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Model-free adaptive control based automatic parking scheme

WANG Wen-jia, HOU Zhong-sheng'
(School of Automation, Qingdao University, Qingdao 266071, China)

Abstract: This paper proposes a control scheme based on model-free adaptive control for automatic parking. In this
scheme, the vehicle environment information is collected by the on-board sensor to plan the desired path. Then, the
tracking problem of automatic parking is transformed into the tracking problem of preview-deviation-yaw. The automatic
parking is realized by designing the corresponding model-free adaptive control algorithm. The advantage of this scheme
is that only the input data of front wheel rotation angle and the output data of preview-deviation-yaw are utilized, while
not using any informations of the controlled vehicle. Therefore, this scheme can be applied to different vehicles. The

simulation results of Matlab and the comparison with the PID control scheme and the fuzzy control scheme verify the
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feasibility of the proposed scheme.

Keywords: model-free adaptive control (MFAC); automatic car parking; preview-deviation-yaw; path tracking

0 5 F

B 2 R 2 10 R LA B AT AR KR 3 s 15
(A BRI L Th, Y5 28 13 S e 4 AT H AT 3 K A
A ) ) [ BRT, 1545 24 7 4% 4% £ i R, 3 o 7
e 55 LR 1) B — 5% — 7 T, B SR e
YT R R L B ZE A 8, A A1 T 2 AR £
M R K, 4 T R ML R TR A A b L
V% o SRR S AT VA A Aor T VA 46 BT IR 7
L. ATV 25 5L R 76 5 B 7 1) 2 b, 2 T
B 37012 2 7 B9 26 5 R T RRR e, 2 TR
T3 /N XA S8 1 R 2 P AT 9 7 A8 R B A
R R, 22 TS B 1 2. 2 0k H 3 TR,
AT T AT B AR 7 (00 2 2 A T B,

S HER: 2021-04-13; FF BHi: 2021-07-30.

HLWH: ERARBAEESTH (61833001, 62073025).

RIERE: KHF.
Tl IAAE 4. E-mail: zhshhou@bjtu.edu.cn.

DR T G PR 22 A4 9 22 ) O 4 I AT 20 SR
f ] R,

H 2l1¥A 4 & 4t (automated parking system, APS) ]
IR = 7RI, I AR T VA 28 T
A2 MR AR A APS R — T R AL K AR R
gt HENLRS. B RGA R, THENL R SE
o O3 M R AL RS R G AR R R 1 4 B A A B AE
BRI — 2T s A A R A R R AR R R
ik 2 H shi%H) R G AR E B A2, 5
Ak, DAL T T _E 1) 470 g DG 30K 4 00 7 0K 4, D0 0K 22 47
A SR ) A B R R A 1, RS R v M B, 2
THEHE, AN A5G IR RETSARYE B T 1
DL S AR 2 e, 2 F IR R K 4. AT H Y



ISESF A TAEAGEpIERG AN AESTE 2057

% 8
REET X R i B R BN B A TR G R AL,
HOEFE IR 9B TEXT &R

H3AZE— M R 3B IRBE R 4R, B% A%
R B AT PRI, W N T AR AT 3 3045 4 A7 B
I, 5 B 3% A R TT IR St 22 J] B A 5845
BOBE BARIRS TN RS LR ol o4
TR R RBUER RN 2 5 A B EE B i
R H — 26T H s AR vA B AR LRI B R L 1k 4y
Hah i R4, 3 sh 6 |R G EUWE B S 125 25
GOl F ot NS S KX VA E B T ES I P S =¥ v
PRI B AR S BR AR PRER AT T R EWAE.

ZE A7 BRI 75 T, Suhr BV R HY T — Rl & AL
Frac A E S TR I i B R 7 5, 1% 07 RAE B E
LA 1) K 5 A% 28 SR A 2 W FH ZE 4. Shih 551 4 H
TR T A R B Sk 5RO B WL AT ZE AL
For U 4 777 28, TRAR Sk A Wl 21 25 A & L i) BB BV,
I8 240 ¥ Hough 22 i AT ) Hough F T RAR TS
YR 1 528, B i o 1 S A I RT A
ZEAL. Lee ZE 7 £ 550 4% 43 J& B A1 B A5 (around view
monitoring, AVM) £ J& &% 75 o il Hh 77 75 [ A5 47 3 44
() I B, H T — PR o R R I S AR ZE A () T
%, Huang EB 3 H 7 —Fh = 2 DU 17 2 CHE B2 A )
N R, G RE R — N 4 E A HE
i EHEbRC i 07 R RE 37 52 N 28, SR 5 (e B AL
S AT I AT P A 2R, B J i 43 J2 DU 302 URHE
ZRAE PR Ak I b IR B 5 . AR A
] 735 i 8 AT A7, EIRZEAARIN T i AR O A
3B 7 AS[RIFEFE )R ABAT) & A A2 . 5 5 0 B
FHRAEAL R BN AT B B i (1 7 VE, ST S B 5
Wi /), U 4% 22 /0N, 5 7 PRI 2% 5 408 0 ) A Ok 4 e
B eI AR R ) A, BT K 2 K FH 2 MR 2
AH BTG AW PR A 77 =K DA I AS o e ol SR Bk
B BRI R TR AL 10 7 1, WT DA 2 2547 JA [l i) 52
BAZ BABAE RS RE OGLd W S om A 5~ A fg
TER R AL B, BN ZE 22 KR PRI,

%A% K 77 T, Moon S50 2 H — i ) 2% 42 K0
KI5 %, %07 & 57 e A Be At N B, € A BER
T8 o Al A 2 A4S RE A T AR A ) e /) TR I B2
%455 HEN BOINN Bezier 128 5k 7% £z #6452 A 1 17 90
BX. Vorobieva 5510 £ t — i o Al 43k [7] 928 42, 1% 07
R5 AR AL B AN 7 18 TGO, R B ALK A PR
JEE 51 KT 2R A A B AN 58 B gk W DA i — AN VR 4 B
2. Wang SEUHRH T — st U2 48 20 190 28 B0 K1) ¥ 2 i
BT %, % T R F TensorFlow Il 255 T-Ailf 18 29 98

(180388 V= o 22 o) 28 TN 4 Z e ot 2, SR I J o 1 2
Pt 2 B AL, Zips U2 R AR AR IR T 09 4
PRt 7 —Fh R T PR AR AL R B LRI T 5, 1% 07 RAE
FT W4 3 E AT 52 R, B 55K FH Runge-Kutta 77
EBUE B 0 TR, SR 5 ) E AR AL ) R DA
E BRI ER AR, IR BEAR RN 77 58 & A AR i A5, AT
lFa) S A58 R 1) 7 5 T B 5 AT Ao Al A [ 91K A% K0 K O
G BT AR A BN T [ R, Tk e A )
ZEfr. B ER PN TT S 45 G th Il AN B 1 ] R
LR BRI v a0 05 A B A T L B R A R
ROHE A, X 2 IR TG ) B 457 366 U o 282 X 2% e A2 AR
RIJ7 R BRI e v, A% T 5 7 K B S e i gt
AT INGR, A IS . T PRad On A i g A% 0 ) 5002 B
SRBEREAT H B LR A, (H1% 7 58 75 242 i 15 0 & [l 24
HifE B

B AT IR R T THI, Song &3 DL 4= 55 1k 5 MR 46 4%
F 9 N, DR 1 A 0L B AR R DR 45 1
BT TR B T 4% 1] (model  predictive control,
MPC) 5592 K 428 ] 20 50 S L % A2 BR 7. Liang 26041 %
1T 7 —FF 8 PID (fuzzy proportional integral differen-
tial, fuzzy PID) 5 2%, i N\ J7 7] 5% f & A 42 50 3o
AT A5 3 SE RIS AT B, 8 It — Rk BB U L
13 B PID i 75 &% 75 00 4 22 JF 2R AT I 58, DL sk
P ER AR B R. Ji ST DATT [m) 355 A AR IR, B
MR AL . DU AR w2 i L B 2
24 RO P 2 1] (multiconstrained model predictive
control, MMPC) 77 V2, 18 ist % ] A7 % U £ Al A
IR B 29 ARG T e 5 A 00 N 2 RS B R AR
BRER. BIRERERTT RKZ R ARG E 5 f 5 IS
TR 2R A [R] 1 77 SR S R AT BRIER, (H1Z 7 S AE S2BR
PRI R T AT R H I S BrIg AT B S5 B AT
T {E A 1 i) @, (R A e HERf = 42 B ARALE. )
A, EE AN [R] f1) 42 284, PID % il 2% 78 150 F I 75 22 51058
B TE S B, AT FRTIN 2 o) A I 75 2 3 U
PR RS . DRt T bR s il 38 () ER R T
F AR E.

IREAE R RS th & A K E i A S (input/
output, /O) 4, X 4 1/0 5 v LA S V< 22 3))
D355 B, R R B R B (0 7 VR S BNAR ZE B 3R 4
AR RS, 2 B AN T BT RS
FEAEIT A | B RE 45 i) 231, J50 40 0K 50 4% 1) 328 T Rl A
FoR . BA AR BB IR s 4% ) 07 A R A2
% A g e ol R sl A RN e
T 428 ) 122231 £



2058 # % 5

xR ¥37%

T Y 5 & B 4% ] (model free adaptive control,
MFAC) 16 5 77 72 & — P i Y 1) 250408 3 3 4% 1 07
12224 MFAC £ 0 B L (R JE Lt RGifd T —Fh
B B A B A TT 1 S — N FR 9D D 28 (pseudo
partial derivative, PPD) ft) 351 Mk &, 75 1 38 & G i &4
BN TAE B ST — NN B A LA B a4,
IR T I S O (0 R DL B A R Vv A i 8 O AT
i RGBS o A, IR R H IS
Mgz il B AT, MFAC J7 ¥ © 448 Jo N 2 312271 5
N K THT 2R 281, 31T A8 08 X 25290 F g R G fH JE 4%
|30 Lo X 1 [F) 20 AL AR B3 2R G852 LA BE L
A NP 53 SR UEAS B 1. B 43 H A S B B
FH 532 B, MFAC T 518 B | B 1 o, 0 R AN 7 22
AEATT R GG B A TR R S N s s B el AT
il i PR .

M FIRA M AT B O T B SR RS R 4t
FRIBIE T K 22 2 e i 42 1] 22 B 1 5 1) B AR AR R AH [
oK SIS AR BRER U353 (R D7 R i 2 mT B
HH IR S bRz Zh B0 5 0 R AR 8 P AT 1T A B ) 1) R
VR I A AN Re HERf 452 72 H AR B PR, AR ST
HH T MIFAC 11 TR i 22 £ IR 5 428 11 77 58 DA 1 1%
I . AR S [ TR A

1) X B BRI 77 22 T AT e tH L) S Brig sh
75 55 SV ER L A7 A B D 1) A, A A H TR g
72 A1 PR R A ) U7 S8, TN O 22 AR AE T B AR e H 3
T AF I R AR ARAT S, (15 i B D AR

2) B1REEIAT $28 1] 4% P R L 22 1) 1) R, AR SO
T MFAC #% il &8 SR B i 3 il B0k . S8k Bk
A2 4y B R MFAC #8128 728 i R X FR &
Ge P HE R VO B, AN 5 EAT A 4R R B, AT R
PEGE.

3) H I, T e 22 A7 PR IER 7 RANAE A 3 B 343
E2| N R Tl NS =3 7 W SR P33 7 S VAL I Rl = B
THZEH.

1 B3 ER K ERA AR
1.1 JAFEFRE

IRZEAE RIS AR P BE U, R R A 2 R A e
MG, H G5 AR m%e, R, i B Bl iz 3
IR IR G 12 s 35 e ST i B 1 B s 1) 4
AR L B, o fly 2 58 B4 R S
REABAR A INALTR, vo N, o N5 F (B ZE 4R 4% 1)
55 Xl 1 e 8] 7 % £, 0 R0 R B AR, Lo e
PH.

1 FiRREREE
VTR e s AR R T R A

T = vy COS @,

U = vp sin a, e
&= %0 tan 6.
H T 2R 38 AR AR AT A5 5 RIS 5 T TSR L&
gt R e A BB 75 5 R AR (1) B A AL Dy
z(k+1) = z(k) + Tvg cos(a(k)),

y(k+1) = y(k) + Tvg sin(a(k)), 2)
alk+1) = a(k) + 2 tan(8(k)),
o T g RAFEIN [H].

R 25 G 2255 W] R0, e i f AE S Brig A7 i f v
2% B B K HTHCHE A O PR, BT 1O (R)| < O
1.2 AEEMFEM

AR SR FH e P 0 A TR e Tk o A% SR
AR TR, EALERIR B K 2 s, 18
IREEZEBHITT  JG 77 B PN 22 25 68 75 A I, FE 1
B A B A 2 R T K b A R A YRR S B R K
LA TR 5 00 )5 07 R0 EIRZE IR, BLBT R
A= Tl AR e A A PR A P R A TR T A 4R A B
FE 72 75 AT ;0 3l ok v A% ks FH Tk R ALK 2
Al .

AL I FE kiR RS

(=)
'51@
g

B

2 BRNAFEEFERNREE
FREHER AT IR, BB BEHE RS, 5
P01 7 P e RN 5 0T A, 24 2R A AN T IS
A SR 45 T A5 B 8 dy (), 24 454 7T RTI A { AR
IS DNATRE B N do (m). 244 DU PRI 5 000 45 <) 2 A
dy T F dy I, e T ki A SR AR T AR g Sk o A4,



% 8 #

ISESF A TAEAGEpIERG AN AESTE 2059

25 R 25045 0 B B N dp RABF dy I, 8 TEK
ML AT il Sk AN RS H AR ALK R
Lp, FE AW 257 A B 2 75 7T .
1.3 AEREFNK

TAZE B AR 75 B0 LR LR

1) VA ZE AT /2 B T F LI

2) W ZE R AR Ml F0E 22, A 7R BT R B A )

3) AR BRI FR VR AN B S T L B RS 4 AR
il 42 ;

4) W1 - PR AR AR 5 B2 (1 B Atk b, R AT R b
DA TR AR PR ER.

R =LA A5, T R 7 4N L,
BB R84 . AT 56480 40 | [ IE 4E 40 L LR R 22 AN A2 4T
RBIE. 456 M ELL FOCHR [34-35] H i = B
T AR IR TG %, A ST AR RIS = B 3 R,

)
\ 2
i,
WD)
Q

)

k— W,—
—l

3 BiAEBEMRTER
B 3 3 BRAE T N5 R AL, 22 A5 W I )45 246
B 258, AN A F AL A 8] Ze A B o, s
RATHZEAL. B R &5 8 LR 1R,
#1 1FEFSENX

Giines =94

Wp N TEE

Lp LRVASES

We TRIE

Lo REKE

L RIERT R R bR

o AR IR IS

X AsBR X, 4 AR I 2R
Y AERRY i, 55 5 KRR N AS
d B2k 5 BRI BE S

B HZ&AB 5 X #hiEm s
AS [ rd nibkret it

HI SCHR [35] W] 0, I4E AR AR 1 3a s B ] bl s
HhC RIS B 58 4 PR B, P AR 6 Jim Al b o0 9 F 9T
XL W 3 R, BEA AR SO D R IR RN

Of, BARBHEZLEDC. WK CB., HZLEKBA.

9N AO H. F RONHEB DO IEK 2 H AR
BAEKLHIAL /i, BB OF KB E 12 Ry 1)

K/ BB CB YL O3 L Ry AR — B
B9, Ry #5 KT Ry, 5HEBE DCHYI T RC, 5E
LB BAMY)T & B. B AO LA Oy NIE L Ry
N — BRI, Ry @ KT8 T il /N5
B EEHE&B BAMYIT R A S X #IEJ7 mAEYT
JR 0. BB GH UL Oy NEL Ry AR —
BRI, Ry B FE HR 5 W 22 B8 A2 5 T 7 B0 1) 22 4
P, 5 HABRABMYI T R E H&LBIBAS X Hi
TR AR B, BHIBUA HH Ry« Ry Ry 35 UE.
0 A Y 4 R R 4 5 AT T R A R A i e, R AR
Ry = AS + 0.5We. INANE LB AB I H 2
ZEPRAE VI b AR, W AT R e R A RAR BT
AR LR R AT, B3t AL B C\ E 5
AER N
X4 = Rysing,
Ya = Ri(1 — cos B);
2R (1 —cos ) + (2d + W) cos 3
2sin 8
Lep(1 4 cos B),

%%
Yn :d—i-TC—LCFSinB;

Xp =

_ 2Ry (1 —cos B) + (2d + W¢) cos 5

Xe - 2sin g3 ’
YC = d+ TC;
XE :Lp—Rgsinﬁ—AS,
YE:%—I—RQCOSB.
3)
T, HLB BAS X HIETT KR A B I HUE N
i _ Ygp—Ya
anf = Xy Xa
WC — 2R1 + 2(R1 + RQ)COSB (4)

2(LP — R1 Sinﬁ — RQ sinﬁ — AS) '
N T GRS AR AL T R, RN ORAIEA
e Rsf /I A5 2SR [34], B2 Ry BUE N

mz—%}—, 5)
tan ( 11 )
ot 0 9B .

2 ViR mEAERITR
2.1 EAREER

R F 25 D 22 56 7T 801, W ATLTE 25 T 47 B 5 HT
FE T 1 — A 5 R A VA 5 7 [+ 5 2 7 DA ZE 58]
DAFLZRAT B0 Liu 262520 H 5 5 07 76 6 N\ 2 i e
SR I R T BR B R R S T R E B



2060 # % 5

B BIAE RS XN SRR, BT ETE T
i 2= A TS T VR R — I R AR S B R F 5
G B TR S A7 1 R n] DUk G 3SR e
5 WA B4 7 I A 2 A PR OO, {5 B T IR

SN TR £ 0 TR e 22 AR 0 B e E B
THZE RGO T SO E b RE R T 5 —
PH B9 I A, 1% BE B RR O T PR S (PR S o R
VAR A e R I RS T A5 SR PR S 1 A
FE T 5 AT B AR E LN ). B TRE
VA ZE I 2 RIS AT Ol R A, TR R S R DL RO
Linin- VU J 22 A7) $6 22 60 07 B 557 5 00 255 32 28 A
IREWZEIBAT 7 1A B & A A8 4 SOk (271 1 H B
ANAZEIREE T R, WE 4 Fis. B4 R & 555 & Xk
2 7.

AD
El4 BxiaFREFREREE
w2 BRATSAEX
e X

AD T AL A SR A

LD JRETH A SRR AT 7 A S A B S

l oA

Ly P20 S T m AT 7 17 S K 2 P B

lon T 35 T 52 R PR B

v ARG T AR LA GRS AT T R RN A S

TR R A ERER 77 5
TR O 22 BRER 2 s S0 B 5 .
e

2.2

K IR 22 T3 £

Y L(k)

K+1 ua;zu
ﬁ -
TR A5 KIS ZI07 B

KA+1 I ZI47 5 5

E5 WEmERRIRSHREE

HE4TFT 4, 24 AD— 0 HLD— Ol (5 EREE -
WEMSEER. USR5

xR #37%
L

~ = arctan Tl — AD, (6)

siny = I;D @)

H 3 (6) AT, 2y — ORISR 4 IR ER s
K5 o, BB ig 3 i 8 v 402 2, 76 5 1) TR0 m
WL Bisshist, Ly (k 4+ 1) < Ly(k), fTLAH

Jim Ly (k) = 0. (8)

MR TG EE B 1(k) # 0,8 arctan(Ly/l) — 0,
MAD — 0. X (7) AT%0, 4y — 0B I(k) # 0, BT A
LD — 0. @it FilR 7 #ra %0, 24 AD — 0 H LD — 0,
RAEIREE BRI R AR
3 TibERZE A ERER T R MFAC T HI 8311

SCHR [38] £ i, 5 ULV 23 ) A A 0] LU AL
NAE R X RR, BT A B R g T DLkt
HH . B 428 o) S92 A SR B B 30 R 5 ). IR 4R 18 3 %
B A N R e B X R AR AR, AR,
FAEABEAE 1) 1) R, BN b 5 ON T TR EE S L TR (22 A
A S RN, BT DA BB M TR B O B R A AT
XiF 12 v 5, A SR MFAC 5 S8 A A Tl i 22 £ R 5
J5 SR 2% . MFAC #2285 A 75 BAT A B 2 Y A5
AN T AT R P A B /O sl i i UE 24 1)
AR AT S 4 B AR I BR R, 38 F AN R S 5 1 4=
59, AT R R I 5.

H 3070 2 BRER A f R AR 40 1 6 o, 72 1242 il 4%
R R 6 B AR 0 (k) SR sl AR ON, TR 2 A v (k)
D il .

V()
T (k) 0(k) ¢ x(k), y(k), o(k)
22 iy P{MFAC > {5 ————

_ |
6 BIAERIFTHIRIZ
B TRERREER ARG R DAL, o
AR, M AR AR R BN TR) &R 4, TR B Bl AR
B2 NG TPNGUE | 22 S S REITE R eI s %)

with

ez X (k+1),y"(k+1)
% -

(nonlinear
exogenous input, NARMAX) #5341 S 3 o RJI

v(k) = f(y(k),....v(k —ny),0(k),...,0(k —no)).

)

Horpn, Flng 2B AN AR IEREL £(1) « Rrtnot?

— RE—ANRmi AL g % =) /TH N A 3hif
ZE TR 22 A FR I R .

XF T B BT 2 TR 22 A BRI RS VR E I R

i R G HE i A e B B U R G B AR M 2 57, T

LR R B e AR X FE MG 0 B 2 ik Ui, T

auto-regressive moving average



% 8 #

IXEHF ATABRAERE

Hey A aE S E 2061

I AR AR 2 K (9) £ () BB E R L FIH Stk
772 NARMAX 3 4t 7 40 B 26 11 R G e 48 gk AT
F T, 2 Ab B b2 — A 2R 1 R G I FH i,

Bt 30 (9) F Ak 1 H 270 ZE TR i 22 A R R &
4,8 L Hy, 1,(k) € RETEo Ry—ANTERNAH K
WA D [k — Lo + 1, k| NI ATE IEHIH G 5
DL AE S A SR BT BN A & 1 [k — Ly, + 1, k) Y
B % 4k A 5 2 R i v i D

Hyp, r,(k) =[y(k),...,v(k— Ly + 1),

0(k),...,0(k— Lo+ 1",  (10)

HAWEE < ONA HL, 1,(k) = 0 4, Herb
L, Lo(0 < Ly, < ny, 1 < Ly < mg) FNRSE9)
FIEABT L, O, 4, AELEBEN Ly + Lo FIF &, 45
MR,

RIZ1 RS (9) 895 N S b s wT . BEx T
— 30 S S Ty (k) AR AE —BCR AT AT
FIINAG 5 0(k), A ZMAE SR T, RGH
Tt (k) BT R S5 (k).

B2 f() RTEANE AL ES RS AL
R%Z3  H4t(9) 2] X Lipschitz 6%, RIXS T
ki # ko, ki ke > OMHy 1, (k1) # Hp | 1,(k2), H
[v(k1 +1) —y(k2 + 1)| <
bl Hr, L, (k1) — Hr, r,(k2)|- (11)
oy +1) = f(y(ki),y -y (ki — 1), 0(Ki), -

O(k; —ng)),i = 1,2:b > 02— N HL

WAH, 1,(k) = Hy 1,(k) — Hp 1,(k— 1),
R 5 HL

SIIB12Y FARRME RS R ~ 3,
Y50 < Ly < ny, 1 < Lo < ng, 4| AHp o, (k)|
£ OB, — EAFAE— DR AR (pseudo gradient,
PG) N RS H W B By 1, (k) € R 1455
40(9) °T LUy n 5 T Ak Ul A 2 M AL Al
-

My(k+1)=@5; 1, (k) AHp (k). (12)
AXFAERE %k, D) 1, 1, (k) = [p1(K), ... or, (K),
o 41(k), .. 00 11, (k)T AT

RS IR L, = Ly = LAST, | (k)
= [p1(k), (k)] € RLAHL 1,(k) = [Ay(k),
AO(K)|™. AR 3121, 2 (9) Fik AR 4 e 3 ekt
e B 5 2 P R BT g

Ay(k+1) = pi(k) Avy(k) + (k) A O(K),
Ay(k+1) =~(k+1) —y(k),
AO(k) = 0(k + 1) — 0(k).

(13)

For: o1 (k) Mo (k) Fom 2GR FEL, Ay (k+1)
NI JE AN R SRAE T 8] 1) T s 22 R 2248, A0 (k) AT
J AN TR SRAE B ) P 11 6 3% f 22 AE. 25 RE a0 R 2 bl 4
NTHE U bR 2
J(0(k)) = (v —y(k+1))% + MA0(k))%.
(14)
Forp e (k+ 1) Ron BB T R 22 F15 A > 0 Rn AR
DR 1, P R BR il 42 1) N B 0 (K) IR Ak, DAAE 31 R
FR 48 i 28R R
R A3)RN (14), F:5F 0 (k) SRARAE, 7T 1540 F 2
il
O(k) = 0(k — 1)+
pe2(k) (v (k +1) — y(k) — pi(k) A (k)
A+ 3(k) ’
(15)
Hp > 0K KB, H H 2850 5k
B H— R
K RGO 5 50 o1 (k) AT o (k) BT A S5,
AR M SR A — B ZR R A 04 L SR, W o R ik v

“(k+1)

JUIEERAE
OIS
J([ ])_
Pa(k)
o1(k —1 ’
'u [‘Pl(k)] B 9?1( - ) n
D (k) Pa(k —1)

2

, (16)

Ny(k) — [Dy(k — 1), A0(k — 1)) {‘Pl(m}
P (k)

Horbp > 0 BUCER T
R B DIE 26 A, ) PR R SR 3 51 0T 5K (16) SR
{8,159 o1 (k) Al oo (k) B TR A

l@wﬂ:

5alF)

lwl LIRS ] y

Golk— 1 Nk — 1)

AYK) (61 (k = 1), Galk — 1) [ﬁgg: - ﬂ

T [Ay(k — 1), A8(E — 1) EZE: ) B]
Hodr: @y (k) AT o (k) 43 3 R 7 A B A2 1 R 1 2 4
o1 (k) Fl oo (k) BETHE A n € (0,2] NP KK
T, o H R BT g ) S B A —

IR A T R R ) A R B PR A S AN A
AR I R PEE A 2 0 STk [42].



2062 # % 5

xR ¥37%

AEZ R o S0 IR R I A S R e ) S A, AN
SR I N FE N ST E E

Fl(k) ) {@(1)]

ek |e0)]

i [ (k). Ga(k)] M“)] <e
0

A
or [Avy(k+1),A0(k—1)]

or sign(ga(k)) # sign(Ha(1)).
(18)

Hodre 9 — BN IE B 61 (1) A g (1) 43 50K
@1(k) Fl oo (k) HIHIME.
4 iR

DRI IE A ST TR i 22 A R I T 2R A AR
PEATMFEAC % il 77 S D0 B, 27157 F] Matlab %
P75 60 B 3 1 ) R e 34T 07 BRI, IR
FH 3 5 2 PID 428 ] B0 FHBSOR 428 il 55002 5 MFAC 4%

i
AT +

x (1), (k+1), o (k+1)  dX(k), dl(k)

| L AT LR BSR4 —
- KA CC(2016 3% 1.8TSI) Al Bl A1 Pk 8 HEE
HE Nvy = 80em/s, LM FEMBHIE AR ELRE
M. PID % il % 4 =2
do(k) = Ky(e(k) — e(k — 1)) + Kie(k)+
2Kq(e(k) — e(k — 1)), (19)
0(k) =0k — 1)+ do(k).
Hee(k) = v (k) — (k) AT 2 f1R 2, Ko
K« Kq 5> B2 Bl FR 05 iy 25
FEOR] 2 1) 2 DL BE B8 4 25 d. XD A O 22 ¢ s
il N, CATG 56 5 A D il fan . R 3 R SAE 1A
w7 i,
BE B R 25 d X A P 22 dC SR A R
dX (k) =

V(@ (k+1) —2(k)? + (y* (k+ 1) — y(k))?,

y (k+1) —y(k)
d¢(k) = arctan (x*(k - w(k)) —a(k).

wom | 25 - X018 )
] g A ,

7 R RGERE

I R R ST o A IR 455 Z-N #E1E 13 3
PID # il 5 R —HBMSH K, = 2.1, K; = 0.02,
K4 = 1.12; MFAC ¥ ] 55032 HL A B8 1 & #e , H
PV B 32 Z 0B g2 i, i B 528 01 (K)
Hl oo (k) J 2 I AR 5, X SR [ R G AR A
T, TEREAT 5 B S 06 R B, 7F — 52 Y Bl Y G BUAN [+
)2 0 3 e A5 BB i 45 ) 250K 455 STk [42]
N 2 RSEES 43 AT, MFAC #5461 77 R 1 — 28T ik
n =119, =149, p = 1.01, A = 0.6, ¢ = 1074,
$1(1) = 1.3, $o(1) = 0.4.

JAE A 3 b ) 5 58 ) R R AR R B B D B 2,
JE X TTRR ZE TR IR AN

1 N

RMSE, (-) = NZM?, 21)
n=1
1 N

RMSE,(-) = NZWQ' (22)
n=1

Horb QD FRIRERRZZI TR, 1, NEE n A KRS
Z AL B 5 S R G L ot IR 27 e

3 (22) Kon M1 AR ZE I TT IR, w,, A n ASKAER %)
ORI £ 5 AR R I £ AR 25, N ORISR RE s 3
AR GE— k= 100 ~ 101 KFER ZI a7
I [ BE AT X6 L2 AT
4.1 —F-KAXCCQROI6F) BEREHE

—JR- KA CC(2016 ) I HE AR Z B EALE B
W3 PR,

£3 —H-AAXCCQROL6FR)EARSH

24 E/¢E
Le/m 4812
We/m 1.855

L/m 2712
Lp/m 5.600

Bmascs Omin / (°) +40
AS/m 0.500

3 il 5 S I e A R B 2 L AR R AR 2 4
EL 23 531l n P 8 &1 9 il .

M 8 1 AT LA Hi, MEAC #4177 % . PID % i
75 & Uh K Fuzzy ¥ il 77 ¥ g SE L E shif R ok 72 1



% 8 HA IEE ATAEAGEERG AN GE T E 2063
300 —=m==: PID g 01 wdd - — -
......... 1}\7/{11:212C @ _01 i B h A T a T TN
2007 b K 03
g E 0.5 [ MFAC _—=-PID_-—- Fuzzy | ] ]
= 100f =7 2 4 6 8 10
t/s
0
. . . g 0.2 Ll MFAC ——-PID ———Fuzy]
0 200 400 600 800 m
x/cm oK 0
£ 02 s :
273.0 2629 F - 0 2 4 6 10
272.8 | e e e s e 262.8 | t/s
gk 202.7 7 _ == 9 —R-KAX(CO) BERERIFREITEL
’ 262.6 N N N N Py e = S
7495 7500 7505 6114 6118 6122 Y5 % 5 Fuzzy £ 7 S ERERACRAH I, LT
A BURCRE B AU MFAC il 5 . [ 8 H C Ab Xt b7 T % 42 H K1) A )
150.45f 13.5f BAB, WHCK B H 0] LUE HH, MFAC #5177 28 (1) 52 Bk
150.40 1307 AT AR SR T E A, H Fuzzy 51 5 R IR
150,35} : B R T PID #2117 2 B SR 18 P D b B

3700 3702
OV ON|

D 1SR

8 —iR-AX(CC)BBZIRIZHALE
8 A Kb Tt LRI R A H (1) DO B, ATBOK B ]
PAF th 3 Fha il 7 58 f) PR ER RCR A [F]. &1 8 B Ak
N R ER AR I C B B, WBCK B AT LU i, PID
Fz4 —RAX(CC) REFMEREXTEL

TR A2 T AO BL WBUK &I AT A H MFAC
P 7 2 BRER SR R U, Fuzzy 51 )7 8 IR, PID 1
7 RERER R ZE AR XK.

3R] T3 SR T 1K AR (CO) IR BR IR 2 )
TR LI iR 22 48 07 W B S TR X b ke 4
PR,

Xf LI MFAC PID Fuzzy
BRER R 72 25 AR 0.179 1 0.2009 0.1960
R R ZE TR 9.2891 x 1073 9.9208 x 1073 9.3590 x 1073
S AR /ms 7.835 5.516 10.347
M9 F AT DL HY, MFAC 2 il 7 58 SR 1) PR 2 x5 BEAIEASH
i 72 L PID % il 75 %8 Al Fuzzy #1177 /1N, H Fuzzy 24 .
2 1) 77 WS AL T PID #8107 55, MR 4 Hh A LUE . ot
N N RN R .\ NN c/m .
i, MFAC #5 ill 77 28 1) R B iR 22 39 5 WAL ) A 1R 22 We/m 740
7 R8N F PID 5317 % 5 Fuzzy #3815 5. BAA Lim > 460
PID Sy (RIS B /N, B R IR 5% 22 A X # K MFAC Le/m 5.600
SFOEE AN A T PID 535 5 Fuzzy 5k 2 0], (HER Omax, Omin/ (°) +40
AS/m 0.500

BEAR ZE MK /)N Fuzzy S AR 5OK, (EER R
ZEAF PID 5155 MFAC 5% 2 [A).

Xof BU 3 s il 77 S8 11 B A2 R I 1 0 R B AR 22,
e xoF B R B 5 25 24 R L I A 45 2 480 R R B9k
I AR AT, &5 SRR B, X T £ 8 —VR- KA (CO) i &,
MFAC 5 1 77 240 T PID #2541 77 & M Fuzzy ¥ # J7

ES

42 BBAIBFHAEHE
B A1 B IEARSE AL B R 5 s,
3R T St T B AL AR PR B £ L %
R BR R R 22 X0 LG il P 10 A1 ] 11 s

M0 AT DU H, 3 Fidas il 77 2 3 RESL LA 42
AR IR IR, AE LRI R A2 DO BEA Ak, IJBOK B af
PLAE H 3 b g3 il 7 52 1 R B 2O M T 8 R R 2 A2
CB BB s, \JBCK EI AT DL tH, PID #5177 2 5
Fuzzy ¥ il 77 %8 B S PR ZE 500 B A E ) H PR ER 2K
AT MFAC #% il 77 2. 7E LRI B 42 BA B C s Ak,
MK B ] LA H, MPAC 5 81 77 22 1) 52 bR i 4250
PRI 5 WS B8 5, HLPID 5 6 5 S 4 1 28R AR
F Fuzzy 1 77 . TEMRIERE AO BED kb, WBCK
Kl H ] U H, MEAC #% il 5 28 10 R 7 3% 22 B /S, AL



2064 #= % 5 Xk K %37%
300 =5 T PID $5 1l J5 5 Al Fuzzy 2 il J7 %, H. Fuzzy 3 1 5
500l _“H‘Mj RN ERERR Z A BOR.

g 3 Fh s Il 7 S BR R 2538 AR LI A iR 22 1Y)
= 1000 7R B R 1R 0 He 1 6 T
0 B 11 5] DU H, 78 BRI 4 8% 42 (A 3 B.
0 200 400 600 800 1, Fuzzy 1551 7 % 10 BB 2 2 15 PID 4% 1) 7 % (1 57
x/em B 2 40 22 K, HLIWE /N T MPAC i1 7 %, (H2E
2672} 254.15f i Je B 9B B 7 Puzzy 4% 1 77 R AE o Bl 5 7] B ) ER
i o S —— 405 7R 75 B T 4 K, MFAC 42 il 77 8 1 BRI 2500 B 2
EZZ s 1T PID #2817 % A1 Fuzzy £ 1) 75 %. 2 6 Hh T L
7494 7498 7S306 810 F i, PID 4 il Sy B [ AR AN B¢ /N, (HBR R R ZE A T
A IR E B HTROK MFAC % il J7 & 5 Fuzzy ¥ #1] 77 & 22 [6]); MFAC ¥ il
BT 9.0 BEIRI AR A A T PID 42 i 53 15 Fuzzy 12 il 5%
e 85] el 2 0, BB AT 5 7 Fuzzy $2) BER TaLR fy
A ) 1 WK, B2 BT RK.
3372 3374 7273 74 75 St b 3 s il 7 58 1) B A5 IR 17 O R R B R 2,
CAHRH D AUHRH I H BRI IR 2 3 TR L 16 £ 1R 2 4 R B0
E 10 Bis Al R IREEhZ: I AL ARATT, 25 SR B, 6T~ 42 28 Bl AT 5, MFAC %8
E on il 75 S48 T PID ¥l J7 22 F1 Fuzzy #25 1il J7 2.
ﬁ o1l fEvy = 80cm/s & AF R, @ik Xt — K- KAk CC
200 | (2016 7) Fit BLitt A1 2= B [ 017 FLA5 R oy Mol 0, 1%
B 0 2 AN (1) 3L, MFAC #5 ill 77 %8 PID #2177 %8 #l Fuzzy
- 06— i ) 7 8 Y5 e I A Hh 5 ) Bl ZE 1 R E I Sy A
i 8421 ’ PR 22 AR Ak i 28 W] S0, MFAC 5 1) 05 R I R T
= oL PID l Fuzzy % i J7 &, M H. MFAC ¥ i J5 58 J7 92: i
=02 > B TSN BRI i, 4 ) 2 KR R 4
ARSI SEHT, G N M. BT 2 Rse s R, AE—
Bl 11 B Al BRERERIRER L SE VU FBl A 6 AR [R] 2 50 B 45 2 B 47 1) R B 2
6 BUHALREMEEXTEL
Xt E 0 MFAC PID Fuzzy
BREFRZIITTHR 0.1118 0.1278 0.1668
Wl fR ZE B TR 9.7863 x 1073 9.9599 x 1073 10.0346 x 1073
BVERS RN / ms 8.652 6.374 11.195
5 & @ £E ik (References)

ASCEEXT BEH G R GER T T T MFAC [T
M 22 3 BRER 7 5. 207 AR B aA i e T A
FSFY BT 8 % 1 i N o R TR i 22 £ B o B, A
i AT AR5 I P L A U R 22 AR BRER TS R
FETFE SRR TR 2 AR B S
R PR SN, 4 T RN R R R E B
VH 7 L 38 7 A ox B ER R 5% 7 W] RN, MFAC £ )
77 R BRI RORIE T PID 4241 77 % M Fuzzy #2177
2. IRk, A SCHE H ) MFAC TR i 22 £ BREE 7 6 0]
MR PESR, RS 41X AN A 42 AU A 1.

[1] Demirli K, Khoshnejad M. Autonomous parallel parking
of a car-like mobile robot by a neuro-fuzzy sensor-based
controller[J]. Fuzzy Sets and Systems, 2009, 160(19):
2876-2891.

R BEHRERGRBECOARWTIL (D). Kb HEj
FEERARRE, 2009: 9-11.

(Song J Z. Research on the key technology for

(2]

auto-parking system[D]. Changsha: National University
of Defense Technology, 2009: 9-11.)
[3] Jung H G, Lee Y H, Kim J. Uniform user interface

for semiautomatic parking slot marking recognition[J].



% 8 #

IXEHF A TABRE aE IR A AETE

2065

(4]

(5]

(6]

(71

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

IEEE Transactions on Vehicular Technology, 2010, 59(2):
616-626.

Kim D, Chung W, Park S. Practical motion planning
for car-parking control in narrow environment[J]. IET
Control Theory & Applications, 2010, 4(1): 129-139.

Suhr J K, Jung H G. Automatic parking space detection
and tracking for underground and indoor environments[J].
IEEE Transactions on Industrial Electronics, 2016, 63(9):
5687-5698.

Shih S E, Tsai W H. A convenient vision-based system for
automatic detection of parking spaces in indoor parking
lots using wide-angle cameras[J]. IEEE Transactions on
Vehicular Technology, 2014, 63(6): 2521-2532.

Lee M, Kim S, Lim W, et al. Probabilistic occupancy
filter for parking slot marker detection in an autonomous
parking system using AVMI[J]. IEEE Transactions
on Intelligent Transportation Systems, 2019, 20(6):
2389-2394.

Huang C C, Wang S J. A hierarchical Bayesian generation
framework for vacant parking space detection[J]. IEEE
Transactions on Circuits
Technology, 2010, 20(12): 1770-1785.

and Systems for Video

Moon J, Bae I, Cha J G, et al. A trajectory planning
method based on forward path generation and backward
tracking algorithm for automatic parking systems[C].
The 17th International IEEE Conference on Intelligent
Transportation Systems. Qingdao, 2014: 719-724.

Vorobieva H, Glaser S, Minoiu-Enache N, et al.
Geometric path planning for automatic parallel parking in
tiny spots[J]. IFAC Proceedings Volumes, 2012, 45(24):
36-42.

Wang Z H, Shao Q L, Wang C, et al. Automatic
parking trajectory planning based on recurrent neural
network[C]. IEEE 9th International Conference on
Software Engineering and Service Science. Beijing,
2018: 1-4.

Zips P, Bock M, Kugi A. Optimisation based path
planning for car parking in narrow environments[J].

Robotics and Autonomous Systems, 2016, 79: 1-11.
Song J, Zhang W W, Wu X C, et al. Laser-based SLAM

automatic parallel parking path planning and tracking for
passenger vehicle[J]. IET Intelligent Transport Systems,
2019, 13(10): 1557-1568.

Liang Z, Zheng G Q, Li J S. Automatic parking path
optimization based on Bezier curve fitting[C]. IEEE
International Conference on Automation and Logistics.
Zhengzhou, 2012: 583-587.

Ji J, Khajepour A, Melek W W, et al. Path planning

(16]

[17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

[25]

[26]

and tracking for vehicle collision avoidance based on
model predictive control with multiconstraints[J]. IEEE
Transactions on Vehicular Technology, 2017, 66(2):
952-964.

Campi M C, Savaresi S M. Direct nonlinear control
design: The virtual reference feedback tuning (VRFT)
approach[J]. IEEE Transactions on Automatic Control,
2006, 51(1): 14-27.

Previdi F, Schauer T, Savaresi S M, et al. Data-driven
control design for neuroprotheses: A virtual reference
feedback tuning (VRFT) approach[J]. IEEE Transactions
on Control Systems Technology, 2004, 12(1): 176-182.
Ferrari S, Steck J E, Chandramohan R. Adaptive
feedback control by constrained approximate dynamic
programming[J]. IEEE Transactions on Systems, Man,
and Cybernetics Part B: Cybernetics, 2008, 38(4):
982-987.

Murray J J, Cox C J, Lendaris G G,
Adaptive dynamic programming[J]. IEEE Transactions

et al.

on Systems, Man, and Cybernetics, Part C: Applications
and Reviews, 2002, 32(2): 140-153.

Liu D R, Wei Q L, Yan P F Generalized
policy iteration adaptive dynamic programming for
discrete-time nonlinear systems[J]. IEEE Transactions on
Systems, Man, and Cybernetics: Systems, 2015, 45(12):
1577-1591.

Wei Q L, Song R Z, Liao Z H, et al. Discrete-time
impulsive adaptive dynamic programming[J]. IEEE
Transactions on Cybernetics, 2020, 50(10): 4293-4306.
e RS, YRR, B IR 4% ) B8 e I v I [a] AN
JEEE (7). B LR, 2009, 35(6): 650-667.

(HouZ S, XuJ X. On data-driven control theory: The state
of the art and perspective[J]. Acta Automatica Sinica,
2009, 35(6): 650-667.)

Xu J X, Hou Z S. Notes on data-driven system
approaches[J]. Acta Automatica Sinica, 2009, 35(6):
668-675.

Hou Z S, Jin S T. Model free adaptive control: Theory
and applications[M]. Boca Raton: CRC Press, 2014: 11,
59-62.

LiuS D, HouZ S, Tian T T, et al. A novel dual successive
projection-based model-free adaptive control method and
application to an autonomous car[J]. IEEE Transactions
on Neural Networks and Learning Systems, 2019, 30(11):
3444-3457.

LiuSD,HouZ S, Tian T T, et al. Path tracking control of a
self-driving wheel excavator via an enhanced data-driven

model-free adaptive control approach[J]. IET Control
Theory & Applications, 2020, 14(2): 220-232.



2066 # % 5

xR ¥37%

[27] WP, b, Rk, &5, JeTJomi gl B i B 1
TN 25 SR ZE B ) 4 i D7 0 (0], B 3l 224k, 2017,
43(11): 1931-1940.

(Tian T T, Hou Z S, Liu S D, et al. Model-free adaptive
control based lateral control of self-driving car[J]. Acta
Automatica Sinica, 2017, 43(11): 1931-1940.)

Liao Y L, Jiang Q Q, Du T P, et al. Redefined

output model-free adaptive control method and unmanned

(28]

surface vehicle heading control[J]. IEEE Journal of

Oceanic Engineering, 2020, 45(3): 714-723.
[29] Lei T, Hou Z S, Ren Y. Data-driven model free adaptive
perimeter control for multi-region urban traffic networks
with route choice[J]. IEEE Transactions on Intelligent
Transportation Systems, 2020, 21(7): 2894-2905.
[30] Zhao Y, Lu C, Men K, et al. Research on the application
of model free adaptive control algorithm in power
system damping control[C]. Proceeding of the 11th
World Congress on Intelligent Control and Automation.
Shenyang, 2014: 414-419.
[31] Zhao Y, Yuan Z C, Lu C, et al. Improved model-free
adaptive wide-area coordination damping controller for
multiple-input-multiple-output power systems[J]. IET
Generation, Transmission & Distribution, 2016, 10(13):
3264-3275.
[32] Aghaei Hashjin S, Pang S Z, Miliani E H, et al.
Data-driven model-free adaptive current control of a
wound rotor synchronous machine drive system[J]. IEEE
Transactions on Transportation Electrification, 2020,
6(3): 1146-1156.
Wang X F, Li X, Wang J H, et al. Data-driven

model-free adaptive sliding mode control for the multi

[33]

degree-of-freedom robotic exoskeleton[J]. Information
Sciences, 2016, 327: 246-257.

BB A, EN, G AR BT ARPRAMER B 3
RGO & R [I]. B3R, 2015, 41(4):
823-831.

(Hou Z S, Dong H R, Jin S T. Model-free adaptive

control with coordinates compensation for automatic car

[34]

parking systems[J]. Acta Automatica Sinica, 2015, 41(4):
823-831.)
[35] Liu K Z, Dao M Q, Inoue T. An exponentially
e-convergent control algorithm for chained systems and
its application to automatic parking systems[J]. IEEE
Transactions on Control Systems Technology, 2006,
14(6): 1113-1126.
[36] Sotelo M A. Lateral control strategy for autonomous
steering of Ackerman-like vehicles[J]. Robotics and

Autonomous Systems, 2003, 45(3/4): 223-233.

[37] Ungoren A, Peng H. An adaptive lateral preview
driver model[J]. Vehicle System Dynamics, 2005, 43(4):

245-259.

[38] Liu K Z, Horii M. An experimental comparison

of nonholonomic control methods: Automatic
parking benchmark[C]. SICE Annual Conference 2007.
Takamatsu, 2007: 1712-1717.

[39] Sales KR, Billings S A. Self-tuning control of non-linear

ARMAX models[J]. International Journal of Control,

1990, 51(4): 753-769.

[40] Chen S, Billings S A. Representations of non-linear

systems: The NARMAX model[J]. International Journal

of Control, 1989, 49(3): 1013-1032.
[41] Proll T, Nazmul Karim M. Real-time design of an adaptive
nonlinear predictive controller[J]. International Journal of
Control, 1994, 59(3): 863-889.
[42] HouZ S, Xiong S S. On model-free adaptive control and
its stability analysis[J]. IEEE Transactions on Automatic

Control, 2019, 64(11): 4555-4569.

EZ RN

ECH1996-), H, Wik, WFE B K,
E-mail: wangwenjia2455@163.com;

B (1962-), 55, #d%, 430, A SEHE K 5)
PR TR B G R ] A ST R RS R AR A,
E-mail: zhshhou@bjtu.edu.cn.

TR FAE%)



