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Data-driven model-free adaptive PID control for multi-train systems

TIAN Shuai-tao, HOU Zhong-sheng'

(School of Automation, Qingdao University, Qingdao 266071, China)

Abstract: A distributed model-free adaptive PID(MFAPID) control scheme with traction/braking force constraints and
rear-end protection is proposed for a class of multi-train systems. Firstly, the dynamic linearization method is used to
transform the train dynamics model into an equivalent dynamic linearization data model. Secondly, by introducing
saturation function and collision avoidance feedback mechanism, a distributed MFAPID control algorithm with
traction/braking force constraint and rear-end protection function is designed by using I/O data, and the convergence of
the algorithm is proved by compression mapping method. Finally, the effectiveness and stability of MFAPID control

algorithm are verified by numerical simulation and comparison experiments.

Keywords: multi-train system; PID control;

collision protection

0 5 B

b T B LRAR (0 R R, B 2R B 2 3
0 2R SR ) 81 O R R 2 4niE A, S
£ 9 4 5 A1 A0 ) A8 4045 8, ARAE T 2 30 1 B )
Pt SR T SR B AT AR, BT, O 2 R
4 7 VR 7 2 B 4R 1032 AT VE RS, T3RAL S ST B )
et bl E R b Ay ik

s A 2 I T R EL N £ 2
SEAT B Ik, B ) RS U 5 R A A
WIS B S b, TR ST IR R R
2SI ETF IR E N, S50% 5% R G A R
Al R A, LB 7 AR A M D T
Sr. R, Bk AR 2 51 4 S AT SR s )y
VR R LA B A SR (B 1 T A

Wk B HA: 2024-07-13; FF BEA: 2024-10-06.
EemB: EXARRIEELTE (62373206);
HA{E{F % . E-mail: zshou@qdu.edu.cn.

input saturation;

model-free adaptive control; data-driven control;

TeAERY & M % H] (MFAC) & —Filvf Rk 3 4k
28k 2 28 % ) i) LI B DR 5 4% 4 (DDC) 7 3,
PRALET B 7 Bt 77 S 0 R Gt B F 45 44
TR A, A5 B8 SOR] FH AN (L/O) itk
SEHLPEH] H bR, H AT, MFAC 6| FiS A R O 4 &

2, IR B RER _E % R T o B AR T A
Sz, B TE R R ol R AR 2 o) B P e
MFAC! &, B A 5675 3 78 51 22 S 4w i 2

2 $iL PID #% il & — % DDC J7i%, R 5 11
T M 5 S AR UTE 0 ZE AT 2 R, A0 SCHR [13]
WAt T — R B PID U0 #e 3% i 5%, #2191 %=
IEATHEFE. (2 LR PID U & kK T R &
PRSI, H FLIX s AR 2RV R RN 251 IR 563
775 AR L m B &R G0 R B A DRSS R

TR RHER B R AT H (XT2024101).


https://doi.org/10.13195/j.kzyjc.2024.0836
mailto:zshou@qdu.edu.cn

1448 = % 5

*x R £40%

PID ()2 5088 52 1o TR A, [ IS 42 a1 R 1 43 0
DU 2175 B 45 B MR 35 MFAC KISt 736, 4
X B B A) AR 2k M R 4t PID #5461 v] B AR 4 A% 3k
LML BEAE S MFAC (FFDL-MFAC) J5 % %
L, = 2, T ANPIIY L, = 11E B — Fi ke
7Y JE R [ 3 S PID(MFAPID) #2#1E )y FFDL-
MFAC 77 S 1 —Fpe ], (R 1O #iE sz a2 il
HAx, F B AR5 T 5% 2 30 2 26 1 A4 £ 4 B 2Y
MFAC, 7E4% il 48 B THIT 18 T v 4 L, = 21140
HARGE, S0 T R RS B[R AR T FFDL-
MFAC, MFAPID # il 77 5 PRI 1 #3845 1 1) &
Fe Pk, B8 T Dl i 250100 34 B ) R

GAIBAT R Z ) R G E V) T B R U A R
DAL Lk 6 2B PRAIE B1) 24 22 4 BE B8 S BBl s 47, LLigE 4o
A . SCHR [14] 10 2 51 E R g e Bl A BELT
P T Ry REREAIL I 4 ) 7 5. Sk (4] 4
X2 B B R GAEPAT 2 i P AR L T3 T —
Tl A S AIE AVL 1) ) TE AR Y 5@ RO I 7 R @
i IR, ASCNAIH & 48 10 $idls, #it—Fh R
5| /W 8h S LR AE R ThRE R 40 A7 s
T IE B PID #5817 &, PRAE T 81 05 4418 2 A2 BF
BEHE N isfT. Aok T

1) M SCHk [11] FSCER [15] 843 1 7 24X
RS N, A SR 5 R AEH T DB
WL, = 2005 B A=, 30 7 Bt RIS B R
L [m] 3 T O 535 H )

2) FHET SCHR [16] 1) PID Fa 52 M43 4, A SCHY
e M 43 A P S o L R B R N AR Y IR T
P BART SCHR [16] H PID SR 34 (O TE FL. [
B, ) FH 3028 4 PR 51 25 ) 1D B, vt T BRI AL
TRIE T S 41 22 A58 AT

3) HE T4 PID S48 & UL R F il 2, &
ST MFAPID B3R & 48 1/0 $di% PID
SECAT I, JEARYE RS AR F 3E N S B R
1 AR
1.1 FEHNHR

w1 FR, BRSO — AN Rk, % &
—MHEREG = (V,E, A)RBERN + 1451 42 |5
fEfE. 2 v ={0,1,..., N} FRRBELMSSE
B 0 FIERBE & P EA R S ES, ECVY XV
R B Z AR RN ES, A= [a;;] ERVNNE
N A B G RE AR B AR B, NG = {5 € V|(4, 1)
€ EYRRZ AT HIA0 R, Rk A B i

SRATLMEIESHIZE G, M (4,0) €€, Ha,; =1; &

W (G,0) ¢ €, By, = 0. I G 43 46 4 i
7'j£ D — A, D = diag{o}, 0%,..., 0%},
@=§}m%%ﬁﬂ$ﬁW&5D:m%wmh

A YR T B S A 4 0 SR ERBA A 2 i
B RO &, IR B vl U5 A S & 50 4 0, Nld, =1,
0l d, =0,

F;\' V([)

() S0 u (1)
G

v
Ell SRS AR

1.2 RGHR
H LIRS, FI7E AR ] AR A

ds;(t)
dt = vi(t),

du,(t)
dt

Ho: ¢ s T 25 s, (t) (m) Mo, () (m/s) 537 =2 )
e AR RN AL B SOEFE; w, (t) & A0 T & E 7
S 3B 735 () (N) =2 BB 7, R 2
Fi(t) = fu(t) + fui(t), (2)
fai(0i(t)) = cri(t) + cai(t)vi(t) + csi(t)v] (1), G)
foi(8:(2) = 1,4(8:(1) + 7rei(5:(t)) + rui(si(t))- W
Jois ()RR 5 B ZE IS AT T B v, #H OGBS A FH 77,
FENUPE ) 5 2 BT fo(8) R 5 51 4 i i B AH
FMTHRINBE AT 15 (8)~ Caoi ()~ cs: () Fam A I AR
BHTTZREL 7 (5:(8))~ rei(5:(8)) Ry (s:(8)) 20927
53530 | 25 AN RS TE AH DS 1 FEL .

BT S ABE T £ (¢) OB IIEE ST £ (8) A2 B AR 2
%, I B A2 % S RS AR R R s, B 2
FIZE R AR L M5, AR A DURE 1A 2 7. % 2 3 e
B2 G (1), it R 22 03 B B e A

vi(t+1) = v,(t) + t,(u,(t) — Fi(t)),  (5)
Horbrt 2 HZE (R KA I 1]

SERRHR, BRI TIE ARt + TS 2 B, MY
St 2 A O, m 5t — 1R 21 EA K. 5
A, T Fi(t) 25 v, (6) A I L FE 77, 52 B A 4 4
MEDURE AR, et =X (5) 205 9 — M S BN TR) R 28
R4, AP

(1)




%54

I iE 5. 57 % A GBI AR & F PID 5% 1449

v (t+ 1) = fv(t),v,(t — 1), u,;(t)). (6)
Hp: f()RRAMAELYEREL, v, (8) Flu, (t) 75 2
FZE 4 55 ¢ I 20 P ek B AN A 5] /B ).

HE 1 AR5 DLk 2 555 5 IR IE
], X (5) F(6) VISR F ¢ RR B B R IZ AT I %),
1.3 ZBIIERGBLEN

JIETo0 8, X254 R 58 (6) 1 LA R

B 1 JEZt R f () R TS A w, (t) 1)

B#E 2 R%:(6) i) X Lipschitz &1, RIXS
TRt U |Au,(t)|# OFf, B

|Avi(t + 1) < pl| Hi(t) — Hi(t — 1)]|.
oA Av(t+1)=v(t+1)—v(t), H(t) =
[0:(t),v;(t — 1), u;(t)]", p > 02— 2L

2 RN 2 RGNS 2SS B
Wl AR R G R A R 2
T2 U ERGE A W )5, 225 13 A
PBRASAE AN 22 5 B B2 1) Jo PR AR AL, A, MRE & (1) £
BT, AR Sebr R G 2y A,

BIE A 0T R 1 AR 2 B ARt
ARGt (6), XAt ZIE ||AH,(t) # 0|, —E A7
[E— AW FR N D 86 B (PG) I AT i A8 2 8 1) &
@, € R, {13 R5: (6) P A A A an N HE B

Av(t+1) =& (t)AH,(t). (7)
He: AH(t) = H,(t) — H,(t — 1), D56 B 7] &=
D,(t) = [pir (1), Pia(t), Pus (t)] " TEAT IS Z LB 2
G0, BUAZTE IE KD, , by, by, bs, /2 |din| < by, |dic

< by, by < sl < as | @u(8)]] < b =1/0% + b3+ B3,

WE B I FE 22 SR [6] o B 3.4, B H Dy By
L, =2, WNAEL, = LR,

YE3  BUZEALESERRIEAT I B b AT B R S R
SR R B, HOCYAEE AR R w ()i R
lw(t)| < b, i1 H v (1) 52 BR N v, (8) = vi(t)+
w(t), Forf b, AT FE IR WAL B, kT ik
& G B, T T P .

TESLRRZ I R G D, ARSI 742 405 1T,
31 F1/40 317 w, (8) R AR 5 2 348k 1 LK 7, 3%
R T U R A R

Ui (1), Ui < Ui
ﬂz(t> - Sat[ui (t)] == U; (t) Upin < U, < umax;
u

)
max(t)a ui > uma.x?

(8)
o o (8) B g () 20 0 & B2 51 J3 /88 g, (t) 78
VI I B KAB AN e/ IME.
1.4 ¥EH Bi5

2SR [P B bR AR A2 5] 3/ 3 2R R &
T — iy A7 B AL 0 70 A X MFAPID 4% 1) 5%,
S GEAE 2 A BB YU T W IB AT, R IRUE S 220
PREZIEEE. RIS FVe € {1,2,..., T}, 51
BEBR AR 72 e, () = vg(t) — v, (£) 2 SIS, I

i e ()] = . oo = — ORL
Yim le:(8)] = o R0 = T oy

2 MFAPID #HIBERG &
ST TR )52 A3 AT, BB 51 2 0 B e
Z T ERE B, I B W R MG &1
v:(0) =0, 8,.1(0) — 5;(0) = dp,a = 1,2,..., N, H
e, (0) Fil s, (0) 4 51 7% 1 2 4] W B6F 20 6 ke 8 3
#.
SR 2 17, R 40 5 2 MR 2 € (1) B
AT HEA N
&i(t) = Z a;;(v;(t) — vi(t)) + di(va(t) — vi(t)),
o )
Hro,(t) A Fis T E Bl 2, JF i Ef
v4(t + 1) = vy = const.
2 RN TR ) A N U B
J(u(t) =
| @) = vt + 1)+
(vt +1) — vt + )|+ Aldu P, (10)
HA, > 02N EKT.
Ea R0 FHE LI ay,(v(t) — vi(t+

1)) ik T 9102 5 AR A0 02 ) B 22, o (14
1) — s (¢ + 1)k T 502§ 55 100 S 47 5081 1
. 5 2 TR BRI U A (A L.

W BE A (7) RN (10) 1, X5 A w, (0)
SRARAEL, AT Pl B

(3 astd)oaa(t) (X ay+d.) dalt)dn ) doi(t) + .t dvi(t — 1))
wy(t) =u,(t — 1) 4 —2= ; — :
)\i+ ( Z a;; + di>¢i3(t)‘ A+ )( Z a;; + dz‘)¢i3(t)

(11)



1450 # # 5 x K $40%
J(@,(t)) = |Avi(t) — @] (1) AH,(t — 1)]*+ B (t) = jens _
il |8:(8) — (¢ — 1|2 (12) A+ (Zaiﬁdi)@g(t)

Hrb: AH, (1) = [Av,(t), Av,(t — 1), A, ()], p; >
0B R T, D(t) 2D (t) K.
FRAE e 0 A, M R AR W SR B B, %) PG oK
{8, PTARa0 F A TR
- AH(E—1)(vi(t) — vt — 1))

AN =" TlARCE-DPF

mAH, (t — 1),(t — 1)AH,(t — 1)
ps+ |AH(t = 1)

(13)
Hor: Ad,(t) = &,(t) — D,(t — 1), D.(t) = [ (1),
Gia (1), s (1)]", K E T, € (0, 205N Tl 5EH
BA RGN, u; > 0EK T
g (11) T R H 8 7 ML IRER, Nt v E
B2 4k, A E AR 5] /%130 1A DL & GE
Bidr AL iHE v, = const, J13 Av,(t) = —Ae,(t).
R, 45620 (8)s (11) BA K (13), #F5xF 81 22 ¥ vt 11
WA 751 J1/H 3 77 2 R FGE R B3 T e 2 A 2
MFAPID #& il &k an R
. nAH (t — 1) (v,(t) — vi(t — 1))
AP =T ARGl
mAH,(t — 1),(t — )AH,(t — 1)
i+ [[AH = 1) ’
(14)
b,(t) = &;(1), [@:(t)]| <eor |AH(t—1)| <e

A A

or sign(®,(t)) # sign(®;(1));
(15)
wi(t) = it — 1) + Kpi () Aey(t) + Kp ()& (1)+
Kp.(t)[Ae(t) — Ae,(t —1)]—

ki(do — 8:(1)), (16)
u;(t) = sat[u,(t)] (17)
Hrp
po( X a4 ) Balt)[Balt) + ba(t)
KP,i(t) = 7N 2 )
A+ ‘(Zaij+d)q§5(t)
pi( Z a;; + di) flgzs(t)
1i(t) = — 2>
A+ ‘(Za” +d)¢33(t)

Ko > 02 388 G0 Al 48 (0 386 25 18 15 I8 75 do o AHAR 4l
MBI, 5,(0) =s,.(t) — s,() BRHNE
35 11 170 B ZE 1) FR B B, IR 2 e < 5:(8) < o
i FRAHEE GV S /N A PR B, e TR AR AL )
Ze ) By K2 AR B s, (4) RN B IR E LI ZI A
e > 0R—AMER/MIEG B Fp, € (0,1]; 6,(1)
B, () KA THE.

E S EEFENW 155 AR E T R
(14) 1 PG M EZH IR ERRE 7). 2N (16) T —k,(d,
—5,(t)) & R B B 2z A 38 i) B R S R ML D 4
do = 5,(t)IF, B 22 ] B3 AR, LI SBERE I AL 1) R
fEH. 2d, > 5, (), 5142 ) B/ T AR 22 42 B 8,
EEREAL I, 130 7738 0, NN, 28380, 24
do < 5,(t)WF, 1 26 0] P K T PR AR 22 45 2R B, 38t Alf B
HIVER, 2251 Jag i, fNRK, . A (14)
~ (17) "0, FHECT SCHR [20] T BGRB8 B i
PID % il 532, A5 1501 Y MFAPID $% i 5% B A
5] J1/M1 8 J1 4 mAGE BB I Thie. M 165t
PID, P75 K 7 p, I II AL PID = AN 500 75 5 in R
i

3 WSS
NT BT, 45 DA 51 A .
B # 2% WA e RV TR E L EM
§ > 0—EAAAE—ANFE SR L - ||, #15
[ Al < 8(Ar) + 6. (18)
BIE 3" B ifE A2 5] 1/ B 1 4R B
A, 1
Au,(t) = g(t)Au,(t),
HF0<g(t) <1
B 3% B TVt e {1,..., T}, ¢u(t) K
5 O BARFEAAR. AR — ek, A X R EET
Gis(t) > w > OBIIEHL, Hohw AR BN IEH 4L
6 Y 3 NI T A i B e e
T ) 7 1) 0 AR 1A, LA R R SRR R Sy A 2k
P 22 5 10 Y 26 AR DG s s o N A R S B &
Gutn th D X — R R IE A T AR R 4, i
BRG K IEH KRG,
EE 1 TR 1~ B3 aIEEH R
4t (6), &1 % £ 5 F 45 il & 4K Fl MFAPID $% il 77

(19)



%54

WA % 59 % 2 G HIEIR AR g & & PID 54 1451

% (14) ~ (17) I}, PID S0 02 ¥ 2
T’Q(t)f(m‘| +V0
2

< g(t)@iﬁ,f(u, 0 > 0;

QPID =
{Tﬁ < g(t)b,K,,, 0 <O0.
Hot 7 = max{1, |pw|}, &= g(t)(Kp, + Kp.,),
0 =g*(t) K2, — 4g(t)(Kp, + Kp,). EIAE N p,
i g2 o < 1/ (max Y as, +di), 8412 TN
>0, 9N > N, W TFVee{1,..., T} fF1E
BAEE (PG) [l B A 1T &, () B 5, Eﬁﬁ%ié‘e%ei(t)
AT RS, H AT lim Jes(1)] = w, 3o o =
bk,L
1= (d+ds)
EEH  AERH PSR L. 2R 1 3 E M PG )
B A U D () T, 5 2 35 4 E B R B AR 2
e () I Fibk, Horh &, (¢) (945 FPAiE W4 2 W, SC ik
[6].
UE B PR R R 2 e, () A 1. MR BR R 22
e; () [IE L vy = const Al {5
e,(t+1)=v(t+1) —v(t+1) =
es(t) — BT (H)AH,(L). (20)
I G HE 3 ATAL Mu(t) € [Unin, Una BT, (1)
=u; (). A u(t) > U B 0 (8) < i, 0(1) =
g(t)u; (t). FIEARIE Av,(t) = —Ae;(t) LA LK (16),
APALEAES] D1/ ILT RN N @, (t) ¥4
Au,(t) = g(t)Au,(t) =
9O(—Kp, — Kp ) Avi(t) + K;.6,(t)+
Kp Av(t — 1) — ki(dy — 5,(2))]. (21)
IS (9) K S5 SCHR [9] BTN, AH AR B A
WL () W HEHNE (1) = (L + D)ey(t). £Si(t) =
dy — 5,(t), HKK Q1) RABIAH, (), 7715
AH,(t) =
gt)[0 0 K. (L+D)]"e(t)+
ABCDAH,(t—1) — g(t)[0 0 k]'S,(t). (22)
Hp

[0 1 0
A=10 0 1 ,
0 ()(KP,HLKD) g(t)KD,i
i 1 0 0 |
C= 0 1 0 ,
Pis(t—1) u(t—1) ¢un(t—1)
1 0 0 00 1
B=|001|,D=|10 0.
010 010
B2 (22) 1R (20), Ste, (t + 1) /b rf 43

lei(t + 1) <
IABCDI||®; (0| AH:(t = 1)+

Gishil S:(8)] + |1 = g(O) K1 (L + D)bis (t)[es(1)].

(23)
B A i = , FIHARZER 02 + B2 > 208

Je A p 0 BCAE AT A8 45 X (23) H B A &5 2
g(t)KI,i(L + D)¢i3(t)ﬁ

0< g(t)f([’i(t)(L(t) + D(t))pis(t) =

(b+b,)’
4

t)/’i( Z a; + di>2(% 5(t)dis ()
+ < Z Qg+ di)ém(t)r
pi( Z a;; + di) ¢z’3(t)
Pis(t) by
25 < < 2\F (24)
XF3t (24) ST, —AEE—d, € (0,1) B

0<d =1—gt)K,,(L+D)¢s(t) <1. (25)
Nt — i HA AR | ABCD)|,, 4
RIFHIEA. By Cv DIIFIZ AL

250 5 X g2 (K2, — 4g(t)(Kp, + Kp.) = 0
> O, X4 R ASREURS i, &

R0 < OFF, XF5E P ASRBURFE(E, A
Pabow = Vo) (B + Ky CD)
FH 513 2 A En, P A FAH A FE T B0 2

K p., 0
4], < e { OKe £0

VoD En, + K} +5. (28)

/7"\

{W, \/g(t)(KP,i‘i’KD,i)}’

¢ = max
M=t (28) "Il
[F L, 7 B By Cv DREURFEAE, 53R
FERE AR TERL, A
Bl <1+4,
Cll, < T+3, (30)
D], <1+6.

Hobir = max{1, [g..[} > 0.



1452 # # 5 x K $40%
R 3K (29) A (30), &F XF A 2 4E B VU %L L (35) At +1)T#E
|ABCD|,fi h(t+2) =
|ABCD||, < d h(t+ 1) 4 bdiH|AH, (0 )H + bk,| S, (t + 1)+
1AL BILIC] D], < - -
(s +6)(r +8)(1+6)* < d4Zd |Sip |+d2dszd le:(p)] <
ST + 68+ (T + )+ " i~
(204 0%)(c+0)(r+0) i=dp.  (31) ° h(” 1) + b, [ AH(0)]|+
MR € B 1 1 PID 230 Qo I HUE XS K (31) d4Zdt ?1S;(p)| + bk | S (t + 1)|+
BT M, B
. N ds(dl)e; et — 1) + dy|h(D)]) =
gmax{l, ’¢12|} <ot < KI,ib3 < KI,ib3 <1 (32) d ;L(t|j-(1))|+7“(t) ‘e ( )’ | ( )|) (36)
F R FATENIOH (b+ By’
0 < d2 < 1 (33) EH%L)\min = 4 = 5 EX%@E‘J )\7, > )\minﬁﬂbﬂ

Xt (22) I EGEEL, HFIHRK G FE

[AH; ()| < do|AH(E = 1)[| + ki Si(8) |+
KI,Z-(L+D)|ei( ) <... <
5| AHL(O)]] + & 3 d57|S: )+
KrL+D)Y di?le(j)l. (34
45430 (22). (23). (25) F1 (34) AT45
lei(t +1)] <

die;(t)| + @ish:| Si(t) |+
do||®; ()| JAH,(t — 1)|| <

t
diei(1)] + disks Y _ 47 |Si() |+

j=1
t—1

dy Y di @G+ DIIIAHG)] <
j=0

t
dile:(1)] + bk Y di[S.(8)[+

j=1
t—1

b dit [dg IAH,(0)]| + K. (L+
j=0

D) dles(p)

p=1

J
[+ k> a8 ()] <
p=1

t
)| + bk, Y di|S (1) +

j=1
t—1 j

dey o di Y drLS (p) |+
j=0 p=1

t—1
dob > di || AH,(0)+
7=0

dle;(1

t—1
dody Y " di7 ﬂZdﬂ ?le,(p)| :== h(t +1). (35)
j=0 p=1

Hr: dy = bK, (L + D), dy = dybk;,.

i 2
dy =bK,,(L+ D) <
1— K, .(L+D)b; <
— 9K, ,(L+ D)piy=d,. (37
R (37) XF (36) HERIL A () i 15
r(t) =

bdi || AH, (0 |y+d4de 2|8, (p

dy(dt]e(1)] + . ..

)| +0k,|Si(t + 1)+
+d§\ei( — 1)| + dy|h(t)]) =
t

bdy™ | AH(0)[| +dy > dy?1Si(p)]+

p=1

dy(dyles(D)[ + ... + dsles(t — 1))+

t—2
dady (i e (1)] + dab Y di* 7 df | AH(0)]1+
j=0
t—2 J
dody Y i di e (p) |+
j=0 p=1
t—2 J
4 Y YA IS )
j=0 p=1

t—1
bkiZd’fl*j\Si(t)]) k| S (t+ 1)| <
j=1

dady[e;(1)] + by | AH;(0)]]+

YA O+
PO
didy Yy diT Yy A es(p)|+
j=0 p=1
dads( dH\e( 4+ et = 1)+
d2d4Zdt - JZdJ 718 (p
dad( d’; 218:(1 )\ oS+



%54

WA % 59 % 2 G HIEIR AR g & & PID 54 1453

t—1
dobk, > di[S,(8)] 4 da|Si()] + bi| S.(t + 1) :=
j=1

dyh(t + 1) + bk,|S,(t 4+ 1)]. (38)
S CHR [15] BIBE S A AT 50, 51 00 s bRig 4T
MR, B4 B 5, () AT R0, AR — A IE
L, BRI SRS, (1) = do — 5:(2), AHS:(t)] <
L. ¥ (38) fAA (36) Al 5
h(t +2) < (d, +dy)h(t + 1) + bk, L. (39)
AL PID Z 52y, O HUE W] HERT H
0<1—gt)K (L4 D)pys(t) + <7 <

— g(t)f(]’iQS +cr < 1. (40)
H d, F O AE R NME, 454630 40) B
0<d, +d, <1. (41)
ZaXEYMEnfa
h(t+2) < (dy + do)h(t +1) + bk, L < ... <
t 11— (dl + d2)t
Mﬁdgum+TjaﬁE;ML
(42)
¥ (42) /RN (35) Al S
le,(t+1)| <ht+1)<...<
t—1 1- (dl + d2)t71
(dy 4+ dy)" "' h(2) + L%¢+%)WL (43)
. B bk,L -
il el = TG ray == 0

W7 OEHE P IREMN LR o5 kL
S LA R R 5 R EE KT BN T AR 2
A PEES I, BERERL AV F, A PR B0 2 A U8R
F1, B Lim [e;(t)] = cos 2451 25 [ B4 T B A0 22 e B
I, BERE LI AE R, BLEFL = 0, WA Tim [e;(¢)]

=0, FREFRZUSL.
4 HEWHR
4.1 PHERERE

95 UE S ) R, A SO CRH2-A 2 31|
ERGHAT THMENE. RGBT A4 5K 10
%ZTE, Ly 48 07 R Lok, BERFEIN R Nt =

HAER ()42 VR ) [R] 8] & 24 [0, 2000] s, FI 2 iz
TTL}#EL o, W 2 B B4R S Ok R TR
ANAR:

[0 0 0] {0 0 0]
A=|10 1], 0=]-1 2 -1/,

010

80
/;J\ 60 [
E
g 40
il
=
gl

0 L L L L

0 400 800 1200 1600 2000

t/s

E2 FZEHIERE I

BRI R LB INBR 77 £, (8) I 3 B,
E 3AAZE IR A B 2 9 1010 my 510 m Al
10 m, F 2 (B e/ NZ AR B N d s, = 300 m, K%
BEEB N, = 800m, B L 4R d, = 500 m.
0.10

0.08 1

0.06 |

0.04
0.02 1

SR 5T BB /N

0

0 500 1000 1500 2000
t/s

E3 A RE M S
BRI AR foq(4) I R R

c11(t) = 0.0054 + 0.001 4 x sin(0.003 8t),

21 (t) = 0.0012 + 1.3 x 107 x sin(0.003 8t),

51 (t) = 2.4 x 107° + 0.5 x 10~* x sin(0.003 8t),
c12(t) = 0.006 4 + 0.001 4 x sin(0.003 8t),

Cao(t) = 0.0011 + 1.4 x 107* x sin(0.003 8t),
Cyp(t) = 1.4 x 107° + 0.5 x 10~* x sin(0.003 8t),
c15(t) = 0.0069 + 0.001 1 x sin(0.003 8t),

Ca5(t) = 0.0007 4 1.3 x 107™* x sin(0.003 8t),
Cs5(t) = 2.5 x 107" + 1 x 10> x sin(0.003 8t).

42 MHRER

NG IE BT $ MFAPID $28 il 592 10 F 2ok, F A
Matlab #4715 2, I} 54£ 55 PID #2415, CFDL-
MFAC 3% L) % PFDL-MFAC & 3 47 1 2
XL, B 2530 B R R 38 7 i 22 W] 8 SUN

MSE; = ——
5 2000 “

Viiﬂi%ﬂﬁﬁﬁ%ﬁ@iﬁﬁ)\%ui(l) =u(2) =
0.1, ¥R E E Nv,(1) =v,(2) =0, pu; =1, k; =
0.0001, n, = 0.4, Hii=1,2,3. p, =045, p, =
0.48, ps = 0.2, Upy = —0.5, Uy = 0.5, € = 1077,
F B PG M &M YME N B, (1) = D,(2) = [0.45,
0.9,0.5]", @,(1) = $,(2) = [0.15,0.6,0.2]7, P4(1)



1454 = % 5

*x R £40%

= &,(2) =[0.2,0.5,0.25]".

4 & MFAPID $ il 5507 0 i PR R B0 (1 177 B
S5 ) FURR MFAPID 42 il Sk PR IES R B 2, T
Xof HHE pR B AR B IS, MEAPID 4% 1) 52k BoA BN Y
TR A BN, HR R R I pR . 3R 1 A R
J7 E R B me Xt b, MBI 25 3 R BRI 2 7 R 2
FNF) 238 i BR B B KR 22 A B o BT, AT CFDL-
MFAC %2, PFDL-MFAC 5&9% LA} 4% 4 PID #.3%,
ALV ) MFAPID $5 il kA /N 1) iR 22, HAF
R i RO

80
~ 60r 69.1 ~ v
E
E ol e
= 639 LY. -
= 20k 995 1005 1015
— Vk/(f) T V:(t)
o - v(0) === ()

0 400 800 1200 1600 2000
t/s

&4 MFAPID #%H| & LR FE IR iR gh ik

F=1 FEHERIFRTIZERMEREXTEL
MSE / e,,.«
%)% CFDL-MFAC PFDL-MFAC PID MFAPID

L,=1,L,=0 L,=2,L,=0 L,=1,L,=2 L,=1,L,=2
1 0.0964/1.9495 0.0370/1.6341 0.0398/1.8165 0.0206/1.1317
2 0.4983/3.2531 0.2731/2.9405 0.1256/2.8618 0.0836/1.5852
3 0.5264/3.6645 0.2894/3.2606 0.0699/1.9053 0.0527/1.1371

5 RELIAAHLIHR G HL T MFAPID 47 il 5
RN B 5 BT LR Y, 78 JE P ) N R OE I
RGPt (75| T3/ AR Rt i oK, S DLAF 5
PR R, MR A 51 3/ 30 71 2R 5 A 25 1k

z 0.6 —
~ -~ .t \-\
'R 0.3 \J——ﬁ\u n
i | 07577 S i S 2 SN
E 0 l” A
BN 0.60+ “\ — N
R Y L
— -03} 172: AW AR max > Hain
> 0.45 ——m Uy — Uy — - Uy
I 2 5 8 11 ' 2 s

0.6 : - - :

0 400 800 1200 1600 2000
t/s

(a) FIEHTALRNELLT

0.6
0.3 T~ —— s

R [ \J—]_——V\\
== 0.50 N I__--"
= 0 ' \ g '
~ ' |I\ “ \
-E -03+F l/ 1 —_— Uy, —— U, AN
> : 0.454 =2, e Uy — Uy — - U
'KEH' 2 5 81114 ! 2

0.6 : - - :

0 400 800 1200 1600 2000
t/'s

(b) TR AL R ER T
[E5 MFAPID #5#IE RN

THINS R, W2 T PRI K.

Kl 6 /& MFAPID % | % PID ) =24
B L. B 7 /& FI 84T (R FE 25, 1 1 R oR 51 7Rk
REALHIEH TR A&AE 2B N iE1T, WA K

LEREEAT .
1.2
— Bl —— B2 — B3
08t
0.4 (.- - - -~ = = >«
0 1 1 1 1
0 400 800 1200 1600 2000
t/s
(a) K,
0.6 ——
i
0.2
— B —— B2 — B3
0 I I I I
0 400 800 1200 1600 2000
t/s
(b) K
0.35 — 1 —— B2 — B3
0.15 =1 _
005} o ]
-0.25 : : : -
0 400 800 1200 1600 2000
t/s
(¢) K,
&6 PID &%
800
— Sy e 83
700 |
E 600} _ _ _ _ _ _ _ __
5 . S
= 500 ke
400 f
300

0 400 800 1200 1600 2000
t/s

E7 FETITEES
R I ESEW A EE, FE RGN T i)
Kt — B uE FIE WA A B w(t) =
0.05 sin (%) +0.05randn(1), & 8 W), R %

80

-~ 60T 70.5 v

g 69.5

= 401 i

O [

= 20t 980 1000 1020 1040
— (1) --- (1)
=== (D) -=- ()

0 . . . .
0 400 800 1200 1600 2000

t/'s
E8 #ENIER T MFAPID 154 B 55 1% B IR 5 4h 75



%54 HIPE 5. 55 % 2 GBI LA A iE R PID 54 1455

PLah R, 51 248 R i AR AR X 9855, (51 475 e
AR ER W R A H AR, R, MFAPID #5500 R
B BRI B,
5 & #

KRICE R Z PR G, Wit T — R R #EG] )/
il 3 73 29 SRR BB B 47 Th 6 1 3 A1 X MFAPID %]
Hk. 5IA 2 5 3 HiL A G, MFAPID #% i) 5
R AA T B ZEIZ AT A VO B0k sE B, A
RAAT AT AE 2, i EL3 1 38 S 80A 1 1E B 5 B
Ihfe. ¥ 7 R A fa e A S D2 3] T i
HEBA, 1 H 45 At — B3R B T MFAPID $ il 592
(A 2.
SEHk (References)

[11 Dong H R, Ning B, Cai B G, et al. Automatic train
control system development and simulation for high-
speed railways[J]. IEEE Circuits and Systems Magazine,
2010, 10(2): 6-18.

[21 Wang H W, Zhao Q Q, Lin S Y, et al. A reinforcement
learning empowered cooperative control approach for
IloT-based virtually coupled train sets[J]. IEEE
Transactions on Industrial Informatics, 2021, 17(7):
4935-4945.

B1 Zhay, BB, EHEE 2 B R AR & b — 20
FEHITTVE). ¥R S 3R, 2023, 38(5): 1448-1456.

(Li Z Q, Wang R. Robust consistency control method for
multi-agent model of heavy haul train[J]. Control and
Decision, 2023, 38(5): 1448-1456.)

[4] Wang Q, Jin S T, Hou Z S. Cooperative MFAILC for
multiple subway trains with actuator faults and actuator
saturation[J]. IEEE  Transactions on Vehicular
Technology, 2022, 71(8): 8164-8174.

[S1 Hou Z S, Jin S T. Data-driven model-free adaptive
control for a class of MIMO nonlinear discrete-time
systems[J]. IEEE Transactions on Neural Networks,
2011, 22(12): 2173-2188.

[6] HouZS, Jin S T. Model free adaptive control[M]. Boca
Raton: CRC press, 2013.

[77 HouZS, Xiong S S. On model-free adaptive control and
its stability analysis[J]. IEEE Transactions on Automatic
Control, 2019, 64(11): 4555-4569.

[8] Xiong S S, Hou Z S. Model-free adaptive control for
unknown MIMO nonaffine nonlinear discrete-time
systems  with experimental validation[J]. IEEE
Transactions on Neural Networks and Learning Systems,
2022, 33(4): 1727-1739.

[97 Bu X H, Yu Q X, Hou Z S, et al. Model free adaptive
iterative learning consensus tracking control for a class
of nonlinear multiagent systems[J]. IEEE Transactions
on Systems, Man, and Cybernetics: Systems, 2019,
49(4): 677-686.

[10] Zheng J M, Hou Z S. Data-driven spatial adaptive

(1]

[12]

[13]

[14]

[15]

[16]

(7]

[19]

[20]

(21]

terminal iterative learning predictive control for
automatic stop control of subway train with actuator
saturation[J]. IEEE  Transactions on Intelligent
Transportation Systems, 2023, 24(10): 11453-11465.
T, RIAREE, o0 AE. E A) AE R XS TR T 1
LA EEERI[T]. B 5 PR, 2022, 37(5): 1127-1136.
(Wang H, Liu G F, Hou Z S. Data-driven model-free
adaptive fault tolerant control for high-speed trains[J].
Control and Decision, 2022, 37(5): 1127-1136.)

FEut oy, BB R AL E R ) B B TR 1 i N
IR ST ASEAE SR HI[I]. 6] 5 R, 2024, 39(9):
3033-3042.

(Wang H L, Hou Z S. Model free adaptive iterative
learning traffic signal control for balancing the
intersection traffic flow[J]. Control and Decision, 2024,
39(9): 3033-3042.)

HHER, UK, TR, . TR PID PO di i 1)
F B 3 B A GE ] 3 [0). 334 5 PR, 2010,
25(5): 794-796.

(Dong H R, Gao B, Ning B, et al. Fuzzy-PID soft
switching speed control of automatic train operation
system[J]. Control and Decision, 2010, 25(5): 794-796.)
Wang Q, Jin S T, Hou Z S. Compensation-based
cooperative MFAILC for multiple subway trains under
asynchronous data dropouts[J]. IEEE Transactions on
Intelligent Transportation Systems, 2022, 23(12): 23750-
23760.

Wang H J, Hou Z S. Model-free adaptive fault-tolerant
control for subway trains with speed and
traction/braking force constraints[J]. IET Control Theory
& Applications, 2020, 14(12): 1557-1566.

Xiong S S, Hou Z S. Stabilizing regions of PID
controller for a class of unknown nonlinear non-affine
discrete-time systems[J]. International Journal of Robust
and Nonlinear Control, 2022, 32(18): 9421-9437.

Zheng J M, Hou Z S. ESO-based model-free adaptive
iterative learning energy-efficient control for subway
train with disturbances and over-speed protection[J].
IEEE Transactions on Intelligent Transportation
Systems, 2023, 24(8): 8136-8148.

Ai Q S, Ke D, Zuo J, et al. High-order model-free
adaptive iterative learning control of pneumatic artificial
muscle  with  enhanced convergence[J]. IEEE
Transactions on Industrial Electronics, 2020, 67(11):
9548-9559.

Ren J C, Liu D, Wan Y. Model-free adaptive iterative
learning control method for the czochralski silicon
monocrystalline batch process[J]. IEEE Transactions on
Semiconductor Manufacturing, 2021, 34(3): 398-407.
Xiong S S, Hou Z S, Fan L L. Design of distributed
model free adaptive PID controllers for heterogenous
nonlinear multi-agent systems[C]. 2021 IEEE 10th Data
Driven Control and Learning Systems Conference.
Suzhou, 2021: 1558-1563.

Ortega J M, Rheinboldt W C. Iterative solution of


https://doi.org/10.1109/MCAS.2010.936782
https://doi.org/10.1109/TNN.2011.2176141
https://doi.org/10.1109/TSMC.2017.2734799
https://doi.org/10.1109/TSMC.2017.2734799
https://doi.org/10.1109/TITS.2023.3275205
https://doi.org/10.1109/TITS.2023.3275205
https://doi.org/10.1002/rnc.6016
https://doi.org/10.1002/rnc.6016
https://doi.org/10.1109/TIE.2019.2952810
https://doi.org/10.1109/TIE.2019.2952810

1456 # % 5 xR F40%
nonlinear  equations in  several  variables[M]. Intelligent Transportation Systems, 2022, 23(9): 14702-
Philadelphia: Society for Industrial and Applied 14711.

[22]

(25]

Mathematics, 2000.

Hou Z S, Jin S T. A novel data-driven control approach
for a class of discrete-time nonlinear systems[J]. IEEE
Transactions on Control Systems Technology, 2011,
19(6): 1549-1558.

Goodwin G C, Sin K S. Adaptive filtering prediction and
control[M]. New York: Dover Publications, 2014.

Zheng J M, Hou Z S. Model free adaptive iterative
learning control based fault-tolerant control for subway
with fault
protection[J]. IEEE Transactions on Automation Science
and Engineering, 2024, 21(1): 168-180.

Wang Q, Jin S T, Hou Z S. Data-driven event-triggered

train speed  sensor and over-speed

cooperative control for multiple subway trains with

switching  topologies[J]. IEEE Transactions on

[26]

Wang Z H, Zhang J. Incremental PID controller-based
learning rate scheduler for stochastic gradient descent[J].
IEEE Transactions on Neural Networks and Learning
Systems, 2024, 35(5): 7060-7071.

Bu X H, Hou Z S, Zhang H W. Data-driven multiagent
systems consensus tracking using model free adaptive
control[J]. IEEE Transactions on Neural Networks and
Learning Systems, 2018, 29(5): 1514-1524.

EE RN

H I (1999-), 55, Wilt-E, FEHFIT AL I EFH

Gi AR [ & B PID 4541, E-mail: tst66688@163.com;

R (1962-), J, ##z, M E S0, EEH TR

B SR P oA A N P R e A R 4,

E-mail: zshou@qdu.edu.cn.


https://doi.org/10.1109/TASE.2022.3225288
https://doi.org/10.1109/TASE.2022.3225288
https://doi.org/10.1109/TNNLS.2022.3213677
https://doi.org/10.1109/TNNLS.2022.3213677
mailto:tst66688@163.com
mailto:zshou@qdu.edu.cn

