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Abstract

Residual vibration control is crucial for numerous applications in long-range precision
transportation applications such as gantry cranes and wafer steppers. These systems
usually require a fast maneuver with small motion-induced vibration amplitudes. In order
to achieve this goal, residual vibration resulting from structure motion must be analyzed
and suppressed. In this work, a two-degree of freedom pendulum system mounted on a
linear servomotor was designed and fabricated to simulate the motion of cranes and wafer
steppers in high speed rest-to-rest maneuver, both open-loop command shaping and
closed-loop multivariable control techniques were utilized and developed to evaluate their
performance in suppression of residual vibration induced by transportation. Four
command shaping schemes, namely: 2-pulse ZV, 3-pulse ZV, ZVD, and 2x3 MIS ZVD,
were developed and implemented. Their performance, such as overshoot reduction,
settling time, and robustness against system parameter variables, were characterized and
compared. The results indicate that the ZV scheme could achieve the fastest settling time,
while the 2x3 MIS ZVD approach could yield a minimal undershoot/overshoot. The
robustness of these shapers was investigated through simulations and experiments and the
results shows that the ZVD and the 2x3 MIS ZVD shapers are most capable to resist
dynamic parameter variations than others methods. Two feedback control schemes: i.e.,
frequency control for SISO systems and full state feedback control for MIMO systems
were also developed and applied to the system in conjunction with laser sensors and
electromagnetic actuators. The simulation and experimental results indicated that the full
state feedback control scheme, in together with a full-state observer, has better capability to
yield a better performance. In addition, in comparison with control system design based
on linearized dynamics, the feedback linearization approach could effectively compensate
the nonlinearity of electromagnets. Finally, by comparing the robustness, overshoot
reduction, settling time, and power consumption of these command shaping and feedback
control schemes, it was found that the full state feedback control has the best performance
but it also demand the most power consumption during maneuvers. In summary, both
simulation and experimental results have successfully demonstrated that both command
shaping and feedback control approaches are feasible for vibration reduction and suitable
for the_mechatronics applications which requires high quality long-range transportations.

Key word : command shaping, residue vibration, long-range transportation, feedback
control, full state feedback control, electromagnetic actuations
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i3 E B % B1957# 4 O.J.M Smith [4]4% 1 > 3w B AT F 3244
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BT o )T*uﬁ % vk e kSR E o 50 fRAE R AE 0 1990 o
Seering £? Singh#72 & 1ZVD;jZ (Zero Vibration and Derivative shaper)[9] i

oS AT B i o 5 ¥ L F B ) ElL shaper
[43.44] » 33 B~ B0 2 8 RHGEL T a 0EHE o B 2 15 0 2 e
Br B ARG ZEABIEE PARERNL B
;T Y R AcBl2.2975F o

1957 1990 1995 1996 2000 2001 2004 2005 2006
1 b)) 1 | | 1 1 | 1 1
) cC v I ! ) 1 I ) '
0.J.M. Smith . Seering | Park, P.-| | Pao || Yang Chen,
(ZV) zegf:]ngh ) & H. Chang (TO) & Yin Yh? Cheng
(ZV]Sg) Singhose (Adaptive Liang (nonlinea (;hapmg & Lin
(EI) shaper) (Shaper | |r shaping)|| ™ EM (shaping
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control
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2.2.1 ﬁﬁl gk 2 BB B
ERCIIR R Salt i N LS

¥+ 2cwx+ @' x =’ F(t) 2.1)

x=e % [(ZAeg(”T cos(w,T))* +(ZAeg‘"T sin(@,T)))’ ] (2.2)

i=1 i=l1

BHY oo dSF IR ZIREAFS > B AET LN f;ﬁﬁ@ﬂ?‘ﬁ@?ﬁi%]»

SR BP0 om SRS FERONRERGTIRE B A NFE G

(2.3)
A4e”" sin(w,T) =0
i=1
Pom=2p% > 7 #
+
i T (2.4)
4=—- T,=%
l+k 2

Ho¥  f=e @), ) % 7V shaper 0 7 & Bl4cB12.3(a) ©

d QAT N R~ ) B R § RS M 6 ZV
!

shaper ¥4 2 #c? FE e 2L ¥ acR > 57 3 4c$g?—1 NS BN S - M- SN -
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For afpdEe ",% TORIRA TG A B T REEHE SO0 i
% & B 0 Fm ZVD shaper (Zero Vibration and Derivative shaper) » »

¥ #- ZVD shaper 4R 5 = ®BZV shapersragfg » B4a F I enlg & 5

1
A=——— T =0,
Y1+ 2k+ k2!
2k T
4=—" 1 T,=-1,
Pol+2k+k2 P 2 (2.5)
k2
A =— T.=T
S oolw2k+k> 7Y

H f=e @ ZVD shaper 7+ 2 Bl4-B12.3(b)

ZV shaper ¥ ZVD shaper 7 &£ 3| ¥ & 5 X #7ivaiz ﬁj%] P S
By B AL R R it BlAcR 24 BlY Bahi kg R0
FERFEARY S 0, 5 S REF hp RS A 0, SR
MG GEATEY GHE S > Kidh s AT IRE LS o F AL EE G A AT
THREFRERRA SR TIRGAL ad B 227 0§ g A%k
FE 4t > ZVD shaper #& ZV shaper £ 3 4 > 4ot v 3F 5% §F e #

T > ZVD shaper ¥ 3§ 32 S#H R E K 5 ZV shaper e05 & o
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Ti2 Total
Tnput Respoirse

Shaper
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e
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= Tota
==

& Responsc
TATS2

®2.3 ﬁa?] »~ % it 51 & B (a) ZV shaper (b) ZVD shaper

= 5 Shaper
- WD Shaper
y.2] 2
20F
0.29 /

%.E 0.7 08 09 1 1.1 1.2 1.3
Mormalized Frequency (@ af&-.: »

Vibration Percentage (")

B]2.4 ZV shaper ¥ ZVD shaper 2. 4T R ¢ %[5]
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3229 5 Bom=3pF[13] ¥ &

1
= T =0,
Yl k+ k2!
k T,
2 = P 2T 5
1+k+k 3
K’ 2T,

2 v
HY =N gbwr L 3-pulse ZV shaper °

& 0 AR W] 0 B A e ZV shaper L5 2-pulse ZV shaper [13]
P~m =3 P¥ i shaper #i % 3-pulse shaper o 4omi it » #-21% 2- pulse shaper i
¥ 5 FIZVD shaper » 4-§|2.5(a)#77+ > % #-2-pulse ZV shaper# 3-pulse
shaper w474 7 (7 I ATE0B ~ i3 I A1 5 0 45 2x3 MIS ZVD[13] > 7 4, Fl

4e2.5(b) 417

(a)

L] o [ e []]

£V shaper £V shaper ZVD shaper
(b)
2-pulse ZV 3-pulse ZV 2x3 MIS ZVD
shaper shaper shaper

2.5 (a) = i 2-pulse ZV shaper 47# (b) 2-pulse ZV shaper £
3-pulse ZV shaper 745 f#
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2-pulse ZV shaper {;'5—}%!%?]%*7&»‘&7}9}‘6* mﬁ;f]/\ » ¥ ﬁﬁi%lﬁiﬁ?
PR S T/2(3Rbd L2 L3k Rygpaldpde RITH FER L SLank B
FIEBET N B ERATIRS R }_‘}ﬁ"‘/f » B 5T 4 4 i BF chiovershoot o
3-pulse ZV shaper 3 ﬁé—ﬁzﬁg‘]%i’a/ﬂ\ ~Z BipR =) mﬁ;f]% v ¥ ﬁ%l?\iﬁ'f‘
B PERR S 5 1/3 1B % ik Hp o ZVD shaper {#ﬁ—/ﬁ'ﬁﬁ - Tﬁﬁa?] NI
R LB ST/2 VARG Z BZV AT AT B R L A pE
vt ZV shaper % 7 X ¥ > e deG & if g% &4 o 2x3 MIS ZVD shaper
5 :té@}%vﬁi%l PN = e ﬂ}ﬁi;f] o W] B (TEe g A BT R SLiEEPe1/301/202/3

5/6 5 7/6 ﬁg?] »> v L 2-pulse ZV ¥ 3-pulse ZV #74f “1i8 o
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time(s)

B 27 %% $3~ 81 % (a)

time(s)
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Recording
Surface

Compressed Air ’-I

B12.9 X-Y EE s 5 [14]

B,

Unshaped response to circular trajectory

shaped response to circular trajectory

B 2.10 | * @?J »ig et X-Y R ET o a4 [14]

Payload, mp

B8] 2.11 gantry crane model[15]
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(a) 70 (b)

o0 L

t ——Simulation —Simulation

Endpoint Position (in)
=
Endpoint Position (in)

20 L | © Experimental o Experimental

10+ 10+

1] y L M ' n ¥ L L . 1 y
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Time (Sec) Time (Sec)

F2.12 & 5ok & payload FB[15] (@)% & * 4 » 2 1 j# (b)i& * i » 2 2
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=
+Y
Reaction Wheel Assembly |
+X 7
Rate Gyro B
Strain Gauge 4 Node 1
: Active Strut
/ Snjur 1 \
STy, .“

Strain Gauge 1
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Rate Gyro

Secondary Payload Primary Payload

Optical Encoder

B 2.13 Middeck Active Control Experiment (MACE) -+ &, B][18]

i é_ﬁa?l g2 A wEEd]* % 0 d La-orpacharapan ¥2 Pao [45,46]

;r%,wwwdﬁ*@ﬁéﬁgwwﬂzw’iuWiawa%fa%%

¥ B i 1* 4| [shaped time-optimal servomechanism (STOS) controllers] » #

%**&%ﬁ%ﬁ’ﬂﬁéﬁ A BT R H R
EREREEAFREO® 0 ¢ FAeE 2 Sk 4R 214 40 o
B2 STOS 4] s %eT 2B - ¥ — B9 %63 P 5d Photonics
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Innovators #7% % ¢ Vibration Nullification Algorithm[47] > H J& * ﬁs?] » i3
LT RTGRRHF MR o WA G it 0 B 215 &
B 2.16[48]#F 7 > vr g * fig » BT g H S L BT 5 1 g 20
E BV E R AR - B 217 Bl AR HO SEEE R
1o R E P A e IR o TR SRR R > g P T IR

BE LR TR S R

e
Tref ! Xp T F'E-

Yel Flexible Vil

) Structure -
‘ Controller

B 2.14 B g2 STOS f74] 4 57 2 BI[46]

B 2.15 BR AR T T o FH[48]
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B 216 BEARBZHEHZT L B A% FH24 &
B A 15 [48]
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B 2.18 #77 [50] > H ¥ Bepzgk 2+ 3Nl § 5 #d enst 32 % Mo e
Bl HdT s %> & 3 — zero - order hold (ZOH) » £ 4 * Ap g # 5| w
domain> % wdomain ® ¥ % 2L EH B £ 1 * 4pivigdE 2 2z domain
WHFIT Y TR

Disturbance
or noise
| Feedforward
controller
B SR S
' . Y
Input ‘ S/H Ourput
» and Dignal D/A » Hold ‘ Actuator Plant
AD computer ‘
J 1 |
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Digital controller
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2.4.2 2R E WD

- el ks g L @i Y S 1% Laplace’s transform % 7w
Bl A IR AEFITEGR Y o LT B A el R A

& i
&%@i@%ﬁ%o%%%ﬁ%ﬁ%%’K%&ﬁﬁﬁﬁﬁﬁﬁﬁﬁl
£

WRAEFEEHY 0 LR PR ERF S A P AR RS

WHFTZRMEERE > REPRRARE I ENF DR od AR R

Wﬁ’éﬁﬁkﬁiafﬁﬁi%%ﬁﬁfﬁuiw’@4$§w%$

RTREERFIE T EER2Ed RIPE iﬂﬁ&%@,m?%é%
BT RBLUAE DGRBS SR
K m[49,50] 0 @ fe A R R AR K S e 2R AR

[
\\
=
W
>
b
\
3
o«
PR
T3
o

‘ full order observer

H :ﬁu 72 € Y(&)
G k

y&)
=1 H z ©
G N‘J— W
K.

B 2.19 2FREGRET R B

u(k)
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x(k +1) = Gx (k) + Hu(k)

y(k) = Cx(k) (26)
DA
u(k) = —Kx(k) 2.7)

[=

PRI RRIBES SRR £ BRIN gk S RK) 0 E R

17 ATl 5 2 (Q2.8):

%(k +1) = GR(k) + Hu(k) + K [y(k) - §(k)] (2.8)
PR

(k +1) = (G-K_C)X (k) + Hu(k) + K y(k) (2.9)

He 5 K 5 miREBw &R 5 B9 (observer feedback gain matrix) » R

_I\:F lp/PJBgmpﬁ‘gc.ﬁ?Rﬁ*ﬁ}\(z 10)

e(k) = x(k)— % (k)

e(k+1)=(G-K C)e(k) (2.10)

# Q)T A BRIELK S EFEE Y DK EFERLN S

AT 0 R 2R A RRIFEFREZ 2R B Y RENE S
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u(k) = —Kx (k) @.11)

AR o FARRIELEEARETR > A LT 2R
EEak R ELARBR > ot Rl S B2 D BRIE LR 2R

o n Bl PR R RIE S 7 4 Bl4oB 2.20 -

Minimum order observer

u(k) Y(k)

Hy-K.H,

nk) ook
[ [0 I] VA [ Gba'KeGaa —

e (0= GurKeGay

1K,
B 2.20 B ] FEk R R BT R B

=4
Al mplavk e £ 5 n-m B > & Rl nm B 2 GRET
e bl RERRIE o § A #El s 57 Rl flox, () & & 5 7

2R R x, (k) 0 TP S
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X(k) S 2.12)

x,(k+)] [G,! G, |[x,(k)] [H

a ...... A | I + u(k)
X, (k+1) Gyt Gy || %, (k) H,
(2.13)
X, (k)
y(k)=[1:0]| --- -
X, (k)

AP ooox, (k) & mBT 2RI x, (k)& (n-m) B2 FRZFE 2
G, =mxm “E'L

G, =mx(n—m) &L

G,, =(n—m)xm e

G,, =(n—-m)x(n—m) 5L

H, =mx] ®¢

H,=(n—-m)x1 &

HA2.13)8 IR T

x,(k+1)= G, x, (k) + G ,x, (k) + H,u(k)

X, (k+1)=G, x, (k)+G,,x,(k)+H,u(k) (2.14)
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§ 302608 QN)T AR R BRI E 2k SR AR B

NI I N S T R TR
x,(k+1) = G,,x, (k) +[G,.x, (k) + H,u(k)] (2.15)
Bl PR B fwui%] Al 2=

x (k+1)=G,_x, (k)-G x,(k)=H u(k) (2.16)

DI AE GRI B BRI AN
X(k+1) =(G-K_C)x(k) + Hu(k) + K _y(k) (2.17)

%&W%£%M$ﬁ&+w#@%M$L%E%ﬁﬁﬁﬁﬂ%ﬁﬁ

Wt o B Sl REB S (207N

X, (k+1)=(G,, —K,G,, )X, (k) + G, x, (k) + H u(k)
+K, [xa (k+D)-G, x,(k)-G,x, (k)]
=(G,, - K, G,)x, (k) +K y(k+1) +(G,, -K G, ) y(k)
+(H, —K H Ju(k)

(2.18)

F1x,(k+1) JFd yk+1) 5Bl > 7=V (Q2A8) FF Av v ig & v #A(2.18)58 £ AT B
RETR (S

%, (k+1D)-K y(k+1)=(G,, -K, G, )%, (k)+(G,, —K, G, )y(k)
+(H, —K H )u(k)
= (G, ~K.G,)[%, (k) K y(k)]

+[(be_K ub)Ke+Gba_KG ]y(k)+(Hb_KeHu)u(k)

e aa

(2.19)

e
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4?}

x, (k) ~ K, y(k) = x, (k) ~ K x,, (k) = (k) (2.20)

=

X, (k) =K. y(k) =X, (k) - K x, (k) = n(k) (2.21)

#55(220)8 8 2.21) 1 » (2.19)58 1 7 19

nk+1)= (be - KeGab mik)+ [(be - KeGab)Ke + Gba e aa ] y(k)
+(H, -K H )u(k)
x. ] To I (2.22)

K=o =] |K)+| -+ | (k)
%, | |1 K

(<

HY 5 K 5 BB EBw R 5 &L (observer feedback gain matrix) » R
Ll 1

ﬁk’Jr '\:' /Plﬂgm‘zﬁ"

e(k) =n(k) —n(k) =x,(k) - X, (k) (2.23)
e(k+1)=(G,, -K.G,)e(k)

d(223)F o RRIE LK S E G F K R EHALN S e

AR 00 Pl 2R i w R R

u(k) = —Kx (k) 224
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243 2R E P BR

- R G R ARET A A TR - RE R R T
RAFPRwREEEE T ZIBE 20 o 7 & Bl4oH 2.21 #7757 ©

State feedback conirel
- X&)
1 Y
9 H jﬁ » 71 C :»(k)
G
k

B 2.21 2k w T 7 B

ot - A B R ks> H R RS 5N L
x(k +1)=Gx(k)+Hu(k) (2.25)

o x(h)s 5 kB2 kise € uk) » % kB2 45
FRAIAFEE S

u(k) = —-Kx(k) (2.26)
Pl ks — P padrd] ki Bk e > 258 5
x(k + 1)=(G-HK) x (k) (2.27)

ERPFFLELKREEFGHK Z FPE R EE2 AR 40 1y, ©
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3.1 TAREEF LAY
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é 0<t<¢ T,/2<t<T /246
a :% | % T,/24+6+B<t <T,/2+20+B, T\+6+B<t <T +20+B
0 others (4.1)
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BRCME P o 3K 0 R E DA 5 R R ) B R RS g
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0 others
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0<t<6,T,/3<t<T /3+6
T, /2<t<T /2+&8,2T,/3<t<2T,/3+6
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others
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450

360
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Frequency (rad/sec)
B 5.8 % 53t w- domain 4c » notch filter » 4p AF £ -7% {5 £ 4 B &2 roll -

off filter 2. bode diagram
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d B 57+ 'FT A1 iE % roll — off filter 2_ p ZR4#F >t 100rad/s fiw’ &
EE DRG] B AR S R E » 23 % o @ #-p FRHE S T 3 30rad/s B2t P
B R ) B Az dB TE 0 APtE LT U AR AR L ATAE T 2 4R o tRiE 4R
#-roll — off filter 2. p R34 5 % SOrad/s > K 3+ 2 roll — off filter 5 R (w):

2500
R, (w)= 5.11
() w? +100w+2500 ( )
M2 KA RE KA EF B2 R AR I FEN AR %KY

order » & AT BRI I v ?,‘Jﬁﬁ%l v %) f-1 order 0 33 A B
Prdld iR FETA R 2RISR HMEE LT 2 B order v i

B b2 B E R B 1 R o o R Rk 2 4
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54 HEFREHERRLEBRLSITERRE S

H#-av it > w-domain 73K 3+ 2. notch filter £2 phase lead-lag controller
##& 3 z-domain ** MATLAB 7.0/SIMULINK F 3. > H @ JLB]4c @] 5.9 £ @]
5.10 #57% o

\ 4

4>{ 1.219688
Gain2 -0.219688
Outl
Gain3
+
D .h L]

A\ 4
v
6

»
Ll
Inl Gain4
» » -1 » -1
Integer Delay Integer Delayl
»
>
Gain. 0.8198 }47
Gainl

®B] 5.9 notch filter § I8

4>{ 1.04596 »
Gain2 -0.04596 »
Outl
Gain3| 0.045193 +
Gain4
@D >
Inl » » 1 | 1 |
' Integer Delay Integer Delayl
Gain
0.9465 |

Gainl

] 5.10 phase lead-lag controller § I B
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41 % MATLAB7.0/SIMULINK & = % %0 B e f 3| 88 & o ficd) o
YoBl 501 o wRts 2 BT R =R Lgd A/D+ 2 500Hz B4k o
FI T %2 DA+ > Riggd RARRESTRE

TREREESD w3 3ld o b f %Y
SRIEFEF-HLIERGE AT Y HHAEES 22 e o K

7 2. D/Achannel i % 64 » w2 TERH®PE o

Outl

motor input

otor x1

A4

controller

0

]

v
v

> J_L‘_ I—p In1
Tis Outl tromagnet X2 I:l

Zero-Order x2
Hold1

Constant3 L

electromagnets

douple pendulun

B 5.11 % $vBP e i 4] 2. matlab7.0/simulink & »fic7

- 5.9 2B 510 2 A B B 5.1 2 ArticdE > T F B 512 #i
BEE O BP ES AT AR AH,2ZIRBFA, > 2 5 1% notch
filter £2 phase lead-lag controller z_ 37 #]% % > d B} ¥ & yrd| % % 2
$uz_ overshoot & frd 2% » B EEXRPF > EATIRS G5 A4
2. 12.5%-° B 5.13 5 roll-off filter § L] > B 5.14 5 & ¥t 4c » 7 roll —
off filter ]2 #-#t.% % > & ¥ §|* notch filter £2 phase lead-lag controller

2 RE5RAFPHLE
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In1

N W b~ O

displacement(mm)
o

0.002268

Gain5

Integer Delayl

% — without control H
— with frequency cotnrol
0 5 10 15 20
time(s)
B S.12 1% 85 B2 H1 %%
4>{ 1.2216 >
i -0.2216 . —»(T)
Outl
Gain3 +
Gain4 IR
:_‘ » -1 » -1
> Ll V4 »”l z ]
J Integer Delay

Gain
0.8186 (¢

Gainl

i 5.13 roll-off
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BTk #3

---------- with roll off filter

5
4+ | — without roll off filter
3
2

displacement(mm)

_5 1 1 1
0 5 10 15

time(s)

20

Bl 5.14 &k ktde > 7 roll - off filter 2 &4k % %

TR RN R AR LR % kst

515 2 42 428 - PC 2 ERES - I e e -&/‘]'I“'?Fy},i, /?J

Moo T Ed fBNIED AT

KL F SRR

TRER N RRAEEFERTES 0 T

E bl SR BRI 8
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1] =

—

Motion
control card

l

ﬁ A
driver T

Bearing - E
1 o0 O% (@]

V/1 Power supply
Linear motor

—

electricmagnets

PC1

andd

=4
>

-

anem
a[ajaln]
opem

B 5.15 47 Az R

L3 g i 4 roll - off filter /2™ > B 5.16 i F 3R notch filter &2
phase lead-lag control 2_ ¥ % % % » #7 4c » roll — off filter P¥ » 374 B A
teid e B B Ak AAIER M) A S E A
A2 2w Hobd BRE 2 RPBIPIAA 7 P ET R 0B 5.17 957 >
FAEEART AT 2 ARG RPIERFIL: RPEFE2Z pR AT
AT F e AR RS w R B T
oo B AT 0 B TR H 8 AR TR

B2 B ] ke 30 BT IRGE atgz;ia‘éﬁ%] »~ o d B 5.6
¥ Jr f A 4r roll —off filter BF > 100rad/s 2. #F 3¢ it 43 "8 4 er:g » & S @ gt
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J

displacement(mm)
[\

—x1
—x2

%

=
(9]

10 15 20
time(s)

Bl 5.16 notch filter £2 phase lead-lag control 2. § 2% % %

9
— forword

7 L — back
~ 5
g
£
= 3 r
[P
5
g1
ﬁ% —
S 1 |

3 b

-5

0 5 10 15 20 25
time(s)

B 517 BZFA7 B> % I * notch filter £2 phase lead-lag

control 42 F % & %
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B 5.18 5 § I ¢ % notch filter> phase lead-lag control £2 roll - off filter
2P BR &S S 0 1B E 4k PR 2 overshoot & P B2k o 4R
i# 18 H drrd]

B2 e s ¥ Imm "8 T 03mmoc R0 T 33% 0 B OB iE Aeif 2R

L
d 2 gl A 5 o

3t % 4e ~ roll — off filter 77 B & 5% (8] 5.16) » &5 i 5k

EE S

R AU T et e o] 5190 R E Y Y FIR R
Mo Ao @17 A E i PF A 4o roll - off filter 2 i;’;%ﬂﬁ%] MR iy 0.
@ f4v 3 oroll - off filter » & 53 § sxerfrd| B AE R ~ > 4 T AR %

Poooa SRR Al B E 0 red HaREFrdlac 4 o

displacement(mm)

0 5 10 15 20 25

time(s)
B 5.18 # 7 notch filter > phase lead-lag control £ roll - off filter 2. ¥ 4] %
LR
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-0.15
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— notch+lead lag controller

— notch+lead lag controller+roll off filter
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F RS E®

AR o IR BT A Bkt 0 kdrdl KRR Bk S
TR 2 A G R o AL rE 2 hig A o I BT EES
Bttt TaRGBL2ABEE > YRS RH2RHE > B0

i
L H ﬁg?] ~ M 5 2120 % 5L 3t w-domain ¥ ] * bode diagram K 3+ % i

=

d K45 a0k s bode diagram ¥ sk 3Lz % - HEAR B B C RO
PR AT 0 SR AT R P AREF LR T SeAR o 2 H
o FAlenFEER 0 A J1* notch filter ek 3t 0 X% K ALE - p ARAE

)

PR E A R N BRCE R G o @ Sradls ik Seeb
L 0 b - 4B AR AR e Lk s ¥k Bedp 9HE
TRBEWHE SR s typeOsystem » 5 7 s % Sz fE AL e R0
iﬂﬁéﬁ’a%wt%@ﬁﬂﬁ’f;nﬁﬁ&}&ﬁ@@%@,g

BRUATR2BTerE &8 08 Ao 515 4 » roll —off filter #

A OHCRLE S R BT o 8l SR S SISO E 3K S P B
@ﬁ%ﬁ}ﬁf#ﬂ/;ﬁ“ﬁ ¢ = 2_ overshoot/undershoot #& P? &g erzz L s % » 12 5

Fl RN IR - THRAEPN L IRty AP % TP &‘Ff'% 4
d

roll-off filter 4>t B AR FE M e ac # o A T AL R d B - d
EEET g AT @%%ﬁﬁﬂ’%%¥iﬁ%ﬁ4%@,g?
Kﬂ*%%ﬁﬁ%%Tﬁ%%EE B kA T IRE o @ P B

PRTIREEF R ’ MR b g F IR g A ks

Re X 0B ATER Y 0 @ AR R A T IREAR 0PI % o
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AR R AL WA YRS B OERT o 1% Bk TR

TR ﬁi?bfﬁ']ﬁ}jﬁ‘ﬁ_ A ‘.“fuffﬂ—" % SISO » >t @4z & ¢ *35[7%:,:‘? o

TEE WSS E L S LR, A%?%’ﬁ$§

B+ B4 @ﬁﬁﬁ‘ﬁ#‘c/ ik iE = 2. overshoot/undershoot I & P? &g ek

Loagd o frag g oo e AR FTHRE Y- TR L HEARTIRE
g o d 1‘3?%%?&‘3%%?% B BEAIT kIR EARY O EREF R R S
oo om0 R DI A AL RIRS oA N F 2 B * BF> notch filter 5

# I B AL B P72 notch filter £7 % s i
H

TR RS RS A AGES S b SR
f SR AT PEAR T AR
RS R 0 B AR R TR E ) W { &
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R ORRY R AMAB LIRS EFIT Mk AL L SISO
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BhomNnARY C MEEY A LR
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%
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EL)
5
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Eﬁ
Bl
K
<

L
T > #-4 w2 2+ full order observer ¥2 minimum order observer » T 34 #h H
R HE RF MR ASR LR - PRETRENE > R
it R AR I W61 3 AR

W

£
E g ACE 2]
1
6.1
AENG
I
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EE T
l
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o 1 W B A 2 3 et 66
| 2rmsens | [Romnsons) W A B b2 1 5 R B B s}
; I
6.4
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6.5
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[
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|
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MR B2 (BT der H g 0 A AT S D30 S B ES

i = A% 5 Ar3i(6.1)

(m, + mz)llél +b1116}1 +(my +my) g0 +(m +m,)¥+ mzlzéz =F
my| 1,6, + 1,6, + % |+ b,,6, + m,g6, = F, (6.1)

P XL apEids @ RS- k2 ArBL0 0 $ o k2 bep i
O) » TR G - 2LRPRH i
T3 A F L TR BEFEA T ENG62):

.9 .2

1 1
1 2
_C2

(m, +m2)11é1 +b11191 +(my +m,) g0, +(m +m2)5é+m212é2 =G 2 2
(Go-xl) (G0+xl)

. . % % (6.2)
my| LG, +1,6,+ % |+ b,1,6, +m,g6; = C, A7) .
(G03'x2) (G04+x2)
B o PR EHx=10 TE BB, =16+1L0, 0 L5} RIHIT o
LT %] b2 1 i BE BT A 955551']%#%'&?'] * He (TBEAR ML 4 1 ?:?

. T3 . =7 . T . T 7 n 4
=i+, L=+, L=k, i =i+, > © 3

—\2 - \2 - \2 — \2
emax a-a-o ofEfe[L]-0 o2 (2]
01 02 03 04

o IR E E5N(6.3):

=
A
>
Il
+
Y
2
1l
S
_l’_
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3 2 I+R
(m, +m,).0, +b10 {ml( ) -QCI‘; 26,0 }19 +my10,
ll GOI GOZ
26005 20k ()
GOl G02
~ A ~ 72 72 ~ 7.2 72 ~ 6.3
m21292+b21292+m211<91+[-2C3’33-2C4’43}9 {ﬁ 260 2G4, (6.3)
(G03 ) (G04) (G03 ) (G04)
e %2;3 20,7, Y m
(G03) (G04)

EREBEGFYRL 0 RUF - KL BB R § S
¥ target = Bl TRER® F *}ij%;ﬁ;f])\ T AR f 2| U Spds 2 TR 0 b
@?1)\ Tk e T Rd 22 PR target At G e AE 0 K2

B TS AP Rl f S e 2 RS target LY S R B T

=i, Lb=0ifi>0
L=-,,1=0ifi<0
{é=z’b,z’4=0 if i>0

L,=-1,,5,=0if1<0

1+R) 2Ci* 2C,i° 2C, i
£ kl=ml(l )g— b p-=2% ¢ =G, G, =G,
1 GOI GOZ GOI
L |2 il m g_zc;; 26T 5 200 oo g
LGy (G ] Gp) (G 7 G T T
K x(6.3) R T
(my +m, )1151 +b111§1 +k111‘9~1 + mzlzéz = B, = (m, + m,)i
mb,6, +b,1,0, + m,1.0, + k1.6, +k,,6, = B,j, -m,5 (6.4)
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PORFRINEE@BIRE S > R ARELI P LR

S
I
%

i
|

8 > 438 (6.5)7 T :

1 v + (34 . ..
(m1+m2)x1+b1xl+wxl+(m1+m2)x+m2(x2-xl)=Blll
1
m,x, +b,x, + kyx, +k,(x, - x,) = B,1, - m,% (6.5)
H(6.5) % IR AR % S RS
I 0 1 0 0
X1 _ Ll Ll LZ _ l,1 L2 K4 b2 xl
Ml m m mxL, mxL, ||X
Xy - 0 0 0 1 %
X, (K3 _K4) Ve
L L, b, 8V Sl X
L m, m, x L, myxL, myxL, | (6.6.2)
0 0]
0 B B2
-1 I
+ [¥]+ e s
0 0 0 |7,
-1 0 B2
L ml _
'xl
{1 0 00} X,
y:
00 10]x (6.6.b)
xZ

B¢ (6.62) 3 KM A2 0 (6.6b) 3 4y 12 A2
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BB e T BEAUI 1 2 6 R B3

4

GRTEREANIME A FR NI RRIBER A EE LK

4

3

S

¥

R TR MA N AR BRI R ) R B RE
Sl iRy TR B R AR Hr R e Tk e

ARG R e T 0 H R ipl2 A A e

6.3.1 MK BRE

S R R BRI PR RE T A BB 628 ¢

¥ F
K, 5 5P| B w41 £ 42 (observer feedback gain matrix) » K 3t K, i 7%
i

full order observer

uk) [ T Y®
G ——
x(k) &——
v(k)
= H Z! C
G —
K.

B 62 »rFipl®

AE BT EE PFRT 5 B LH it~ (6.6.2)5% 2(6.6b)¢ T

KE
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i, 0 1.0000 0 0lx7 [0 0 0

X | |-141.5593 -0.1598 71.0353 0.1375 || X, . -1 [+ 0.0049 -0.0084 ([ 1,
= X
X, 0 0 0 1.0000( x,| |0 0 0 |1,
X, 78.4800 0.1520 -78.4781 -0.1520 || x, | | -1 0 0.0093
= Ax+B, [¥]+B,[/] (6.7.a)
X] X]
X X
=foo10] "|=C|"
v=[ | X, X, (6.7.b)
X2 XZ
EN SRR LR S T
0.9997 0.0020 0.0001 0.0000
0.2830 0.9994 0.1420 0.0004
x(k+1) = x(k)
0.0002 0.0000 0.9998 0.0020
0.1569 0.0005 -0.1569 0.9995
-0.000 0.0001 -0.0002 63
N -0.002 10 0.0984 -0.1687 |[ I,(k) (6.8.2)
X
-0.000 0.0000 0.0002 || ,(k)
-0.002 0.0000 0.1864
= Gx(k)+H, %+ H,I(k)
y(k)=[00 1 0]x(k) = C x(k) (6.8.b)
£k Buap %4 48 (observability matrix) 5 :
C
CG
o-|"" (6.9)
CG
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1(6.8.2) £7(6.8.b)% ¥ L2 G CAEEL & » (4 & BRI
' O Z_ rank 5 :

rank(0) =4 (6.10)

d 2 (6.10)7 fr 0 H A E T x, ARG ERT 0 SR MRETR
?13"—7» I LU o F,’( )‘ii—u Ue )‘L_}:P(At* f\:' /?'J$ j\Z ,fg /:% l“i‘i}q&ﬁ;?z{%—'\% ° ’:\K‘\%‘L

ESFRLRIE A e S LA i F A L

HV oo 5K 8k ¥ehdamping ratio 0 @, B @,, A B F K8 kAR

A FETEF w5 ARRMDIMFF OB 63 5 mBKET LE-

Pole-Zero Map
80 ol S ‘
o T 7
5 7
y = 7
2 |
: xw}
: )
e )
. 7
© 7
-80 x » | | |
-80 -60 b , |
Real Axis

B 6.3 Li&ZKE 2 7 X F

Pl i BPorE 2 e i
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z,=e " xcos(w, T, xwll—g2)+ie_gw'“rf xsin(w,,T. x/[1-¢%)
e " xcos(w, T xA[1—¢*)—ie """ xsin(w, T, x+/1-¢)

(6.12)
z, =e " xcos(w,,T, x\/1—g2)+ie*gw"2Tf xsin(w,,T. x1/1-¢?)
2, = wcos(w,, T, x - g7 ) —ie % xsin(w, T, xyf1—7)
RESRAE Y SR RS TR a8 Sl i Ak
e(k) = x(k) - x(k)
(6.13)
e(k+1)=(G—k.C)e(k)

28.9208

d BT E 2 22 L BdeB) 6.4 EL B L 4% 0 AP e
B ¥ FIRRIEE BB §OFL DRl o gk E T AR R h
WA MR R RITIHRURLS xR E R SR 650 7 M A
o FRAARFEFER BRI G RS

’Ell"\

—\\

G

P BRI x, BRI SR RSB SR RATT R FOB

WL e 10% 2+ 0 4ol 6.6 & @A EEG ¥ HEEFTH -

7

W
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full-order obsener [Xz] and motor disturbance unknown

10 T T T T T T T T T
| | | | | | | |
8 — 4
o vy
6 F - ””””T””’”’T””\””"F””:’7><27

V.

24

;\Ultfm\lul i\f'i/!’lﬁ\
\'H \[’ HH !’\

—————————————————————————————————————————————

error(%)
o

Lﬁ‘g—?ﬁ‘——w 1

B 6.4 FU# [ x| 3" 2 FE M o B BRI AL

full-order obsener [XZ] and motor disturbance unknown
300

error(%)

S S [ N S S S R S Bt
| | | | | | | |
| | | | | | | | Vl
200 e X
| | | | | | | |
T o S Val
| | | | | | | | |
| | | | | | | | |
100 T ey
| |
I I “
50 % Nt U U
il
0 & 1S TN W) s, - = ,. .
| | | \ \ | \ | |
| | | | | | | |
-5077777 | | |
| | | | | | | |
| | | | | | | |
100~~~ A - - e
L
150} - - e
| | | | | |
| |
_200 | |
0 2 4 6 8 10 12 14 16 18 20
time(s)

Bl 6.5 fI*[x] K32 RERREFEZ R HRFL
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[x2]

error percentage (%)

B 6.6 F1% [xo] 35 2R BRI B2 S8l 1aF %

BE T oo kBB A SR o d 5 (6.8.0)% 1 (6.8.b)F vk i

3 L oaE . v

Z_ \,"Uj«'—"?‘f(ii\‘ﬁi

0.9997 0.0020 0.0001 0.0000
-0.2830 0.9994 0.1420 0.0004

x(k+1) = x(k)
0.0002 0.0000 0.9998 0.0020
0.1569 0.0005 -0.1569 0.9995
-0.000 0.0001 -0.0002
(6.14.2)
-0.002 | . " 0.0984 -0.1687 ]1(k)
+ xX+10
-0.000 0.0000 0.0002 ]2(/{)
-0.002 0.0000 0.1864
— Gue(k) + H 5+ H,I(k)
w=|" w0 = xw 6.14.b
= x(k)=C x
Y0010 (6.14.b)

£k Buenpl R 4 L (observability matrix) 5 :
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#46.14.2) 2(6.14b)7 142 A 2 CHABE &~ 15 > 4 e

s O 2 rank A
rank(0) =4 (6.15)

§ N(6.15)F dr o h R AIEE [x x| RAREOFRT 5 LR AR
TRAL S T ARRT - KGR RERET LR RETR -

WL AL R B2 L YR PR Y 2 iR L

¢=0.7, 0,720, 0,=100

nl

H¥ o L8k e damping ratio> w,, B2 w4 W] 5 K 3H{8 k Sue

7

z, =e """ xcos(w, T, x @) +ie " xsin(w, T, x \/?)

z, =e """ xcos(w, T, x\/ﬁ) “ls e sin(w,, T, x\/@)

z, =e """ xcos(w,, T, x\/?)+ie_gwﬂr" xsin(w,, T, x\/w)
e " xcos(w,, T, x\/ﬁ) vl xesin(w,, T, x\/ﬁ)

B(6.13)5 ¢ T B B A E e
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0.1715  0.2202
1.8770  0.4798
k=1 00898 0.1678
0.8011 3.1930

LR S

i EeE o~ BLE kst ki RIS > {17 MATLAB7.0/
SIMULINK it 16 2. 382 Z 4 6|4cB] 6.7 » F 2+ 24354 " 6]4cH 6.8 -

Z 41 H
¥ AR
Xl
- V1 1
X2
7V2 1
g
§ _
)
|
| )
-
801 .
|/
/
\UH)
-100 :
0 0.5 1 15

time(s)

B 6.7 17 [xi xa] 3 2 PR B2 Bl %
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full order observer with [x1 x2]

0.15
0.1

MS\\\
O e
20.05 ¢

—error x1

—error X2

0.1 0.2 0.3 0.4 0.

-0.1
-0.15
-0.2
-0.25
-0.3

error percentage(%)

time(s)

Bl 6.8 fI* [x1X] K32 REFGRIZLFHRE*

6.3.2 B | FEB R R R

>

WEZFAL TR IEREBRBZ R o a kT HRY 0 F
Ed THEBRPBRER LA EHRA 0 R RS BE
P RET R RKE

FATRFEF ) DFmT™ o QIR RRIZAL S (k) w(&E

ER 2K TS ESERERBRFLR R (k) 2
HA K 2 BRI BLFAKFERN R TR ER R

v(k) » LT AR

- /

p=[0.986+0.0141; 0.986-0.0141; 0.86]

Bl FPHATR R R BT RS R 40W 6.9 d WL T Ao 1% x 0K
bl IR B R RIATR RN R A B § R R E AT

Bl BABR A RB L Ld BREAER N RET P SRR
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B G h BRF Bt b 2 hd o At~ Bt 0 B %

AE2t:
AERERGESS 2> g AR

minimum order observer [x2]

L? — observer x1
_ — messre 2
i WA
g 6
Hui
L2 AANARAAAAAAR

VYV VRG VUV VUV

time(s)

B 6.9 1% (oK b I R R B2 7 % 5 %

BF oA B, RERESGR G - RRIFIFE Y L RFES
¢=0.7, o,7To
HP o 5328k suandampingratio’ w, & 4 SRR A A S o P A

z, = e """ xcos(w, T x[1-¢”)+ie """ xsin(w, T, x/1-¢*)
z, = " xcos(w, T, x\[1—¢* ) —ie """ xsin(w, T, x[1-¢%)

ol 'fir?ﬁi%] MBLE G2 RGBT TR KRR GRE R

Bl 610> Az RG> d » FIRE AR R RETERKRE > £2F

-\\

‘\zt

1
£ [" p
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RS F2Z LR Ed FEYRY T BPREORAGFTA

A Ml B2 i 0 R i AT TN G o

minimum order observer

50 — measure x1
40 — observer vl
30 - — measure x2

observer v2

—_ N
S O
T

~
o
S

o
S

displacement(mm) velocity (mm/s)
S o

IS
S

O
S

time(s)

B 6.10 117 [x, ol bo) B BRI E2 3 %4

6.3.3 & B Btk

AEY X 2 GREBES ) FGRE A d 621 & 622

ZFBREET A /I - JFF kAla g 0 H R R [x )8
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6.4 T RAABH (ERESUM (2 2R v S E

-3:_3‘,
T
‘_
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________________ Lo
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electromagnet| | |
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|
-K |« State observer |
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clectromagnet2

Bl 6.11 24k i v 3224 & i A2

d59(6.8.a) k sz k2 AN T ¥R S E 2 v R BHFIR

W B E bR s BT AT LA R n b #(6.8.)

FalS o=

0.9997 0.0020 0.0001 0.0000 0.0001 -0.0002

-0.2830 0.9994 0.1420 0.0004 | 0.0984 -0.1687 |[ 1,(k)
x(k+1) = x(k)+

0.0002 0.0000 0.9998 0.0020 0.0000 0.0002 || 7,(k)

0.1569 0.0005 -0.1569 0.9995 0.0000 0.1864

= Gx(k)+ H[I(k)] (6.14.a)
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Xl Xl

100 0] % X
y= Vol (6.14.b)

0010 X,

XZ X2

& Suengr 4 4448 L (observability matrix) & :
C:[H’GH’G%J(?H]

#+6.14.2)7 p¥ R 2. GEHEL & ~ {8 % ey 4148 C 2. rank

v

BRI E R A2 R o A T AR L AL MR

¢=0.7, 0,720, 0,=100,,

"’\%ﬂ\—rﬁ(q. Eil 7\3(3‘:'}:}_7}’3 f:?‘ .

z, =e " xcos(w, T, xwll—g2)+ie‘§w"'rﬁ xsin(w, T, x/1-¢?)
Zzze’”‘“nxcos(w T xy1=¢*)—ie """ xsin(w, T, x/1-¢)
z, =e """ xcos(w,, T, x\[1—¢* ) +ie " xsin(w,,T. x[1-¢%)
a=é%ﬂxwamﬂydlg) & = xsin(w,, T, x\[1-¢)

MO e Rk Sez KRR 3 ARt
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x(k +1)=(G-HK) x (k) (6.16)
SRR PE s S Y T

= 10° 2.8029 0.2671 1.9074 —0.078
- —-0.1245 0.0499 1.1028 0.0836

IEEE R R

X, (k)
10
1 X, (k)
v, (k)
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displacement(mm)

operation linearization

— measure x1
— measure x2
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time(s)
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E,
X, (K3_K4) %, 1 0 )
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X 1000 x
1= | (6.17)
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0.9997
02831
kD=1 0002

0.1569

0.0000

0.0070
+

0.0000

0.0000

0.0020 0.0001
0.9996 0.1420
0.0000 0.9998
0.0002 -0.1569
-0.0000

-0.0070 |[ F, (k)
0.0000 {Fz(k)}
0.0078

1000
y(k){ }x(k)

0010

w2 2l 5
IT"QK‘:! Z_

=07, o,=20,

ud

i
[0

RS

Y

S

v

-

\

3

4

fe AT LT 5

w1 T,
leeg"“

xcos(w, T, x

nl”s

w,=10w,

38 8 $uh damping ratios w,, & w, &

TS 0 owy sk RA AT S o P AT

0.0000 -0.000
0.0002 -0.002 | ..
x(k) + X
0.0020 -0.000
0.9998 -0.002
(6.18.2)
(6.18.b)

2P AL TR B A T A I R Y 2 iR S

J1=¢)+ie " xsin(w, T x[1-¢%)

— oWl 2 1o 5T o qi 2
z, =e " xcos(w, T, xA/1—-¢")—ie”"" xsin(w, T, x/[1-¢")

— o W2l 2 jo ST o o 2
z, =e " xcos(w,, T, x+[1—¢" ) +ie =" xsin(w,, T, x+/1-¢")

= o "nls (w T x\/1— 2)_ o sl o (W, T x+J1— 2)
z,=e cos(w,, T, x+[1=¢")—ie sin(w,,T, x{/1-¢

AN (6.13) 7 RERRIBr AN L ELK

0.1715
1.8770
" 1-0.0898
0.8011

0.2202
0.4798
0.1678
3.1930
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5 X, (k)

v, (k)
EHETR 2 PR RFERFRELECRERR 0 &2 30(6.16)7 Xt
LRl ¥

| 392.4043 37.3878 267.0427 —-10.9143
| —29.8872 11.9684 264.6658 20.0537

FURMBL St T - L RE AT

B g higd bR SRR B2 ]

iy = (M] (6.20.b)
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displacement(mm)

feedback linearization

— measure x1

— measure x2
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time(s)
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