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Motion Trajectory Tracking Control of Pneumatic Position Servo Systems
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Abstract; An adaptive robust control scheme with valve dead-zone compensation was proposed for
pneumatic position servo systems. The controller employed the on-line recursive least squares estimation
to reduce parametric uncertainties, and utilized a robust control method to attenuate the effects of
parameter estimation errors, unmodelled dynamics and disturbance. Thus, a good transient with precision
motion trajectory tracking of pneumatic cylinders was guaranteed. The standard projection type adaption
law was adopted to achieve a complete separation of the estimator design and the robust control law
design. Since the system model uncertainties were unmatched, the recursive backstepping technology was
applied to design the robust controller. Extensive comparative experimental results were presented to
illustrate the effectiveness of the proposed controller and its performance robustness to parameter variations
and sudden disturbance.
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Fig. 1 Schematic representation of experimental setup of

pneumatic position servo system

RELH BB TR
mi = (p, —p)A-bi —AS,() —F, +f, +f,
(1)
A m——7% ZE 1 Pl 1 S AR i
XXX AL R B I
Po Py —RGLAE RS & )
A 1% ZE 1) X
b——R P R 8 R K
F,—4Ma#
A— R
S, (x)—— 1% ZE R Y % 2 Ot R R
iR (Ve TNE (i XY

Foo fo— MR 22 Al T 4
ST 1A AR 9 R 9 R B 25 SR LR 3 R AL A
R B

zm=1Qmmﬂ—mwn>— (2)
vt
L yp, dV,

H v.oa
Krp T —— R T, — =T 4 s O
P WRCSTE A7 B AR PR I 1A R

n ZAFFEH, L. 35
y 22 R —— B AH SR H %l

S — e N L AR L
5 i
Q. —— NSRG4 TS B
VT A BT IE  25
d, dy—FRRE A T, Y o i
TR i b BT A
ST T S 3 2 B A, T

1
V,,:V(,,.+A(7Lix) (3)
AV, —REELWIERIEE R
L S ELNE AT R
B 2 S AN A e n] ikl
0, =hS, (x) (T, -T,) (4)
1
Horp S, (x) =2A+1TD(?Lix)
A A 75 R 5L N BE P R
S, (x) PAESHE  D—IFEER

FRAL R b R SCHR [ 11 ] 42 (9 T 3%
o BV IO — [ L, 5 (2) o b At 3 L A9 7 A
TR SRS A T A P B S A AR

PR S FE A5 D e A ) TR TR T Sl B R

m=xg(p,,p,,T,) =

K p,p,——WRE ML R T
T, W b i AR
C— R p— AL
C,— ¥ 8,5 0. 040 4
W—& 11 T AR B, B 20. 1 mm
I 11 Ay 1) O

X,



270 gk Bl ¥

2013 4

W S 37 % 5 4% 1l FRL T 22 () 4 2l 285 AT 22, 7 Xk
—HEB AT S & B, o Z A R A 2tk
KR, BRI REARIEAR — 2 B2, xR ERITH
R AFAERCR AP ALAE X o I 2 L BAR ) A o7 92 il
HUIE S VO A AR D, 1 Y 1) O B2 e, 5 5 5
He w195 2 0T UFTIE] 2a 7 738 6 XA TR R Ak, BRI

k(u-u,) (u=zu,)
x,=D(u) ={0 (u_<u<u,) (6)
k(u-u_) (u<u_)
KLrp b, —HR 40 0.274 mm/V
U, \u N X T

it w, A0 w_ gy 50w, A w9 TE LR AN T,
R AP 2b Jir 75 19 48 DX 30 5f K2 [ A 1X.

w=ID(x) ="+ (x) +ix_(x) ()

Horp
1
x+(xu)={0
(x, <08 lu-u_ l<lu-u,l)
(HAth)

Xe A ug

f " Vky
u T
[ I3
k u_

ks
(@) (b)
P2 TR A S B e O R 5 o R T Y R R

Fig.2  Actual orifice opening vs input signals
EXKRMSBENE 0 =16, 6, 6,]".0,=
(0, 0,1'.0,=[0, 0,1", Mo =b,0,=4,0,=
-F, + f,0,=u,,0,=d,,0,=u_,0,=d,, NE
FIRE R 2, 5l ARE S, =107, & SR E A &
x, =p,/S,, WS B E AR iR

(x,>0 8 lu-u I=lu-u,l)
(HAt)

Iy

X, =x,%, =x,%;, =p,/S,,

ARG E RN AR fﬁsz%’*”jﬂ

ri"‘]] =%
[ _ .
%xQZA(x3—x4) —01962—025»(362) +0; +/f,
L =S’t];a(rhuinTs —m ul,) = /Hlx Xy +
o y-1 d, (8)
O s, IRARCE
1
= £ N U e LW
Sl V/) bin © s bout = b V,, 24
1
% Y- +0, +db0

Hor A =4S,
RENSHA 0, .0, K 0, 1192 1k 3 B 7 52 b oh
Je A LA A 9 A2

Iﬁ,e‘gﬁt={oi:oimin$0i$0imax} (i=1,2,3)

EI‘V

HE (0 1</,

Ll

(e, (¢) 1<d,,

]

[

L, (1) 1 <d,,,,

(9)
X6, &
0.. SYNI:E

.f.max \d,mmx N dbmax— EA' %ﬂ E"J IE{E

2 EHERt

30 A R TR S U T AL T R P
WL BT AR AR B g i AR . RSB
THORB AL RS H (AR SE X S50 , & PR 2l
o T4 2 B v h iR 28 R R S AT I R
Wi, 5 45 PRIE AR 98 B AT R A 119 2l 25 RE R g
(1 B BN B2 o P v 55 W B BOR e 4% o
i BB TR 2y T A 7 R AT BT .
2.1 HEZZSHMT

RS HA N HEXT R A S B & 6, .6, % 6,

TAEL AT

0, =sat,~,¢1i(Pr0j‘;i(F,-Ti)) (01(0) el,, i=1,2,3)

(10)
X
F—EEXﬂ’T\EL ﬁ%ﬁ%
Proj; ( -
0, ——?ﬁf‘ﬁ&fﬁﬂ’]ﬁ%i&%ﬁﬁ%ﬁﬁfﬁ
sat (- bR £

2% E S DA SRR TR R e o g
SRS RIET S8 A & N B T R
WAL SRR AT MR 0, (Q, WA
L)W

it I AR (8) HAA S AW E

BB Sy (1) =dyy (1) =dyy (1) =0, RS FEIX IR & 1
N 2 SO E A X A R B A S e N A 2
KZA(uzu, B u<u ) HRGEL T M N LA
TOLEE, A S S 50m & 0, [ 0, AT fEL Al i, B 2
AR &SR, X+ LR BRK, &
X (8) )G 3 MBS A B AL X, S )5 P [F)
B 3R AR G B 5k 3 R IGGE DR % H 1S



554 4 F AR A BB IR R G S Bl B B 271
mf:Hf[X(x3—x4)—mk2] = Hr DL =% — %,
O gy +0,5,(x0) -0, ¥ A5 2 0t AL AL K O e, 4
[ et S L B A,
= - D0, T )Tk u—-—x,x; +
%/ ! Sp Vag Pu-b v, o Pra =Priat Y Pracz ¥ Praa t Pran (18)
[ _1- 1, - - . .
1] é Vl Qa] =@, 0, - 0s Horp Pria =—(0,%, +025/(x2) -0, +mx29q)
(I a A
1]
R A
%/:H./‘[ —ﬁg(pb,ps,Ts)Tskxu +y7bx2x4+ Prast = —%kzez (k, >0)
o (y-1), ‘ T
Cl TVLQI) ] = §Db/06 -0, iEEF' pLd,,l——ﬁﬁJﬁ’fii”%MxIﬁ
»

(11)
—tqszfxsff(xz) QD/\SDb//\nle‘:’ EPIN S <x2)

g(Pu ’ps ’Tx) Tﬁk% A

A i AE
B (11) R b o 1) 28 1 (] ) A 75
v, =en8, (i=1,2,3) (12)
Hp ¢ITf:[x2f Sy(x,) 1]
ey=le, -1,1 e¢y=[e, -1]
FE B R 5, = ), MBI 822
e.=v,—y,=ey0, (i=1,2,3) (13)
2 (13) b o 19 2 B B8 A0, i o /s — 3
B RIS B A NCRAERE T N

R
—gvam%ﬂwﬂk% o U U
p'b

i
R . ~
Wl - (0) < L iy (Tr) [ <)
Ltvie lipy
0 (Hfh)
(14)
K ot s v, H— 1A+
p— I T (0) || BHY B 5
H s N PR 7, N
1
. — 15
1 +1/L.¢,T/[’l.¢,./¢‘fgl ( )
2.2 EFEHEEIET
IR SL— AR A T Y AR
62=é1+kle]:x2—x2w (16)
Hrp € =X T Xy x2cq:5€11_k131
A e PR EEIR 2k, ——IE W i b

HF e e MIGHREEREN, Y e, %_
FEN e, MEWMETE,

EXL—PIEERE Y, = wmeg, L w, >0
SERCE N T oV, al LA 2
I'/z :w2€2(ApL - 0,x, _925‘/(952) +0, +fo _mkzeq)

(17)

Pran— HR AR E 44 LR G2 i
P a1 5 B PR B A5 M T
P 1o~ FH R U0 T 52 TR0 AS i P 5 ) P 5 A
S, A2
6, .0, .0,—0, .0, .0, KIfliit
A SR B A BE A R 004 A 2 ) 2

3 =PL =P (19)
«I%JE(ISMJE/\T(W) CIEE:
V2 =w, Ae ey —w,kye; +
wzez(zpmnz +APL(1x2 + glxz +§2S/(x2> _53 +jo)
(20)

Hrf 6.=6,-06, (i=1,2,3)
SR 15 25 715 e A AR IR R B o R LA B T T L
O3 R NARAR o B d RIS AL (), R

d, +A, (1) =6,x, +6,S,(x,) =6, +f, (21)

AR 3 Zdjj‘%M”’Iﬁ Prao AMERI T 4, BD

1 -
Priw = ——d, (22)
A

e d,——d, 1t
d., I B 3% L
d, =Proj; (y,e,) =
{o (1d,(t)1 =d,, H d, (t)e, >0)

23
Ya€a ( HiAth) (23)

;T:t:FF’ Yl—ai_. %
1»1 ?ﬁ% KEE’JZL.E’
Bl 21) A (22) A (20) AT 453

_wzkzei +w262(ZpLds-2 +A, (1) _dNn) =

V, =w,Ae,e,

w2262€3 + Vz |p“ (24)
ERE RS I p g EEE N
h (1)
Prio = — : —€ (25)
4m,A
Kp by (1) —A, (1) —d, IR
n,— LB /N IE 4L



272 P A1 R A S 2013 4
‘/ﬁ\'%lIEHan At(24)‘{WjE Vsz%w2me§+%w3e§ (30)

V,<w, Ae Lo, —wyk,es +w,m, (26)

AR 2. (26) ATH, e, =0, e, /lyr £

o Ik, IR 2 BBTHE 55 Rl e, BIE TF . H
e; Xof IR [B] f3 70 45 5 5 (8) M 4%

A A -1
€; =8,%, — (yvuxzxz +77bx2x4 +é % Q.-

a

P
y-1, : : N~ o~

SV Qy+ 05 =0, =Py —Pra tdyy —dy (27)
2V

Hrp g =

R
=17 g(p, S V
Cly

YR
%Lgm,p TOT 455 (pp TIT, (2, <0)

P14 P P 1 8P Ld 3
Pra = X, + X, + 9 d,

0x, 0%, 80 a(id

~

S ) ) )
X, ZE[A(M -x,) - 0,x, _ezsf(x2> +6,]

. P 1a N
pLduzi(;; -0; +/,)

A pr—pu WA AR Sy
pL(lu'PLd@%%E](JZ:m‘i_I“%:%B%

x,——x, B TTHE
FEEATEE 2 JA 5 M 28 150 v i 2 200 25 JEOR 56 25 3T
DAY 2R o ARG 30 (6) AT (7) Al 4 S Hh 52 B gt
DX it o, AIBLAE B o, ZTA] A9 ER 22
A,(t) =x, -x,,=D[ID(x,,) ] —x,, =

(0%, + ézsf(xz)

@@ (u=zu,)

H
T%s (u_<u<u,) (28)
%ﬁﬁ (u<su_)

Horp §4=é4_04 gﬁzéﬁ_gﬁ

X6, .0,—, .6,
KNS EBELREE AN, IR E A, 2
ZER 118

W g =g BGEE 2 2RISR A R
52558 1 200 J7 e v h 468 il 2%
910 =90 Y 9ra02 t Qraa T Grae (29)
w,— A A
Hrp 9id4a = _iAez + 7{/uxz?‘% +’¥/7bx2x4) -
T+ N0 b
Grag = —kse; (k3 >0)
;T:t':f:‘ 05 \67—95 \97 E‘J/ﬁjjiT'{E

XS B

ﬁ’(ﬁ VIR (27) ~ (29) AT RL7H 2

Vz l;“ w3k3e§ + 1035 (qrun + Qran +8A) —
§5 + 57 +d{10 _dbo _l')Ldu (31)
Horp 0,=6, -6, (i=5,7)
H21) KM, & X —F & d, fe A7 R 5L
A, (o)W 2

d, +A,(1) =gA, _§5 +§7 +dy —dy =P

(32)
AU, P S AMEI g, AT EEE R
9ri2 = _dALQ (33)
R d,——d, A
d 10 3% W N
dAcz = Proj(ztz (yoes) =
0 (1d, (1)1 =d B d,(t)e, >0)
(34)
Lﬁg(ﬁﬁ)
it':,j ’)/(‘Z—QL z‘fz
d )y —— W AE B E W 3 5
%%&U\Iﬁ anTu Tqi
Qi = _hj‘_;t)es (35)
K n,— LB/ IEEL
ha (1) ——4,(1) —d, iy 5
AguEM, K (31) 5 2
i/3< —wzkzez —w3k3e§ +w,m, +wyn, < —AV, +1q
(36)

Hep A =min{2k,/m, 2k, |
X (36) WfiFH

V(1) <exp( —At)V,(0) +-F

N =Wy, WyNs

[1 —exp( —At) |

(37)
FHUL T UL e, Tl ey & A0, HaxX A5 0] LL il
TEIER by ks BN 9, oms RN
R 3Rk AT g )5 BRI 1R 1 A ) T R
X =8 G (38)
SRIGHG x, ACAS(T) , BIAT 4R AT B i Ee 51 5 1) 42 4l
fi] 1) 4 i LS.

3 LR

3 ek S 56 X 47 7 B AT M BE AT B E B8 3 5



430

E BT A T B R R AR ST Sl U B R 4 273

m=1.88 kg, A =4.908 x 10" m’, L = 0.

D=0.032m,V,, =2.5x10°m",V, =5 %10 m’,
y=1.4,C,=1.1,R=287 N-m/(kg-K),T. =300 K,
p.=7 x10° Pa,p,, =5.6 x 10° Pa,p, =1 x 10° Pa,
h =50 W/(m®+K) B A op 2R 102 8010 45 SCME R
6, =100 N-s/m,6, =80 N,6, =0 N,6, =0.2 V, ¢, =
0Pa/s,0, = -0.2V,0, =0 Pa/s, RESEMFN.

BUAY R AL T 0 9 1 mso FT 2 A 32 2R 2 08
5

0. = [0 0 - IOO]T’ 0,.. = [0 1 - IOJT ,
0., =L - -10]",0,,, =[300 250 100]",
0,.=[1 10]",0,,=[-0.1 10]",

RS SBERE Nk =45,k =30,h, (1) =
100,79, =4, k, =200, h, (1) = 400,n, =10,y,, =
1000,y,=10,d,, =d,, =10,w, =1,w, =0.1, %
B0 38 R B e B R T, (0) = diag {107,
10°,10*} ,I,(0) =I',(0) = diag{10,10} . £l %
M — BN a, =, =a, =0.1,p,, = 10°,
poy =psy =10°,6,, =[10 10 101",0,, = 6,, =
[5 5]",v,=w,=v,=0.1,

140

G1/N-s-m™
=

(v
=)
w

15 20 2
I T8)/s

<
w
<
w
[
<
[
W

0 5 10 15 20 25
i i /s
5x10°
T 3410°
[+
&
<S5 .
1x10°
0 5 10 15 20 25
/s

3 4 T R S B (0 0. 125 m, TR 4
5115 0.25 0.5 A 1 Ho 16 1 2% 190 B0 8 B 40 5% 2
k. P4 SR RIREE FE 0.5 Hy E BN 2
A B I 1] 725 Al g o R T DL L B R E R

2 10
£ s
0
N O b N e N et T st N s Nt I,
= 90
5 10 15 70 75
i 1hl/s
(a)
g 10
§ 5
ri O e o e o e
105 5 10 15 20 75
i Thl/s
s 10
£
ol
KO0
B
= o - .
0 3 10 13 20 75
fr AL/

©
3 X3 Rl oA ] 450 3 IE 5% B A BR B R 22
Fig.3 Tracking errors for three different sinusoidal trajectories
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