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Distributed robust economic predictive control of heterogeneous vehicle
platoons under bounded disturbances

MU Jian-bin, FENG Yang-hui, HE De—fengT
(College of Information Engineering, Zhejiang University of Technology, Hangzhou 310023, China)

Abstract: A new distributed robust economic model predictive control (EMPC) strategy is proposed to solve the
problem of distributed cooperative control of heterogeneous vehicle platoons under bounded disturbances for energy
saving and stablility.  Firstly, the uncertain error model is used to describe the longitudinal driving dynamic
characteristics of heterogeneous vehicle platoons under bounded disturbances, and the system constraints are tightened
by applying the tube idea to compensate the uncertainty of the bounded disturbances on the system. Secondly, the
finite-time optimal control problem of vehicle platoon distributed economic performance optimization is described
based on the local vehicle driving energy consumption model, and the additional stability shrinkage constraint function
is designed by using the traditional tracking performance index. Furthermore, based on the principle of system
shrinkage, the conditions about input-to-state stability of the vehicle platoon closed-loop system with respect to bounded
disturbances are established. Finally, compared with the numerical simulation results of the traditional distributed robust
model predictive control strategy for vehicle platoons, the effectiveness and superiority of the strategy proposed in this
paper are verified.
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THUE B S5 AN [F] AL R B e ) &5 B AR TE A
oo AT ZE SR BA B R M 1 D7 2 BN ) (L,
FEAUIR AR ME B A B 22 2 ) . ZRAAe e A e
EOMLRIAE. R, W] DA SUAL B 2 49 3R 2 H A i)
P A5 754 F0 0 4% i) (model predictive control, MPC)
12 L T 249 BA A1) 428 ) e R AR 0014 g s SR [13]
feth 7 WA HEIE A5 A1 sUMPC PASEEL 2 ZE A &
I SCHR [14] B 00X e 3845 ¥ 40 1) G250 BA 51 25 8 1 B
FERE B2 IR ARUE ZE B S B~ 38 28 72 AT

R AR IR B 2 RS AR R 2 (Y RS, T AE
SEBRINIE R, ZEAR L BT DA S AT Bk AR R R AR
TR 23S TR B BE AN 5 BHL ) R A e AR ST i H
FEZE R A R v, BH ) 2 H00 v i W & 3R AR
B /72 AR R P AT AT AR 2 56K A O S HE T A
W HCRACE. BRI, X 4% G2 MPC J7 32, HA A A 2R i
A fe 2z B I 1) (R HE RS R OR, 3 30 i 28 AN e
BIFICHA B2 1 RO, A FaoE, H 2 5] S e 4 ) . &4
R 500142 #1] (robust model predictive control, RMPC)
DRI FC AT DL Ak B AR B i R e T 432 T A 34
IR R AT a1 42 1) 0] R, 4510 40 SCHR [16] 38 i A
KA BN B 52 >k b B 4030, $2 T — P min-
max MPC 53k, {8 5 G0 B A BT 1 & Fe vk SCik [17]
FET tube ) RELAR, 88 I 59 2 b BRI B AR A 1R R e,
S BrofR A B2 42 ) AE 44 SCEUZE () tube 3N, $2 T
tube MPC BV R ARIE R Gt Fa e 1.

XF T4k B EAT T30 B 25 4 BA A 4 o 1) i, A
28 B TE 3 U TR IE & PR fa e M 5 52 Fa e
PESE B — B PR RE AR bR, FE I A 276 2 B AR & 5 1
G 5 RE MR bRt R B PERR TR bR ALK B IR B
BEL 398715 10 %o ~ 20 %o BT, 5 182 P9 488 3ot 14 A6 T LA ik />
2.5% ~ 3.6 Tol 181 2 ZE 4 v AT Gk N, 2 ASUBE g =R
o, FECE A 50 % W RRENE FEH T ik S
JIUON R ik, A D6 4y AT BE 77 AR A0 K ZE A R e Y RE 1
S, 33X 50F 2 A A 47142 1) LA E (PRI 7 A ORI .
WA, Ik, AR ST ZE 5 A S AE AT B 2 v L
B I, Wit —Fh 2L T tube 1S 28 B AR 2 T 42
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By H41: By, By, Fy © R R™ 465 m B 6
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NICKBREL AN T s > 0, hy(s) 5 2 ™8 B 3
BH R (0) = 0; S hy - RT — RTHRANK,
KB RIEL h R—NKEEH, Hs — cofih,
ho(s) — oo HELERE hs : R x RT — RTFRNKL
KR AR hs(s, ) W TAERME L > 02— KK
BB TAEREE E s > 0, ha(s, t) KTt ™8 R
%, 24t — oo, A7 hs(s,t) — 0.
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PREZHTZERPIRES, FINER B S HE BT #8405 4.
1.1 FE@PEshhFEER
T R R A S T BB R
BH 77555 2249 Re FE AT AR 7 P I B8 B2 52, 20 Y 240 Y
I\ B AR A T
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% 22 B2, 18 225 B i & wot ok gl A<
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B 1R R IR ES 22 (8] )7 FE A o




1388 #= # 5 kxR %38 %
/ﬂ\:a‘q%ﬁﬁi U)Z(]Vf) eW,; = [wi,mimwi,max]~ (8)
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Ai=10 1 At » Bi = 0 , ZERRBA A 1) (1) 2 22 H A2 A E IR S vT BAUKE
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pi—1(k) — pi(k) — daes(k)
Gi(k> = ) kliﬂgo Uifl(k) - ’Uz(k?) =0, 9
At(—gp;(k) cosb;(k) — gsinb,;(k)) /14 a;(k)
0 HA HAEE ZE (8] BE dges (k) = thvi(k) + do. BEAR, BT EL

oi(k) = 0 R R G5 L AR R

—Atp;(k)Civi (k) /214m;

L |k RORBERAE K ZI5S & + B2, 5 =

0,1,...,N. [N EPFIEGE RN, 45 H 4504 (1R 2

TR R G0

Tei(J + k) = Acizei(j1k) + Beiwi(j|k)+
Djai—1(jlk) + Gi(j|k) + g:(§|k).

(6)

HopRERE 2 (k) = [Api(k), Avi(k), a;(k)]"

KRk R ZEW i SEW 0 — VIRESPITZ W1 %

18, Av; = vi—vi_1, Ap; = pi— (pi—1 — (vitn +do)) tn

FORZERINER, do R ] 72 22 4] BR,

(1 At A
A, =101 At |
B At
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L T4
0 0
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At 0
_TdmZsz

TR HLR FH B A 25 Sk I B PR T 2 SR s, 28 [R) pR 2> B o 2
AT AR AL, T ORIE T 25070 R S 0L T T i
il Bh I 8], DR, AT [ 5 1) BE SRR, 75 SEPR I8
& A, T 2(6) H o6 T FE AR B B 7 (1 2 5L
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RE H A B 8L A
Tei(J + 1|k) = AciTei(j]k) + Beitis (j]k)+
Dia;_1(jlk) + Gi + 3:(j|k). (D
Hodp: bR~ RoR S OB ML S8, G 3
FEEFNFR ) BH 77 28 H A To0ill i 3 508 48, g, (5] k) 2 T
TR ER B p; (k) THEAS R, 44 SUBLAYL (7) A SE FRAs
M (6) M RFLR RN wi (f1k) = 2ei(§Ik)—Tci(j]K). 15
SEBRI T, B ) R E B AR BN E T R
AN 7 T SR R B R A SR, BRI w; (1) 2 A

Avpip < Avi < A'Umaxa

Apmin g Apz g ApmaX? (10)
Aamin < Aai g ACLmaxv

ATwin < AT < Al .

EAFTUSEG RN z0i(k) € X, wi(k) € U, H
X, AU, 3 3 27 Fions L R8RS Ay N\ 22 THI A

FEORUE ARG E PER TSR R, A SOt i 4
5 R8BI BEAR AR TR R, AR RERE I D T 1
LR, WS R R R Bl B AER,
DR L, 5 10 B B A A R0 o 3 LA R 2. 58 3
SR B MR FH AR R 2 A0 1 T8 38 52 B M0 7 2 il P ) K
DR ZR, &5 15 AR S 1) 7 3R, K REFEASE R B ful fag A6 D 4
N5 A EE RN GBS /A 50 70 AR G [ LI ] BEAE
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fuel,i(k) -
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At [quvf(k) +(1- U)RTi(]:i'chvf(k)] (11)
q=0 Wi =0
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o =1, AR AT 0.
2 AN EREEMPCEH|SETTH

N T BT ] H bR, 155 1T B tube
MPC i s i 42 1) 2 B P &5 5 42 1) A3, 6T 2 24 4 (142
HIEE R AR R A

u; (k) = v; (0|k) + Kz (k). (12)

Horp:or (0[k) MBI tube MPC SRR AL 1] 45 21 )
B TR SRR P HI IR 3 — AN JCFR, K N R s il
.
2.1 ATEEIT

BN € Iso TR, & Sk I %44 SRR
T Y 5 (k) = [9;:(0|k), a;(1|k), ..., a;(N —
k)], AR ST 2 i (k) = [Zei(0]K), Zei(1]E), . . .,
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fe,z(N|k‘)],%%ﬁﬂﬁ{)ﬂﬂﬁﬁ?ﬂﬁﬂﬁul(lﬂ) = Dzazfl(ﬂk)"’éz"'gz(ﬂk), (]70)
[w; (0]k), u;(1|k), ..., u;(N — 1]k)], BEIAR 2 7 51 Zo(i]k) € X © Ri(5), (17d)
Raei(k) = [2ei(Ok),zei(1[k),. .. e (N]k)]. H o |

i(jk) € U; © KiRi(j4), (17e)
el = 6l + KaoGh.ulh) - v W
T(GIK) + Kizea(jlk),j € Zign—1. 4B Zei(NIK) € Xy, (176)
e B TR A5 15 1R T 42 1 P 9] 5 S AR 77 7 Zei(01k) = wei(K), (17g)
SRBE, B i (k) — 2 (k) Rl (k) — wa (k) £ b6 Vi(@e,i(k),v:(k)) < dp(xci(k),a).  (17h)
g BRI, £ 28 00MR (24) BOHE LRSI gt j @ 20 g, 3R (17h) o 8B R U

WRILE kI ZIXT k + 4 HT?IJ?W”JE’JS'%EE%%TiJ

Tei(jlk) — Zei(Glk) = ZA w;(qlk),
j—l

wi(jlk) — wi(jlk) = K; Y A% wi(qlk).  (13)
q=0

Hr: A, = A+ BEK,, ROBH#28 Kl 2k — ki
ﬁﬂ%ﬂﬁﬁ- = 8) Al Ew(qlk) /& A Fi, i 15 2

Tei(Jlk) — Zei(§|k) € Ri(5),
u; (jlk) — ui(jlk) € KiRq(j), (14)
HA R, () = @Aq W;(Vj > 0) KRB ETHEF

k+j V\J%jnzijw(ﬂk) (RI4E 4. SCHR [25] H G Bk
VPSR 2 B T S AN R A X, IR I, X, B
&SN FTEVIIRRE R E v ;(0) S, X
FERGE(5) WXy, TFIR AT T U A AE R iy =
Ko AR RS TE X, . AR 320 28 0t AN AR 4 5
A X;, W C Xy,
Xy, = {zeq € X| A 20, € X B Ri(j),
KAy z.; € U K;Ri(j), Vj > 0} (15)
F1 zlwﬁﬁn‘ & (B 2 8 A0 2 o AN AR SR 1T
SEIITE B LR B 56 A
2.2 FUMEHIZE
N T A BN AN S B R I FEL B H AR, B S X
TR 2D H bR k3

N
Jei(@ei(k), @i(k)) = ALY fuaiilk).  (16)

=0
F W EE = XA N A OIS Y, 2R S R
(ml). ATRIE R Gifa e, A BT R
I 1
min Jei(ze,i(k), @i(k)); (17a)
s.b. 4 (j|k) = vi(jlk) + KiZe,i(j]F),
Tei(j+1|k) =
AciZei(j|k) + Beiui(jk)+

(17b)

AW, a € (0,1) WUHEH 1. ik o) (k) = [v7(1]k),
U5 (N — 1K) A4 1) (17) AR B8 S0 3

S5 /MBS BTG IS (0 . E TR Ak 1) 8 (17) 9 B B R

HAH R T AU EE, TR AR R o()

S ARUE LA 7] 3 (17) () & Fe o 1. &1 xd 5K (16) 1

N H B R BT i R AR ZE A A A R B ) A e M A

o B4 1) A8, 1 S 398 A 0 1 22 A R R E A bR BT R

BRI4, R

Vi(wei(k), vi(k)) =

N—-1

La(Ze,i(1K), wi(§1k)) + Ln(Zei(NK)).  (18)

ﬁﬁp H A5 RV, () B BeARA %l L, () A0 2o AR
e Ly () ik, R RIE N
Lo(ze,i(j1k), u(jlk)) = (|Zei(31F)ll Q. + @i (ilk) IR,
Ln(Ze,i(N[k)) = ||Ze,:s(N|K)[ P
Qi~ R; TN P, #0023 2 450 0 AU B HL e 38 B /2
Rt

Ar}F(iPiAKi _-Pi‘i‘Qi‘i‘K;FRiKi <0. (19)
LA (18) 2 B b R BOR LRAIE 2250 BA B9 17] R 4t 1 R
ERFe e VE, R0 1 78 ki 2 F AR AL R LR R R

min{V;(ae,i(k), wi(k))| 5 (17b) ~ (17g)}.  (20)

100 (k) Ak ) & (20) S AR, 9= Fr B, 30 (17) 1)
2 ARAR A (20) B E PEFE AR BT 0T B 1) SF- 7 502
A, EALAL H bR B3 (172) B, 75 25l i X (17h) H )
WL 20 R R o (-) SRARAEAR AR 17] R (17) B e 1, B
iR o) (k) R A7) KATATAE. A

Lyapunov Bf

Vit (wei(k)) = Vi(zei(k), 07 (k). 2D
Vi (we,i(k) = Vi(wei(k), 0} (k). (22)
HRULTE SUSE IR BB ()

P(xe,i(k), ) =
VP (ei(k)) + a[V (ze,i(k)) — Vi (wei(K))] (23)
2 B0 < V(2o i(k) < VEA(zei(k)),VE €
120. EE H:Oé (S ( ] UJ%F @J Vo(xe z(k)) <
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P(xei(k), o) < Vi (we,i(k)). FET AT LA € 00 (k) 72 “.Gilk) € Xs 6 Ri(j) @ Al W, C X3 (25)
A 18] R (17) 1E K B 20 [ A 47 fie.

Vi€ Zon-of

B REN A REMPC Hyk S 4500 R,
®51 REMPCHIL.
step 1: WIGRAL BB 3k V. %o B ZE = 0
JIT5%F I () 2 Y T, DL S OIAUHE BE Qi Ry F1 Py, %
P(z..i(0), )’E/sz(
step 2: M HJ LQR B &S 42 | 1 2 K.
step 3: LT HILBE R, () Ao A BE X,
2 ENIIIRES z,4(0);
step4: 5k > 0, WEE (xc i (k), a);
step 5: 240 4 B WA AR A TS 2, 45 B0 R
122 ]I
step 6: 4= 5 4 3K i LAk 18] 8 (17) 43 31 5% 0 fil
v (k ) IEARAE, &5 & ATk ST LA E5ui(k) =
07 (0[k) + K;ze,i(k);
step 7: ¥ u; (k) RN R G (5) #AT RS EH;
step8: k =k + 1,i% [ step 4.

3 RS

N T UE BB RO, AT A e AT M A
T MEEAT 7 #7.
3.1 BERITH

T Je o T RA ) R (17) PR i T AT 1.

SIEB1 SRR IR (17) 76 k — 1B ZIA fi, 0
FEEHIE A ER T, RE(7) 2V BRL R

zei(k) € Xy, ui(k—1) € U,. (24)

UEBH EEE — 1 ZRER (17), 5wl (k —

1) = 07 (011) + Kizei(k — 1) € U; © K;R;(0).

HNRi(0) = {0}, Filhui(k — 1) € Uy X (k) =
AKixe,i(k‘ - 1) + Be lvz (0|k - 1) + G + gz(0|k’ -
1) 4+ w; (0] — 1) = &}, (1[k — 1) + w; 0]k — 1). 3%

H:w; (0 —1) eRi(l), z:,(1k—1) € XOR(1). it
Plaz.(k) e X;0Ri(1) @ Ri(1) =X,. O

SIEB2 SRR IR (17) 76 k — 1B ZIAG A, 0
1E k2,50 (17) [FIFEA iR

UEBH  TE k— LI 2 6 4 SO BSTE SR X (17) B
75 2 A TR 2 81 3 AR S 17 81 40l 8 SR (k —
1) = [a;(0[k—1),..., @ (N-1k—1)]Fz; (k—1) =
[z, (0lk —1),..., 27 ;(N|k —1)].

YRR T A o (ERTE R ZIM G LR R
b A9 B R ) T 4 ] P A FDIR 2 51 43 0l R R
Aai(k) = [ag(0lk),....af (N — 1|k)] Mz, (k) =
[z2 i (0lk), ..., 22 ;(N|K)].

2% (13) A113,V) € Zp,n-—1) B

zg,(jlk) = 22,05 + 1k — 1) + Af wi(1]k — 1),

ul(jlk) = @) (j + 1k — 1) + K;Aj wi(1]k — 1),
u!(jlk) € U; & KiR;(j) & Ki Al W, C Ui (26)
Hj = NI A 2g,(N[k) = A% 20 ,(N = 1|k — 1) +
AR wi(llk = 1). £k — 1INZIG (N — 1|k — 1) €
Xy © Ri(N). g5 15 Hze (N|k) € Xy, ©
Ri(N)® AN W, C Xy, C X,. B, fE o7 (k) TEHT
RS 7 21 A2 1) 1 220385 /2 29 3R (17b) ~ (17g), B
0 17] /R (20) 7E K B 206 fif. 456 20 (17h) (4 & T 72
A LA SE AL AK 170 R85 (20) 76 K B 22 O B A A A2 (17) E &
I 22 (R AT AT i
g5 L RTIR, iR A7) Ik — LI ZH iR, W 7E &
I ZIH— @ AEAE AT AT AR O
EIT an R R R (17) FE R 4R I %04 fi, B
VIR 2; € X, MK AT X Tk € Lo BIH .
B 454513 15 2915 (7)) X F fr
Ak € Iso #2 I HETAT 0. R0 (17) 7EYI AR I %)
AR, WX T k€ Iso B2 . O
32 HMAN-RESTREM
FE AL AL 1) 7 (17) H, >Rk U 4 29 3R (17h) R
TRAE & 41 % N\ EIR 2 1 %2 52 1% (input-to-state
stability, ISS). A< %744 2 T Lipschitz 2k #4317 £ € 1%
SR AT R AR SCHR (261 AT 50 |Ze (1) 0, s 113 (1K) || -
A ||Ze ;(N|K)| p, 5 A FE Lipschitz 3 X, U; #1X,, K,
HOGF 2P Lipschitz % #0518 Lo, « Lr, A1 Lp,. T
A al (k—1) fag (k), TRy 5 &), (k—1)
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