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Data-driven Model-free Adaptive Control Method for High-speed Electric Multiple Unit

LI Zhong-Qi** ZHOU Liang"?> YANG Hui"?

Abstract For the speed tracking control problem of electric multiple unit, the dependence of the existing model-
based control methods on the system dynamic model and the complexity of the time-varying parameter estimation
algorithm of the traditional model-free adaptive control are both considered. The improved multiple-input multiple-
output (MIMO) partial format dynamic linearization-improved model-free adaptive control (PFDL-iMFAC) meth-
od is introduced into the automatic train operation system. On the basis of model-free adaptive control, this con-
trol method considers the sliding time window, increases the adjustable degree of freedom and design flexibility, and
adds the penalty term to the energy function in the input criterion function to reduce the energy loss. It provides a
compromise method for the tracking accuracy and energy-saving operation of electric multiple unit, and realizes en-
ergy-saving operation under the premise of satisfying the good speed tracking effect of electric multiple unit. Finally,
CRH380A electric multiple unit is taken as the object for simulation experiment. Compared with the traditional
model-free adaptive control, the speed tracking error of each power unit in the proposed control algorithm is within
+0.2 km/h, and the acceleration one is within 4+0.65 m/s* and the change is stable, saving 9.86% of energy com-
pared with the traditional model-free adaptive control method.

Key words Automatic train operation, model-free adaptive control, velocity tracking, data-driven, energy saving
control, partial format data model
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e(t+1) = (1 A+<i>2(t)+<) (t)+
o) (ALY
A+ ®2(t) +C\A+02(t — 1) + ¢
p®(t —1)
A+q>2(t—1)+<e(t71))"“’Sdle()
d2d4§:d§717je(j)+d2d§71“(0) (24)
Ve
dy = max| |1 pé)(t ()
A+@2(t)+¢ 7
p2(1)®(1)
A+ ®2(1) +¢

e — max ‘ A+ d2(t—1)
’ A+ ®2(t—1)+¢|

)

pd(t —1)
A4+B2(t—1)+¢

b

A+ ®%(1)
A+®2(1) +¢

dy = max(
pd(1) ’
A+ @2(1) +C

B (24) PRI 0E, T3

L"W

t—1
le(t+ 1) < dale(t)] + dada Y d " [e(h) |+
j=1

dads™ u(0)] (25)
WA (25), HETTTE S

t—2
le(t)] < dile(t = 1)| +dada Y dy " [e(j) |+

j=1
dady|u(0)] (26)
X (26) AL (25):
le(t 4+ 1)| < d3e(t —1)| + didods+
Zdt 2e()] + dads Y dy T |e()]+
j=1
dldzdt ?|u(0)| + dadz™*u(0)] (27)

[ EE, ] 4 515 A R A 4 R E A
le(t —1)| < dile(t —2)|+

d2d42dt 37 e(;
le(t = 2)| < dile(t - 3)|+

d2d42dt e

le(2 )| < dile(1)] + dadyle(0)| + dads|u(0)]
(28)

t—1

)|+ dads™*|u(0)]

)+ dads™*[u(0)], -,

¥ (28) RN (27), 331
le(t+1)] < dfle(t — 1)|+
t—2 t—1

dydady Y dy T le()] + dada Y dy T |e()]+
j=1 j=1
dydady?[u(0)] + dads™ u(0)], -+, < dile(1)]+

t—m—1

d2d42d1 Zdtv‘ajl |

t—1

dalu(0)] 3 dyrdym! (29)

m=0

é\

g(t+1) = dife(1)|+

d2d4de Z dy " e (h) |+

da|u(0)| Z dpdy ! (30)
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S5 W, WS gt + 1) RIS, A
[FRE RS . R HE=R (30), ATHEH:
g(t+2) = di"e(1)|+

t t—m
dady Y d Y dy™ )|+
m=0 j=1
t
dolu(0)] D didy™™ < dite(1)|+

m=0

t—m—1

d2d42d1 Z dy " e

t—1
dolu(0)] Y didy ™! + dau(0)[d] (31)
m=0
5|\ PPD WA S, (R
b, %A S SRR,
é\ Amin + Cmin = 62/47 *E*EK%ﬁQaﬂ S Oé2+
B2, FEH Amin + Cmin < A+ ¢, —EAFAE—NHE M,

le(t + 1)

Wz, &) < W

ik PR A T
0< M, ()®(t) - Efi(t) -
A +2(t) +¢ T A+ D2(t) +¢
bd(t) b _,
QAT CoH(1) 2V Amn Gom - (32)
4K (32) #p € (0, 1], A1
dy zmax(‘l— M ,
A+d2(t) 4+ ¢V
p®(1)®(1)
’17A+<i>2() QD L= pMaf <1 (33)

NPEA0 < dy <1, K (31) ATEEK:
g(t+2) < didile(1)]+

t—m—1

d2d4zdmzdtmjl |

t—1

dolu(0)] > dydy ™" + dafu(0)|d <
m=0
t—m—1
|+d2d4de Z dy" T e () |+
t—1
dolu(0)] > dydy ™" + dafu(0)|df <
m=0
g(t + 1) + da|u(0)|d] (34)

TIEAFAE O < Mp < 1, G T8 22 3 UAL:
gt +2) < Mag(t +1) + do|u(0)|dy (35)

BET, ATATBA R 96 A
g(t +1) < Mog(t) + do|u(0)|di™? (36)
#3X (36) FOAR (35), G h:
g(t+2) < Mag(t+1) +wdf <
MZg(t) + wdl + Mawd, ™ < --- <
METg(1) + Miwdy + -+ - + Mawd, ™+

wdi < My g(1) + wdy + -+ wdh <
di(1—db)
t+1 1 1
My"g(N) +w——7 = (37)

K, w= dau(0).
MRIE (37) F10 < My < 1, AXETS 2

wd1

Jmg(t+2) = lim fe(t +2)| < 5 )

A0 < dy < 1, BTN w = dy = 0, LA
¢ = 0, WA BEAEA LS i

Jim [e(t)] = 0 (39)

O

3 ESEMESH

LLGF RS BRI AR X (832 47 1 CRH380A sh R4
RN RAAT A BT F A 5] SR B RS
500 kN, il 3l 50 1) i K% H 9 500 kN, Al ok
A1 1 000 kN, B 22225 g /i 5h 112840 B i
KAVHEAN 60 kN /s. F1 426 1 S proid 2 ] DLd i
LA AT, T E RGBS HnE 1 pir.

%1 CRHS380A BIZh MR S5

Table 1 The CRH380A electric multiple unit
model parameters

SRR ZHE DA
IR M,y 1.836 x 10° kg
TR M, 1.123 x 10° kg
BT R Ms 1.836 x 10° kg
VR R ar 5.2 N/kg
BIZER ) R b, 3.6 x 1072 N-s2/(kg - m)
R RH e 1.2 x 1073 N-s2/(kg - m?)
TR R K 2 x 107 N/m
KA IS () 5 x 108 N-s/m

7 3. B (4)
GRS g

4y W% H CEFDL-MFACM, PEDL-MFAC,
PFDL-iMFAC =77 L3475 JEAE. X434
AT R R AR L Fa ) AR n R AR A A O DA K
RE LSRR, IAEA SRR 3.

D R AR, AR S5
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3.1 {FERE

KEEFIARE N 1 s, RFEFEAN 4750 1. &
AN 77 200f EEIS 488 FH R — 4508 ) DA A i L L
. REPIWIE XM RE RN vi1(1) = v2(1) = v3(1) =
vg. CFDL-MFAC. PFDL-MFAC. PFDL-iM-
FACSH: A=0.02, p=p1=p2=09, u=1,n=1,
by = by = 0.5. ZTT RIISHGERYHE S N &1(1) =
0.50mes(3, 3), ®p (1) = [0.5I, 0.5, 0|7, ones N4
1 #if. PFDL-IMFAC g & BRIl H %0 ¢ = 0.0225.

3.2 ANFESHEMFGENEEREERIREX L

K 4 y CFDL-MFAC!", PFDL-MFAC. PF-
DL-iIMFAC = Fh 75 7L B ER ER X EL I, B 5 3
TP PRI R ZE N L.

B 4(c) M 5(c) TULEH, BT HEEY
HIT I 220 560 N 0 i H 2 e, £ 48 CFDL-MFAC £
BB B R s e, T iR %= 22 PEDL-MFAC
A PFDL-iIMFAC K, IREFRZBUA TR, HE
WKFRAE, HEEFaEfE [-0.516 km/h, 0.459 km /h]
Z W AL, A R EE I 4(a) AT 4(b) BLK
Fahf ot 2K 5(a)s B 5(b) "TLAE H, PFDL-
MFACHI PFDL-iMFAC P Fh 2 il 77 75 B R B2 P e
FrZT6 )L, BEAN T FE 30 77 B0 B R 22 Va4 0l
FaSEAE [-0.151 km/h, 0.134 km/h] Al [-0.151
km/h, 0.150 km/h] Z P, XZ&H T PFDL-iM-
FAC #7775 & — PR R ERERAE E, XK SRt &
TR 7%, RERBUFEIE DS 3.4 T Abihig.

3.3 AXTTESEMITEES IR ARE LRI

Bl 6 &AM 7 R AL ] ARG, ]
DUE H, TEE 30, i3, HE YRR A SC 32 ¥ PFDL-
iMFAC fil PEDL-MFAC J5 &% 30 /1 8045
DR GGl pAR Y EL =1 A) =PI N IERPI E S e R 2
A= 5| /3 )13 H 4y BITE [-43 N/kN, 36 N/kN]
A [-48 N/kN, 42 N/kN] W, /£ TOLS R B, 4%
il 77t B8 LA — & B 2 A AR, 48 MFAC 7E
JE BN HilBl £ 3 I 43 A B AR BRI 4R ) A8 4k,
#= 5| /#5717 H 1E [-50 N/kN, 51 N/kN] W, 4
B B AT 7 SR — 8 T2 FE 1) 22 4 ) A

HH ] 7 %5 A4 il D7 22 Rk B AR A B v R, A
4t MFAC J7iE N ARt e, JEFITE [-1.0849 m/s%,
0.8987 m/s?], 375 W &F id B2 AN 2. KA PFDL-
MFAC. PFDL-MFAC 7571 s 80 4 2 ek 4 5k
FEARRT 22, B T R BNK B, JEIE 7 AE [H0.6572 m/s,
0.6310 m/s?] A1 [-0.7309 m/s? 0.7272 m/s* Z[H],
W R TR ETIE L EOR. BTN EAE (-1 m/s”,
1 m/s?] 0 PR, T kim0,
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Fig.4 The velocity tracking curves of the proposed
method are compared with those of other methods

3.4 BMEHIGERNE TR

N T BT &A1 ] A s R R, 5 R8T
¥J77 1% % (Mean square error performance, MSE)+
B R INIBGE B (Maximum acceleration/decelera-
tion, MAXA) FEEEHIFE (Wastage, W) =/MERE
FabR, RHEH S AEAT VA

n T
1 2
MSE= 723 la—u(ff  (0)

MAXA = sup
2<t<T, 1<i<n

vi(t) =it =1)|  (41)
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Fig.5 The velocity tracking errors of the proposed method are compared with those of other methods
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Fig.6  The variation of unit control force is compared with other methods
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B SIHT6; n o NENJTRITREG ¢ BT RN 2 RER
FEI (A ALEN[A]. 35 T7 R 23845 0T LLE tH, PFDL-
MFAC 5 PFDL-iIMFAC [JEREFEREAAH R, H

(P RE &, RN /O FE v BLE ) MFAC
T ZIB 2R, ORI /U Y 1.085 m/s?, A8
AWK ; PFDL-iMFAC 1 PFDL-MFAC f K i/
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Fig.7 The acceleration changes of the proposed method are compared with other methods
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Table 2 Comparison of several performance indexes of each control method
P 751 B RIS (m/s?) AE U HLIE (%)
SCHR [19) 1.2 x 1072 1.0848 2.41 x 108 —
PFDL-MFAC 6.2 x 1073 0.7309 2.29 x 10° 5.04
PFDL-iIMFAC 6.6 x 1073 0.6572 2.17 x 10° 9.86
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