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Abstract

The actual tool path of a numerically controlled (NC) machine tool during contouring tasks is
a result of the coordinated motion of all axes, and quality of the products produced is directly re-
lated to the contouring error (i.e., the deviation of the actual contour or path to the desired contour).
To main the contouring error within certain threshold in order for the produced products to meet the
quality requirement, it is not necessary for the axis position tracking errors of the machine tool to be
at the same small level for all axes at all time — a more stringent control performance requirement
which may not be attainable in reality due to various factors such as the limited bandwidth of certain
individual axis servo controllers. As such, how to achieve the required contouring tracking accuracy
(i.e., maintaining the contouring error within the required tolerance band of the desired contour),
especially during high-speed and large-curvature contouring tasks, has always been an important
problem to address in industrial applications. To solve this practically significant control problem,
the dissertation presents a global task coordinate frame (GTCF) based precision contouring control
strategy. Specifically, the dissertation first develops a novel method that accurately calculates the
contouring error while being computationally simple enough to be used in real-time feedback con-
trols. The dissertation then constructs a GTCF in which curvilinear coordinates are orthogonal to
each other along the desired contour and transforms the usual axes system dynamics into the pro-
posed GTCF. High-performance contouring controllers are then synthesized directly based on the
strongly coupled and highly nonlinear system dynamics in the task space. The resulting controllers
have strong disturbance rejection capability and maintain certain guaranteed robust performance
in spite of various parametric uncertainties and uncertain nonlinearities in the system dynamics.
Compared with the locally defined task-coordinate frame (LTCF) used in all past contouring con-
trol research, the proposed GTCF has the advantages of 1) being able to calculate the contouring
error accurately regardless how large the actual position tracking errors are, ii) enabling the capabil-
ity of re-planning the feedrate or velocity along the desired contour on-line for better coordination
of axis motions when some unexpected events happen (e.g., the appearance of sudden large position
tracking error of a particular axis), and iii) being computationally efficient for real-time feedback
controls. Compared to the existing contouring control algorithms, the proposed adaptive robust
control (ARC) schemes have better disturbance rejection capability and achieve higher contour-

ing accuracy. Overall, the proposed GTCF based ARC contouring controllers are well suited for

VI
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high-speed/high-accuracy contouring control of biaxial systems with large-curvatures, and provide

a solid theoretical framework for the precision contouring control of systems of higher dimensions.

Through careful examination of the contouring error definition and the use of differential ge-
ometry tools, the dissertation first develops a novel method which can accurately calculate the
contouring error whether the actual position tracking error is small or not, while being computa-
tionally efficient for real-time feedback controls. Departing from existing methods of estimating
the contouring error based on actual position tracking errors with various approximation assump-
tions, the proposed contouring error calculation is exact to the first-order approximation of the
actual contouring error. In addition, as opposed to the existing methods which heavily rely on the
desired motion to be performed on the desired contour, the proposed one depends only on the shape
of the desired contour and well reflects the fact that the contouring error is, by definition, a geo-
metric quantity and has nothing to do with the desired motion on the contour. With the proposed
precise calculation of contouring error, the dissertation then presents an orthogonal GTCF in two
dimensional space, in which one curvilinear coordinate represents the contouring error while the
other corresponds to the curve length on the desired contour. A systematic way to construct the pro-
posed orthogonal GTCF using any geometric description of the desired contour is also given. With
the proposed GTCEF, the contouring control problem is simplified into the global regulation of the
curvilinear coordinate representing the contouring error and the tracking control of the other curvi-
linear coordinate representing the motion on the desired contour. To solve this contouring control
problem, the axial system dynamics in the Cartesian coordinates are transformed into the proposed
GTCF, and ARC contouring controllers are subsequently synthesized directly based on the strongly
coupled and highly nonlinear system dynamics in the task space. The resulting ARC controllers
achieve excellent contouring performance in spite of various parametric uncertainties and uncertain
nonlinearities. The dissertation also explicitly examines the effect of several common nonlineari-
ties in multi-axis mechanical systems such as cogging force and dead-zone, and proposes effective
corresponding compensation schemes. Finally, the dissertation provides a theoretical framework on
the global task coordinate frame for higher dimensional systems and the construction of effective

ARC contouring controllers under both parametric uncertainties and uncertain nonlinearities.

All the proposed contouring controllers have been tested on a linear motor driven industrial
biaxial gantry with axis position sensing resolution of 0.5um by linear optical encoders. Experi-
mental results show that, when the gantry is commanded to track an ellipse with long-axis of 0.2m

and short-axis of 0.1m at an angular speed of w = 7rad/s and a velocity of v,,,, = 1.4m/s (i.e.,
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a high-speed tracking of a contour of normal curvature), the RMS value of the contouring error is
2.70pm and the maximum contouring error is 8.85um. When the gantry is commanded to track an
ellipse with long-axis of 0.2m and short-axis of only 0.02m at an angular speed of w = 7rad/s and
a velocity of v,,,, = 1.4m/s (i.e., a high-speed tracking of a contour of large curvature), the RMS
value of the contouring error is 2.20um and the maximum contouring error is 6.73um. Compara-
tive experimental results also confirm that the proposed GTCF is much better suited for precision
contouring controls than the traditional LTCEF, especially under high-speed tracking of contours of
large curvatures — a contouring tracking accuracy improvement of 61.1% is obtained. Experimental
results also verify that the proposed controllers indeed have excellent contouring accuracy and good
performance robustness to both parametric uncertainties and uncertain nonlinearities in implemen-
tation. Other experimental results also validate the effectiveness of the proposed cogging force
compensation (a contouring tracking accuracy improvement of 30% is achieved) and dead-zone
compensation. All these results reveal that the proposed GTCF based contouring control strategy is
a good solution to the high-speed/high-accuracy large-curvature contouring control problem faced
in industrial applications. The method is applicable to the coordinated motion control of other

multi-axis mechanical systems as well.
The dissertation consists of the following seven chapters:

Chapter 1 details the research background and the history of contouring motion control of
multi-axis mechanical systems. The chapter also introduces the difficulties faced in the high-
speed/high-accuracy and large-curvature contouring tasks, and some typical nonlinearities existed
in multi-axis mechanical systems such as cogging force and dead-zone. The chapter concludes with

a brief summary of the contributions and significance of the dissertation research.

Chapter 2 presents an orthogonal GTCF for biaxial systems in which calculation of the con-
touring error is exact to the first-order approximation of the actual contouring error regardless how
large the position tracking errors are. A systematic way to construct curvilinear coordinates of the
proposed GTCF using any description of the geometry of the desired contour in two-dimensional
space is also given. The proposed GTCF based ARC algorithm, along with traditional LTCF based
ARC ones, are implemented and comparative experimental results are presented. The results val-
idate the effectiveness and the excellent contouring performance of the proposed GTCF approach

for free-form contouring control with large-curvatures and arbitrary position tracking errors.

Chapter 3 details a GTCF based integrated direct/indirect adaptive robust contouring controller

(DIARC) for an industrial biaxial gantry that achieves not only excellent contouring performance



WL K 1 4 F AL X IX

but also accurate parameter estimations. Theoretically, a prescribed contouring tracking transient
performance and steady-state contouring accuracy is achieved under both parametric uncertainties
and uncertain nonlinearities. In addition, asymptotic output tracking is also achieved when only
parametric uncertainties exist. Comparative experimental results verify that the proposed GTCF
based DIARC algorithm not only achieves the best contouring performance but also has accurate

parameter estimations of the physical parameters.

Chapter 4 explicitly takes into account the effect of cogging forces in the design of GTCF
based ARC controllers to further improve the achievable contouring performance. Comparative
experimental results confirm the effectiveness of the proposed cogging force compensation in im-

proving the achievable contouring accuracy in practice.

Chapter 5 focuses on the contouring motion control of multi-axis mechanical systems having
unknown dead-zone nonlinearities. An integrated DIARC with a dead-zone inverse is proposed.
The proposed DIARC algorithm achieves a guaranteed robust transient performance and steady-
state tracking accuracy even when the entire system may be subjected to other uncertain nonlin-
earities and time-varying disturbances. In addition, through on-line monitoring of the persistent
excitation (PE) condition and conducting parameter adaptation only when PE condition is actually
satisfied, estimates of various system parameters including the unknown dead-zone nonlinearity
asymptotically converge to their true values and asymptotic output tracking is achieved even in
the presence of unknown dead-zone nonlinearity. Comparative experimental results validate the

effectiveness of the proposed dead-zone compensation scheme.

Chapter 6 studies the precision contouring control of mechanical systems of any degrees-of-
freedom (DOF). A global task coordinate frame in n-dimensional space is presented. Specifically,
the first group of curvilinear coordinates of the proposed task space represent the distances from
the actual tool position to the set of hyper-surfaces that define the desired contour. This group of
curvilinear coordinates are used to guarantee that the actual tool position would move along the
desired contour. The other coordinates are for motion tracking. An ARC contouring controller is
subsequently synthesized to address the strongly coupled and highly nonlinear system dynamics in
the task space, as well as various parametric uncertainties and uncertain nonlinearities. Theoret-
ically, the proposed ARC controller achieves a guaranteed transient performance and steady-state
tracking accuracy. In addition, an improved steady-state tracking performance — asymptotic output

tracking — is achieved when only parametric uncertainties exist.

Chapter 7 summarizes main research work that has been done and draws conclusions. Major
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innovations of the research are highlighted and some possible future research directions are given.

Details of the experimental system used in the dissertation research are given in Appendix
A, in which physical characteristics of each individual axis and the overall dynamic model of the
biaxial linear-motor-driven gantry are presented.

Key Words: Multi-axis coordinated motion; Contouring control; Contouring error; High-
speed and large-curvature; Task coordinate frame; Adaptive robust control; Parameter esti-

mation; Precision mechatronic system; Linear motor; Cogging force; Dead-zone
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;E]:—EPS/ _ ds(v)
dv v=r, <:c— J%foﬁfﬁf(x,y))
0, AKX (2-25)TE#

S/I/, f2
b, = 2573 (2-26)
f2+ 1 [ fﬁfy]
fops = 20 o B0, = ) Ty AREQ19), KR
=] % ’ ’
fax, + fyy, =0, Vv (2-27)

TiFR)y = —f—“c:v’ , B D) 4o = ‘IQ;V\' 2+ [ ER B, (va(2)) = v, Vo, RFHEX K
W %a, alv, =1, WY, =1/2),, @TIFXQ2-26)F 491, 52-23)F t9tp, A AL T X
£

i.,, = sign (f,) sign (z),) tp, (2-28)
B et F RALARE IR, BB ER L B (x, )X R Er,, AR 5 8 Hr AR F B E R,
JEEE, n

WHEAT, MEREZ BN D e R, (v) iy, (V) RHER, TAZHER-18)F &
%‘kfiﬁi‘mx fildn, ZEWEAHNREZHEHEES, PERFRIRNP LT
% (E\‘IJ(2-2)‘4j Hag(t) Foyg(t)) KB E, EF xS 8T8y, A TRMEN, &
Hrab A LR E e, (v) Foy, (v) RIKGE, BT

Wg(z,y) R FaofyEEAE B, X #Eg (v) h

gu(y) =g (Q?U(V), yy(y)) ’ Vv (2-29)
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T B 41 f T BE XA

f(xvy) = g(I,y) — 9 (Vﬂi(x» (2_30)
ZE VA b f & o g X R R A(2-19), Eht iR IE R E R, P v E X i %
AR oA R (2-11) PR Q2D KRG, LT RA L E LR 5. B % EmAE S E N
Bl, LB BT RAN, JFEHAEN LR ENESE.

23.1 1 EE&RER

A EAREHTHARLQ-18)KSHL, EFa,(v)=v—->b, y,@) =av, XEa fob
HEER. @ Tgla,y) REEAEEE, @R, Kg(z,y) =vy. B, HE29FT
g, (V) =y, (v)=av. EEZ v () =z +b, HQ-30)THF

f(xay> :y_ayx(x>
=y—alr+b) =y—ar—ab

(2-31)

B (2-11),
1

\Z, = T =
) = TEr
R HEQ2-20), s(v) = [[VI+a2dr = Vi+av., E & Ez - fwzf—jfff(x,y) = ”;5’;1“2[’,
Q-2 =

xr+ay — a’b T+ ay — a’b
rm(z,y) = s (I/x (aZ——i—l>) =5 (a2—+1+b

r+ay+b —— T+ay+b z+ay+b
S( a?+1 ) e a? +1 va?+1 (39

(y — ax — ab) (2-32)

EIR2-32)F1(2-33) I E LR E N AR E S &L (re, ). BRa=2, b=1, B
R 5 AT R (1, rm ) R0 EI2-5FF R . NIZEIFTULE Y, E2RBEA, FthEmEs
i 2 A AT R H R A B R ALK

232 {52 BEEER

Bl 4 B8 78 T B (2-18)k S8 th, H 2, (v) = Rycos(v), yu(v) = Rysin(v), Rq & #
FEBE ¥R, Kg(r,y) = Va2 +y2 M HE29)T %9, (v) = /22 +y2 = Ry, Yv. &
i, H(2-30) 9 1%

=22+ 12— Ry (2-34)
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B 2-5 AR EIEXSRESLITFER

H(2-11),

= Va2 +y? — Ry (2-35)
[ﬁiﬁ"?u%ﬁ’ re KR BRI IR Ze BRI (W E2ATT) . REQ-200T
1, s(v)= [ \/ —Rysin(7))” + (Racos(1))’dr = Rgv. F EH|x — #zfy?f(xay) _ _Zfin
v, (o >—cos N/Rg)s W21 v

rm(z,y) = Rgv ol = Rycos™* <
m 7y dVx \/m d \/m

= Ry, = Rjatan2(y, x) (2-36)

E R (2-35)F0(2-36) B 4 B 4 T 6 2 B 4t & AR (e, r) . R EGE 0 E2-3— %, (B
X B W, R AR W EKE, WAZ AR,

AT IEAFTREREHFLFZHETETEELENREHA XY TH, RIE
oz, ) WHEFE A g(r,y) = 22 + 9% W2, HQR29), g,(v) =22 +y2=R: V. Hik,
H(2-30) 7] 13

flr,y) =2 +y*>— R? (2-37)

A @237 Q2-10)F F 2 B B . 7 Yao R R W B =W U0, r i XQ- 100 EHEL Y,
CHEERFREZXABA, BEUbRTET —K. R, ERZRMENG LT HL
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FRQ-1DH
! z? +y° — RY) (2-38)

re(z,y) = Q\/TTy? (
VEBEIREZe, = /12 + 92 — Ry R Z AT

2Rd + Ee 1 2
c = Ec=¢&c— E. N Ec 2-39
" Q(Rd + Ec) 2(Rd + 5c) ( )

ERAr MR R EIR Ze 9 — OB eoh, 7 U5 Z AT 8 K (2-36)2 — Y. X B4
RE5H215%42 K.

2.3.3  {53: H[EIEEBR

B 2-6 R 4 By b4 I XA RS AL AT A

e B 46 JBF 78 P AR (2-18)k S 4 fk, H #a, = acos(v), y, = bsin(v), a F9b HEIEH
o Rgwy) =2+ 5%, MWEHQE2)Thg () =\/%+% =1Yv. BHit, HQ30)TH

o) =15+ 55 -1 (2-40)
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H(2-11),
r(z.y) = x2/a2+y2/b2—\/m
g N

2I2+ 2
_ —W <\/72:v2 - b) (2-41)

Hooy=blakTMEANEL, iy =1%k7H, v < 1ERFR “R” WFE. #H(Q2-20)7
f, s(v) = [ \a2sin®(1) + b2 cos?(7) dr. EEE|v,(z) = cos™Hz/a) Foz — fz2f+'fy2f(x, y)=

N (1 B 72@ (W—b))’ B (2-21), R, 20T

(= VP 4y
Tm =8 (cos ! (a (1 — W <\/ V2?4 y? — b)))) (2-42)
Ly = 18, ik #h & A AR(2-41) F1(2-42) Bl 2 B 4 BF B 89 (2-35)41(2-36). %y < 18,
HQADT 5, ro(z,y) ~ y| —b. Ba=2, b= 18, RIEME B F L kth A7 E5 A
FR2 (re, ron) U 0 B 2-6F7 7R .

24 5 EELSEREHENEHTL

ANHETLFERNEREFLTR, HX2REHLTRTHEREFLER
Gah HFEA, W —ME S EENEHE (SARC) #EFZ 20 #5683, F kA B A%
B 32 % Gi 5 ] oF R 0 VT S B AR AR Z AR AR A R 1 4

241 REFEHNNZFE

UWTUREHEEEN R RAEARERNR, BEEGHAINF, CEE FRERE NS
FHA T
Mg+ Bq+Fs(q)+F,.(q)=u (2-43)

g = [2(t),y®)]" @ = [20), 907 § = [#(0), i) 2AR2x 1 HEXE. #)X
KEURIEL X B. M = diag[M,, M) 7B = diag[By, By] 4 51 722 x 2 1 # Fo ks o
AR, Fiq) FF.(q) B2 x VEDEEAFEMA%E, u k2 x 1 #H#
BN R o R A B SR SRR BB AME, I (q) = AS;(q),

HFA = diaglAr, As] 22 x 2B REHE N Z B AEE; Sp(q) = [Sp(d), Sp(m)" &
B () Sp() RABERKE, FREMELEES. hTREROHE, THAFE
THREAERAME N EREEE, W, F =F,—F;+F,. M4, HEFRZEGH A
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F(2-43) W K
Mq + Bqg + ASf(q) =u-—F, (2-44)

HRAE £ PR 952 e = [re, rpn) TR 1 2 AR EF H3A K (2-11) 2-21),
P=Jq, ¥=Jg+Jq (2-45)

HBT = (i, 1,7 P WL, Fi, 25 B RQ-12) FQ2S)KITE. B(2-45), H(Q2-44) FLH
FUIT, WAEMESZ RN FEATH R A:

Mtf' + Ctr + Btr + AtSf = Uz — Ft (2_46)

M, =J"™MJ ! B,=JTBJ !, C,=-J"™™MI'JJ !,
At = JiTA, u; — JiTu, Ft = JiTFl

I BT, ERMENARES AR Y, HERETHr. = 07, ERE LY
BIRIZFH N A r0a(t) = 1o (a(t), ya(t). FE b, EESFZEF, #5250 6] B Aok R
A 2 — N B R A N By, R ML TR, %ﬂﬁ?ﬁ#ﬁ EE
%&ﬁm%% SEHEEL, FHRERZe,, (0) =rmn — rad R TRED. XEFEAT
P 2 E%ﬁxﬂ?%# BRI Zr B AE L IR B 1R i%g)_m—nmwk,
5 4 ) 2% MRﬁr%ﬁﬁkﬁﬁﬁ 2. rfar, AR E R B R R IE S, HoAp A
WhHREH EEAERERE L, Tr, A URGZ AERERE Lzg, B@H L,
TEr, B AF BRI EBEENL], e Kl F 05 KBz 2h 3 L8 /D il 85 Kz
HEERE, HTAR XN R Tz EHNBEE R4 TR AR Rz A, FEM
R EEA AR R, BRI G ARG LAr R EEE AL AR,

AT ARE, ERTIEERINERELAEMESAN. BEREFRZEH RS
HHFQR4A4) T EBEN, BEFZEN R NFQ-47) EABRBEAHEZFEEY
., Hik, 4 RAGAFERQANTITREZHH B, RN —F2EHAER
W, WA, EHRBERUTALERAEFW RO HERED Y. BAF, K&, BEXM
MU AR RERE, AR R T, G, X RN FESEE N A EMEION
(B0.145 Vi NBIE ) AW, YH AL fEDEEN A EMEIAN (302 VI \E
E) LW, FAUFHEES, BEELCEENEEREZMES, SFE2BNUKN. &
AT DRI

(2-47)

IFW] < Far (2-48)
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HAFy = [FMl,FMz]T%"/\EJ%ﬂ%ﬁ%E% HFREA &R ERERE LA
EBE?‘, Fh et BT EHERE EREESE, Tadza A FEHERELZH
B, || F = [T 7F)| = |Fu||, k™ M — Bk

|Fe|| < Fu (2-49)

RQ-4NA THEA BRI R A, AN TR Z 8 & NG RAE w5052 20 2 6 5 k%
I, R Je7 by S B 4 B 22 2 45 ) ik

242 FEZHENEEREITH|IZE(SARC)IKIT
EBHNRRINFQADE N RS, HARASH AT, HATTUE L —4M48
R &s = s, 5m] K LEH B, KT

s=é& +Ae, =T — Ty, Ty =rg—Ae, (2-50)

Hee =rt) —rg)RESFZRNMERFEREZRE, X EBry = [0,ra0)]". A =
diag{ e, A 38 — N3t M IE & 8 4B [

s LR BEIRZ MR ERZHWAB DR, B Tee =1 s XA MR
RMERBRKR R, WG(s) = A0 erm Hom LHEH - NMRTAEGHEREK R,
BIGom(s) = 5> E I Hls o shm S IRER R Zer = [ere, erm]”. BLOL, s HEH A
ANZEHFE—N—W hFEXFR, BT

Mté — Mtr - Mtf'eq

(2-51)
= U; — Mtf.eq — Ctr — Btr — AtSf — Ft
HHFT,, =Fg — Nép. EX—NEFREH T
1 T
V(t) = 55" Mis (2-52)

BE ST R(2-51). (2-47)F0(2-46), T BV S N

V = STMtS+STCtS
= ST [Ut — Mti.'eq — CtI.‘eq — BtI‘ — AtSf — Ft] (2‘53)
=s'J T [u — Mfleq — Bq — ASf — Fl}

Bl = T Mgy Gog =71 [ — | HAQSDEEH, RATEH T THS B ER
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E P 2
u=u, +u, u,=Mqd.,+Bq+AS;+F (2-54)

Hebu, R M, FREZITERE, wJUREBEHRT. KQ-5HRNQ-53)+,

vV =gy T [us + ﬁl] (2-55)
HAF, =F — FATHA THE MG EIHE L, TEHE Ta N bl T K
Uy = Uy + U, Uy = —JTKps, ug = —JTKp (s)s (2-56)

HEK, ZARIEEER, FHK,(s) = diaglk, (51), ko (52)], X Bhpy Fikyy 52 B A5 5
KH T s1 =5 s1=s,MWERFEERH. EARY, ua ARREL X ZG, -1
BB RN un A R ER A L E R NSRRI, X B Rue LFH
JE AT AN AR,

i. sTJ T |:u52 + f‘l} = —sTK, (s)s + $TF, < ¢

11. sTJTu, <0 (2-57)

HHF, = JTF, ¢ E—NEENESR. KT LW, 2-57)% 89 24l iuwn B4 # 8
M, AR 3 B g0 R ] SR AL TR R R A T, DL TR 1B A 45 el e B M

Bip E, ROEMA TR MW E TR ET, R R R R RO, BT A
Bt R H R I Hug 1Q-57) AHEBNWA R T, R G A B B
i, MEHATEEEI, WF, = Fo, M HQ49)T 8 [F)| < |[Fo| + Fy, EIF, —2%
HR, FHHRQSTHEHERE Tu, 7T UHARE . AT, &EETHERHATEEE
i IR EREREA, NERARATHENE, ALEERGERLT, Fo8%EE
BRI EZ. H T R R E, RITAFATEESRE T, R AR
WE S ERAERITEY, A TR

f‘l(t) =-TJ s ESZ ﬁl(t) = FZ<O) — FfOtJfls(T)dT (2-58)

BT = diag{y, 7.} A AIE B ENERERE. AW, IHE-NSEE SN R RRIEE L
EUE () BRE. WRF (AR, BBRF R uR & ik RQ-57) ik T 5IE, XHE N
2% Ge 80 B 3 RS R EROIE B SR VAR R . Bk, B N R S 0%
HH—NEESERZAN AL TRAGEERNERY aENE. AEHEENE
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#1136, 1151 e g B 3| 4y 3 3 42 8 % Proj () SRR R A 1 S8 B 3

0, if F; > Fu; & (J7's), <0
Fiu(t) = 0, if I} < —Fuy & (J71s), > 0 (2-59)
—v; (J7's), else

Hepi = 1,25 He, T EMhety EiMTE. RAL, XMWY HENEUKFO) <
Fo o UURE|F, ()] < Fop, Ve, B, 3 E5(2-49), HATTEF()] < 2Fy, V. BTH
RUEH AL TEENMEREER, FARERERJZEERE, Hik, HEHLR
B, | = 13-TF | = ([l < 20[F || 72 2R 45 4% [8] 402 s ST ey

AR |F, ()6 B R, W IE W B —ANAE & L) R0 7T LU R (2-57), & 1ER
FAE LSS 2 ki (si),0 = 1, 20 .

Fepi(si) > ”ng” . R s < HPQ‘ZII (2-60)
pi(si) 2 20, R |si| > o

Ko, REBENE Hey +ey=c. WE2-TPIFR, #HEQO60)NIFELMEHER MM R,
DHAHF NI EEBREr. EF AR PaeELARZ FWEERY, thiviiew
%, T L RQ-60), WM Ek(s;),i=1,2. FTRNHEZE ENEHEEHE, T
BE TR L

kpl. (s,)s;

21|

2¢ 2¢, ;

[F..| [F. |

2|, |

B 2-7 AF kit SR RAT T
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EIR2.1: w8 NS IEH B (2-54) Fo R MAE T H R (2-59), TAF:

A, —HRW, WIRZGAGPITA 15 ¥R K. #ﬁw‘&ERE?%)ﬂﬁ*iéﬁﬁ#ﬁﬂ&%i&'fi“ﬁv
FEARIFAE, WMESRIRIREZ K Esi A — N T BB T, Z AR ERS
z&&f{qm)quth E;mak_ﬂ&%ﬁﬂw—?hﬂﬁ3 i#AmMK@i
TR R AL, A oo (M) A M, 89 R KAFAE(E 89 LR

B. BAER R A E MR R G E AT, BT ERERA, ELMEHF(1)Efk#
PKSTF), B b SRIRiR 2 dr s s TR, BPSe iR £ ARIRIR 2 MU T

.

YaofE $% i B 35 by G 45 ) B G T AR (00 B I WA ST, e b A R B B WA Bk

25 SRR
25.1 KWARFEND

AT REAETLARES LR RANRFZ G BN EFARE, BRI
WHBETREELENREZAEHNEREZA, HAGEREWE2S, Z&EHZ
GONBEHETEERABELENT & KA K&, SMLEF &% . dSPACE (DS1103)
ZHAAMRKRTEEH U4k, WEEALBRI-TEHXMAEYHZ L, ik AKEMR
AHEFENOSum, EEFTRERAIMNEFESHEZLGFAN. BRANXASTENRN =
TEHRITHESEH R, BIASANSHNEXE (BAKFEALT) : My =01 V/m-
s, My=055V/m-s* By =04V/m-s, Bo=05V/m-s, A, =01V, Ay =015V,
B0 = [0.1,0.55,0.4,0.5,0.1,0.15,0,017. EAKH L3 R SN0 KA X 10 % G985 I
KA.

252 [HREIEFR

DL 14 B 18 AT R RPN 40 BT 92 50 4 ) B 9 SR B L M O

O |ellrms = (& [ |ec|?dt)/?, #h BRI £ 69397 ARAE (RMS value) , HFTHF & BT
e J8];

O & = mgm{|€c|}a o BR 1R 2 B I oK 4 RAE

o [l loms = (3 f |usf2d)12, FFAGA S BB SIN, FRIF R BN,

2.5.3  SELGER

¥ 4| # 7% 8 7T ASPACEMIDS 11034 S b Al T o s A & AL R BRiz gh = 1. #5418
WATRF WA ET, = 0.2ms, HE 5 HE X0.0025m/s. K MK BT 4= 4 85 iz 56 15 %] 5 1
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gs_ ) o o o 9 :_%
Q DS1103 H |+
9 el . H i
&= . Nl
% == Encoder Encoder °
— Feedback singals
Interface 9 | : ] ] !
MATLAB/Simulink U ] LT
Real-Time o s
Workshop t.w.uij@%iiric
MLIB | MTRACE | | /LT Main g 110 _ s 7. o 1
Real-Time N Processor Interface o o . Shown at center dU|
Real-Time I H
Interface 3 o © [F4
AID,D/A PWM [L - .
Complier Digital I/O Amplifier ° °
ControlDesk ° ¢ ° o °o |9 o
| B |
— | A |
S S - n
EM EH B3 % X-Y#H#h B & whTF &

K 2-8 =4 & AEIKE

AN, NP TS AT R W E 2 B G iR B 15 7 R BOR R LR
CL ATRHBEHFLARANHL BENEHEH. S IXH9, 65,137, 138], BT
FUATR W29 . Py fuP, B Es) m L REs . TR P, HEREHA

G L

B 29 BIES AT A
VI ok AN, T g BRAR £ W DUF PRI i e BE T B AL, BU 4R BRAR Ze. W DAL
] IR R ik £ 1R £, A
Ec R Ep = —SINA - €4 + COSQL - €, (2-61)

He, e fue, Rl kA XY FNRERZE, Wlle, =0 -4, ¢, =y—ys» HEFaFyp
Bl Llrizsh S XEALE YR E, o rys LT p XU EMYRLE; ok
THEREERAN Y M AR PXZ MW AE. B —FE, JmRERRZe, T U HA
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A
€ = COSQL - €, + SN - €y (2-62)
B, WEREEER, (ccc) T LRAERITES LR, #FRLAF (v, y) HRBES

BHE R (cor o) Z BB R ALK R 20T
e=Te (2-63)

He =[e., el e=les, )T, THEETH

T — (2-64)

—Sina  coSQ ]

cosa  sino

Tl RTT = TAT ' =T. ERNMNFHEFLTEST, WREHRERZMLTHER
FRog i F AR, WiEmREERFRZNBGAMN. RTZRTEFLTE, AHR
R IR AT (v, y) T W1 ] AR e B 5 AT (e e0) B BT ZRIAEFLIFE
THEBeFERMED N FHEA, RAZEHNZRITTR, THE - NETHIESFLER
WTE 2 B E R B B E s R B, ELAR4E T A L R [65].

C2: AEFFHETLRAEHLTRNE D B &N EHREFZHERE.

FECIAC2H , I8 & #S) (&) F1Sp(y) % F N 2arctan(90002) #1 2 arctan(9000y). A
B E AN = diag[100,30]. Eib £, (2-56)F B EBIZEH Tun L AL X Zus, = —Kea(q)s
H o Keo(q) 2 &M O] R3320, UETA2RHRQS5T. EERHIATY, Kol
GBRNEHRRIRE 5 kR, EXMEAT, EBEEFAHQSDIET 2R K
E, WA RS RN TAERE AR, X3 T RN DERSOS P, Hik, Lkt
Bu, = -J"K,s, EFK, =K, +K, ZE%RKNEHAERE: K, = diag[100,60]. Z%
B 3& N % 4T = diag[10000, 10000]. (2-49)F W F 8 FAFy = [1.5,1.5)T.

254 SLIGERSHT
2541 HiREREEZERIZEhIE

Bh, AMNRFTEREREFLTZNERREZME, WHALSEINE AP LK
W — RS, HE5E hdem, AEELHw = 15rad/s , #HE v =0.6m/s. T& W4
WA Kq=10,0T,4=1[0,01". RAVET 4o T ¥ A B 40 6 3% 25 L 56 :

A, BB ERZNEN, Ble(0) =r(0) —rqg(0) = 0,017, r(0) =[0,0]" F Hry(0) =
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0,07, BAREW, WHRGIRE 0T 4

(2-65)

za(t) | 0.04sin(15t) (m)
| —0.04cos(15¢) + 0.04 (m)

B. 8 AMGILBEREEZHNEIR, BHe(0) = r(0) — ry(0) = [0.01,—0.06283]"m , r(0) =
[0,0]7m, 14(0) = [0,0.06283]Tm. EARKW, iLH R GREL TR E

qalt) = [ xq4(t) ] _ [ 0.0'4003(1515) (m) ] (2-66)
ya(t) —0.04sin(15t) 4+ 0.05 (m)

MFHEAB, & T8 AMBEIRSH R ANRERZF RGN BMEL, RINFE
i B Ak 1 B R N SRR S L, TR R R B AT 46 b o 7 86 1) R AT ML A &
ZHE, fl ot TEE B Erg(t) = [0, 0.06283 + 0.61]Tm, ¥ @t GEE K KT LS H
Mk, FHESERTNWERESABELZENT 5 NMERS — 2. Flf?#}lh# ’M
v () A7 (D A req(t) = 0 Far,q(t) = 0.06283 + 0.6t 3L G 45 R . B ARIT T
R

7';02' + 2wc7:'ci + wgrci = 07
(2-67)

fmi + QWmez + W%ﬂ“mi - fmd + mef’md + wrznrmd

H A4 AR (0) = 71(0) = 0.01, Tmi(O):rg(O)—O B, rat) Fr,(t) & B3 0K
KR E B FH —ENEHTRS R, Fl, EEFZEF, REMERTr, ()5 R
BEri(t) = [rei(t), rma(0)] T AT £ & — #Eﬁ I Hor(t) AR IREE ZHE. b, &
T b, Kiw., TUESRERZM KN ZAD HFRIMR. (CEREH XN R
HFRES, Hr 2ix LR G Fm i, r, 205 ENR RS0 ¥ g, UETH
HHEGRFABABENTIREAE. ERLRY, RMNEFw.=8, wy=1.

’ ‘ ||g¢] [rms (em) ‘ en (ppm) ‘ ||tz lrms (V) ‘ ||uy‘|rms(v> ‘

Cl(A) 13.33 31.54 0.83 4.00
C2(A) 9.92 25.89 0.83 4.01
c2®)| 743 | 2119 | 083 | 398 |

R2-1 FHik H4eAEFhisd KInsE R

F2-LE W B LR F o TR E LRI AHEHERER. MZETUEN,
T EVEIREZRE LA, C2ERJ7 T M e An A thC15R . 79 AN 45 ) 28 9 % A5 40 B iR
ERRESRERENF B EE2- 10/ E2- 119, TWUEE, BFEAT 8ELEBEH
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= 1
B x 10

s 2r

o 1L

o Lsnsmaninntrian AR ARAARR AR AR AR AAA
S V"N‘N‘FV’FN‘l‘FFM‘H‘WFFN'V'N'Fl‘FN‘FV’N‘l'l'FN‘WF\"FFFV‘T‘FWFN‘FN‘VV?’I‘FFFN‘V}‘F
Z 1+

= 1 i i i i i

© 9 5 10 15 20 25 30
. -4

B x 10

S 2r

Yo

3

g0 b et ot

2 L

Q-1 i i i i

o o 5 10 15 20 25 30
£ x10"
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, BRI BCIAEHIRIFIR £e,(1) (EH2-119 0 EE) HslBC2hkEizE (FH2-114
%F@)ﬁ%%%—mkm%ﬁ@ﬂwmzﬁo@z,am%mm%%ﬁ%£w%,%
BRZEZXRSC2OEAE W EE: w2117, CINRARERZA —N B o EERE
% HE2-12%8Cl. C2lyEfrs i E R B0y 7 3 A E, 5C2thi, CLEY L x4k 5 ¥
Bin AR,

BABHA R AN MERIEZIRZE, He(0) = [—0.04, —0.05]7(m), ik T8 2 % 5 ik
RE#THEN, CLHER AN RILZFEMFLIBERAAIRE. WC2H TRAL
RIEF AT F, A E2-13F7 25, FT DA 33 xt H 2 a0 0 AT A0 46 b ok o IREE R O\ A A Y ]
. HAEAE 5 Bl () BT A B R R R Zn E2-14Fr o, ULE W, BEREE
6 JE S Bt R AEH NN v — vy FERVIEBES T N F70um, X H5C2ELWAF X
AR —FM., IRBERTH, ERRFEZr, =1, + (r. — ra) WRIAMBERZ 54
Wy (t)JL B2 —HH. BT, ANE2-15P mHC2E LB LREATUEN, Tkl
Mz BT RS RS E. UETRERERTHELNLR TS LT
AR AR

2.5.4.2 SR R E G ERIE Bhiz

A= AR R A LT ARG RN, A ELLEIR RS2 RRE 15
A R AE R, HAEA T

i) [ za(t) ] ) [ 0.2sin(7t) (m) .
—0.02cos(7t) + 0.02 (m)
HAEE Hw =Trad/s, WEKHGEH L A10:1. 8T KRBT 5 A0
C. MM ERIEZEZNEEN, H8e(0) =r(0)—ry(0) = [0,0]” Er(0) = [0,0]7, rq(0)
[0,0]".
D. WHMEREFEREEZENE, BLEREW A EL = 6m8 2450.004s. L& JUF &
TN BE R K ERTELE 1, iAoy ) 7 %R A B 15 0,

’ ‘ |[ec||rms(pm) ‘ em (ppm) ‘ |[te]lrms (V) ‘ ||uy||rm8(v) ‘

C1(C) 5.66 22.37 0.91 0.46
C2(C) 2.20 6.73 0.91 0.51
C1 (D) 5.76 68.50 0.92 0.51
C2 (D) 2.29 23.43 0.92 0.51

R 22 HEik Ko BN A EE S H] K R
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HHALAEINAZAARETABEMELANANENERERwR2 2 ~. AR
NCH, HHBCIFC2NREIR ZWE2-16 7, EHFADF, #HHBECIFC2H BB R £
WE2-18ff . AEACHUEL, B TRATHENERESFLITR, C2HREIRZ
hCIH Bk Z B T61.1%. NE2- 17U EHEWNFE R X MABEERNAE: ZEE
THREWER AN H NG RN R TRE &, TUEH, CONERAE LCI LR
FRENEAPLHE. FTHAD, ME2-18FE2-197 WE N, 7t = 6rif %] th X R4E
I AGRABNBSREIRE, ERC2PNETREREHEZRE L, T EMR Tt E
B THERE L, MCINETRENREHZRERS, FEFERKH AL R
Bi b, PrAx s Rk — SRV T TR R TS5 AR R LA,
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1. BHT —MHWER TIHEENREEEEH TR, AR AR
FiRZWH—MAOE, MR ERREZ R WA NI EARA, BAEE. B
R, URERETEEA R THERTO AR, 5 Eizsh 5 gy R
iR EL K, EEWRBT 8RR ZE A ARFRE.

2. BT —MHHARMESFLEA. SHT2ARMEHHE LN F KL — 54
GERNRHESBITRZRM TR LED AL, ZRESLITFZ A G ERE N LA
HRE . TEHFLTRERRIEL TS LA ENERE LN R HER Y, Hf—AME
SABMEE N REIEE, ETRIEERES RERZITENERE L, WHI—AME
S ARt B B AR, ETRIEES A E IR ARG g K. TS AT
RWEEWT: a B RETEEAER, b ETEEAL; o EELHEE, dETE
B BT UL BAAME S AR ATEY B0 47 %, fE 40 BTAR 2 30 J7 & B9 R 4058 DUARE 30 BT 4% 2 R
RN, FiE BRRES N FHNEREUTAEEREARAEENTRER RN
o

3. W TH B B ENSEREZoh 8. 2 8 R R A 15 2 M Ao
MEANE, N LR BT UL - ERRAKE, FHESATHEENE
Bmk AT L AT U AR B R B A LR TR MRS RERE.

4. R FPrROA RS LIT R G5 BIZ 20 5 5] 8 72 LI o fk 5 B B 4T 00 40 BT IR R
Ma: EHEERFZHENT, ZEHNEEVERSEZERANEATRARER
W, TR EAL S A AT R XTI e AR B A B A AR TR K i AR B 4 R 3 2 15
FRRBRARFUNR— ALENRAUAREEw = Trad/s. T KE Fupne, = 1.4m/s.
B AN SE e = 9.8m /s> R IRIE — MK H0.2m. EH0.02mBFEIE B, B35 L AT A
B LA B 4 BT AR 2 13 T ARME H5.66pum, TAREHFLTARBGNBEREZNS Y
ARAL K2.20pum, T K% BR1E Z H6.73um, H#EiR 234 5 ARME th & 3 1E £ L Ar & B
T61.1%. S2% 5 RIE TR 04 R 1 5 AR AT 2 R MR 8 1 B A K o 32 4 B 32 20 45 | 3]
B BT A7.



% =8 ATLRESLTRNEENSHEREE
SR 5

WE: AFERETLENRNRAESFATATNRACFLAER R NFHER, FF
RETZ ARG EANER SR, TR EFEREURIITH, BTHT 27
AR AR S B Ry S R AE Rt B R R SR . BTt
BHBERGHEESH AN, THEFGERTHAFAT, BRIE—EHEHHS
MR RSREENEE. ERARARFESKA AR, ZEHEER FRF TR EHEZ
EFNA LA EA LT ETEORSREFRE. IRT BT RF R EZ 56 %
Resh, ZEH B SIE E N 2R LR R SR TR SR B (o A% ) #
HESSHGE, Eibt, —ERFLEEH (PE) #MEHE, ELSRG RS THES
BEELE. W EERELRATFHEET AR,

3.1 5l

ERFMITES T, D BEAMELTHRERZHEN, Korendf bk T 2 XAF
eEHA. BR, FAAREN “EHFLFR” , hinYaoF AR W6 H 4T 5 LT
AUO4BfnChiute AR BRI EN Lz 5 8 LR HEHFLAFRD. EEHFLFRT,
[ DL IR R B RO R BT S AT LS S, DI RAMES LR, 54
FRAERMEIRT S ZNRE, 5EMRAFTRERE RS FO P AW, XA TFH
FAGANRBZAERHNETREAREFRSUL AT, THIFELEUISNTHAT
M, TG R e R AR R AT 2 4 R B B oK

R EHTILF, Yootk WH AR T — b E &N GHEH (ARC) 778, 4377
ESBAHEERTHEFLENN LR AAREZHES, RET —MHTBHELE
e BT HRARME S THRN S G E N &S AT G R ES WA ENE, &
TERARFEELEHORAOERLT, RFRL - TN EERSERPRSRERE. &
1156 B4 Yao ff $% ) 1 B 3 N #5326 (DARC) 77 7187 140.89. 1411 5 Chiud W) 6 & #64E 45 4
RPN Gk, M@ T —RPIZET R34 A AT R 0 0 BT 32 20 42 ) 2105 197 1381921, b
EHEZR T SEA AR I AL, EeEREELAENAR L 0BG T RFH
RERIFER. AT, RERFZAEHBHREETERLERNANRHEH LR, WK
HESF LT RN AT E—F LT ARTE— €A ES RN IRERIR 2 10/ T3 2 40 5 49
R IR, AR EETRBECFATRANE EN GERTEENBELENAT
o 2R AR A R AR BT R B R I A LI A

43
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LT EERUNE D B EN SHERFZIERNBZRAFT SRS AT ENRE, AF
HEeEERETLERARTAANERE. SHIHEE. THEFSMEURITHE,
B T — AP s At E N EER A EHE. B5 BEFTRLTANAS
WS ERRGE| N 2R ESAFR PP, BEA-NER/SNETSEAH M
WL R R I FRER, NESREAHE &N EHEES (DARC) B0 B /16 8 & & H
NG S (DIARC) B G B0 140191, 23 Beit T B4k B 35 1 G 4 40 B 42 2 42
B o B A/ B B R B H 3 NGtk R AZ 2 5 | 25 . DARCHUDIARCH B 12 ) 15 % 85 76 & 1k
AAFLESHAHEAME. THIFLERTROERLT, HRFRIE— T EHES %A
RARFEEL; ERBFESEA MR, 2R IE 40 5112 20 32t 8 A LA 2 14 Ao 5
PR TENRSRERE. RT RIUT RAFWRFEH S, DIARCH Fiiz 2h 15 4] %
B9 54K B 3 AR T R SR T RS B R B (Bl e Sk ) AT E A SR IT
Hig b, —B&FZHE (PE) &R, LSRG IR THES I E .

ATERAFENET2REHF LT ANBFZ S EEENLTAKE, RINET
VR ELENR R EHTTRFEHER LB R: X T 2R TS5 LT H NWDARCEH
BEFEwE. XTARMESF LR NDIARCR izt B4 B XTRHBMES LITR
HIDIARCU I AT R R Mt B, H LRI R T2/ £ 5 L 47 & #yDARCHDIARCEH
JBR 32 2 45 ] 85 4 B IRAT R AT B L BT 4R A2 2h R I M Rk DIARCHE 32 ) 5 ) 88 U 7E SC B
BT SLIE AR B S, B A S B TR T B S R S, 12 RE T A
J 3R S BUAAZ AT 4R S B S 0 Ao 5 P 5

32 BRGEshh=

RERERHEELENEZZ 5, BEEEN T, BNFHLEEFREEAH
HHAR T R AR,
Mg+ Bg+F(g) =u+d (3-1)

Hoq=[z(t),y®)"s a= [y q = [2@), 50" Al R2x 1 LEXRE. BEXE
DR MmEERE. w2 x 1BGHMANKRE, dEHEHERZ. IFRIPLHEIET 4
HETHEM, H2x1%E. M = diag|My, My] #1B = diag[By, Bo)2 Bl &2 x 2 1 I Ao
K EEAB N AERE, F(QR2x 1FEHEBENXE, TMAEFRAINGELRHHEA
RF(q) = ASe(q), HFA = diag[Ar, A R2 x 2EHEZH AT ALK, Se() 2 AEHH X
B, BSe(q) = [Sp(d), S;(9)]T. EXEEHFEWHRENF =F-F, HRRXG-DTUHEST
A

Mg + Bg+ AS¢(q) =u+d, +d (3-2)
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Hbd, = [d, do)TRdy =d + F 4 XA E, HEd=d, —d,. EF-ZRIHE,
Fir 4 B 2 JBy £ 55 B A7 2 09 R

Po= Ja(t) +Ja() (3-3)

Hep R (BT AERE ) TR

J=| o (3-4)

Orm  Orm
ox oy

ERAEHERE b, iy S AES AT By RO W R B[S, G S AR LAk A
KB i) RAARH <M*“wé@@|g@zl> 0 251 4 A A, B 3437 1
%E[aanxn’85;]T5ﬁﬂfﬁ%ﬁiﬁﬁﬁéf4@]ﬁ%i[ \/fa:+f2’ \/3+f2] EAMEY (ZNE _&d

H51H22) . BW N, EHEREML, &R E 5 AT A T T SRR

(97’]0 an Ja fy

J = oz oy ~ \/fz2+fy2 \/f£+f3 (3_5)
Irg Oy _ fa
o Oy VIR T

HKEIREERE, BRI =JT. FHik, TUREFTLTRERER A FCDR &
eREH LT, ERET:

M,i + Byi 4 Ceit + ASe(q) = ug + dg + A (3-6)

y
B

M,=J"T™J1 B,=JTBJ ! C,=-JTMI ]I,

~ N (3-7)
A;=JTA d,=JTd,, u, =J Tu, A=J"Td
FEEHIFHREIL=JT, HUGDIFIHE X
M, =JMJ ! B,=JBJ ! C,=-IJMILJJ1 38)

A, =JA, d; = Jd,, uy = Ju, A =Jd

% b R.(3-6)H T = /Mg 11381
(Pl) EERARIERFqGEe Q N, M, £XHREEER, FH

I < Mg < pol, Vg € Q (3-9)
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H i fpz AN ETE.

(P2) BRABEG3-8)7 1, Ny= M, — 2C R A X HIEE, #EIsTNs = 0,Vs.

(P3) Z£B-60)F, Mg, By, Cyr Ay, defiu A0 X 6 2 TR DB A S8 x B04
HHA, XBO=[0y,...,08]7 = [My, My, By, Ba, Ay, Ay, doy, dis]” .

— R, SREEOGRE, W ZHBENKRNARBERE L EESFTRE, =
SHAH RN TR B A SE R AR T AT R, Fril, BATHE I TR (Rib XE L4 Al
W, o BN ZeHEINGE, o, 10N LR/ E, 0, TR AM. AMEXE
ZHN<EZTHREFREAN AN TEZEBAADKFR. ) -

BZ 3.1:  Z%(3-6)F 8 BN Ao R AR Z A KX A by, S EIHE

GEQeé{ei emingegemax}

_ o (3-10)
AeQAé@yyMHSQ}

’/H\:“:Pemm = [elminy -"7‘98min]T%‘j‘9maz == [elmam7 ‘--798max]T7‘% &%Héﬁ %éi%é[zi? 5A7% E—‘%Héﬁ—ﬂ;—

ARF T B IZ 20 B B N B AT A — DR A, Rq = [v,y] TR RER
BN ZREFqa(t) = [va,va)T. ERBALDHESFLRZF, XAEAFT AR
BH BESr AT TE. rpREHE B0 (t) = rm(za(t), ya(t)) R LI,

33 EEEEESERELENEHTL

AT, BRMNET2REFLTATNEEGFLER R NFER, FFRELRSZ
WAREANER SR BHEE. AT EEEURSNTH®H, RitHEEENERR
Rz ES . ZENEM TN ERHBERRA SRR, TR AR THE
WAT, RIEI-TWEEBRIMEMRESREENEE, ERARFESER I H T
B, B FRbAROE AR B IRER YA LR R M AL IR A TR RS R E. HAERNEI
FHELEHPA S ENEURIESRE T BLLTERNRA.

331 EEERFASHEBELEILIT

AOFETOMETAL, OFFEHEZ, B0 =0—0. BRE (3-10) , EANSHYEH R
oy, EEMNRA TR ESRERSHE & R E:

6 = Projy(I'r) (3-11)
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BT > ORAAHHER, WMEBEE, RHENER. FEERYProje) =
[PT0J§1(°1), ces PTOJ§8(08)}T§X@‘F[87 .

0 Zfé\zzezmam&.z>0
o, otherwise

MNTEESHEEN BT, EXG-12)% XA A T RS,
(P4)

~

heq,2 {5: Oymin < 0 < em} (3-13)

(P5)
67 (D~ 'Proj(I'r) — 7) < 0, Vr (3-14)

332 HEBENEBEREIZINITH EF(DARC)KIT
FEX—ANKOIG AT T E A

S=&+ Ae =1 — foq, Toq 2 Tq— Ae (3-15)

fbe = r(t) - ra(t) RAMHBHREMRERE, HFHA> R ARREE. EX—A Y

1
V(t) = ESTMt(r)s (3-16)

AV o] PAAR B
V(t) = sT[ug — MiFeq — Bef — Cefoq—AeSe(G)+d; + A (3-17)

HFFeq 2 Fq — A&, FF HPPA A KH £ 1sTMsX — . RIEP3) T E X MiFeq + Bk
+ Ciloq + AtSe(€) — de = —U(r, T, Toq, Foq)f> FHH U(r, I, Foq, Toq)E2 X 8T 50 H #IE £,
AN EEE, WEXGIT)TUHEEE K

V(t) = sT[ug + U(r, b, foq, Feq)0 + Al (3-18)
ZRF|G-1)WEH, RN KT EEEEN SRR EZ D EH B T:

Up = U, + Us, Uy = —U(r, T, Feq, .I.‘eq)é\ (3-19)
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$topu, ETREDIMEH S, A RLIA A LR KRR u R G LT
K(G-19 K N(3-18), T

V(t) = sTlug — U(r, T, Foq, Foq)f + A (3-20)
T £ 4 ) B N Tu N 35 T #4, B
Ug = Ug1 + Ug2, Us1 = —Ks (3'21)

Hbug A RBREL X RGN, Cr—NExXHIEE4EEKE 35 0 & 2 Bl R . ugse
F KRBT A E AR EER M EBIR. £RE P4, 7 LI Hug LE %2 T EH
ANEAE:

i ST {usz —U(r, E, Feq, Foq)0 + A} <

i sTue, <0 (3-22)

Hepnm —MERDNEH . W RG22 KM E AR BBOE R = — 4 Hs, A FHRH
RH > ||0mll]|¥(r, £, Teq, Fea) || + 0aH100r = Omaz — Omin VAT B H 1k, AT LUAT 2|
gL

EIE 3.1 BIRAEG-12)F ¢ A &8 JEAEEA
7= UT(r,F, Toq, Foq)S (3-23)

R4, Pri%oted A4 6 15 5 -SH 4 Bz 3 42 4] 25 (3-19)(3-21) 7T vAFRIE:
A — R RBL, WIRRGRHPTAET AR, FEREG-16)F T L F EZ HEV (1)K
R F
V(1) < exp(—A)V(0) + L1 — eap(—At)] (3-24)

>

EFN = 2000 (K) /112> Opin ()R TIEE A BADFIEE, EFFKEAAARER Y, B
B in (K) ZE 2K
B. Bk AR At G, ZARELEARRAZLK, BPA =0, Vt > t,, 4,
RT RATE L RA, LR AR ERIERAR BRIRZFRIFIREZAEL TR, B
Et — cot i, e — 0Fns — 0.,
WERA:  E(PD)T 4
L[| <V < Lpsslfs P (3-25)
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B 3.(3-20). (3-21). (3-22)894AkiAn(3-25), T4

V(t) —sTKs + sT[ug2 — U(r, , Feq, Foq)0 + Al

IA

—min(K)|Is[|* + 7

AV 41 (3-26)

W b X BP T $/F(3-24), R IE3.1694 RAIEE, IAEHX ELE31T 4L EB, BPA =0,
Vit > ot tE oL, BB —ANIEZHEV, ()% T

Vo(t) = V(1) + 167110 (3-27)
BE5.(3-26). (3-22)F 49 KAFIAB(PS), 7T 40V, (t) 895300 2

Vo(t) < —sTKs —sTU(r, T, g, i‘eq)g—l— & i)
= —s"Ks+ 0T[[710 — U7 (r, ', foq, Foq)s]

< —sTKs (3-28)

W 4rs €Ly N Lo, W TsE—3K%E4: 49, wBarbalati| T4 4t > 00 B, s—0. N

34 ERIEEEREEN S ELRENEHTR

TR, RMNETERAEFATAFNEBEFELERRI N FRY, #I1THE/H
BRKEENERRAZHIERAE. RN RAZHEHBEERAFTERBS. K
AN AR LU THRETIT, WRIE— R0 SR A i A 40 BT 42
W, ERGRGEESH AR, i b R IES B2 25 3% 5] 09 AF 207 2 1 Ao SE T o
ATENRASRERE. T RBUS RFNRFZ I E RN, PrEcr ey 6l & o S8
B A 2 A SR S RS T ok (N Z ) #ATES ST, Eik
b, —BRZHH (PE) &R, EESRE TR THES K AL,

341 FEERFASHEENFRIT

EEAMEHAENGBRER T, FELFDG-12H T E 024 E S i 15 2
TR R, BN -ANEERERYRER TA R ENRAERT. T E
EREENGBENTE, BTSSR ENETAERRKIENRD —RE, LHEN
REMEDZHZNESAER. Hib, FERAMENEPORME LSRG T HBLED R
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\\

FQo (QWHAEE) W. fREREEE T

G, ifgeﬂgornfg<0
Projg(¢) = T (3-29)
(I =Tt )C, if 6 € 09 & nl¢ >0
9 2]

He(ec RRETEEH, I(t) € RPPREBAIE T AMERE. EG-29)F, Qufn0Q0 4 &
T A EFH R, ny; RT0 € O EfER XE. AXHBOIT &, —E#HPE X
H(3-29), NIHTE BTt R X B 3E N AEG-11) 4 B A KP4 Fa(P5).

342 BEIF/EZEERBIENEERENEHITH 85(DIARC)IEIT

AR (G-29)F B E RIS ERAEG-11), A% S8 & B A EH A
T, ZHAE T R B B A . SN BTRT DU SR 2 B/ 18 4 B A B 5 Bk A BT a2
7% & (DIARC) . Eit b, ZERBZAESHE W, HITRE - THEBHRS
P b o S 40 B 4R A L

VT E /A ¥ Rk B &N S BT i

Uy = Uy +Us, Uy = uai + Wa2, Us = Ug1 + Us2, (3_30)

Ua1 = —\I/(r,f‘, I.'eqa .I:eq)ea ug; = —Ks
Hobu, 2 R B A A TR AR AME T, O AW SO i, e R B S A
B, ua R RRESL XRAW, AT MEh, vf—NEASHRIEEEFKNHEE R
B, s M SRR 58 B B A7 72 1 0 v 1 B B 45 ) TR

¥ (3-30) K A 2|(3-18), FX3L(3-16), 1%
V = 5T [Uas + g — U(r, T, Foq, Feq)d + A (3-31)
FN—ANEEAA A B ()T

Jde + d*(t) = —U(x, F, Foq, Foq)f + A (3-32)

WL b @ﬂﬁﬁ75&%%&%%%%&“%%%%%&%%%%%,Tﬁﬂﬁ
AESA B ABMA B (1) FobAHAE T D H 8 8 38 B 8 A ok By bt
FLRAMES. 4 (3-32)RAG-31), T

V = 8T [Uaz + ug + Jde + d* ()] (3-33)
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ok, AT B R AME Tuae A
U = —Jd, (3-34)

Hopd R Ad M, Bl EEREA

de = Projz(1ad"s),  [de(0)] < deypas (3-35)
H A ey R de (1) Ry a2 x 28 B AAERE. T b 09 H 8 8 LB A5 U BT
R (3-35)F R HRIE T [de(t)] < depas, VE. BJE» HGB-34)KNGB-33) T2
V =sT[—Ks + ug — Jd. + d*(2)] (3-36)
%A TDARCH #7(3-22), DIARCH iy & 45 Tlug, 0, % L i 2 T 1 # A1
i STl —Jdo+d ()] < 337

i sTug, < 0

Hepna T MERAN I E R FIARE, R G-37) M us ML B B G R us = — 0%, H
F AR D > [[demanl| + [100]|[ 8 (X, E, Foq, Feq) || + SaT0M = Omax — O 81K EHL. H
s, AT DUAF B 2o T b 4

EIE32: EAEFXAEEEGB-11)DIARCEH EiE shix 4] £(3-30), AL AiEN
B BT AR R e fT, TOAMRIE: —f k3, MIRRRNPTHAZTHZH )f%éﬁ, o L4 AR
iR £ Feliy AT BIRIFIR 2 ¥ A R, A BP(3-16) SLed 1B T 4B [ 40V (1) B A i 2 (3-24).

M E IR IR 5 R T3 A RAMGEA KDL, E SR
343 ZEETEZEIT
b BRI Rz B EARR 1 @ Br, DIARCES %) B4 ¥ LUK 15 B 4F 69 B 25 M Ak Ao
REBEEREE., RAFTEEE R AWEEENL AR, WEFREEFHRAN
B, ARAFEBERGESH A HEMNHE, ZATUEIR Tz =G KLk E
M. AN, RNBEERRAERAESK T EN, BEG2YF, d=0.
W H(s) e @B MR TRETINRBEE (nH(s) =1/(rps+ 1)) . ¥
PR HBRUGONFL, 4d=0wrE, T7

ur = Tel0 (3-38)



52 FoEEATEREHLATRANEE N SHEREZHERNR

b
5

[ (o ] T { Z¢,0,24,0, Sff(j:),O, 14,0
Ur = ) Te™ =
0,4,0,97,0,5¢£(9), 0,1
X B e KR e A EWE HIH.
BHAEERER = @ —up, EFG = 10, W55 HME R £ 4 X 0 F R
ZoH
¢ =T¢T0=T1¢"0 - uy (3-40)
3 VS AL (3-40), T DLR A B AT BT Sk R 1 S MM 0 0 AT A
. ERARN SRR SR, WOT R B EREGIDRES, Kby
i M

1
_— T 3-41
1+ UtT{TfTFTf} £ ( )
ERETES
1 T :
F _ I mFTfo F, if >\max (F<t)) S PM (3_42)
0, otherwise

KBr>02BEFRE oy 2ACQ)|FRH LR, v>0HHo=0 EZERH, I <
parl, Vo ZANS B B A T

SI3E3.1: EAGRALELKTHZTHE, Bd = 08, ERA KD ZRizfkit
R (3-41)(3-42) Rk M AR FH XN A E L AE3-29), TTAFE| T @ a4k

i =Rk, 0 € Loo]0,00) FHe € Ly[0,00) N Luo[0, 00).

i 4 RIFLMA) (PE) £

LHT YeXeTdr > kplp, for some k, >0andT >0 (3-43)

W, M AN TR ARG AT (B, %t — coft, § —0) , f
ﬂ§€ LQ[0,00)

JERE: 0898 FolE T Al it (P A 4% % Proj RARIE, WARIK3. 1T 40, 0424 74,
BP0 € Loo]0,00). AEIEI2T 4aq, qfrud AR, @ik, YATAHZH R, o, 3
FTARMAZA(3-40), T ZRXAE I FEHG-41) TARIETARIR £¢ € LM, @Biddrfzag
B 1E R 4 H BT B S PEAAF (3-43) T AMRIEABAE IS T A A /A, %L
Frig, %t — oot — 0, FEH € Ly]0,00). |
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o, AT L — S B80T oy 3

THE33: WwRAHBREEE, 2AARAEEAKRAZE, BFG-2)FHd =0, V>
to» WIDIARC#: ERiZ ) 4% #] 35 (3-30)An o — R A S AE+H H ik (3-41)(3-42) 9 B H X A E
(3297 VARIE, —EPEFEM(3-43)ih 8, RT T AFR 3250, Frikitegdz 4l ik
W VA 2 DLEE BRIE Sh i b 6 b AL, B St — ocoff, € — 0Fws — 0.

JERR: B ARMNENL—ANEZ HFHV, 0T
l~T |~
1@:v+§¢fm d. (3-44)
A VAe(3-16)FF 7. B2 (3-31). (3-30)FnA = 0, 3FV, 45 7T vAIZ 3]

. _— -~ T By
Vo =sT[=Jdc + us — U(r, T, Feq; Feq)0] + de 7a'de

T Y (3-45)
= —sTKs + sTug — sTU(r, I, Toq, Feq)d + de [va 'de — JTs]
S d 6 A%k B iE A (3-35). (3-37)F 49 & ki, (PSR, =0, 4o
V, < —sTKs — sTU(r, T, foq, i‘eq)g (3-46)
L PEAM (3-43) R B, it 7317400 € Ly[0,00), WEIE3 240U (r, T, Foq, Foq) B I
A, U(r, T req,req)G € L2[0 ), JFHs € L,[0,00), @ Barbalat?| 32, Ffi&iteds4) %
ST VA SEILAE BRIE Bh s R 09 b dtAS T, BP St — oo BF, s — 0, JEEE [ |

3.5 KIWMMR
3.5.1 KBMERFNE

Ay 52 35 $5 3 = A Rockwell Automation/A & #J Anorad HERC-510-510-AA1-B-CC2#
WAELZBNTE LRGN, WE3IFF, %%E&%m%XYﬁ%mmmmmﬂy
2008k H AL BALR I, LT & DB A RER S HEN0S5um i MR
SRBRIMUBRESHTEZL RREN. A KN ﬁ&%%&%%%ﬁ%ﬁ%&ﬁ
Y SR 4 U My = 0.12(V/m/s?), My = 0.55(V/m/s?), By = 0.35(V/m/s), By =
Omeb%MpﬂHWUAﬁZOBW)mn:wvwmfﬂmoam$ﬁﬁﬁ%ﬁﬁ%ﬁ
W m, g s F—FH R, b, @BIT xR fo AL 4 B A
%ME,wﬂ%ﬂ%ﬁﬁ%%A%Ez@%%ﬁm@:&wwma%%,ﬁ%m%%%
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54 SEATERMAH LR N A &N G Rz 2 H 5T

B 3-1 AHAKEIERZ %

Bl
Opmin = [0.06,0.4,0.2,0.3,0.05,0.08, —0.5, —0.5]T
Opmaw = [0.25,0.7,0.6,0.6,0.15,0.25, 0.5, 0.5]

SR BB F0 % o R 5 LI KA.

(3-47)

3.5.2 [HEEIEHR

VAT M B 8 A B SRV O 40 BT 32 0 42 v 28 9 O I 4 o1 e 1OV

o el lrms = (% [ |ec|?dt) /2, $hERR 2 83477 R (RMS value) , HpTHF K IE4T
i il 5

o enr = maz {|ec} HBRIR £ 0 K 4 3

o [illrms = (% [ Jusl2dt)/2, RGN TN, B RTEEHIANKAD.
353 REEZEIFTHIKERERSR

5 | 5 7% % 1 :XdSPACERYDS1103 % Gi i il T #i b H & ALY 80 R a2 gh 45 %1 o 1 .
BHBWATREFHNEABRET, = 02ms, #E 5 HF H0.0025m/s. £ Fo2REHLTR
MDARC. # T4 5 £ % 4 47 % 6YDIARCH 72 TR [138] 7 4% i #9 35 T & #1F 5 & Ar %
#yDIARCTE 8 $44T A2 R AT 52 30 th 3

CLLATAREFANANAEEEN EHBREZHERE. LEBARS, (@)FS(9) 2

B B A Zarctan(QOOOx)7’FDgarctom(QOOOy) ABUHA = diag[100,30]. (3-21)F Hug e it
BAAY, BE—FHARNEdL, EELRRATE, ZEHEEHTH —DNEE KW LG
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RAE AR B, b, G20 usth &3 25 K diag[100,60]. B &N X AT =
diag[10, 10,10, 10, 10,10, 10000, 10000]. 4% f i+ & #1415 0(0) = [0.1,0.55,0.3,0.3,0.1,
0.15,0,0]7.

C2: XTARAEHFANANEH/ABEEREENEHERFZHEHE. LEE
Sy (2)FnSs(y) 7 BB A 2arctan(90002) F1 2arctan(9000y), A = diag[100,30]. (3-30)8# 1%
B ESBIAK = diag[100,60]. (3-35)F Hde B A depmas = [1,1]7> EHyq = diag[10000,
10000], Z#fEitFER BN RE BEE — D 58 & B H (s), HHEEZH K0T,
Xt T XA, 7 W BB # R A250Hz, Xt TYH, %08 B & E R A 150Hz.
EG-4)%, #EHETR=01,0=01, HZENFEHWEEAL(0) = diag[10, 10, 10, 10, 10,
10,5000, 5000, par = 500. Z#AE i+t #1415 26(0) = [0.1,0.55,0.3,0.3,0.1,0.15,0,0]%,

N5 HE T E 5 ClLFE.
C3: XTR#MEFATZNEE/AEEREENEEREZAEGE. P RTESH
AR E L —FER AR, ERFERR, XTZRMES LR R N A/ 5 E &
Bl & RS 40 B 32 20 45 ) R 0 R U BLAR S LA 2 BT e A 5 ARS8,
KR T4 6 BR R R B e b d, RATZEAT 20 T Z A
Setl : ERAH TAEHRMATEIT, MK P ot 6y 4 5632 20 35 6l 8 19 4 4 Bz gh 4 | M
B, WWEFAG =0.12. My = 0.55;

Set2 : An#S5 kgt A A EAT, MK P& T+ 09 46 B 13 o 45 ) B 0 T S 80T 7 T o ik
ErM, EM, =0.19. M, = 0.62;

Set3 : 7Et=2.2sH, ZEYHZEHMNF MNP KA NKILHES (0.8VHENES ) ,
FHAE=52sF B BiZE T, DR IE BTN T e a2,

3.5.3.1 SRIST

BRI W E & EALEIZE S R G w = drad /s A Fio = /0.16 + 0.48cos2(4t)m /s H
SR R R DA T AR B 4B -

] mat) | 0.2sin(4t)
e ya(t) B —0.1cos(4t) + 0.1
F 1 T A ESENRAEERTIINAMENERER. NZEXTUE
W, Cl1ARC27E bR By 5] 46 B IR B2 32 20 o 40 7T LUK RGO RS F 2 o B b gk, el

B RS M RE A B C3sF. WH, PTAMERSEFT LR T HENRANE/LTHE.
TESet B9 MR, B 3-2% Wt BT R ZE ACIAC2.E A R4 B9 4 S iR 3z 20 45 ) 1 e

(3-48)




56 % ZF T 2RESE LA Z ) E B NS 2 2 6 X

| | ecllrms(1m) [ ecar(um) | [[ollrms (V) | [luy[lrms(V) |

CI (Setl) 242 8.57 0.42 0.70
C2 (Setl) 242 8.15 0.42 0.68
C3 (Setl) 3.30 10.14 0.41 0.70
C1 (Set2) 2.50 9.52 0.54 0.78
C2 (Set2) 244 8.38 0.54 0.78
C3 (Set2) 3.38 10.21 0.54 0.78
C1 (Set3) 2.73 37.48 0.42 0.75
C2 (Set3) 2.73 36.52 0.42 0.74
C3 (Set3) 3.54 36.54 0.42 0.75

K 3-1 FZIRTHYEE EE shizh) LinsE R

TESe2tg MK+, E3-3% MR ERERW, BN EHBEAARHROGREER S LE
ERBHEROERZANCA, KA T HENEERBZHERNES TSR HREAE
RAFEERE. ESeBR M+, E3-4% 0% E iR 2 RARSH1E T A NFof 5k B ] 2 7~
BRI R UE, T LBT A ST 3015 TR RCR A B R e e BRIR BRI R . DA BB RAMGEW T BT
REWEENEHRER T AN RFERNER. ATENETETLREFATRANE &
oL & e 4 JBR 32 o 1 R B A AR A . BRATHE (0.2 m, 0.1 m) FRHA B SEFR 40 88 55 1A 22 4 B A K
BoREE3ST, ZETWERERI- LT —HKE. TUEY, EFANINRKT, ClACH
SRR E R R+ o, XREEANCIHC2EH TARESLF%E. WC3ZEAMN
JR) B 5 B A 2 2 3 BRC3 8 SE B 40 B IR ER 1 B L CIARC2Z AR AR R . DA b3 db 45 R
W, XT2RE4%5 LT AR HDARCAIDIARCH B A R 4 09 1 Ak S 4 14 fn 52 FF 46 BT 42 1 Af
K.

x 10 x 10

E! E!

£ o S o

w |

o ]

o -1 o -1
0 5 10 15 20 25 0 5 10 15 20 25
X107 x107°

£ £

2 o £ o

| ]

& N

O -1 O -1
0 5 10 15 20 25 0 5 10 15 20 25
x 10 x107°

£ £

S bk S

= 0 1‘” il i AR (A = o]

3 -1 ; ! ; ; 83 1 ; ‘ ; ‘
0 5 10 15 20 25 0 5 10 15 20 25

t(s) t(s)

A 3-2 SEISTESet] 6946 Brizk £ B 3-3 SLISTAESet26940 Briz £
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x10”° __ 101
= 4 T T T T 1S Cl
E Ll , | E c2
5, > 100 c3
o u} dy
Y o2f 1 3 —
O -4 i i i i 99 i i
0 5 10 15 20 25 199.985 199.99 199.995 200 200.005
X 10° = 101
e T 1 &
S o > 100
u -2 ] %
O i i i i D g9 s ;
0 5 10 15 20 25 199.985 199.99 199.995 200 200.005
. 4><1o’5 = 101
! : . £
2 9 > 100
w_r i 8
84 ; ; ; i D g L i ;
0 5 10 15 20 25 199.985 199.99 199.995 200 200.005
t(s) x (mm)
S > o o ~ R > S
B 3-4 FZISLfESet36946 AriR £ B 3-5 ZITEZSFE LT 6946 Ak K B

3.5.3.2 SEISN

KA T 7 g — Bk, BATL AR H L WHEZ 20 R % Nw = 3rad/sth fE
Fov = 1/0.2025 + 0.1575c0s%(3t)m /sy 38 & 3R 25 DA A T A IR -

zq(t) 0.2sin(3t)
qq = = (3-49)
Ya(t) —0.15c0s(3t) + 0.15

FI2EW T HAEHLENZRAEZTLNAMERN LR ER. KK3 2T UF
W, C1ARC27E B3 o AR (B 46 B Bk 232 2 40 7T AR /5 BT AR A 40 iR 2 20 35 | Mt
H#% Bz £ 8 hC3/. ESetl MK+, E3-6%4 H 4 B2 Z1E ¥ T C1AC2H R 5F
4 R BR R H M L. TESe2fy MR B, BE3-74 M o # BT iR £ B R ClARC2TE M L b

’ ‘ |[ec||rms (pm) ‘ Ecpr(pm) ‘ |[te]|rms (V') ‘ HuyHTmS(V) ‘

CI (Setl) 2.57 8.72 0.33 0.62
C2 (Setl) 2.60 9.64 0.33 0.61
C3 (Setl) 4.15 13.98 0.32 0.61
CI (Set2) 2.74 9.93 0.38 0.66
C2 (Set2) 274 9.74 0.38 0.67
C3 (Set2) 4.19 15.72 0.38 0.68
CI (Set3) 291 36.10 0.33 0.68
C2 (Set3) 2.93 35.30 0.33 0.67
C3 (Set3) 4.40 38.51 0.32 0.68

& 32 FIRTIAY 4 B shin ) 3hes R



58 S ZF X TERES LR E & RS 3 gh 1 G AT

KR B RO B4 | o B, KGE W 7 DARCAPDIARCHE # 28 % T 280 1 # &
‘fi%‘fiﬁ%%%‘f TESet3tN MK+, B384 TWREREZFAEKNA, RTERD

TINBIH KB, T ARG EERAEF YR E R E k. E398
7FY%E (=02 m, 015 m)it Ly Z R AE ML RE. TUFES, Ei’ﬂ’iﬂﬂiﬁ
T C1AnC2Hy SEFT 4 7 & LCIt SERT 46 BF B Amse UM B 40 . XM RB UKL T ik
#JDARCAFDIARCH i 12 5 42t 25 15 5% B7 N0 JF] o8 A7 B 47 B9 ek i 45 A ik o S o 48 B 3 0 452

&
|
&«

x 10 x 10
! E?
5 0 I 5 o Wi
= 2
o -1 f -1
(6] i (@) i i
0 5 10 15 20 0 5 10 15 20
X107 <10
g1 ‘ ‘ ‘ £ 1
g o ‘ S o i
L
& -1 I(-I\IJ -1
(6] i O i i
0 5 10 15 20 0 5 10 15 20
x107° x10°
£ 1 ; ; ; £ 1
S o s o !
m m
& -1 o 7L
O i i i O i i
0 5 10 15 20 0 5 10 15 20
t(s) t(s)
A 3-6 FISTLESet] 4946 Erik £ A 3-7 FEISTLAESet26 46 Erik £
x107° z 151
7 ‘ ‘ ‘ c1
E £
s > 150 c2
u:.| -2r i o C3
o A Y
O -4 i i i 149 i i
0 5 10 15 20 -200.005 -200 ~199.995 -199.99 -199.985
_ x10” o
€ ‘ £
S > 150 1
m -2f 7 N
& A
O -4 i i i 149
0 5 10 15 20 ~200.005 200 ~199.995 -199.99 -199.985
x107° __ 151
= T T T €
= £
5 > 150
w -2 @
Q
8, ‘ ‘ ‘ 8 Lo ‘ = S~
0 5 10 15 20 ~200.005 -200 -199.995 -199.99 -199.985
t(s) X (mm)
~ > o o > N > S
A 3-8 FISTLAESet369 46 Erik £ A 3-9 KIRILAERAF LT 6948 s K B

3.54 SEHITREERSW

BEAEXT2RAESFANRZANEEN EHBE 8 (& EDARCFHDIARC)



AT K 8 £ AR X 59

Wk BRBM RN RETE =5 M, [ERZDIARCE LirF XA SR EiHEHY
Fm . — ORI, DARCHY 2 % fh R S H9 R 1B 3 AR A 38 8, {2 R DIARCH) 5
B2 —ZRSKTHESHNBELHRME. E-10ME3-1EFHZ LK (LK
) FCMCIW S E It A E Rty A2, T UE Y, B FDIARCH & 3 it i
#, COMCIN ST AR TENES BN B LM PE. E3-12E3- 138 R EE
LI (Skgfi 3 ) #FC2AC3IW S it &R, ™ UEH, C2AC3H S 46k it KB K
FTENNBESH N EEHTE. NERIFERINERTUEY, XTAREHFLTE
#YDARCAIDIARC#: 57 iz 45 ) 25 2 6k 7K 15 R IF 0y SEfn#b Bz sh 4= | M dk; DIARCH Biiz
o 32 ) 2 U SR o ] o 0 R E S T O T B S e SR

0.25 0.45 0.65
m’\(; 0.2 :g 0.4 i i (\f"\n\ 06 | T\g
£ o015 S 035 g £ | S
= =, I — -
> ol @ o3t = 0% “J‘Mm @
0.05 0.25 05 )
0 50 100 0 50 100 0 50 100 0 50 100
t(s) t(s) t(s) t(s)
0.16 c2 () 0.02 0.2 c2() h 0.15
——C3() — ‘ ——C3()
< 014 —c2m| . oo01 < “1 ——c2m| o 01
= 012 “ cmy < < 015 "L C3M <=, 005
z y z
< © 0 < g, kel //,,—'—-
01 \)ﬁM o
T
0.08 - 0.1 -
0 50 100 %% 50 100 0 50 100 095 50 100
t(s) t(s) t(s) t(s)

B 3-10 C2A2C3 ¥ 4 Xsh A% AE i+ (Set) B 3-11 C2A2C3F 84 Y s A %453+ (Set)

0.25— 0.45 0.7
0.4 0.65 05 L
N — A — R o]
02} © R ) oo Q ra
£ E i} £ s, £ {
E S 0.35 'W”“—“——‘% E 0.6 S 04 r
© 0.15 ° S % |
= o = o
0.3 [ 0.55 0sl!
0.1 0.25 0.5
0 50 100 0 50 100 0 50 100 0 50 100
t(s) t(s) t(s) t(s)
0.16 20 0.02 - 0.25 c2 () h 0.15
——C3()
14 c3() 1
— 0 ——c2(l < 0.01 ~ 0.2 { —C2(In — 0
S S S 5 caqyl|
<, 012 | c3 () o e | % 005
< \ < = 0.15|% o
0.1 ;im L 0
[ Lt ——
-0.01 0.1 -
0'080 50 100 0 50 100 0 50 100 0'050 50 100

t(s) t(s) t(s) t(s)

A 3-12 C2A=C3 P ¢4 X4 54453+ (Set2) B 3-13 C2A=C3F 89 Y4h A 45+ (Set2)
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3.6 ARENGE

1. #2REFLTREZTHEBSCFENZADNFHA, TRTENRIBEAT
BANSHAHEE. THEFEEURSTH, RitEETLARES AR EREE
NEHBRFZGEHBEMEE/AEEREEN EBREZER B, Eib L, XEMRE
ZHEFBARRIE - ENEERIE GRS REEFEE %EnﬁﬁﬁﬁZ%ET
BF, AEPRIESD BRIz Zh 5w Ay W A M, B A BR R = Fu i B IR BR IR £

2\%T%ﬂ%&%%%ﬁzwﬁ%ﬁ%%,%%éﬁﬁ%%ﬁ%%ﬁ%%%%ﬁé
T BB 0 B A2 Bh 15 R B T AR R RS R BRI ST R (b — R ) RS
Bog@EmE, ANHER U, —BRESEBE (PE) £4HE, S84 IH KRS TUESRN
B EAE.

3. EEBRFRT, IREAEATLAREFARZNAZEEN EHRHZ B
fEBEIAEEKEENEBREZHERE, EAARMEA RN, HERERTHRE
TR — R R EN T RMENE2S5 um AL, ERMRTHE, REREFAR
ETHEAAE RN GEE A RE., RBERXAFT R TN REZDEHBEZAGES
BAH 2 fsb T 3het, 3 EA RAFHRE 05 Ak,

4. EHAARF, Fr-B R TL2RAES LA R 0 H /5K 8 & NS5 E 5
# (DIARC) G ARIES GRSk T H WSS M A LA, 230 867 DLBUR kBl
AT IR DB 0 Ao e 5 T



FMOE FEMAMERFFEREZIZHIR

WE: I# P RERHZHENRE, TFTRNET L ENE R AT FENERFL
‘f HATIME . AEVHELENFHES S (cogging force) K|, %M T &L f1 By #MEAE

, FRENFTHMESENZANREZE8 T, REAWRT —MEELNHIMEH
%?éﬁi@%&ﬁ%%ﬁkﬁ%%%gkﬁﬁ% B, BpL, ERAGESEAHEN.
T EF LA TIROBERLT, ZEH B GRIE— ENEFB ST RS EEFIAF

YRGRGESHE A AR, 245 8 8 (R4 BT 12 20 12 ) 8 A7 1T A% € 1 Fn 52 Fr o
HMTENRSREIRE. SIRH I 3= 09 & AL 7 #M2 0y 40 51 42 20 42 ) 88 o6 5L F g i
SR R B IZ s R, R W BT 3R Y R AL 4 AME AR A B AR R Rz s I R

41 3|

WER, HEw b TRECMEEBE L EHE&TKE, RS ZNATZ %

WL HLAK T 4048 1491501 b 43l B ARSODICK /A & § 7E19964F 3t 7 468 ) &ty H 4
HALK EAAHBENCR R, HARTBRLEPINX. Y. ZZHE R, RE K, R
ERAFEZECEKX WK E K e KA A BN S B ENRAEE R TS,
#Ingersoll. KingsburyfrDMGZ 1191,

EELBINBHRAT, ELNNETHHEEREZ —, T EAKFFZHE
B, ALERNARELEN ML IOHEE, FREFARNZCHAETE. A
I, Braembussche!'?!l, Otten!'??!. Xul'?3! FnYaol'?*148 ¥ £ #F % # #1175 & L /7 ty 2 B fo
AIMEFEMT KEHFR TSN W Bl hHEME S E A < o E &
OB 24 AR LN R AR E N E R R = o, LvfoYaod AN 3t — %
R T R AR E R R E T AR AME T F), FEHE AR, XEEMH
AR R A 4 IE g R AR RIES . BN ER AL ez 2 AR
BIEFA R, WRE T AR AL AME R, BRI EREATRBES LS
%, TR KM 4 I AT o 5 ) o LB BT B 4 R 3 2 4R B R

KB XHEDBAET ERAR S LR A ST R 5 LI AN B &R EHE
BH TR, RENH—FEFREEENFT ELINEE, BT T —2ELNMNERAHE
BMEYES BN LN E S, KRBT Z 2L AR M A3 T AL A 0y MR A
A, FRAITHE RN EERREZ A ERNE. EhL, ERAFESULH
M. A EESERTHREFERLT, ZEHAZBRRIE-ENEBHIERPRISREE
HAEE . YRARGEESH A E T, 2R S EabRIEW Bz 20 35l 1 a1 R e
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62 5 W AR 7 AME BN 5 4 BT s AT

WAL F S TENRSREIRE. LRATIEW T Frde b oh& =404 42 o 4 B i3 2 5
FRGY LA GEERE LRz UAEEw =Trad/sw RAEE Ve = 1.4m/s.

BRI Apae = 9.8m /s> FIRIE — N K H0.2m. FER0. 1m G RE B, % B2 Z 834 7 AR
{8 92.70um, T K% EFiR £ 48.85um. [E B3 B T BT 4% 6 B AL 7y #ME 7 ik B9 A

A RALAAME B A AL A #ME, HEIR Z B R30% A 4.

42 EBEMNMOIRGs =
KEMERFRELBNED R L, HEGFREE W7 EAA F T R &R,

Mg +Bq +Fe(q) + Fi(q) =u+d 4-1)

Haq = [2(0),y(0)]", a = [&(t), g(®)]" #8g = [#(1), (1)) =2 x ML E . & E Ao K &
E; M = diag[My, My]F1B = diag[By, By] 7 1 P Arkh bk R4 A B 192 2%%?%%5[5% F.(q)
2 X VEWRENRE, HAMEEKNKE: Fo(q) = AS¢(q), HFA = diag[A;, A,
T2 2BEBER B AIEIE, Se(q) R EAAEHEHKED., Folq) EFRBTALEH2x1E
LHERE. u B2 X IEHMAKE, dEHTHTHRIBEFERZZFENIHEZELSE, ©
HR2 X 1KE.

AW SA A A& A REARRMERE S, HEAMESTEP, HibTHR&
NFe(q) = [Fra(z), Fy()" XA T EqWEARES, HELERABM AP, BF.,(z+P) =
Foo(x)s Fo(y+ P)=F.(y), ¥ A4 T 38 5% & # = fo ke s

F.(z) = i( msm(%x)—i-czcos(m?ﬂx))

29T

F.(y) = Z <Sy]sm ) + Cyjcos( ‘jD y)> (4-2)

H A Sni, Caiy Syjy Cyy ARFANE, m A R T IANX oY b 2 AL A7 oy A, A5 5| B
BN Fo AL MER G, AN F@-1) T UEE A

Mg + B + AS¢(¢) + Fr(q) =u+dn +d (4-3)

Hdn = [dyy, dyo|T RFBEEBEZFRTHEED =d +Fo(q) — Fo(q) + ASe(q) — Fe(q) B
%X fE, d=d, —dy AT EHHENE. BTH - FR BB ES LT Rk

i =Jq(t), ¥=Jq(t)+Jak) (4-4)
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ST e AR VT AN

arf 61”]0 \/ -};I B \/ fy ;
_ | 2 Ay | o 12452 f +13 i
T=1 o o |[®] 4 )
oz Oy VIEE \/f 7

REWIZEEMSE, PHRI T =JT. B, ¥EFRZEENHEREA HFER (&
FEAL AR )T AL LEZ | T, FRET:

M + By + Ceft + AgSe(d) + Frg(q) = ug + di + A (4-6)
N qj
M, =JMJ ! B, =JBJ ! Ct:—JMJ_ljJ_l, @-7)
At = JAa Frq(q) = JFr<q)7 d¢ = JdN, Uy = Ju, z = ng
R,(4-6) [E] B LA T3k = /N 137, 1381,
(Pl) EEEARIMEREqE QqWN, M, ZXRIET4ERE, HF
[1,1:[ S Mt S [LQI, Vq € Qq (4-8)

Hoey Fap ke AN EARE.
(P2) ARAEA-T)T 41, Ny =M, — 2C &R x4, 1 8sTNs = 0, Vs.
(P3) #E(4-6)F . My, By, Cy, Ay, Frg(q), dg Frug F 48 K 8 £ TR T DR I S8 % B0, %
MESEA, B0, = (001, .., Orisyam))” = [Mi1, My, By, Ba, Ag1, Apa, Sut, Coty ey Sy
Cloms Sy1, Cyts -y Sym Coyms A, o)«
—fkit, SHEREO AL, EEEAHEUNEEELTR AL T ARG, A
DL, AT T RL:

BiZ41: SHTHTEFERETALGTCE R ), AR,

‘97" € Qer = {‘97" : Hrmin < 07” < ermax}

’ oo (4-9)
AcQp2 {A: Al §5A}

;Et_qjgrmzn = [erlmina ) 0 r(8+4m) m'm] ﬁuermaa} = [erlmaxa ceey 0 r(84+4m) max] 75 EJ;CU % /fﬁéii > ﬂ—
Hop A Csm i,

AERATRFZE TS B EAFEME - NEH A, ERq = [z, y)"RTREDN
BREE— M LR Fqa(t) = [za,vd". EREG2REHFLAFRT, IANEFTLELRI
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HH BERr AL TR, r, REH T r,q(t) = rm(2q(t), ya(t)) R LI,

43 FEMNMERIBEN EEREIE T Rt

A0, MO, EHE, 0,5 fHEE (86, =0, —6,) . RAEA-9), ENEHYEHR
W, EHENIRA W THEEERD R 5H G & R

~

0, = Projg (I'r) (4-10)

BT >0 A AERE, rhABENER. FEERDProjfi RXNF ZFH(G-12), BR
MR (P4) (BI(3-13)) « MEF(PS) (BI(3-14)) 3L,

B R A A R AL AME R B NG ERRE S B R ET. B R AR
TS

S =&+ Ae =1 —Feq, Foq = Tq— e (4-11)
Hte=r(t) —rq(t)EMERERE, A>0RNAYEBERE. TX—MLEIEZEKR
V() = 1sTM,(r)s (4-12)
WV ¥ LA 5|
V(t) = sT[ug — MiFeq — Bef — Cefroq—AtSt(d) — Frg(q) + di + A (4-13)
H ¥ 2 ¥ — A&, BP)BA A K % LsTM, (r)siX — . RIEP3) T E X

Mifeq + Bl + Cifeq + AtSe(q) + Frg(q) — di = — VU, (1, T, Teq, Feq)Or (4-14)

H AU (r, ) Foq, Teoq) 7= H B A EH A RS x (8 +4m) WIEMK, BERAIEHE. HLr%
NE-13)FT U EE A

V(t) = sT[ug + U, (1, F, Foq, Foq)br + A (4-15)
FRE|A- 15N EH, BINFItE ENEERFZHEHBELT:

-~

Uy = Uy + Us, Uy = —\I/T<I', f‘, I..eqa .I:eq)er (4'16)
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Hebu, R EERAMEE >, ARMNE X ZEHITERRE,; u, A EEEHT. ¥4-16)
R N4-15), &
V(t) = sT[ug — U, (r, F, Foq, Foq)fr + A (4-17)

E R Tlu, AL, B
Us = Ugy + Ug2, Ug1 = —Ks (4'18)

Hug AIUREL L E5, UR—ANEMIEEEEKE 25 0 58 i R4, use £ U
BT AEZMARER DN EHET. F RBP4, AT Hue DA E B3 T @8 # A
M

i §™ {u = W (n 0 feq Fea)r + A} <
i sTug, <0 (4-19)

Heng —MERDN R HRE 19K AR BEEH R use = —5, H?s, HFHEH

EH Z HQMHH@(I‘?I." i‘eqai:eq>H =+ 5A$U0M = emax - emzn%%‘/ﬁ@%ﬁo EEJH:I? ﬁﬂ‘]ﬂu%‘ﬂ
W NE S

EIE4.1: RIXAEMA-10)F 89 A & 0 H AL FE A
7= UL (r, 1, Toq, Foq)S (4-20)

R4, Prifat b e s /) 4M2 6 B & 5 -GHRat Bt 34 4 25 (4-16)(4-18) 7T VASRIE:
A —HE R, MERZENHFTABZESHAER. mA, £@-12)F 2 L8 ¥ B % F
V() HR AT

V(t) < exp(—Xt)V(0) + g[l — exp(—At)] (4-21)

HEFN =200 (K) /12> Opin ()R TIEE S FONFAEE, EFHKEMARELH, B
B in (K) A B KA

B. Bk AR H G, RARGESABTAZHK, WA =0, Vt >t R4, BT
REfF R4 RA, LAREAEHE S ERIERARBEH IR ES L TE, AL - cofit
1%, e — 0F=s — 0.

ARHEERALSRE F—F P o314, Bl fHEHR.
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4.4 SRIGHAR
441 TEMADMASEZIEHR

A E S IR R I I Rockwell Automation/A & £ Anorad HERC-510-510-AA1-B-CC2H#)
B H & WALIR T & DL B ENASPACE % 4. 3 330 ] An v B 3 S /N — TR R R
FEEN R RS, B SHE EAM, = 0.12(V/m/s?), My = 0.5(V/m/s?), By =
0.3(V/m/s), By = 0.4(V/m/s), Apy = 0.1(V), App = 0.15(V). FAKBIEE I8 40 R GE IR
% LI KA.

B 4-1 Zlahnsidsiarssl

HMEZEMLS, BARUHT 2N ERE, HrEEwE4-1~. B 1.
THFE, 20 BHLEE, 3. £F, 4. T, 5. 8B4, 6. HERE, 7. 24, 8. #
B, 9. LA, 100 HHIRE, 11. 84T, dR N EFEET S wEA2 T,
HMEBEHEHEXRRZOT: BNXREREIETFE1LE, ALY EEE T35 T4,
KA L EN R B L2, H BN — B Il IR AES 5 B 4 B L3 T4R M
BLaiEsE, NERBOMN T —mbG LATTH — Rl A s, 275 LM XHEAFI— 35
Oy 3 LA AL R BB EFS, AAk REERO BN B R SE A, JF P I e 4% AN B 4R
BRI L ATT W b E RBOR A H & B2 TA— A E 20, 24T LEAFIR 5
5 EREION MHE, LEREIRBATNEZAEIETEILE. hEEBoNEES
i 3% 5 dSPACE2 4 % Go 4 3% .
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AT M kA R AL ALY, Kk E S EAE TR 1L, B RF LA
My, e 3 R R S R E S LB T4 5 LATTRE bk HAA 5h. R A 8 I B
Bk 5 WA R s R T AR B AR T4 T . BRI —E, £
M7t A o — RSB B R ARG, AT Skt E R LS AR S — M E R . T
T DL E & AR LA A B A & A ] ST AT

B 42 &4z H 0T F G R

WAL E RS, FAAM LRI ETAE TRAN. WA ESENER, &
BH AL AT M 2 A, RS AR B R AL A B S E A AN A
FBEANG A, EHEREEREL, Faml —wE R, BT AR BN
T LERE WA ERARN/V), dSPACEZ 4t % & 7 {5 KB O H 8y B E 48 Tug(V), it
B A RB ORI A Fy(N) K

Fy=k x ug (4-22)

77 15 RO BB Ot 4 17 Fo(N) BN 4 B R B9 7k # B & WL 36 B o B AL f7 . e 4%
LB HEEHS—F, FAKEALEN G T4 —NEEPHE 2B, XRE L
RAEEH T R, BFEEMEY = x0 + PAWEALNF(N). 484 he 46 0 E B &8, UFH
By X EB RS LS BN T4 T EENS, FEF - NEEME FIEFMHLEY
AL KN, B R A5 Blag, as, .., 2 O AL J] KANFS, Fy, o By ERGA TR AL A7
WE. EALAFImmtfT — KM E, HA/N#EILHBM UIOM 7t R & F1AE101 8 K 2
%, HMNBLISPACEEFI Z AR ERIANMANMEES, FEEELILE 4.



68 %V FE B AL AME B R B 4R BT 3E 2 1 | A

K4-3Fk X5 E 0 B, E4-AR T RYRNEA S . XA NN E SR
M. RO E E B KR IEP = 50mm; XMEM WK, BEEESMA
TEi=1,2,3L1, YHEMAHBKPBEEESMATE) =1,6,12F (HNR4-2)) . EbEfr
F7(4-2) %] DLA] An AR AL UL

_ 2 2 4 4
F.(q) = [lesin(%x) + Czlcos(%l’) + ngsin(%x) + ngcos(%x)
_ 6 6
+Sx332n(%$) + ngcos(%x),
2 2 127 127
Sylsm(?y) + Cyrcos(— Iz y)+ S Gsm(—P y)+C, 6005(—P Y)
24 24
+Sy1sin(Tooy) + Cyiacos(—y)]" (4-23)
P P
SHRAIN L FT

Oymin = [0.06,0.4,0.3,0.3,0.05,0.08, —0.2, 0.2, —0.2, —0.2, —0.2, —0.2, —0.2, —0.2, —0.2,
—0.2,-0.2,-0.2, =1, —0.5]7; Oymes = [0.25,0.6,0.6,0.6,0.15,0.25,0.2,0.2,0.2,0.2,0.2,0.2,
0.2,0.2,0.2,0.2,0.2,0.2,1,0.5]7.

Value of Cogging Force, x—axis Value of Cogging Force, y—axis
10 | ‘ ‘ ; ; | 10 | ‘ ‘ ; ;
8- 8r
6r 6r
4r 4
= 2f ~ 2
£ £
8 o 8 0
(S] S
(TR —2b L —2H
-4 -4
-6 -6
-8 -8
10 ‘ ‘ ‘ ‘ ‘ ‘ 10 ‘ ‘ ‘ ‘ ‘ ‘
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.05 0.1 0.15 0.2 0.25 0.3 0.35
x (m) y (m)
A 4-3 X&hE L) B 4-4 YéhzALHh

442 WEEHEFILEAREERSH
5 4 5 % 5% 8 TdSPACE#YDS 1103 % 45 b | T 1 % L 4 AL B $0 Bl a2 20 a5 3 g . 45
HERATRFOEAIET, = 02ms, HEEZH9HE K0.0025m/s. A WIEFTFES T EHH
M, TR AR R SR RAT A R DR B
Cl: TR AN ETL2REFLGLANEENERRFEAEN T E. A&
& 2 Sy (2q) #1Sr(9a) A A 2arctan(9000d,) F12arctan(9000gq). A HHFEH: A =
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diag[100,30], # &(4-18), WAVELIK F #h#Fu, = —-Kes, HFK, ETK K0
f1, 3 HK, = diag[100,60]. © & f 2% AT = diag[10, 10, 10, 10, 10, 10,0,0, 0, 0,0,
0,0,0,0,0,0,0,10000,10000]. Z# Mt EA#I4EME A 6,(0) = [0.12,0.5,0.3,0.4,0.1
0.15,0,0,0,0,0,0,0,0,0,0,0,0,0,0].

C2: B RNMAAMENET AR ES LRI E E N G2 20 =6 7 i —B R E P
FHORFZHES R, BRBESRAFLSCL—H, B wmEML M. AT =
diag[10,10, 10, 10, 10, 10, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 500, 10000,
10000]. Z#kfE it tisa (a5 CLAE .

AN T4 0 R FF iz sh il s e e d, BATHAT 0T = JUR:
Setl : ERAH TAEHRMALKMET, MK Pr X ot 6y 4 Bz 20 35 6 B 19 4 4 Bz gh 4 | M
, XEM;, = 0.12. M, = 0.55;

Set2 : mﬁSQ%ﬁﬁﬁﬁ,ﬂﬁ%uﬁ%%ﬁ T o) 45 ] B 0 X T S HO 2 M e T b
M, XHM =0.19. M, =0.62;

Set3 : FEt=2.2sEH FE YR H MNP N — DK MK o155 (0.8VHEIET ) , I
=528 B RZAE T, DAL R AR B x4 T3 e R S

4421 LI

SR L B S L B R SRR R A0 T A B 4R

(4-24)

| —0.1cos(3t) + 0.1 (m)
- 0.2sin(3t) (m)

HIZ AHE Aw=3rad/s, MEZHE Hv=1/0.09+ 0.27cos2(3t)m/s.

’ ‘ |ec|lrms ‘ EcM ‘ ||t |rms ‘ [ty | [rms ‘
C1 (Setl) | 2.29um | 8.87um | 0.27V 0.81V
C2 (Setl) | 1.57um | 6.88um | 0.27V 0.81V
C1 (Set2) | 2.34um | 8.53um | 0.29V 0.89V
C2 (Set2) | 1.70um | 7.00um | 0.29V 0.89V

Cl1 (Set3) | 2.32um | 9.02um | 0.27V 0.84V
C2 (Set3) | 1.61um | 8.46pum | 0.27V 0.84V

k 4-1 #HEMEFhIsH| ZIRTe 4R

A1 H THEHEAENARBITUANEANBEHR LR ER., NZETUEY, EE&HE
fedgtr b, C2¥thTCI, MEEMAKRZ . H4-5 BF TCIFCAR AR BRi% 2= By 1t th
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R, TE4-6N B AN EFR N X T Setl, C2Hy % Bk £ KE 2 ETum L W,
FAC2HMRI 2 Xz oh R, 7t TSet2, # Bk 2K WICIFnC2A) A5 2| R 47 By
RA®REER R, A BRAREREZD WK, AT IROEHBESTSHAHE
MR R B, X TSet3, RERIME TN KB A £ BER KW, AT An
ShT A5 T A B B 4k BT o 4 ) M B —C2M RS AR BT R ZAE9.02 i VLR .
— TR A M, RATHE A (0.2 m,0m), (0.1 m, —0.2 m) (0 m, 0 m) it & %
FRKEE Y R, wEATE . TULEY, ERASINREL S, C260yEInk B4 %
BN ERE, WMCIWERRENEHERERT. H47 BrNERE R4 1N E AT
— %, AZREVERT FEARFOBEZHEF M, WIEL T rik sz 7
T 0 R O — I TH R AL A AME b IR R AL ) M B H BT IR 2 I K30% A A

4422 SEIGN

A UK B e 42 ) 57 oo A B 40 B 22 2 v R P R, A T R R R R ER DL T AV IR 46 -

o [xd(t)] ) [ 0.2sin(7t)(m) ] s
—0.1cos(7t) +0.1(m)

O

Lo f 3 E Aw = Trad/s, HE v = /049 + 1.47cos2(Tt)m/s, Hix K#EE K1.4m/s,
KA L H9.8m/s2.

’ ‘ |€c]lrms ‘ EcM ‘ |[te||rms ‘ ||uy||rms ‘
C1 (Setl) | 3.77um | 12.27um | 0.94V 2.10V
C2 (Setl) | 2.70um | 8.85um 0.94V 2.10V
C1 (Set2) | 4.18um | 13.47um | 1.40V 2.35V
C2 (Set2) | 2.88um | 8.60um 1.40V 2.35V
C1 (Set3) | 3.95um | 34.69um | 0.94V 2.13V
C2 (Set3) | 2.97um | 32.05um | 0.94V 212V

£ 42 W ERE x| RITIA 45 R

Fa25 T AL ELRBNRAREBATLNEHEANZRER. TUFN, EEMER
feir LC2HtE TCL, Jr EH B A ABAMF . FH4-8 BT T CIAMC2A AR IR Z 89 %
AR, E4-90 B T AR R H N X T Setl, C28y# BRIk 2 R# 29 pm LA
M C18Y R ER % 22 K # 7212.5 pm DA, X R AC2OH BT o m ik R BR iz sy = ML o &
FSet2, ClC2REREZJLFEEMNEE ERBFAT R REME, hERLANE
HEE R B SRR A BRA M R G EME; ATSet3, BT THRAETHAHZT
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71

Set2: Error (m) Setl: Error (m)

Set3: Error (m)

y (m)

Set2: Input (V) Setl: Input (V)

Set3: Input (V)

x107° C1 x10°° c2
1 1
0 0
-1 -1
0 5 10 15 20 0 5 10 15 20
x10” x107°
1 1
0 0
-1 -1
0 5 10 15 20 0 5 10 15 20
X107 x10°
1 1
0 0
-1 -1
0 5 10 15 20 0 5 10 15 20
t(s) t(s)
SIS Bra2 E
B 4-5 ELIETF a4 AR £
x 10 Setl x 107 Set3
4 T 4 T T
-0.2
3l
-0.2
2l
-0.2
-0.2 1
-0.2 of
-0.2
|
-0.2
c1 —2r
c2
G4 -3
‘ —0.2L i o ; ;

0.099

N 4
0101 -1 0 1

2
x (m) X (M) x 107°

FIRTF 6946 B A K B

5 10
5 5
0 0
-5 -5
0 5 10 0 5 10
5 5
0 0
_5 -5
0 5 10 0 5 10
t(s) t(s)
B 4-9 SEIRTIF a4l

Setl:y (m)

Set2:y (m)

Set3:y (m)

N

Setl: Input (V)

I
N

o

c2

10 15 20

Set2: Input (V)
l{) o N
b o N

0

N

o

Set3: Input (V)
N

0

3
=
o

&
O
=
<
=
o

5 10 15 20 0 5 10 15 20
2
0
-2

5 0 15 20 0 5 0 15 20

1
t(s)

1
t(s)

B 4-6 FITF 6942 Hlam A

c2

Setl: Error (m)
A o e
Ao e

o

x107°

o

Set2: Error (m)
A ok
A o e

x107°

Set3: Error (m)
o N S
o N S

0 5 10 0 5 10
t(s) t(s)
H 4-8 SIRTIT 4940 Bk £
C1
o1} —c2| |
7qd
0.098 .
0.2 0.2 0.2
0.098 —_— .
0.2 0.2 0.2
0.098 L
0.2 0.2 0.2
x (m)

B 4-10 LTI 6946 B K B
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REBFRELK, M TRA2EZFDERERE. RATER(0.2m, 0.1 m) LI E
HBR A LR R AR R, aE4-10 fror. FULUE N, EZAMRMRIEIT, C2Hy LR R
HLCIH KR E U E . TA SRS — PRI Rz mH Bm LA
TRER B B 1 1 RE OF B S I 1 B AR R N AR 22 2 R R B IR R, PR B ALy AME 0 B oA
SE IR A AR — LI A RAL Ay A2 b BA R A J 4 B B9 46 R R 2 7 B R30% £ 4

45 KB

. EHEHREAET2RESFLTZNEEN SRS B0 b, )&t LA
MASRTEHFEN AR FEUITIMEUA - P RERFE I EHREE. LB+
BEMS, Wt T EANERGHARE TAMET F, RAWER S EMLAIMEHEEH
Bz Ed g, Zibt, ERAGESHRAH RN EEEREM TR, N
R ML R B B RS RIE - TN SRS AR REEE. SA%R
FESEAMEREE, 26 B RS RIER 220 5 AR Es, PRAERERES
JRERRZH M TE

2. LA RIIET FTIRE AL N AME A R A AL A AME A AL A

, MR ZRR30% A A . B E IR T B4R A A AL ) A2 By 4 B Az ot i B
HE@Z;%F‘T BT W IRE: UAEEw = Trad/s. W KEFvne = 14m/s. &K
A0 JE ey = 9.8m/s* K IREE — AN K H0.2m. R0 Im By WG E B, 4 Bk £ 0034 5 AR1E
H2.70um, A EIRZE A 8.85um.



FhE HBEREEHZEHEEFRIIEXEMETR

WE: AFZLZRZEVRARTEHFENTR RN, 4 —Ka K mat K\ 8 <
FEERS, RET —FEAXAMEE A/ EKE E N GHEENE. Hibt, ERAK
Krr HREATN. 2REASBAHREMTHEZEEENFTRT, ZEFERBIR
B ROERB SRR, x50 TR AL SN, AR E
(PE) &MFi RSB EN, —ERAANAASHAHREAK, 245 % ik LI
AR R IR ER . R B LA E SR ER A, WRARFZIMESR (L
BRGSO HRPE LSRRG, BT LI B T R AME . LR TIEA T AT
FEFEAMET R ARME— AR ARG RE, FARMEREREZMEL K. &
FME T S R R T St KA 2 B ATLAR R Gt 6 30 B 4 2 5 R BT

51 3|

YaoT20034F 4% ) T — A H /K ik B & N EHE R H 5k (DIARC) ¥, fEixf g
ENEHEES T, SREENENRITTUT AR L TEREEF EENZIT, AW
U FAR N SHE T HE, i BA B RS e s e so/h — i, K&
YA B A9 B B i B 3 G i 4 ) SR e RE I S AU 7 XA e X F R B A S AL
BT, #tat— KRR MANN TR EEER RS, AR RMAHMBATN. &
GEASHEAHEEAHEZFEAENEIT, |E T — a5 X AM2 0 B8/ A&k E
N EEEG R, ZEARA LR IEREN S RN, REFERE (PE) &4
REMSHEEN, —ERANAEASULFH LMK, HEHAETHRETSHNE
EAE, BSOS ECT SRR O Ok, Bk RT USRI O K e B M, R AR
It Pt WA e IR, MERERZER TR XRBWMEH R ALY
B R (BAZhouR B 3N R LA 6| LI T #r e Ae 2 BRSO, Rz 45 8 7 ik 52
PR R R ANPHRE AL ) . Xk, EREEMAERFEREALENZ AT LA
Hu e A St A T, B IE P DIARCE R R 7 UK 15 Skt By B S 14
FRSIRENREL., TRHARRZEELENNR A LT — EH L BN NS T —/ME
WA IR R K, ERERKY, Fricne g &N KAMZ Sy ab iy B8/ E 3 ik B &
L& P 12 5] 5K EE B B 08 T Zhouffr 3% W Ay B 3 v 45 R 7 s, LA 2 R R T BT IR HI 5T
XAMEH A RE— ERAR LA AMEILT, ERmERTREEEES S,

VLB R R 2 S KB 2 SR BRIz s 4= A R4t AN A iH 8 28 KM
WA EERE ENEHEEGE, BRRRAENSHNEIHE, K5 AR ZET

73



74 % I E AR 0B E S R LB P A B AME AT

BRI N LR DR R NP, X NREERBERTEE =%, FUEHN
RNBRE—FK. LRGP0 K fo @ () 390 o QBE, o588 T ARFE B 7 £
R RSB E SRR, N5 7 Rtk F I E 5 RBTE AL 4 00 2

5.2 |o) 7R [EhA
521 BREHMDZF

RFE KRBT A AR, 5 Wang. Zhou. Torir 5F 5 #1 5
451100, 113,103 ¢ EL4K Z 45 Bk 4N

™ = i a;Y; (z(t), &(t),. .. ,x(”_l)(t)) + Ew(t) + f,
y = =0, w(b)= D) -1

Hep, Y, i=12,..p ABREEEELZRY, S8a O KRBER, ot) HEH @
N> w(t) BEFEXNZ (plant) B EFFMN, y)E RSB, fu R TEQFEHBTHEN
AR, SERFLMED()) WERILES- 16 1). DWAA(). B EH Hw(t)
AT & s

myo(t) —m.b, if v(t) > b,
w(t) = D(v(t)) =40 if b <uv(t)<b, (5-2)

mﬂ](t) — mlbl Zf U(t) S bl

o, BHom,, m, b HEE, 2BHRARGAEHE, EHpE. EXHNER K
R KR

FONERME R T LE R B B om, fomy B FJE, T AB=1. § 7T RAKGEE, 40 ¢
RPAJARMSHEN K E, O =[a1,a2, ... ap, My, mube,my,mub)) 7o FIN, 0,500,070
Bl Re(t) EHENE X BN R KER/NME; oKW E1H{H; o = — o KM ITiX
£, W0 =0—0; o, Re HENTE; X = [2(t),2(t),...,2" V()] A LIRS 4%
B Xy = [za(t), #a(t), .2l V@) R EREKE. HHEWEREEIT - EHR
N UFR T A RME S AR, HFEZANRAS X EXGHLRER L HTX,,
Bl Yt — ooft, X — X, HHEASENBESHRN.

ZELRFEN, BRI 0 T R%:
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w(t) A v(t) A
I/m,
m, b
b S S
0 b, Wt) 0 w(t)
m b,
/Aﬁ
A 51 (1) SBXAEAR Q) ZEM R #

% 5.1: X4 w(t) KT,

% 52: KX AHm.. my. bAb¥ R4, LENGERTES L8, BPm, >
07 ml>07 bT>0’ bl<00

Bi%53: RelBRTOFHLBHFR, EREAHQ. TR—fRM, BIERV €
QG’ a; € [aimin7aimax]’ 1= 1727"'7p ‘ﬁ—ﬂo < Mymin S my S Myrmaz > 0 < Mimin S
my S Mimaz > 0 < (mrbr)min S mrbr S (mrbr)maz’ (mlbl)min S mlbl S (mlbl)max < O’

;:j\" ‘—'1:' Aimin~y  Aimaz> Mrmin~y  Myemaz~>  Mimin~y  Mimaz > (mrbr)min A (mr br)maz > (ml bl )mzn

%n(mlbomamiéj 7‘b 6%‘37%5%10
ﬁiiﬁ 5.4: 7]':’31% Ejkék'}i%fuﬂ_ VA ?}iﬁ,’i’—}znT

[ful < 6(X)falt) (5-3)

EF, 6(X) A=A EREL, [f(t) AR R0 T E R,

522 XIMEIAR

RAMEARRAETFTAH —ANTEHIR Ho() = Dr(w(t)) (2o ES-19 HQ)FT
&), #EED(Dj(w(t))) = wt), Vw(t). TATFR B HILRK I T

by, (muby)
U(t) = li+(wd) wd(t) :/—n\(m ) + K_ (wd)T (5-4)




% IE N BT AE B 1 H B R R AME A

—_—
v (myby)s

e (mab)) 4B A,

My by AR b B THE; w2 EEH RN

H
FRAIR, we ¥ VLI A A R R, Wk (wg) Fok_(wg) W& X AT

else

else

—

if we(t) >0 or(

if we(t) <0 or(

wa(t) =0 & [o(t_) — by > |v(t_) — b,])

(5-5)

wa(t) =0& |u(t

)= bl < Jo(t-) = b))

(5-6)

/ﬁhpr%?,E %ﬁ LE T AR R, RANES RAWES-20T .
t . t
WO e raE PO ar PO ey P9
A 5-2 AKX % AMEG IR H A %

Yao?E20034F & M B L #/18) ¥ 4 ik B 3E S 445 % (DIARC) Xt Fr & 8 540 1

GRS 2SR 32

Mimin S ml(t) S Mimax >

RS H R &P RARIRSS, F RS iTm,.
;Fﬂ(mzbz) AHRIIESHRFEITEREALTERRA,
0< (mrbr)min S (m(t) S (mrbr)max 7/F‘j(rnlbl)mzn S %—lb\l)(t) S

—_—
( 7"7")‘ ml

E'JO < Mymin S mr(t> S Myrmaz 0<

(Mub)mas < 0. B S, FEED(t) > 0, b(t) <0,Vt, Bk LKA T 5 2.

I3 5.1: HIRRFE(5-4), FEERILERE Hw (5-2) FI A B w, 093% £ T HAGE A
w —wg = (Myby) kg (wa) + (Muby) k- (wa) 5-7)
_wd+’r(/n71:7“b'r),'/ﬁ';/€+(wd> wd+n(;’lnzbz)mm (wd) + d(t)
£, dit)A
(
0 if ky(wg) =1&v(t) > b,
mrbr—Mmr if ke(wg) =1&0<v<b,
o [ ki (wa) (5-8)

mlbl—%im)ml if ko(wg)=1&b<v<0
0 if ke(wg) =1&v(t) <
\
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FHd(t) AR 4T
e L CORS (5-9)
‘(mlbl)min - W if ko(wg) =1

B9k, B0 € Ly]0,00)8, d(t) € L[0,00) . %t — coftHO(t) — 0, Md(t) — 0.

WERR: @R (5-6)Fmk (we) + r_(wy) = 1,YVwg. VAT 2 FFH I
Case I: k. (wq) = 1F76_(wq) = 0. AZFHILY, wa(t) >0, FHHX(5-4)7T 4

o(t) = wd(t)‘f‘(;rb\r) =0 (5-10)

M

—

3w Ro(t) > b, A4 EX(G2), THwE) = mo—mb, = mr%”;"br) — myb, =

wa + (mnby) — iy S (ST dm, d(t) = 0, T kA i (5-8)80 5 —AT AL

m

R0 < v < b, BG-2)T4, w(t)=0. #EHG-7)T 4=

o~ — — —

d(t) = —wq — (myb,) + m, L) — gy p, — watliebe) (5-11)

my

o —

TAFE(5-8)89 % —4T. #—F, BTF0 < wq(t) < myb, — (myby), X(5-11)F #d(t) i 2

mey

d(t) € (o, mpb, —m, (@>] (5-12)

bR T (5-9)F F —AT AT a9 Bk,
Case II: r_(wy) = 17k, (wg) = 0. BZXAMFRF, wq(t) <0, FEM(S-4)T 4=

—

o(t) = wa®+(mb) - (5-13)

my

'ﬁ‘j%v S bl, D:“J @(5-2)—"]‘4%?‘11}@) = mMyv — mlbl = ml%:mbl) - mlbl = wq + (mlbl) —

g L) g (5-7)T e, d(t) = 05F T A sl X(5-8) 49 5 W4T
e Rb < v <0, B(G-2)THw(t)=0. Ak, @(5-7)7T4n

d(t) = —wa — (muby) + g ) — b, (5-14)

b BT A M (5-8)80 5 ZAT. B4R, B(5-13), TR kb — (mib) < wy < 0, B
H(5-14)F e9d(t)ith &

d(t) € [mlbl —ml%@,o) (5-15)
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78 % I E AR 0B E S R LB P A B AME AT

8 LT VAIEBA (5-9) 5 — AT PT84 L5,
Bk 5 Case IF=Case I, =T VAERA(5-7)F2(5-8) AL, F+EBd(t)HAG5-9RFZE. &1F(5-12)
TSI AFHT d(t) € (0, —(m,b,) + i, “ (1) € [~ (miby) + 7220, 0), %

v, |d()|§max{|(/v)|—|—|N|—mn”, |(mlbl)|+\m|M}o 810 € Lo[0,00), 4w
(mby ), 0, (muby), 71 € Laf0,00) » Bl fdE4ad(t) € Laf0,00). FIE, %t oo, B(t) — 0
TiELmd(t) — 0. iEEE, |

53 BIEX*MERVEE/EEEKBEN EBIZFITR

RF AT RAG- DL REAMZ N A/ R SR E ENEHEHEH (DIARC) #
H 8. 2SR XS TAE K B B SE et b, RERSEE (PE) 44 R 54
HiEN, —BRGREASHAH UMK, T LAYESRNERET, WK
SHOT AR B R R, o T DASE IR SR R AR M, R AL IR
ATAREIREE, BFRMERERZETE - XREWBEH T AR ALENELER (B
SR Zhow R F| B 3 R A 454 45 ) LI Y A BR BRI, (B ¥ ) 7 R A L TR N R
WMNBHRE ) . Ak, ERERU AR R LENR AT RS ALY AR E I
Yt fopt A T e, B0 IE WZDIARCH i K AR T DUIRAS G 1 1 0 % 25 e b An A AS IR R AR
.
53.1 FFEEHREZASHEENEILIT

HE/MEEREENEBRERNN MBI R ERR NG ENE, K
EHZEW, WERTP Proj, Mz fRESHBGE T AT LA RN, B &£ EQ,0
@[86 87][};\] *T/E#'LE’[]SZ 115] ﬁDTF)T;F

¢, if§€QgOTng<§0
Projz(¢) = o - 516
(I =Torp=)Cs if 0 € 09 and nf¢ >0
0 0

B, (e RrH ZEREK, T(t) € RPH*0H) QAR R 6. £(5-16)F,
Qa FooQes B FRQy W AH TR, n;R K0 € 90 I EALE R KB, RS REIHOR
R K B & A

6 = Projy(Ir), 8(0) € O (5-17)

it‘?, TRERAENER, HT(t) >0z AENREMR, ZEME RN, FAZE
AR, FIRAT A0 TR
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Pl ZHETHEZLTERHELSWN, E|J¢/9\ € Qo Vt. WMAFBEBESIT R, YV, Gimin <
@i(t) < Gimazs ©=1,2,...,0,0 < My < My (t) < Mypazs 0 < My < M0 (8) < Mipaas
0 < (myb)min < (meb,) (1) < (10by ) maw 3 EL(mub)min < (mib) () < (mibt) s < 0.
(P2)
0T (D' Projs(I'r)) — 1) < 0, Vr (5-18)

532 BRXi(MzrIERY/ERE K BIiEN & #EEH 85 (DIARC)IEIT

W E AN EENEG-17), B i@ AR X o, SHEITHERL RS
R 2R BOROR R X R A (5-1) 231 X # M2 BYDIARCHE #l 88 . Z | B3t F1T
EHHE T @, HTUREG - 2N EHBARRARSREFE. dXEX

s(t) = (% + A" 12 () (5-19)
HeAN>0, EXTFTHE A
s(t) = ATX(t) (5-20)
HHEAT = L (n—DA2, 1), X = X — Xg X = [2(0),2(2),...,200@)], X4 =
[wd(t

), ig(t), .., 2V (@)%, EEBARZE| 51 (5-1) . (5-T)UKIE K #(5-4), ws(t)k
/

= ATX(8) = 2 (0) + S0y aYi(a(t), i(0), eV (0) + fut () 521
= ATX (1) — 2 (1) + X0, aYi(w(t), a(1), ..., 2@ D) + fu + d(t) + wa(t)
(0, by ) (wa) + (mubi) - (wa) — i e (wy) — 2 s (w,)

HAEAT = [0, " (n =DA% ..., (n— 1)\, BATZITDIARCE Gl Nw 0 T (wq ¥
B R R H(5-F, JATEE T N(t))

Wy = Wdq T Wys, Wda = Wdal T Wda2, Wds = Wys1 T Ws2,

Waar = 20 (8) = ATX (1) — S0, @Yi(x(t), &(t), ..., =D (t)) (5-22)
Wda2 = _C/i\w Was1 = _ksls

FEG2DH, wanREME S B G W EAME T, R b8 B E G E
B w3 A AMETIN, Jobd, B AR S R A W . wa BB
BT, H g — MR A R AR BE) - RS XAS vk
R RO, AT B AR 9 2 b DR R 98 3 A
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B (5-21)F01(5-22), 7 &ns(t)B9 R A

$(t) = fu+dt) =P a;Yi(x(t),2(t),..., 20" D(¢))

—~——

+[%(wds + wda2) - mTdeal + (mrb'r> - ﬂﬁ;(mrgr)]’i—l-(wd) (5_23)
+[%(wds + Waa2) — %wdm + (muby) —my (mlbl)]/t (wa)
JE U Hd B A (1) i R
de + A (t) = fu +d(t) — f 1 C@Y(fc(t)a #(t), ..., 2" D(1))
[ f a) + (?fglgyal*-[gzz?r) (5.24)
( Ll +(wd)+-K”%bO 2k (wy)
—fu+d( )+19¢( )
St 0= [0, Gy o () + B (wa), () — P () + () -
e (wq)] V() = —13, Y, Vo waar, —1)T. WA B, (S-20%% T S8t

REWRNEESATEUREMTHRE, TR N B BT EA () . &
AR B PT DU S B R B R o B R R A T AR

Ardops 7 TV R, B A 2 d By B E R T

< 0 if |d(t)] = des & dos >0
chrojdAc(’ys){ de(2)] M (5-25)

vs else

Hey >0, do(0) = 0. XAEH—AHE BT UARIE|d(t)] < dews, Vi
AT RARWEE, FX
k= m(wd)% + /{_(wd)% (5-26)

BAREFL KRR AL TER, N NEAL. ¥(G-24)RN(G-23), HERIL(5-22), W15

5(t) = k*(was + Waa2) + de + A% (1)

~ ~ (5-27)
= k*was + K was — d, + (1 — k*)d, + A*(2)
HBLS.3. BESANRPL), FEwaeih B FIHA A
. <0
1 SWye < (5-28)

it sl wae — do + (1 — k)d. 4+ A()] < € + eqf?
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B, e Mgy RN EIR. B(5-28)8 &M LA Hwaest F RALESHA T 0T
PRI LM, AN R Hweoe FEE, FH e A2 %0 2 A AME Tlwg, 9 1E .
FiE: W R(5-28) By — A F AT LGN Tk 07 AR E]. hot R

h 2 |kl [Waaz| + |[Omac [ |[9]] + 1d(E) nac (5-29)

* Mrmaz Mimaz
_/E:_‘ #j ’ k:maa: = mam{w M}; ﬁlmax = Almaz — Almin, ﬁ?max = W2maz — A2mins- - - ﬁrmaz =

Mymin ’ Mimin

Qrmaz — Armins (797‘+1)ma33 - max{mrmax_mrmma Hmas _Tlmin }, (ﬁr+2>mam = max{(mrb'r")maz -

Mrmin Mimin

(mrbr)min + (mrmaz - mrmin)%a (mlbl)mam - (mlbl)min - (mlmax — Mimin

|d(t)|ma:c - maaj{'(mrbr)max_mrminWML |(mlbl)min_mlminWM|}c %E’ ﬁf-’f/gwdﬂj&
rmax lmax

)( 1b1) 1,

Mimin

Wi = = [ b+ gk 0%(X)] s (5-30)

min min

Hr = min{Zmin Mmin Yy FGF iR %R (5-28), A FHRE.

EIE 5.1 L4 H A bR i (5-4)89DIARCAF 4] 28(5-22) (EAH A& MAEH(5-17))
B, st R rH X4, MRRALNTAETHA R, FLaERELA —2 &
el A MR AAL A RIZHEE, BEARmE, RIFIEEFAFHEIR/TA

s(t)? < e Mts(0)2 + 2(s+af\f3maz)[1 — e (5-31)

b, N =2k5, ksts famae TR FBE 8B 3L f4(1) 89 Lo 69 3R KAAL.

WERR:  @(5-27) #2(5-28)7 T 4n, V = 12 ¢4t A

2

V = KFwgas+ sk was — de + (1 — E)d. + A (2)]

< —k*kast +e+eqf]
Ay
< —352 +e+eafs (5-32)
b, Bp
V<AV +e+eqf? (5-33)

WG|, THG3), REEE, aTAMMET (FAEE ) —HAMMRT A LT
BEAR, BERREPDT G E S HE X407, Z AR, [ |
533 ZEEHEZEIT

R RATEAT T A5 R AME B IDIARCE #| 28, R ES 81t # #(5-16) kIR



82 % I E AR 0B E S R LB P A B AME AT

HIER, B AR R RIS BN RS UARSRESE. wEESL, &A
AULEATRITGEN SR ENE, AARAECERHNRZANRENE. KN TEEEHR A
HESHEENAE: B ERTERE SR RN, REFSEEE (PE) &4 R H#
SZHEEN, —BRFAREASH A HEnEARR, TRAYESYEREIT, W
RS ELGETRATEAINESE, AT USRI N TEIME. ERDNTF,
BRI R AR EASBRAH T AR ELE, HEG-DF, fu=0. ZHHNILTFHER
K A R B & A, AR A% 8 N8 6 AR F IR R 1% £ Rkt B & AR,

PAERANT MBI R FELEGC)FEBH 2R LML, XWE T LAGT PHEREZ
ZAOEEXLTEREANAAFTENRRE. FHib, WRXEZAFINFSC-DRAERATELS
B EE, RO BT ARG BN — B TETA)NHFE, REER
B AR RN AT, SHRE I B RS TR E A, d kb BRI R
WA ENE. BT, BRINBARL2AR —NEEL, BRESREALFEMESHL, £
M AR LU R R TUAEETHERE (v >0, BFv<b ) REALESBM. &
W, UM NHTBEAERER B0 > b, RFv < b W, —EFEBHAERR, KI5
AR R W HAT ST, SRR RIEE RN EEY > b, Hv < b LB WA,
SZHEUSFILER, ARANERNEERHANR S0 >0, HFHo <b W, FHik, 45
KR SHEFH IR TR, —ERXSHBHE AR, T UEIAMRRE T
M, FERAAFMHEFHAATRE. B, FENF 0T 5 HE:

I3 52: EX—ANEFHEHAEFH = maz{(mb)maz — (M) min, (M) maz —
(mub)min}e A Blwy(t)] > HE, @5t X #(5-4)4F 3] 49 58 X #r Ao ()3 8 RiEv > b,
ES‘(A%—U S blo

IERR:  Hwe(t) > HEF, @1(5-4)0h Z(PDHF 5 R A% fE a9 7, TR dot) =
wa)t(mebr) ~ Ht(ueb) 5 (mobomas >

mr — My —

B8 é‘iwd(t) < —HW, %iﬂiv(t) _ wa(®)+ (mlbl) < (mlbl)mzn < by, JEHE, m

AT RAREE, ZX

1 1fe>0 1 1fe<0
X+(°){ et X(°){ e (5-34)
0 uf else

Box(wa(t)) = x4 (walt) — H)+x- (wa(t) + H). ¥ F 55077 5 (5-D# AR Dx(wa(t))
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GRS
X (wa(t)) 2™ = x (wq(t)) f L aiYi(a(t),2(t), ..., 2" D(t))
+ (myo(t) —meby) x4 (wa(t) — H) (5-35)
+ (myo(t) — m,bl) — (wa(t) + H)
R Ie X

Ux(t) = x (wa(t)) 2™,
FT( ) =X (wd( )) [YMYQ? s 71/;077](25)7 _1]

RS HES.2, AT DL DL 7 AR L S gk 1

(5-36)

Case I & 5% JBwy(t) > HWEI, Bxy (wa(t) — H) = 1Hx_ (wa(t) + H) = 0. %%
h H1 % (5-35) R AT AR A

yy(t) = FT ()6, (5-37)

H

0, = lar,as,...,ay,m,, meT]T (5-38)

ER(5-37) B AR S BT AL. A8 8 T DARR A AL B o S i R R R R
FEE . TR R, BN ZFGE A RIS AR RSN, b e R R 10, 8
. LT, B TG-36)F AR, ROV REERKRS R FEZORS
X, WH(s) AN BATHE TIARELEREK, GlnH(s) =1/(wps +1). KK
WAE R B R ULS-3T AL, &

Us(t) = Ff ()6, (5-39)

Hdy = Hily Fr=H;[Fl. RE, BHARNZFEMEEE N FERSEIT0,, H

Hr A
1
_ F 5-40
’ 1+vtT{FTFFf} 16 (5-40)

H ool o4 % TR £ Fo i AL B | 38 B %,

< =F10, -y = FT0,
1 T :
. { o — by DE FF T, i A (D(8) < pag (5-41)
0

, otherwise

KRBa>0EREHT, py £X|TQ)|FEH LR, v>0HHo=0. HLTUER LT
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51 BE DL 3 B 4% 0 22 1 S0k e A 0 80,

5138 5.3: ERGAEAKIHEHAERE (LBPG-DFf, =0), ERARNI=F
15 B (540X H X A EMEG-17), —EFHF4S % (PE) &4# 2, B

fHT FyFldr > BI,, for some 3> 0and T >0 (5-42)

t

W) 2 2% B KA 0, 2 M BT A0 B 4B, BP %t — ooBd, 6,(t) — 0.

Case II: JLEH JEwy(t) < —HBEN, Wxy (we(t) — H) =0Hy_ (wg(t) + H) =1. %
G50 115 (5-35) & A T 0y AR A

Yy, (1) = FT ()0, (5-43)

Hp

0 = lar,aq, ..., apmy, mlbl]T (5-44)

ik, RIS Case IHd ] # 5 B 7T LUK B B8 S 800, 00 B A 1, HER, % R 0LTF(5-42)8
FESUHUR A&V R B, Bt — coBt0 (1) — 0.

ERTIR, U RTS8 B & 1F i 2 BE, Case IFCase ITH) 5346 1k IE
ARS8 = (a1, as, ..., ap, my, mpby, my, b)) WA MRS F A S 4 g S qE, BT

Tt — coftf(t) — 0.

53.4 EnEfaERER

BRI EE S, TURE T RERS

E52: ARGEABITHIMARRIEXEGERLT (BFG-DFf, =0) ,
EPEL&AF(5-42)i% 2., 456 R #ME(5-4)8DIARC 3% 4] 28(5-22)(5-17)(5-40)4% ¢ 45 52 I 47 1
FZIBIZ, BP 4t — oo, X(t) — 09 Hs — 0.

JERR:  UPEL&IH#HZA, 3135374, 4t — oo, 6(t) = 0, FHO el @il
®5.1, BAVETAIFEA(L) € Lo[0,00). #1(5-22), (5-23) #2(5-26), & f, = OFF, V = 15244
W H

V = k*wges — dus + d(t)s + s (5-45)
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i

§= (%gc - %wdal)/@r(wd) + (%&\c - %wdal)ka_(wd)
— >0 aYi(x(t), @), ...,z @)] + ((meb,) (5-46)

— —~——

—rﬁ;(mgr))mr(wd) + ((myby) — %%)H—(wd)

BIRIE TR R e T
1 ~
Vo=V +=—d, (5-47)
2y

EBE, = d,, NV, 8955 H

Vo =V 4y tdd,
= k*wass + d(t)s + s + (v Projg (vs) — s)d. (5-48)
< —k ka8 + K wggs + d(t)s + &s

Hd, BHRAGHTP2), LB(5-18), #WARTFHE EARFXNRE—F. B AH(G-46)2 3L
496 2t F AR TR £0 A &M, A0 € L, TH4E € Ly, H(5-28)891, k*wapms < 0,
F4E6-(5-48)T 4ns € Ly[0,00)FF Ed(t) € Ly[0,00). HiEfAs—3iE4:, ¥ dBarbalat?| 3,
Lit — colits — 0. EFE(5-20), Tt — colf X (1) — 0, EHE, |

54 SRIGHAR

“iFs

B 53 #shAKEIEL

KR LR R EEL, KA T8 HAnorad W 3 B & W HLT &, A F I Hiwin ¥ %
HERMNFE (ES5-3) RAMRPTRTEHARE. BEEZELBNNE - APAK,



86 % I E AR 0B E S R LB P A B AME AT

P S 3 Ay S AR A ik A

i = Bw(t) — Bi — AS;(&) + f,
y=ua(t), w(t)=D(u(t))

(5-49)

Hep, oREBRNCLHE, vON KRB RREERN, wOREELEIHEH A E
JE, y(t) Ab. ENEAMNE 35, BASBRMEERZYE, AS;(0) REFLMERE
B, R REARK, BEHAS,(2) RE A, [RETHERLE, vOEEREH
REMABEFENESF. EEAENALEFREZ MR, 2HEN05um. EEET
BN EETHATED RRGE. BAORATENE &R —FER T & BN SH
HATEIT, BEASRWHRENB =43/s, A=09/s, E =3.6m/s?/V, fy =0m/s, H
B v [ X AE . TR B4R S vk 238 1 — N dSPACE DS1103# %] & Gik 523, HRAF
FHIAT, = 0.2ms, H R % 50.0025m/sec.

EH EATR LR ARAE K E v, 2| TH IR E P KB (g, 34)7 . TR BTN
zq = 0.21 + 0.08sin(wt — 7/2) + 0.07sin(0.87t — 7/2) + 0.06sin(1.2xt — 7/2)  (5-50)
M7 55 BF 2 40 8K A 41464 0 X (0) = [0,0]7.
54.1 XFEE3RIET
Rw(t)RAX G E, BER&R Y

09(v—1.2) forv>12
w=D() =140 for —1<ov<1.2 (5-51)

1(v—(-1)) forv<-—1

Hobw()ELRPHIER Ak, HREABNNRN. EREF WAL = 3.6m/s2/V
WoE, RATT E T X kK

3.24v — 3.888 forv >1.2
w = D(v) =140 for —1<v<1.2 (5-52)

3.6v+ 3.6 forv<—1

Bl %St 58 7T ¥ E 0 = [4.3,0.9,3.24,3.888,3.6, —3.6]7. H TR %I K& K 4o
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By, AT AR A0y = [4.3,09,3,42,4,-32]" . AEFESHLENRN

Omin = [3.0,0.3,2,2.5,2, —4.5]7

(5-53)
Omas = [5.5,1.6,4.5,4.5,4.5, —2.5]T

AT ERRER NG R a g, PERERRAMENARNE, HATRATH R

T T E AN 3 R A (5-49) B AR B Bk

Cl: AER HWDIARCEHIH =, RAWESHUB AE, fy #ifEit, F AW KM
X (5-52)f . XM IF IR K T 3L R 74 ZEs 15 L.

C2: AER M WDIARCEH Hit, RANESHUB A E, fv T, ARSHSH A
i, R HEAMER UL R, ZAELRE T R b H 4 EHAT M
1% D

C3: AEHR M HDIARCE #| & i%.

C4: RER HWDIARCEH H ik, RANMESHB, AL, fv i, AARSHE—
3% X (5-52) 8 % v | (5-4) A I B8 K 6 B SE S 80 A M . XA LR & T 38 R Y
B T E MR ERF L.

FEC3H, weoB 0 AR, B b, BRAN ZA Fwe = —kosk 2B
JE(5-28). R, AfafhAe W, HEMEA —NEY K EERRE Hko. XM
T L2 R LB WRIESEM & AHG28), BEZERY AN TIELEK
7 W URIEGS-28)8 . Al A X M a4, I & 46(5-22), &£+ EATRwy, = —kss,
HAky = kg + ks» Hks = 200, (5-19)% 8 % X = 200. (5-25)4 ) B & b £y =
1000, Ed 85 F hdoay = 2. WA ST WBMEE L4 Loy HE, oy =
(4.3,0,9,3,4.2,4, -3.2]7. (5-40)% B & f RIW W4 E % AT(0) = 1000L5, #ESE Fa =
0.1, BB ES2FWEED =2. N JRIEXTESI B ™M, &4 8 A L A 35 4|
¥, MBEHECIP B EAE, flim, Cl. C2. CA¥ Hwy 5C3H Hwy, BUEAIF. %
sh, (5-40) B 3E 4 ETFEC]. C2fC4AF A B A D(0) = 10001y, B, A, E, fn%
BAE T4 E H1[4.3,0.9,3.6,07. xtFC4, FLR(GS-50)R B kb, ¥ H K (GS5-4)5% % 3]
=3

AN S 2 B T RARS-1H LMD —R, HAKEYE, fEsnAd, C2. C3.
CAHFA AR IZ I 8 BT HAR TCl. C3. CABUE T L P RAFHWREM 6, H EHW Tk
FC2, ES5-4-587H T HANEH BHERER, L, ESAHL T WA 6 &6 i)
FEbE, ESSHLATEZMNMNREREZ., HREEEATUEN, WS BHHER
BEHEBFEE RGBS, TDIARCE#| 8k A AR BN EHEE. Hix %E



88 % I E AR 0B E S R LB P A B AME AT

FETUEHEC3. CANRAEI I RERZFE /DN TC2, ZERE REWEL TN,
BUC3T VL SL I FE X S 3 e vE B i i AR AT SE R B e 242 . X — At 7 NES-65 7 & 4
¥ BT EE. B, C2. C3. CARLAWCIELF WM HIRE SN, X4 iEH T 5L X #M2
Wb B, ES-THHRTHERMEIE (BB =43,4A=09E=236) 5HBE&HRER
B, HES-6F7 T M50 = [4.28,0.98,3.2,3.8,3.65, —3.52) T MR 4= 3 T0 th B #1H,
WHAE T RSB W R S . S-S T R AR B N R, TR
TERBWIRHEGSA), YRARELRN LMY REMRA TR, R NEFHEL
BMOPRAL, SR E, WHEILT RAFH RS IESE T DIARC Hik &5
P, C2. C3. C4ft TCIH SN IR ERFFMIESE T 50 R AMZ By 0 B, C3imft TC2HR AR
BRME LR T R FIAE A Y SR B R X S AU T LB, M ANC3E C4 LT A R B R B B E
BT B4R 3t X M ) 52 B A 38O

N TR
Controller | CI | C2 | C3 | C4 || C5] C3
[Zl2(um) | 26.33 | 13.00 | 3.63 | 3.50 | 258 | 3.69
[Z]oo (i) | 101.95 | 56.66 | 24.22 | 24.14 | 650 | 23.26

% 5-1 LR AGIH| EihE R

5.42 XFEESRIGII

N T — P AR ER W A B R AR R, AT R Zhou £ T E 2K £
Syeh B E R R 5 A A ] B O AT R DL L g . [ ) Zhou Yy 45 ] 5 i AR A A RR SR X
it e, FEWBIT 0 REEAERE, EHAN 0T

3.24v — 3.888 forv >1.2
w=D(v)=140 for —1<v<1.2 (5-54)

3.24v+324  forv< -1

H S A0 = [4.3,0.9,3.24,3.888,3.24, —3.24]7 , X EK ML XEUKRE ENF—

&

¥ AR ZE F WDIARCE[116]F Yy B & N & 6 &kttt (T X¥ 24 i
HC3. C5) . xFDIARC #i% (HIC3) , ##HBE XLk EME, LS5 EHnms
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8 H0(0) = [4.3,0,9,3,4.2,4, —3.2]7. 3 FC5, #HBLIT5([116]7 44 FH:

v = ewy,

wq = Zq(t) — 121 — gp@ — Cozg — 2] — sgn(ZQ)ﬁ, (5-55)

. ~
~

¢ = —Pwyz, 0y = TpT 2, D = pif o)

He, 2 =72(t) =24 4c1z, ¢ =100, ¢ =50, p=1000, T'=10L,, B =10. ¥k
8 42(0) =1/3.6, D(0) =0, 8,(0) =[4.3,0.9]" 7 Eu(0) = 0.

L 4R P T RS-0 “SLHI — b, NXZERaTHUEY, THERAR
BiZE, ARBAREME, DIARCEZM Emft TR E &N T EMEH EiE.
EI5-9. 5-10&E 0548 T HAEHBERMERERZUREHANE. NESOTUE
4, DIARCHy RS H IR EFIR £ L P/ F20um, @m/FC5. ZERTRMH, YRERE
SHAH E Fok pm FL R B SL T, DIARCE A #f i IR BE ik . ES- 1044 4 By 5 AN
KU, MTEESEETH (FRG-55FNRE —Fw,) , Zhouth B & J1 4 A5 &
EeI g NI T P ERIR A L TDIARCIUAN Y £ 47 78 X 09 B X B 3t
TiER, Ao HABEMAPR. PTAXLE RS — P T FriEDIARCH i 7 S Fr b A
Hy

5.5 BIERXIMERIFEELENEAEH ST
DL TR S S RE M S B LSRRG AR

FoH RAH AR, A xR 2 ot K AME o B/ B B N B
W, REALRNENSROEIE, N5 AR ZE I ER A 288 5t X 3 DU

g 200 . ‘ ‘ ‘ ‘
: °WWWMW%‘W
i
S 200 i i i i ;
© 0 5 10 15 20 25 30
_ £ 200 ‘ ‘ ‘ ‘ ‘
E B
> i
o & -200 i i i i i
3 S 0 5 10 15 20 25 30
£ -
g g 200
= 5 o RS I .
@) w
o~ -200 i i i i i
© 0 5 10 15 20 25 30
E 200
5 o
]
~0.05 | . . & 200 i i i i i
0 5 10 15 20 o 0 5 10 15 20 25 30
t(s) t(s)

B 5-4 Cl. C2. C3FeCAty#r & ik K 5-5 Cl. C2. C3feCaty#yhRIFIZE £
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I

B 4B 32 2 15 ] 2 o A S K AME BT

6 15
= = 1
g, <
3 05
0 20 40 60 20 40 60
45
s 34 -
& 2 41‘&_\
@ 5
E 3.2 =
- - 35
E 3 £
0 20 40 60 0 20 40 60
-3
< 4 —~
S g
Y 38 E 35
E = 7
£ 36 £
34 -4
20 40 60 0 20 40 60

C5: Input (V)

C3: Input (V)

C1: Input (V)
o

C2: Input (V)
o

C3: Input (V)
o

C4: Input (V)
o

A 5-8 Cl. C2. C3FCAty4=H#r N\

-10
0

10

20 25 30

-5}

|

-10
0

5 10 15
t(s)

20 25 30

B 5-10 C3F=C54945H] A

E(m/s?IV)

C5: Error (m)

C3: Error (m)

55 1.4
5 1.2
P < kﬂ’/\/\/\m
= 1
4 < j
35 058
3
0 20 40 60 0 20 40 60
x107°
4 5
0
38 ~
N(/)
£ -5
_‘_Z
36
-10
34 -15
0 20 40 60 20 40 60
t(s) t(s)
B 5-7 Ca#l Attt
x107°
1

o

5 10 15 20 25 30
t(s)

A 5-9 C3A2CS5893RIZIE £
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RARE R, L ENRAEHER T EF 8. FUERANE L 5. il L4
Z G Y 50 K A A ) 2 T R, P 55 SR BB 07 T MR S X SR DL A AT
X3, 85 W% % W&o P BB R e R AL ) A st KAME R Rz 20 5 0 2%, WA H
g

56 ZARENG

1. A — (ke RxpARRANNFHTEELERSE, ERARRAEFTN. 251
ALBRAH AT R EEEMENEILT, BT — M HE/0 5k E &N S HEE
(DIARC) i, Hib LH#ERE—ENEBHBIMRPIRISRESE. YRAAAFES
WA M ok g X B, 245 R BRI A LI M AR R IR, BV R IR E AT
R— R Z W0 XA R R AR B R AR,

2 TR HB/EHERE EN GAEG BRI L TR E RN, AAER
S (PE) &R SKEEN, TEANSHRNERGIT, FEEAFENSH
(BHERRGSE) AR T2 8 WEEE. 27 EMR T 70K Kk Bl A+ et
iy 30 IX S v 3 R ) AL

3. SEIGHR SR W BT R 45 ] B AR LI X B R EAME— BRI B EA LK AKX
B, ShRMmEREEEELS. THARGIEY T EEE I EH T, AREFELT R
W, R JE XY S K HEAT HME

4. LELENMA R P HEAEER N R R R, L4 3T FA £ T A5 X 4k
BHEE/NEEREENEHERE, BRRARRNENSHNEITE, REELERA LS
R EN RN RS LSRR R TEME, ZFNREERHERITEE =%,
FHEFAANRT L. YZWMEARFHIR AT YA T AR, ThRBIAEN
FEHRHARSH LA EI RS, R 18 W E PRI E B2 2 A fo st X
HME B 4 BT Az B 1 2R



'

FRNE ETeRAEZSLIREANSHEBEZEREIED
EHI B ELS

WE:. AEFEFARGEE (L8n>3) 2 FANREZHES FEAARYE —NEAHYE

X NEIWIER. BARM LR R T A EBREn T A EHARHER, bkt
MeaREFrAnAERREZAEMBRREAR, 4, REREZXER Lz A5
BANMEANREES, AUARERZ SR ETENERE S b BEXENHA
I zh Efrizsh SR ER Eizoh 5. HE FRARRENRRYAF RHATH LT Z
H, FRIAESFR PN NFIREANERE. SHAFEE. FFEELEEURNST
o RARUTHHABLEZANETAREFANANEEN EBRFZEHE, EE
WERIET —EWEBBRSHRPRSRELESEE. b, F—EHAERARFTES
Bora e e, BTt o 0 0 4% ) 25 Ak 4% R G 40 R 32 30 4% | U AT TR M An L Fr o e TR
REBERZ. BEZFANREZAEFHAREMELTFERLNE, BAIITEH —EH
40 Bl AL, ARFE PR A IEINAELR ) 5 B 0 4 40 B 3z o 1 R A T AT T A

6.1 3§

SRR R GET L F BT, WRAS RS, ICHEE 482 R G R
BAFHE. HTRESBRE, 58 RGERITR I TS o 00 A B R 2 DL
R TAL. AT R B T AT, B K A TR — A B O AR H08
L8]

FITEY LT L PRSP T YTy EEETE S
ox(r) € B R R GHEFRERE, xalt) € R EMLHFHAERE, NitHEd
45 8 1o 424 R AL B SR R RE B

x(t) — xq(t) ast — 0. (6-1)

B K T B AR R, PRAAeERH EERGEN LT E RS E
PRH R BRI M L, HAnTomizuka % AFR ) 80 FAR i 1% 22 BR R 45 | 22 134 199230 ST LA K
Pe ' 4 AR G E e . Koren!""1A IR 2] 46 32 20 5 ) (Y AR AR B B R BN R R IR £ Iﬁﬁt%%
AR XA ik, FREREEERFAEN LGRS W inflg, i
ST RIFE R EANER . b, AR kS EEOTE, b B R A ‘%ﬁfi%”ﬁ%'z\ﬁ
TR, T R 4 R 2 B 2B DR £ R A A BT R e 10 1T,

92
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Chen® % B Wl B A MR Bz o0 4581 70k, A LTS 1. AW REEIE
BT ARG MR URRIBEERFEEEERR, RAVKR —BERANK
REZAERENERERR; 2. AZHRRFZHHEFATNENZRE - NMEEHR
B4, thinH%, BERFHHELMEAEGNEE, MEALRET, AEHRALMEE
WRAFRERZNEMUTEER, XMANERIANREZHER MR, 3. F45
HEAEEMREATFEAEEGELR, XA TAABRBEFEMNANFRA, WEEREE
FEE R G, FERTERMN; 4. REBRT D RA AHEZ KN,

MREA, RERERHNR TR Z T HEAFAN TRE EFH 0 EZ20 #5 6 M4
. ChiuZfPOONE W T — MK T L Zg nRHETHFLTER, HHEFRETRE
M BERFRZTHEAESF LT T, T ETERLZRE LN miE £ & fik
HMiEELE, P FEEREEZLERARAMHTEREREZ— BAXANERIEEZREER
HER IR Z W UTOT . 20024, Chen” 2 T HE FRASFHRFZHHHE. ERLT
B, BERZUHERAREE, BETRUERFZHENE. E%F E AR YangFiZ.
Lifg 0y 7 VR — M, EERHATIRFLRRALVTESE. FFE4E (n4)
%%, ChiufoTomizukaY4% H 7 — 3k FLyapunov#y % BRiz 20 ¥ 4 88, HizE 6 B4 T
MR AR BRI RN, WHEEEEEE T RERN . hsh, YehfoHsu™4t 3¢ %
WMAREL TRERZXENARS, ERAGFEREREZTHEERZ 2 HRZ AT E W
] 2

REFEET —MEMERA (n>3) WREZHEFBNZIT T iE. HHERER
I A B mAN AR R AR, B 8 e B E S AR R Brm N4 BT R £ B fin-m
BrREERAK, Ko, REREZXELERZH RSN HE N REEFAR, AUAXK
LRz sh map A EATEM EREHE b BAEXEN A K2 LRz 2 B R R 23z 5
B. BEFRAGAENZRD N FE R RS L5ET, FRACSZEFH HFL
HEHE. SHIAHERE. THEFEEURINTRE D, RARITHANEEREN
ETeRAEFATANEENEBRFZHEHNE, FRRATZHENRET —EZHEH
BESHEMRSESEEL. W, E—EHEERARGEESHAHEN, it
| B b b R4S PR E 40 B 32 50 45 ) e A AR E

rie W r A A 1. REREZUTEEAEAEH. FHE. &8 T EHEH
WA g 20 IIRAERTETBERRTEERS, TUARAEGEREEZ I EH +
MIEEEESEN DM, 3. IREAEHBEARBNTTRE N EREEE. Tk
MEfEhEEd Bl EREN, HNAANRRTF 2K, beELXvsamER
g, L HHMES. TRTENGER: FIHENERES LR FE EEARIEE



94 FAREATERAHFLFANGAERE R E D EHERER

MERE P EMMES LATH R EME, AR E RO ERT R ER. XE
A BATUE 098 58 TAE T BRI — N E K.

6.2 o) EiA
6.2.1 nfEEFEFZLITAMR

DN P tin e B EWALRE (R ZEHLK) A6l HFhFhBEE FRAFE

EE &y
M(q,0)d + C(q,4d,0)q + G(q,0) = u+£(q, 4. t) (6-2)

Heqge RMEMLEXRE, 0 € RPRERFMSH, ue R Z#HEHIMAN, M(q,0) € R &2}
&, C(q,q,0)4 € R" ZCoriolis ] F1 &0 17, G(q,0) € R* 2 & f1, f(q,q,t) € R" E&k 7T
KA HEREENKRE, BENBTHREEFERES, ZHRFXRLAX LA - 2N TR
M, wEATRMNMEF T EHEELRENR A,

Wnde 2 A] BB 11 2 40 R A il 4 T DA m AN o T AR AR Sk T

®(q) = [f1(q), f2(q)..., fm(@)]" =0, m<n (6-3)

H b £1(q), f2(Q),s ooy fru(aq) EEREZ FEMBEQIBIAA K. #01(q), 92(a); -, Gnm(d)] &
Hn-mA JE 2 M e %‘kﬁ)’réﬂﬁké’]%g I B [fi(q); g;(q)|EEAEEZ AL B b A4 K. N
2R 14525 8] o #E XA

r = [rcT§ rmT]T = h<q);
re = [RGBy + Fyt ot B D) B+ Fy e S

T
I @)\ By + By + o+ Fos | € BT
'm = [gl<q)7g2(q)7 7gnfm(q)]T € R (6'4)

Bt fig =52 fip = 3 s fng, = B2 ERRXWES ZEG-HF, r LR Rt
RBEIRERE— HEREITHET Hre =0, I E i S M AFr 09 77 11 5 Pty 2 09 28 18] Tl
=B, ETWT R RS B R AL TR, WARERFZD R TS
WERE,; WraWZLHMHAMNRERERGRE A EBHEREHHEHEELE, A
Rz SLPrizs mibE M ERERENLEZ R, LRF R R T LR a Ay
R

DL AT DA SR 2 87 2 T4 Gl LR UL . E6-157 o, B 3RTE A fi(2,y,2) =
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£ (%0.5.0.2.(0) R P, (%,0,3, 0.2, ))
P (x,(0),.(0),z,(1)
P, (x(1), y(1),2(2))

372 4 B Hit Ve, =2
A 6-1 =Rk miES5Liri

VT P+ 2Ry = 0, HERZEARN LR, FTEAS(r,y.2) = y—a = 0, T
H1 B AL R SR 5 T MR R A 8y — B, HAR L Pu(w(0), 50(0), 2(0)).
B4, AL weet A, HIEE A WAL E N Palwa(t), va(t), 2a(t), EVRIE S S E
H P (x(t), y(t), 2(t)). RFEFIEZ F I B LA E P, (2(1), y(t), 2(¢)) B2 86 B 8
BRI E A PP BIRERE 22,5 F PP, BB Pu(wo(t), yelt), 2(t)) BILE 2 09 4 R 2
B REROG-HT BFra(r,y, 2)H

re(r,y,2) = hwss) _ Va2 +y?+ 22 — Ry (6-5)
NG
Teo(z,y, 2) A
TCQ(.Z',y,Z) . f2<$,y,2) - y—x (6-6)

R B V2
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HTHERENTALTERE S FEMAR S L, Hp-FEIze B 5X5. Yk /409
KA, FH A B AR AR, 0

rm(x,y, 2) = Rgatan2(\/z? + y2, 2) (6-7)

% R,— N IE ¥ A, K (6-5)(6-6)(6-7) FT & X H9 2 B £ 5 B AT R (re1, rea, ) K B 20
B6-1fim. HEHF, 7o =—-1,0,1,2. reo = —1,0,1,2. 7, = 0, Rgw/12, Ry /6 B R Kk T &
BIZKE A7, &EFERF LEHEFERT.
622 REMNE

nH BENMEEENTME D NF IR (BER6-4) BT UHEF A

M(q,0)d + C(q,q,0)q + G(q,0) =u+d, +d (6-8)

Hfd, = [dy, dig, ..., dip) T f(q, ¢, t) % XE X E Hd =f—d;. FifEthaeRmEsLiE
#riv B

r=Jq, F=Jg+Jq (6-9)
HHJ =0h(q)/0q € R ZAwILAER., BEXEAMREHEq € Q,» B4Th(q) : Q, — Q&
—— MR *F, FEBEFWEEIRETRH. KILOG-MG69), THEFRETZEW
HNFLEBB RN ERESFLEZT, BREFZEATHRAG HF T

Mt(r, 0)]:' —+ Bt (I‘, (9)1' + Ct(r, I.', (9)1' + Gt(I', 9) = Ug + dt + A (6_10)

M, =J7"MJ', Bi=J7TCJ ', Ci=-J"™MI'JJ,
Gi=J7TG, uy=J"Tu, dy=J"Td,, A=J"Td

% 50 5 F1 % (6-10) % A 4n T p P8

(P1) EAFAHR ITIEREqG € QqW, M, ZXHRIEZ LM, H+

(6-11)

ml < Mg < pol, Vq € Qq, (6-12)

e, AR HANEAE.
(P2) ARAEFEG-1DHEX R, Ny =M, — 2C A, wE, sTNgs =0,Vs.
(P3) £(6-10)F, My, By, Cir Gy defiugFH AW Z AT UH KR S H X EO €
Rr& S H .
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— kU, SR REORR, WHRENFREERENTESTREL. KM, &
A R e B o AT A F R . P DL, AT R DL T R

Ri%6.1: AHIELKMEFTHTIEXEGTLEL I, LARRIA

QEQgé{Qi gmmfeg‘gmax}

4 ' Vmin - (6-13)
AEQAé&&\MHSQ}

jl‘_cl:v mm%‘jemaa:?ia#néﬁ "?’451\1727 ﬂ‘ﬂ.éA;&EA‘nu i

EHE R E-NEH R, F5LFiE %ﬁmﬁﬁ“%ﬁ%ﬁi%%ﬂ
E ) Eqa(t). EFHIROESLFZGHT, WEFBEBLFr.BLFE. roREH L5
Frma(t) = rm(qa(t)) KL,

6.3 %z&%zﬁaqaﬁm%%%ﬁ@m ) 28 (ARC)iZ 3

A0 HO B ETHE, O hEIHEZ (B0, =0, —6,) . BAE6-13), EANSHETHE
AR, ARRITRAm T EEERD R 55 E & @

Hi = Projz (I'1) (6-14)

HAFT >0 hxt sk, thEENER., FEEZR D Proji B X NE=ZFNG-12), BA
M (P4) (BR(3-13)) « M (P5) (EN(3-14)) kAL,
BTRERTERAN EEN BT REE 06 BN, 888X —DNEMNH
HEELEHN
S=&+ Ae =1 — Foq, Foq 2 Tq — e (6-15)

He=r(t) —ra(t) AMERERZE, A>0AXAEE. EX—MEEEZEKR
V(t) = 1sTM,(r)s (6-16)
WV ¥ DA 5
V(t) = sT[uy — MiFeq — Bef — Cefeq—Ge(d) + d + A (6-17)
HFF 2 g — A&, FHPOPA KM £ LsTMsX — . AR P3) T E X

Mifeq + Bif + Cifteq + Gt — di = —U(r, T, Feq, Feq)? (6-18)
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V(t) = sT[ug + U(r, b, foq, Foq)d + Al (6-19)
ZRE (G- 19 EH, RIXTEBEEENEHEHBLT:

Ug = Uy + Uy, Uy = — (L, F, Foq, Foq)f (6-20)

Hiu, R TERERAMEH S, FARAE XA RHATRERE, u, 2EHEHT. $#6-20)
RN6-19), kA TH

V(t) = sT[ug — U(r, T, Foq, Foq)f + A (6-21)
G4 Blug w1 H AL
Us = Ugy + Ug2, Ug1 = —Ks (6'22)

Hbugz fRREA X RGN, B —/MEAXRIEREEKEE LG KR, usk A
KB FFAA TR DM ST . FREER6.1T(P4), FEunlE® TR i &M

i sT {usz CW(r, E, Feq, Foq )0 + K} <

i sTug <0 (6-23)

Heng HEBENGE . HRO6-2)AMHAE BB EH Fue = —$H2s, H o HZ i
JEH > ||0m]|[|¥(r, T, Feq, Feq)|| + 0a F900r = Opax — Onmin I LT F AL, d 8L, AT LA E]
AR

EIR 6.1: ARIX(6-14)F &9 A & M R AR T A

7= UT(r, I, Toq, Foq)S (6-24)

A, PIRE) &4 24 3 M-S db B S 45 4] 25(6-20)(6-22) 7T VAPRIE:
A — kR, MRZEHARZTHAR., ML, £6G-16)F 2L 6)F EZ H
BV () AE T

V(t) < exp(=A)V(0) + $[1 — exp(—At)] (6-25)
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WERR:  @(Pl) THF
salls|? <V < Spolls|f? (6-26)

B (6-21), (6-22), (6-23) 49554FiA(6-26), T VAFT3)]

V(t) = —sTKs+sT[ug — U(r, F, foq, Foq)d + Al
< —omin(K)|[s]]* + 17
= —AV 47 (6-27)

BT AF5)(6-24), R IL6.16945 RAIERE, MEELEEB, BPA =0,V > todg oL, H4FE
TRV (t) 4o F
Vo(t) = V(1) + 167110 (6-28)

B (6-27), (6-23)895MFiivA & (PS), “T4%F

Va(t) < —sTKs —sTU(r, F, feq, i‘eq)a—i- 96
= —sTKs+ 60T '0— ¥T(r,1, Teq, Feq)S]
< —sTKs (6-29)
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6.4 KRB
CRBTELERG (n) WS LA E, LR A EREn il E
MAWER, HUMEARELSLER, CHBHRLAENMEE A EAK. £, ®F
BERERLFES SBAANMENRAES, AUAELFEDOEHMETENEH
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