H56 % 10 Bo% X @ kK % oF Ik Vol.56 No. 10
2022 4 10 A JOURNAL OF XI’ AN JIAOTONG UNIVERSITY Oct. 2022

#1815 S 4 i i EE UL B 7B AR T B 3 R R A

MR, R, XNE, BEM, frd', skig!
(L VIR R AP TR 4B, 212013, VLIREETL;
2. WL RS T SHE RG E R ESTLRE, 310027, B

WE. ATREASLGBHFARIERHFE R T T —FA T E S & E B AL eIk 3B ERE
AR ZMPIRBE G A, LB SRR BRI A A B R e R, FEE
BIEHAHZAR—ARELER ARG, A THEAWER R R B2 LI G EIE S HPE IR IF 46
Bk, EAEIERIAE N — AP ECE R ey AR Kk dr ) Sk, xa‘s%#;a;i%% *%#ﬁif)"&ﬁﬂﬂ‘%ﬁﬁ,iﬁiﬁ&é&
S, TAMBET AL TEANRSEEE R BRAHERIZZE, THEREN . MU
15 # 3 R AR B A A AT R SR A ,L,ﬂb;ﬁxi?g}fhﬁlﬁﬁlvzjlﬁbkﬁgiﬁr%ﬁ ﬁﬁuﬁ%%#ﬁié’ﬂlﬁ%
PR AR ) B R A A A IRIZIR R A 0.25.0. 125 Hz 89 5% A % Hif i, 5% K St 3R 92 4R £ & A
BT 19.61%.20.55% . KA &Mk R BB 7 XL B3 5 A AE Fh 42 R AF L, 7T i 2 A
RS EERNERGG S,

KEIW . AE; BRI ;BB Ry FEE R R B PTRIE

mESES. THIS XHEiREE: A

DOI: 10.7652/xjtuxb202210003 XEHS: 0253-987X(2022)10-0022-09

Sliding Mode Motion Trajectory Tracking Control of a Novel
High-Frequency Longitudinal Vibration Friction-Reducing

Pneumatic Cylinder

QIAN Pengfei'?, PU Chenwei', LIU Lei', LU Pansong', HE Di', ZHANG Bing'

(1. School of Mechanical Engineering, Jiangsu University, Zhenjiang, Jiangsu 212013, China;

2. The State Key Laboratory of Fluid Power and Mechatronic Systems, Zhejiang University, Hangzhou 310027, China)

Abstract: To improve the motion servo control accuracy of pneumatic cylinder, a novel high-fre-
quency longitudinal vibration friction-reducing pneumatic cylinder based on the inverse piezoelec-
tric effect of piezoelectric stacks and vibration friction reduction principle is designed. expecting
to weaken the uncertainty and negative damping characteristic of pneumatic cylinder friction by
high-frequency vibration. Considering that the valve-controlled cylinder pneumatic system is a
strongly nonlinear system, the model-based nonlinear controller is preferred for a high-precision
motion trajectory tracking control. As a relatively common nonlinear control algorithm, the slid-
ing mode control is highly robust to modeling errors, unmodeled dynamics and external disturb-
ances. To this end, a model-based integral sliding mode controller is constructed for performing

trajectory tracking tests. The test results show that the high-frequency longitudinal vibration can
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not only reduce the pneumatic cylinder friction, but also effectively improve its motion trajectory

tracking accuracy. The designed model-based nonlinear sliding mode controller is effective, and the maxi-

mum tracking error is reduced by 19.61% and 20. 55% when tracking sinusoidal reference trajectories

with frequencies of 0. 25 Hz and 0. 125 Hz respectively. The approach of reducing friction using

high-frequency vibration can improve the motion control accuracy of the pneumatic cylinder. It can be

also used in the occasions where a high-precision control of the pneumatic cylinder is required.

Keywords: pneumatic cylinder; high-frequency vibration; reducing friction; integral sliding mode

controller; motion trajectory tracking

Wit 25 ol FRL - A 0 o B 0 ] R 4
BEARMEBmA, K HEARRRED LR
T AR A Tl 25 LS 2 v B AR SR L 5 A
HEBEM AL, SR K8 R IR LA L s 5
AR ARG A = AR . SC R L B T AR
A By [ A 64 0] R 45 P | 2R G0 AR I R A B JE A
SRR Z A AT R G A 1 IR L 1 B R
Mo I SRS K Bhas Bl e A L 2 S R
Bl AR A I A — A B A I

AT, $ i LS Bl B0 BRI s o RS 1 B
T A v AT R R 0 4 AR B D
FH e HE (42 ) SR w5 T . EE AR ok Tz MR IR
T JE AR EIE A L E SRS DL R AR
PESETE 22 R B i HL oA R P G 1k S it o 1
B, WOHE S 8038 B A MR A ) v, 5 A AR 1 B 4 g b
2k IR 10 St , 7 S R e R S R MR . 9 Ak,
TR R 0 B, 3z sl ] IR b A
SR FH A2 2 10 2 25 BE B A R L T 92 R FH e S EE 4
TR, T DL ) PR A - PR A JBE B 4 B M JEE AR R
F1 Stribeck A, XFE, WIEFIRIELER I RS
HR Rl A E T I R A Bl A R AR 1R 2% L T A B
LA R 10 e ) R S

] P A1 2 3 7 S 3 4 i SR e BIE 5 O T T
KAE T AR, ERME CIPRA0 M 1 R 1 iR 5 B A a2
B F2 G0 1 B AR R | R s o S s 104 [ P AN 5T
AR IR AR B VR T IR BBl R SR
T3 2 AR E A KAk ) R s A A2 A A 4 A O
g, HAE R B 2 % B« = 17. 5sin (0. 5m) +17.5
BF, A S I R 250 0.3 mm C(IEfH 19 1. 7917,
Meng %51t b i) 18 45 i 07 B IR R 48, $ s T —
ol L / TR0 5 IR 1 3 7 s 2 L 0 e R
M 1.88 kg N EREEIRAE A 125 mm S K 0.5 Hz
0 IE 5% BLae B A AR A KR B iR 25 0 2. 27 mm
IR 1. 8%0) e KA S R ERIR 224 1. 96 mm (i
EA 1. 57 YO s BUR » ofa £ 378 45 i g 2 F G 1 X
B L 9] 42 1 AU S SR X A0 T 30 AT e R e

http: // zkxb. xjtu. edu. cn

R 1Y) T B A B L 2 B A R
{5} 90 mm J# K 0. 5 Hz B IF 3% 90500 B 1) B K 4
SRR IR 220 1. 51 mm (IR {E 9 1. 68 %)) s Lee %
N v BRAS B R G B ARl 4k M sh A R AN R B 3 L 1
T — S R R Rl 2R 4 R R AR
(AFNN-SMC-+ Heo) , iz #2 il #5 76 B % 0.5 Hz 1)
TE 5% A5 5 I 5 R R A R M 3R 25 N IR A 1Y 3. 8 2611
Jel e A SR 3 I B R R R Mg T TR T
DSP itk A 20 gl fal il 42 i 25 . i s ik DSP 4%
il 2 AE B B R AE A 90 mm JH R /N T 0.5 Hz BIE5X
H AL RS AR ] 5 X LAY s Meng S5 &
TR AR ] g S B IR DSP 5 %1 2%, 9F- 4 [ &
B p s o oK mE b Bl A B B L E R o=
125sin(me) IE 5% A5 5 B, e REREF R 220 1.2 mm
(IEE Y 0. 96 %)% 5 Zhao 4533t T 3 T LMY
RSO0 I 25 119 = Zh e 20 400 1 4 o 4 DA Ak R AT 25 1
Y 45 TC AT T < 3l 2R e (RS i A 45 il I L, 52
48 L R i B il T S R X RS R A E
MR E (LR EMRMBEMRESEMRENT
0. 005 mm) , A3k e 1F 5% 38 ol 50 R i A B — e (B
KA BRERR 22 MIRAE M 5% L EO 28 Bk,
S BUAE BRA B A 5 Al b S A T a2 g B R
il (AR B O F IS,

BIUB I 3 38 5 23 15 oF IR, 78 S22 J 1w 410 il 4ig
SUEARF A YN . BRI AR R X R R R B
ARAE N T K Bl AL AR el 5 45 45 3 ) B 2 1o R
PR BB W T A S AT 02 i 4R, 4y
NGRS T R T — S0 5% f = R B 1
T AR EE R R 0 6 i S2 B T OB EE . Liu 2540
H B PA T 45 22 2B 7E 0T I 28 FF i 348 R 5 22 (D
FH e 00 4IR Sf £ K Bl A I AR 2 M s Bh Ay
PE LR PID 48 SCH T 0. 1 pem A9 RE ORGEE .
Cheng 45 Jhy 2l 3648 58 71 42 T (8] 174 0 B 2 5 0 L S )R
P TR T A T R A AR T AR -
P G 11 T T R ) R A AR R SR 5 L B R 4
o FIVAR 5 TR0 %) 8 7 O JBE L G 2 A7 A 1 5 il ) 7




24 [N 7 . i

XU SRL (4 S L BE 22 5%l 7 % 7 e LA IR 5 I 3 00
PR LT L HH RS IR 2l 07 B A F R 4 R P ) R
Wi, A5 HH 3 IR A 3R o) T A ik e A0 3R o oA € 4 DL e A
— 7 U Bl A A IR R s AT o 0 PR AR 1Y) T A
WHE L R EREAT B TR e RE A 1 L R A )
3R Bl RS B P DB AR R T I e A R 4
YR B AR A AR P Dl B L 52 6 R R A IR 3l T R
L BE 5 0 B R E PERG N L HE S MERY SR . Pham 4%
ARG B X P 40 BE A% B BELJE S 0, B R
R AN W ARCEE Y IR R S )
A o A A RE i 5 R T A A e B
BER T 8 B L R BRI S R . Gao %
Bt T — Pl T r e M A 7 UL BT SM BE A L 25
FIRERL, J5 SO e 1 — T 3 s P 55 3 06 s v 2880
f1%9 L AT 5 B A0 2 1) 9 ol i s AR 2 e L
8 3k X I R L S R AR T G LA R IS A B

JEE 2SO O\ e 4R B A8 2 DR AOCR R B AR
WHHEZ LT 1 AFHIL TR, BRI E%
A0 AR T S B SRE B EEE T Xk OB e U Y
s PR R A RE SR = AR LT

PRI o A S T s L 5 0 99306 s oL AR B3 T
— FCHT R o SN IR D UL L O A TR R A A
2R AR 3 A A ] e SR AT 5 e BAIR  BE Ji U Y
i S ER R PR RE
1 IR EE L BT

T B UL 95 B 3 B R B L AR AR IR 2
ok JEE R BRAR T AN IR 1 BT s B R A IR il EE L
i I PR UL A BE SRR S B . 2 IR I B
T S 3 2o Xk B AT ST A 9 2T 2E AT AL R i
SCBLAY . BT R JE R JEAT AL LR 1 AT 2
IAER .2 DR 2 MRS Al R IR
BB B A 1 A B E . B R T B
AN R X BRI TR 00 20 P B A s L B
ARG ZE 2 A A 9 2 i T A R A L O
PR R HEAT TR . P R TR TR
B e LR W /N B 31 e T B Y 0 O
P 1(b) R RS PR 50 AT WA R X AR B 1T 5
R 7% i TR A P MR o o 5 5 M R &
(ORI R ek (I RN B e AR =22 U 17 87 M S
SCBCHT I FE R B ] V BUSEHE , B RSN .
BE S 71k 60°, M5 56 3. 6 mm . ¥R 1. 88 mm,

http: // zkxb. xjtu. edu. cn

K F ¥ i % 56 4
&S HE TERBE K E B
, 0
__]
. =
Ca) PAIR Ul JBE S BL 45 44
o) % 5 EH TR B

(b) TG ZE-15 ZEAT LA 2544
1 R U R UL N Y FE 1 FE AT A 1F ) 5 4 I 2 [
Fig. 1 Structural schematic diagram of longitudinal vibration
friction-reducing pneumatic cylinder and its piston-

piston rod assembly
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Fig. 2 Working principle of longitudinal vibration friction-

reducing pneumatic cylinder
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Fig. 3 Proportional directional valve-controlled cylinder

system model
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Fig. 6 Motion trajectory tracking test bench of longitudinal

vibration friction-reducing pneumatic cylinder
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Fig. 8 Results of PID tracking of a sinusoidal reference mo-
tion trajectory with an amplitude of 30 mm and a fre-

quency of 0. 25 Hz
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tion trajectory with an amplitude of 30 mm and a fre-

quency of 0. 25 Hz
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