orin (e

2 2 2
< W1 [[pll leqll + 2 ([l leqll” + slplI™ + allpl™ lleql
2
— Omin (Ka) [IP1* = owmin (Ka) lleg*1PII* — owin(BeA) g™ +na

1 1
= - Umin(KeA) - Zw2:| HeqH2 - {Umin(Kd) — 3 — ZQM} HPH2 (4-53)
2 1 ? 2 1 ?
+¢alleqllllpll = walleg* {lIpll = 5 ) = dalll® { egll = 5
—{%M&wwrw$mwmum
ZHA X (4-44) . EEE (4-45) AAER X (4-51) , T4
Vi < —2TQz+na < =NV + ma (4-54)
F 2 it pb & 5] U225 L4

Va < e V(0) + 1% (1 — ) (4-55)
d

BT O, AR, MEEHAREAIIAAEMM, TUUHEHNAZ ST AR, BFIEHT A, 4

%o

BT RIEARILHE 0 it, BRILEAAEHL A =0, Vi >ty HWIHEIRI T

1 1 1~ _
Vo(t) = §pT Myp + §eqTKeeq + 50;?1“;16; (4-56)
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B X (4-10) . (4-13) #9H R 42 . (4-40) , AR X (4-53) . (4-53) . (4-47) &
&4 iv, T4V, X THE A9 2

Ve = —p" Kap + p" 0, — p" K |leg||*p — ef K. Ae,
+p" (vm - <I>d(9~r> + éfl“;lér
< —2TQz+ pTuy,, — éfq)Tp + éfF;léT (4-57)
< —2TQz+67 [T 'Proj; (T)7) — 77

—2TQz

IN

BlAE, TR ERIT 41 e LA £ MM, # F Barbalat’s 5] 3B 40 Y ¢ — 0o BIHH
p—0, TRELA eq — 0, iEEE, [ |

4.6 SRIGHAR
4.6.1 ILIRZLIPFH

AT LZ A RAE 35S TN BN A BEREAEFFR LT E L7 RFBE
L% 45 ¥, dSPACE MicroLabBox 1Z AT & #| F & B LB R M E X E 4 10kHz, Bl &
AT, =01ms, MEANMCERTEEALMRNE, 2BEHH 0.5um, FMEMETE
WA EXN AR E G A ERTITERS:, 2HFEN 0476urad. E R EE 1.46m, =
MAES L EH N 1.05, S TFEENEZ RGP A A FAER, F A Sk B ob 2 ok 57U
PR A LLRA B /N Z TR BB A B R4, R s U4, IR R ST
HF (4-4) PENSBHETAERAL XEY

T
6, — [1.4,0.32,3,0,2,9.464,0.36,0,0,0] . (4-58)
RIBELIT RGRNE, SHAT T EB Y

T
0, in = [0.8,0.12,0.2,—1,0.2,664,0.1,—1,—1,—1] :
; (4-59)
A [2, 05,5, 1,5 134, 1, 1, 1, 1] .
4.6.2 THEEIEFR
HT B EEHAITN A EREENERRR, TXPHERFNESEXWT:

—

yw},ﬁ%-%%kﬁﬁﬁ;

o) — Inax
t
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or = max {M}, & B ARIEAT B B B 5 255 T @ B9 5 A4 X E

T—25<t<T
1 T 2 1/2 > =] )
Lofe] = (% S el dt) , REBJE 255 1 o 177 (RMS) fH.

463 XFEESLIGHER

SRFLY HRENSFEITETIVFHANLEAENE, snr2ln R WETAE
#0.3m, WEFAEEN 0.6m/s, TAMWEEH 6m/s*, WE 4-1F17F.

2p curve
go.4 ‘ ‘ P<p ‘
‘8-’0.2— / \
a8 0 : : :
. 28 30 32 34 36
Losl ! [ [ ! ‘ ]
e\ [\
§-05 i I I U I I \f
N/m\ 28 30 32 34 36
E 5 T T T T T ]
E ILU \FA H |
8 5 Il Il Il Il Il ]
(&]
®© 28 30 - 32 34 36
time(s)

B 41y BRIE 0498 Huik

ARIEFREEES RREAAFNHEA L s aEFER IO — SRS, XEFK
ER —#F MR R EREE AT LR, WA, AT WA R EE N ERE
#l25 (ARC) 3¢ 7 & I MLH B T R M ®om, AT % TR T % < 1 & % 5
(DRC) Hy M REMR 7 15 5] #, X B B &4 5 DRC =& & AT X, DU E B % i1 42
AR . BUAT DL T = At 5 vk

Cl: AZEFRBWOE RGN AFHEZAME MIMO B & € #% P[5 12 5
Ho Sp(e) BAE Zarctan(9000e), =& R ITAT AEE A BA A = diag[200,200],
BB R AL, AR vy, = —g-gap A RA v, = —Kap I, &
HRKp NERF MR ARG EEURIER G AT EREANNERERE
Ko TRK (443) PHEBREFHEN v, = —Kp— Keeg — K,leg||’p, £+ K, £
AT Ky M Ky 8950, At EAKEREFHEZM SR A BTN K, =
diag[340,100], K. = diag[2000,2000], K, = diag[5000,5000]. v & £/ #1 £ & )7 &

(4-35) 1 d,, BEIERREMEET AT, = [100,0,2000,300,0,0, 800,500, 6000, 3000]" .
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AKIDCARC E M EL¥ I, TR PS5 HEHWWBERA 6,0) =
[1,0.24,2,0,1,9¢4,0.2,0,0,0]";

C2: #3BFHARANETRA»ERBSHWEENEBRYRES T L. LF
B 4 Sp(e) BUIE 2arctan(9000e), =%l 2 898 41 5 8B A k= 200, k. = 340,
S EENEREME AT = diag[100,2000,800,6000]; %% L TR X E 4 5B A
Omin = [0.8,0.2,0.1, =1]", Onax = [2,5,1,1]7s S HME IS4 E 5 C1 A4 M H A
0(0) = [1,2,0.2,0]T;

C3: HEEEHAFWHEEERDEEFHE. DRC £ & 4 % &% IR
T & R G TR E R TR, B EGEFEECI PSR AENEE
T, %4 T, =[0,0,0,0,0,0,0,0,0,0]", UL xBrE&ERETHENTEESE%
2 Hy DRC =41 8, S0 5 8 331X B 09 5 30 A xf 4 A ok AT B A5 A2 ihAh,
EHEHEMSHA ST E ClLIREAHFE.

HEAT LT PT 2L AT b SE B

Setl: HMlAPrFEHFEMEERET, TIRABEWEILT, BahkBE=ERL T
R, ERGARATHAT CL v C2 BH LR,

Set2: N #¥t—FWIFAT% 1T DCARC HHl g E R &% ek, 75 DRC 54| &
AT, BBk B R ARME, H HEw40-kg B9F S 1, #4T C1 fo
C3 B %, ME [, =0.666, [, = 0.794,

464 LWERKTHT

BEANZAHBEANREREZ e, XLl 42 o, B 44 NEBEHT ERTANEZTEHHAAR
N EFRARIL. REEEREMERRANE EEREEFTLT LR 41542, 3
Setl &, FIMEEMELHTRT REANREFM,RE, ERAREIREZ ey MFHRERR
Lole,] 7, Cl EEF—L&, RORHETHEAE e, 217 F F X6 TIATHYAM2 = F T
REMERER T, EREIE 46, EoiREdE&, wWIHHAT DCARC = #| k& H KNS K
BT B R R R A DR IR ER R . A 4-4 7T DU 2 70 A 4= ) B vk 0 s2 3
TRAGFRER, ARFLEEFRRGIEMFLR, FHEREK42F, C1FC2 £
Set] T wipg A Lofu;] E—2K, XWRKBET 2EE N oA 4 A 78R A RFR
Ko
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% 10°° Tracking performance (m)
—~ 67 N
2 3 f
n 0 -
N -3fF » -
O —6’ I i i i .
20 s 30 40 50 60 70 80
x 10
—~ 6F T -
B
= -3t " .
U —6’ I i i i i .
20 5 30 40 50 60 70 80
x 10
— 6, T ]
% 3l e i
B 0 -
3 -3} A ]
O -6c 1 I I | | .
20 . 30 40 50 60 70 80
x 10
—~ 67 T 7
AN
- 37 .
b 0 f
o —3r .
O —6’ I i i | i .
20 30 40 50 60 70 80
time(s)
B 4-2 Setl #= Set2 5= I W JRIF 1% £ 693tk
x10°° C1 (Set2) %10 C3 (Set2)
1 1f ‘ ‘ ‘
05 0.5 ”
iE; 0 Ot m
(]
-0.5 -0.5}
_1 ‘ | | | | _l, N
60 62 64 66 68 60 62 64 66 68
time(s) time(s)
B 4-3 Set2 5= ¥ b 3R IZ IR £ 69 B3R KA EL
e ey eyr Lsle,] anr ap Ls[a]
wm purad
C2 (setl) 20.1 8.20 1.52 4.35 4.33 0.70
C1 (setl) 18.7 8.20 1.44 2.75 2.75 0.45
C1 (set2) 32.5 10.7 1.80 3.15 3.15 0.53
C3 (set2) 67.5 67.5 14.8 3.25 3.25 0.54

% 4-1 e, Ao a f54EstL
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u, (V) u,(V)

=) 5 5
& o H V’L o H “JL
&
& -5 -5

60 62 64 66 60 62 64 66
4 5 5fy ‘ ‘ ‘ ‘
SR N N V'L o] H VJL
5—5 VT V s P T

60 62 64 66 68 62 64 66 68
gok L ° ”w |
]
2} 0 0 V-L
O -5 v r u FL -5 V- r

60 62 64 66 68 66 68
S s sfy 1 ]
N - OJLV 4 A.v ¥
(42]
M3 -5 -5 ]

60 62 64 66 68 60 62 64 66 68

time(s) time(s)

K 4-4 Setl A= Set2 5% 35 P 3= H fiy N\ 69 4 kb

B Ui Loy [u] U2 Lo us]
V

C2 (setl) 4.93 1.07 4.83 1.04

C1 (setl) 4.98 1.07 4.95 1.04

C1 (ser2) 6.55 1.40 5.32 1.13

C3 (ser2) 6.45 1.40 5.20 1.13

K42 FHRIE ARG

B 4-5 FTm 2 TR ER Lhe P e s A E o BRI %é@¢5u&%¢1¢%
EEWN, ClRE QUL EREAEREN T RFREZNEFEGEAELT, HE£ Cl1E
BREENN o, WEALEBIEF IR FBE mﬁmﬁmm, M&Eﬂ%%ﬁ%ﬂ
THBEW . Wb, Cl (ser2) MERKANELERAEZIARANSHE LA EFEIL TIRA
BB RIERERER, THRLARERZMEEAZNEFBELRFES C1 (set]) HH
IR AT

A—HEANT Ser2 # C1 fn C3 4T thT &, AWHE 4-2 WIRIFIR 24 K ¥ LLE 2|7 €
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X 10 Rotational angle (rad)
‘/_T [ T T T T T |
N -2.51 1
O
_5 1 I I i i
20 i 30 40 50 60 70 80
x 10
—_ 5 T T T T T
E 2.5F ]
0 0 WWMMM
1 -2.5¢ )
O
_5 1 | | | I
20 6 30 40 50 60 70 80
x 10
@ 5 T T T T T
o -25¢ 1
_5 i i I I I
20 30 40 50 60 70 80
x 10
. 5 T T T T T
% 2.5F )
nw 0
8 _22 i 1 | | | I |
20 30 40 50 60 70 80

time(s)

B 4-5 Setl A= Set2 %3+ o #93FEL

BEANEERTERNA. ERARAFERASHZMENELT, DRC & T#ARA M
MR ARET L ERERENRERE, £x41FTUFE CINETEFTTAT

o %5l 4-6 7] %1 DCARC BV £ & 5 B th 1T 2 A G B K /N - A R B RS
L!é(ﬁf(#%‘/fi REAG SR Gt A BB SR B ANME, BT A 4-3 BTN WA EAT B AW IR IR IR Z 60
R A B AL LLE B, BTk it 89 DCARC =& & 7] LR B IRARER 2 /LF A T oy st
#RE, DRC EI’J%%%‘*%FWJ%’(% RMHNE 4-5F5% 4-1 FHFAUEFE Cl EFH o A E
Bl rAaERERToRIET it il F iR 20 ) 5 8 B & N & B Y 7] 42 ) 5 0k A R
iéiﬁﬁﬁﬁ%i/fiﬁ%ﬂ%?%%lﬁ] P77 LA R B 5 T B 45 | 7 TR R AR A P A

47 KREINGE
CHATAEBAGH R ENAL, AT TARAS T ERLLHER, TED 4
ATWﬁ% EHURER, FEATELSNEE ML EEMAMEEH BT,
2. M TLHBEMER T AN, £EAAKETFAEE M ERAT R GEH
BrRMRM e Y, BT RPE ISR EE LR, RIES%ET
YA



84 FWE 28 & W iRikal 1 F e LR N E &AL S & 2 P F AR

Parameter Estimation History Ci(setl)

2 w T ‘ ‘ - - - Cl(set2)

o 1.5¢ II-JJ - . ]
el

l i i i

20 30 40 50 60 70 80

3 ‘
®m Z—L’_‘_'_’_’_,_,— 2 ahd i

p ="
L
l i i i
20 30 40 50 60 70 80

AT - v

Y= e y—e— = —p o
_005 i i i i i
20 30 40 50 60 70 80
l T T T T T
- — g T TN W W W = W
@ 0.5¢ ;g .
0 i i i i
20 30 40 50 60 70 80
0.1r b

CDOO O—CV_'_V—'_V—'_V—'—V—'_HW—'_V_"_V—"_V—

== Y=
T=V—y—n T T e e e -

20 30 40 50 60 70 80
time(s)

B 4-6 Setl A= Ser2 =% b 89 ¥ BAK AT IF I

3, EEAIBTITTEEL RRES S, it T £ £ W 1 ARC Y B =4 2% DL
RENREFG R AFEN LT ERFIF A, &880 S R (M F g 6 R R
RIERRIZN G N MBS F AR A EE .

4, RITTHEAEHEENEREFHE, EEANEREBRTHER LA FE
S5HHR, URKEZATREMRAALRNEZEE T AER o ML 55 RIFHEH.

5. ENAEBEITFELEWERERRH, MRENZ R ERFEF R FEE T
MR ANFHEELES, ARMRIET EEHAS LB N A BN BESRRAEI,
MZIRBEN N FHAEER R ET T REME, ERRAAEAERMEGRR T H#—F
B3R . AT E DRC #5485, Frikit B DCARC & ik & (RiF EE R 2 e FE i, ©
TAMMEIL T HEEB U RARERE &L,



EFRLE RBESRE

51 BXR%E

AR AN —KTAELRRBEEZEF &, QFERRYE T ARFREHNREEZH, [
B R B 9 R B E W E R R A, SET —ER RN RS EES R FE
ERWHF TR FRAANTREBAS, 6T IR EIMEREH L ENEARF R, F
BRI BRI, BRE., R, eaRESERRS, DakhemfliEx REZ S
BRI TR FARFWH AR AT NEMBT LRI A A Z A0 5 78 AT,
R 6 X ALK LA W B R R R e AR, T 2T Sk Y - 2 18] B BR AR BBl 1 5
R, BRAT IAWRAER SR REsZ®Z B TN ZARERNAARTXA . Bk, xF
TAEREHNFelmAS etk ERFZs CREWRD B, TR K2 &Kl r 2
PAREN L MZG P RERE L, D TRETREN G 7 EAGEEREZ 0T K
MEEMTR - SN AN EAReNT, PHaBERSFE. B XHERBHT X
“TMARERIZZF AT EES” @ lae £ &5 A

1. RGFRIER/E LW FURMBE R ER L F SR H—F R

ERAGEAAREARBEMAEG R, el LR oEMF R FERETF,
MAKEHCERERNTHERBEEL L, WEZIE TSR T H R — K Em
WREWFR, BAETEMHEMNED 7 F S F ST 51 e A X 5 B3 7 F i
Be A, RAFRILAELBRARNEMFR, 2 WNELN BN FHNEERET
=, AmErEER SR EERS. AW E TR T EdRkERE, EIFHHE TEHT
Fa, HTAREREZHF L&At BNEGMA N FRABA. BN ENE
AATEARF AR R R R

2. AR ARG N FAERANSHAH R EA L ETH M,

HTRAEFEAEHNENEZRER, AHENER TS THREEBEFATERA
g, FHRELTE2BURTEG ST TIRERE, SO L0 5 = 0 JE 2 4 8 30T
FE R, A, XS BENERERFEAE R, EERSTOTFAERE S
BAARENM. THRFLEMIT RO H, DERIETRERZH R TN EEEREA
SR THIERE.

3. WEMITUARRE RS H 8 W 71 532 3V g Tk [ 3= ) ] AL

HAEREFeF LM ERR S ARNMEBEERMEZEAKT — M ERIES
Mgk, shiEl @RI B LR T RNBRE S/ F 7 ot k&R 9 E A eI
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