FE3EH 2
2017 £ 2 H

w4 25y A
Control Theory & Applications

Vol. 34 No. 2
Feb. 2017

DOI: 10.7641/CTA.2017.60188

—RAHRE 128 R GE ) A2 [AE A ) 12

XA, FEHRY, BT, s

(1. BETRERE PR TR, B 1422 710038; 2. WA/RIE RATHERE, BRI /RIE 150000)

FEE: ACHe T — 27 BR 23 (8] X 18] P9 B 84T AN 8 02 3l 2 4 1 BRER R i) i) . 38 5] N2 AR T
HYMZTREARERA IRE 7 — M0 B 0 HERIERE IR EE. HAFMAZMIRESMYET, KBRS
BT ]38 27 A0 3] 25 ()38 3. ARG 56 T2 A1 2 & s i sR B0 v 1 3 48, R & IRIE/E H S8 B @& R ALE I R
Gurb AN B M, RIS 51N B T [F 41 HE S B0 i e M S e I A B A, IR T TEARTE YU A A
FIBENUAE FHIa6H 2 A RSO0 T I BR B iR Z2 UGS S5 a8t 51 22405 ol — B I0AE T2 AR 1A 3.

IR AR ) ) B R, H AR REL REAHEM; VGRS RE

h[E 422 TP273 HERFRIRAD: A

Spatial iterative learning control for a class of uncertain motion systems
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Abstract: In this paper, the tracking control problem for a class of uncertain motion systems which are iteratively
running in the spatial domain is discussed. By introducing a spatial state differentiator operator and spatial composite energy
function, a spatial period adaptive iterative learning control algorithm is proposed. First, the spatial state differentiator is
utilized to transform the motion systems from the time formulation to the spatial formulation. Then, the controller is
designed based on the spatial composite energy function. The system uncertainties are learned by the adapting law with
projection operator, and an additional robust item is introduced to work concurrently with the learning mechanism to tackle
the non-parametric uncertainties. With rigorous mathematical analysis, the convergence properties of tracking error are
derived under the identical initial condition and random initial condition within a bound. Finally, a numerical example of a
train tracking control is further provided to illustrate the effectiveness of the proposed algorithm.
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4 i EHHI(Simulation examples)
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diz: = 1073g[u — ]{)1 — kQ'U — k3v2_ (38)
. 600
i)~ oo

Horb: g = 9.8 m/s? Ry E SIS, ky HER B HLIKFE
77, ko7& FABHUEE ) R, ks RomHMI 2 S IT R
K. SLPRA B ATIERE T, Rk, ko, k¥ 2 EIEN
TENUMCRFE, PRI SRR R, SRR 51 256 B s 1)
AT A, R 25 A AT . WCRH3%Y
2k, = 0.53, ky = 0.00392, ks =0.000114. i(s)
O 4 B 3 RE B0 BEL 70, B 3 RE B T A B R O
600/R(s) NEH B IEM INFE ), R(s) R TE 42, H
fm. u = Fy — F, 9 EFHTE S 42 fi s & Az g
JIFE BN F 85 7, SEBRIG LN W A R E
THZ. Wi (D),

0, = [k, —i — 600/R], 0y = —ky, 0 = [01,0,]",
& =107g, & =107 g x v, £ = [£1,6)]",

b= kgv? x 107 3g.
u=10"%g(F, — F,), fE2= 5|\ flahFItE v THoL T 4
AN R0 3gFy, 107 3g F 10, S8 1 38 EA SCHE 1
P, 40, 10° x 0y, 10* x ks E & 1FT
7N,
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S BUA i 2 M b3 2 R 3 Lipschitz i 25, Rl
b(v1, 8) — b(vz, 8)| < B(s,v1,v2)|v1 — val, e B(s,
v1,v2) = 3 X 107%(v; + vs).

W R EE 3L s € [0, 1500], vq(0) = 2, Vugbhs
e EoE G BT

0.1, 0 < 5 < 200,
—s/800 + 0.35, 200 < s < 280,

Vva(s) = 0, 280 < s < 1350,
—s/500 + 2.7, 1350 < s < 1400,
—0.1, 1400 < s < 1500.
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Fig. 3 The trajectory tracking performance in each iteration
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# & e, ;(0) = rand () - 0.5 f 1% L, BE B R A
llev,ills, KIFFIBRERIERE, #=HIHSHA L. i RS R
45, WEATRTLUE H, [|ey ||, BEEIEAREL
38 0TS A AR, BISEE T SR 200K S R LaZE Al
IR, SEA AN 270 0 A vag Mug. IEISHT A,
BIRFAERNIIAR R 2, {52 SERREZE RELE AT EE 25 N
TR bR,

0.06

0.05

0.04

|e ,i|sp

0.03

0.02

0.01

L L L
0.00 8§ 10 12 14 16 18 20

T
B4 ey :(0) = rand (i) - 058, [ley.q |, BEEEFUHICSURE
Fig. 4 The convergence of |ley ;||s, versus iteration number
when ey ;(0) = rand(7) - 0.5

30 . .
25r 7 PANE
! v ™ 4
{ \ 3
~ 20 H 25956 \ 14
5 / \ §
g 15+ 25.9555 k A J o
= / L 1354.6 1354.7 1354.8}
; 10+ 2.15 7 — 4
f2.10F || !
sif 2050 L/ vy
72000 £ ey
0 0 1,2 3 , |
0 500 1000 1500

s/m
K5 ey,i(0) = rand(i) - 0.50, ZE20 AU IHIZLERERCR
Fig. 5 The trajectory tracking performance in 20th iteration
when ey ;(0) = rand(7) - 0.5

M SR W, A AERT AR REAL IR 22 I T DU,
KRBT e, BE06 (42 IR 22 B 154 UL



204 B owo#H w5 N

34 3

B0 L P IR AR R BT, BN, WIEh R 2K
FISEM AN ATAE T W AR PR BN B i) A FE B Y A
5 %5 (Conclusions)

A SCEF X — 270 23 [ [X 0] 5B LB B ) R 4, 1R
T AR S R R AR T AR GILC
ZI LA W) ) JE U314 ) R, St a4 5 ) ) S HTLC ¥ 8
B2 (0] i HHILCHEAT T — & BV 2R R RS
(7 BAE N R bR, 58 T 3T 2 4 B S50
ANHH R T RN 3 T 2 (A0 o7 B RN FE 1 A E S BUR R o 1,
HHET T WIURIRZE N0 VL R WA R ZE 44 S Bl A
HUASAE B RS L. 5N T 36 T2 AR &S o 527,
¥ RG0S TR 0 b R 2 TR 30 AR IERE L,
Wil T A E N E A R R R EURIE R 2 S S, JFiE
I S AIE A B S I T BRI S, AR,
W 3k — 5 HF T2 AT K 12 Sk T 3 2 TR i 2 g\ %2
i R,

£& 3k (References):

[11 ABIDI K, XU J X. Iterative learning control for sampled-data sys-
tems: from theory to practice [J]. IEEE Transactions on Industrial
Electronics, 2011, 58(7): 3002 — 3015.

[2] HEHN M, D’ANDREA R. A frequency domain iterative learning
algorithm for high-performance, periodic quadrocopter maneuvers
[J1. Mechatronics, 2014, 24(8): 954 — 965.

[3] XU J X. A survey on iterative learning control for nonlinear systems
[J]. International Journal of Control, 2011, 84(7): 1275 — 1294.

[4] ZHAO Zhong, GAO Ying, LIU Zhili. Novel open-closed-loop itera-
tive learning control in networked control systems [J]. Control Theory
& Applications, 2013, 30(10): 1335 — 1341.

(GEAAR, R, RIRESL. P28 P2 R gt rh— FsBi Il QR T RS
Sz (7). S SR, 2013, 30(10): 1335 - 1341.)

[5] LI Zhifu, HU Yueming, GUO Qiwei, et al. Robust monotonically
convergent feedback-forward iterative learning control for uncertain
linear discrete systems [J]. Control Theory & Applications, 2014,
31(4): 485 —492.

(FHUE, TR, SRR, & A0 e B RGN E R R
TR—RI 3 AR 22 2 P ) (7], F o) B8 5 R, 2014, 31(4): 485 -
492.)

[6] XUJ X, TAN Y. A composite energy function-based learning control
approach for nonlinear systems with time-varying parametric uncer-
tainties [J]. IEEE Transactions on Automatic Control, 2002, 47(11):
1940 — 1945.

[71 XU J X, JIN X, HUANG D. Composite energy function-based it-
erative learning control for systems with nonparametric uncertain-
ties [J]. International Journal of Adaptive Control and Signal Pro-
cessing, 2014, 28(1): 1 - 13.

[8] QI Ligiang, SUN Mingxuan, GUAN Haiwa. Finite-time iterative
learning control for systems with nonparametric uncertainties [J]. Ac-
ta Automatica Sinica, 2014, 40(7): 1320 — 1327.

GO, FhIIET, i, SR E RGURIA IR TRl 2
1 [7]. AFMEFAR, 2014, 40(7): 1320 - 1327.)

[91 TAN Y, DAI H, HUANG D, et al. Unified iterative learning control
schemes for nonlinear dynamic systems with nonlinear input uncer-
tainties [J]. Automatica, 2012, 48(12): 3173 — 3182.

[10] XU J X, JIN X. State-constrained iterative learning control for a
class of MIMO systems [J]. IEEE Transactions on Automatic Con-
trol, 2013, 58(5): 1322 — 1327.

[11] HULL R, HAM C, JOHNSON R. Systematic design of attitude con-
trol systems for a satellite in a circular orbit with guaranteed perfor-
mance and stability [C] //Proceedings of AIAA/USU Conference on
Small Satellite. Logan, UT, USA: ATAA, 2000.

[12] RAGHUNATHAN A S, KIM H D, SETOGUCHI T. Aerodynamics
of high-speed railway train [J]. Progess in Aerospace, 2002, 38(6/7):
469 - 514.

[13] WANG J, HOVAKIMYAN N, CAO C. Verifiable adaptive flight con-
trol: unmanned combat aerial vehicle and aerial refueling [J]. Journal
of Guidance, Control, and Dynamics, 2010, 33(1): 75 — 87.

[14] LEE J H, SEVIL H E, DOGAN A, et al. Estimation of receiver air-
craft states and wind vectors in aerial refueling [J]. Journal of Guid-
ance, Control, and Dynamics, 2014, 37(1): 265 — 276.

[15] XU J X, HUANG D. Initial state iterative learning for final state con-
trol in motion systems [J]. Automatica, 2008, 44(12): 3162 — 3169.

[16] LIUJL, DONG X M, XUE J P, et al. Initial states iterative learning
for three-dimensional ballistic endpoint control [J]. Memetic Comput-
ing,2017,9(1): 31 —41.

[17] AHN H, CHEN Y. Periodic adaptive learning control for velocity-
dependent disturbance compensation [C] //Proceedings of 2009 IEEE
International Conference on Control and Automation. Christchurch,
New Zealand: IEEE, 2009: 1122 — 1127.

[18] AHN H, CHEN Y. State-dependent friction force compensation us-
ing periodic adaptive learning control [J]. Mechatronics, 2009, 19(6):
896 —904.

[19] MOORE K L, GHOSH M, CHEN Y Q. Spatial-based iterative learn-
ing control for motion control applications [J]. Meccanica, 2007,
42(2): 167 - 175.

[20] XU J X, HUANG D. Spatial periodic adaptive control for rotary ma-
chine systems [J]. I[EEE Transactions on Automatic Control, 2008,
53(10): 2402 —2408.

[21] CONSOLINIL, VERRELLI C M. Learning control in spatial coordi-
nates for the path-following of autonomous vehicles [J]. Automatica,
2014, 50(7): 1867 — 1874.

[22] XUJ X, YAN R. On initial conditions in iterative learning control [J].
IEEE Transactions on Automatic Control, 2005, 50(9): 1349 — 1354.

[23] SUN Mingxuan, YAN Qiuzhen. Error tracking of iterative learning
control systems [J]. Acta Automatica Sinica, 2013, 39(3): 251 — 262.
(FhEAEF, TR B SRR )16 R G R Z IR T L (3], B 3)
T2, 2013, 39(3): 251 —262.)

[24] RUAN Xiao’e, ZHAO Jianyong. Pulse compensated iterative learning
control to nonlinear systems with initial state uncertainty [J]. Control
Theory & Applications, 2012, 29(8): 993 — 1000.

(B Nk, Rk . AT HIMERES A & e AR Ze Pt R Gkt 4%
AL (], EZH3E 5 R, 2012, 29(8): 993 - 1000.)

[25] ZHONG Lusheng, LI Bing, GONG lJinhong, et al. Maximum likeli-
hood identification of nonlinear model for high-speed train [J]. Acta
Automatica Sinica, 2014, 40(12): 2950 — 2958.

CEBRAE, 25 J, SRHRAL, 46, e 41 25 JR 2 E AR 20 1) A K ABL SR 7%
iR [J]. EBMEEAR, 2014, 40(12): 2950 — 2958.)

[26] MENG Jianjun, CHEN Xiaoqiang, XU Ruxun, et al. Traction cal-
culation analysis and simulation of urban rail train on multi-particle
model [J]. Journal of System Simulation, 2015, 27(3): 603 — 619.

(R ER7E, PRIGSR, A5 Ay, &5, JET 2 5 I 42251 TS i
555 [7]. R0 E4H], 2015, 27(3): 603 - 619.)

EH WA

XA (1988-), 53, E-LRFFUAE, B RTHT ST 7 [ kAR 2 3] 45
#il. AT, E-mail: kgd_1j1@163.com;

EHR  (1963-), B9, Bz, B-LA S0, HaiwEI s o AT
il 4L AARALSE, E-mail: dongxinmin@ 139.com;

BEET  (1967-), B, @I#Z, Wi-LASIE, Har#t sy m i
B4z, E-mail: xiankgy @ 163.com;

FHHE  (1986-), 53, Wite, JRIm, Haiw 705 10 AT =
i ini, E-mail: wanghaitao198638@163.com.



