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E F i GMRES EiE MK EIE 188 A B2 R ER AR B L 4 o) @

® O#O LaX® F &
(MILTWAFHEMREHEG W ITERAER/ I TEEALRE AN 310023)

i B Ak B REEALE A (WWCB) B 17 3R 57 1] A1, 48 ) — b Hea 4F & MEAE AL F0
#& % (NMPC) B %, & X WWCB 5 [ 9 B 5 09 B B2 1% 2 4 8 85 3] B2 4% 6 4 Bolza 7 R\
By NMPC 55 4 45 %1 5] B, 38 3 5] NP3 @ 30, 0 1 & K347 40 A0 28, M 2 ot b
AN, ATRERETAMINEREREL XAERBH, KRALELE/ ) IMNREZ S
(C/GMRES) it &k ## ol N Z BT E R Hz EHE, B i3 GMRES & 7% 5% & K
FRATTRUURTEAARE, HEUFARAE AL EEHTT REHFE, BIET

AR SO HRBR 1 | TR kR R
JKedin

K& BETREEHLZ A (WWCB) 5 3F & M A T 4= %] (NMPC) 5 P78 @ % %

B/ AR EEFE(C/GMRES) ; &8 3%, KRR E

0 3 =

AR, At B A A S L 2% A" (non-holo-
nomic wheeled mobile robot, NWMR) 7£ 1z #i (£ |
PARSFAIE G 7z MOCTE, IndE k),
i P00 BV 2 17 /K ¥4 B T SO0 A AT e o 22
EHIHLCHERR O 2T A 4R . AT NWMR
(32 sh i EAT T IR AR RS, S T 4%l
P D5 1, b A b 2 I 4 RO B
7 A A S R B R Y 2 R A
DL A RAR BRI, LA b SR AR AME I8 B85 BV 2
e SR, ARLRAEAE R U 4% 1 15 (nonlinear model
predictive controller, NMPC ) 17 DAFR 4f Hb fif Pl 3 A4~
)R 14 1) 75 12 LAY I ] [R) B NWMR CHRES Y
T Ry A i A, T R B X R GE R R ok
U AT B, % ) 510 %0 RE SR b ek R AT
oAt . TEICHESR T A8 368 Y e I AL I el AT o B2 1 R
WML | R B AR R e R A A 3 2 A
g AR R AL TT, Weg | T ORE A R H

Mo SCHRL10 ]8Tt 1 —Fh Ak 2R M A Y 0 42 ) 55
V5 (NMPC) JH T figp o 25 3l g = 0 U 38 R i 42 il 1]
A, SCRRL LT BT 1 327K ALAE A9 AR St MPC 1
R BRI (], S R e SRR R S LA TR k7
PR AL PR AL, SCHR[ 12 ] 147 NMPC SR At
PRl TR Sl AT AT 1 Rt o 225 A PERE 4R
P R 23 24 TR LA I DRAIE S R I B

SRTT, NMPC 75 R 1) o 1338 67 fr A T 4
SEUNRFEFR R, A T R R
R SR EOR 1 2 P50 MBI BT A R A
LRBLVE TR AN B R R R BRI SRR
M B S SR MR A A SR R
Krylov %5 0] &M 0 B0k, ¥ 20/ SO /N Bk 4
=R (' continuation/general minimum residual ,
C/GMRES) & 28 4 JE RN —FfR il NMPC F R 55
VE o W R PR A A e I T TR B 4 4
i, MAREAOKE e m 75 R,

ARSCWESE T K ¥ BE & BE BL &% A ( water wall
climbing robot, WWCR ) [ 3E £& 1 455 7Y 151 0] 42 il

@O HEFHE L AR (2018 YFB1309404 , 2018 YFB1309401 ) WHI H
@ P ,1994 AFEA: Ab A BEE O 1) ALE — MR AR AE ], AT R IBCRE 45 E-mail : 15728043728 @ sina. cn

@ WEHEH ,E-mail ; waltzhan@ hotmail. com
(iR H 1 :2020-07-15)
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(NMPC) pgA2 R R R, FIH] WWCR SRR S
HEAU FI AR Z 18] A 12 22 9 RE T | 3 ST B AR R 2 )
AU NMPC HEZE | & T P i HL IV 465 A /M Ji 28, 4 4
4 Bolza £ 3 i) NMPC iz {I8 £ 1 7] B, %5 3¢
WR[20]F C/GMRES 83k [ i R s B H E 2k 5
Krylov F-25 [8] J7 ik W40 4., 51 A% B35 NMPC i
Tt Bk, SR VE R RE5E 7% JE NWMR %
e A I R NAESE TN N = T S N &
251 IE WS- 3 8K 28X ( Fischer-Burmeister, FB) , ¥
AR ARG H B AP SR A B B A 25 07
e, SIAZ BRI FFiR 28 0 SR ) i 5 3R
e 2 i DL R TR A S RS 2 . FEsR g 7
H X A RORIAE i A ) e AT A R — 4R
At WO TT i R DT R EA T A A B Bl NE A T
FEFRIN, TR X C/GMRES 5332 v 1) 8% f2: R Ik 47
Ptk , 4 Hessenberg 4B 119 43 fiftiz 5, BEAIG T 0%
AOTTAR 2, INPRSRE B AT, e AT O 3L, 56
MBS AT,

1 FLERR

ARSI X G A B A Al 2T RE AL AR A
(NWMR) , 5 P 1 R pg it SR & {q), @57
HARERERAERY | TAEIREE I IE 2 i

TE SUNWMR FHAb (i g h (s, y,) , HEE N v,
AEEN o,

Sq Ucosﬂq coseq 0
. . v
X=1y|= {vsinﬂq] = |:sin¢9q 0}[ ] (D)

. w
0 , w 0 1
B
@ |
R ¥ 2 r
EHEE < di
%,

\
\
NWMR

1 HREZIRERER

—

2 KSEEE

Hbx =1[s, v,
okt PN

E SCRERLE AR AL AR R}, TR IR ER Y
HEK (s, vy, 6,1, U, =[v, o] RRSHE
HME SR, HEEN7ELPRIRERR B TAMEH R
HWmAWWERZE, e X RERSH X, =
60.1" Fon, LTS NWMR B sh 25 1R 245

6, kAR, U = [0 o]

[s. 7.
iy
s, = wy, — v + v,cosf,

Yy, = — wx, + v,sin6, (2)

0, =w, —-w
Bt PRy

Ry
" mR

LS
= 7IR

Horr, f, 5 f 5 30N 2247 JE A r AL I B A BIK Bl 7
Hi, m 5153900 NWMR (%58 S A, #ESE
PRCAE 2 8 i T AN R 3R 80 B A8 5 | i
BB AT AR , AL A T R 388 NWMR A
5 AN X Bl ) RS R R
v =u,® =u, (4)
WA (2) ~ K ()P RARGRE, WA R

(3)

s = wy —v + v,cosd

y = - ws + v,sinf

0 =0 -w (5)
v =,

® = u,
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L x =[s,y, 0, v, o]" I NWMR AR 1)
L AR e = [u,, u,]',

W= (5) PP PR R GE AT AN T Rtk Rk 2K
TR,

x = f(x, u) (6)

FRAIE F RNy AT | 5 P AR R )
Ry R ) B3 o 3 R AR X e O Y K LA w
ik AT W X, = 0,

2 PRk R AR B HON 42 07 %

FF HbR R TP (inner point, TP) HEHT
P A A 4 % H TS AE DAk ) LG Ak ol 25 X Y
PR A, AL B NMPC 1% ik Z —, BmR
TE—E BB L E0T WS A )R (twopoint bound-
ary value problem, TP-BVP) , {HJ&iX Fi L T PMP [
[ HEAT IR SK M OCP 0] R Ry A7 30 ELURG B2 35 v
751 o AR — RSP E R Bl il il (4 e s AR
ik, GMRES 558t % 1AL L) A I AU 3 vk o
SR 1Y Riceati f7r 7 B, HoBE T 9 9 A 2 7E 4
SRAF I AL AT — SR At [) i ) P o 22 0 AR
PR TR AUE, AR A R ds S R XAk
N R A AR E AL 3 JEAT Rt b TSR R X
TR, 5] A Fischer-Burmeister 1F 1] £k ¥ &
7 (FBRS) " FIHT FB RBCHE S P 1 20 B2 5 A
SERNERGH T R A, LIRS AR e, MG 2
TR ORI M RS B, JF X 3R i SR G AT Ak
AbFE
2.1 ja)E

BEXTRLR A ST B NMPC[R) B8, 75 A8 e — e PE Y
TEBLT , nDRE AR A Bolza T 2 A4 e A 4 il 1) 52,
[vi) Fof =25 RS L T P A B B L AR e 5 L 12 Bt B
T B AR i ) 2 g L B bR RV

l

J = min V(ix(t+T)) +fl+TL(x('r), u(r))dr

(7)
s. t
ox
B = ), (o) (8)
x(t,) = x,, x(lf) =X, (9)

— 1092 —

g(x,u) <0 (10)
ot 2 (9) M50 R A& PE, x, H x, 40 4R
NMWR BTG IRAEFNZ IR, 30(10) R LR,
FIEREEA R u 5 E LARLME RS A
XA g(x, u) MTFFIR,

Vpin SV S0,
lwl <o,

(11)

Ui S Up S Uy,

< <
Uppin == Uy == Uppyag

K, V(x(e + 7)) FRBImyR, FikAh
V(a( +T)) = [ (x(4T) =x)"Q(x(1 +T) ~x)]

(12)
Horr, @ WP RSAERE M, A2 2 T hiks
Y H R e K, k0

L(x(7), u(r)) = 21 (x =x)"Q(x ~x,) +u'Ru]

(13)

LXK Q = diaglq,,.q5) . R = diagir,, r,} ¥
FORMEIERE, g, r, HARTUR R, 7E LIRMERRHE AR
BRI 45 1 TR NWMR REERBAL 45 2 1 H
RN,
2.2 REKAR

FE AR, ST RR s R AR R R
VP2 SR A 25 Fh Il AN S5 U A o S U Ok
A BIn s A SN RS pR ) SR m B
BhZE L) ARG 5] A FBRS, R A SR A
XoF (32 T ) 15 I8 A A [ 1 48 2% i, B0 9% [ sf
FEJE G2 [V R 43 ] vh iz A7 30 3 R i ocP J i
SHE R, AL AN (NCP) BRECKE AN A
F(10) BRI R, 5 U SR R ECh

bypla, b) = Ja> +b* +& - (a+b) (14)
He >0, HIEMSH, Bhkg I HEF u A4
FRAR g(x, u) VERTAMER AU RS,

Gorp (1, —g(x,u)) =0 (15)

s.t. gi(x,u) <0

T BT R S P AR B H 31w A 2B A
i AR U, PR IEh
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o= Lyt ity ] = Ly, g, us, ug] (16)
okt Y R MO E = 0 B S %
C/GMRESHLAL BT I iy &7 S, 75 SEAE A e B
SIAFEST R T, WA B H R EUE el
L(x(7), u(7))

= %[ (x _x_/')TQ(x _x_f'> +u'Ru - ékiui]

(17)
Sy e A A 5 PR sk DR T N 5 o U0 e 7 A
e, BCEE R &, A/ NI E B
2.3 RMUEH
i1 Karush-Kuhn-Tucker (KKT) feffith 5445
RIS OCP WS AR S5, R FH T SCRG 4501 R
;E&%%/j—:\‘:
H(x,Au) = L(x,u) + A'f(x,u) +u'g(x,u)
(18)
Hop A RoR LA 5, O T # P TP-BVP b 454
iy AR A RO K UG L T 53 N A
W Bt , 35 B FHA BRAS 280k 2 om 75 il i A s
By, B — Fs 1 H R AR ik ok s ik ok
f# A OCP A By LB 5 AT, BRI AT .
0 =« + V, H(x, A, ,u, p) A7 —x,,, (19)

0 = x (1) — (1) (20)
0 =A., + V H(x, A ,u, w)AT — A, (21)
0=V, H(x, Ay ,u, 1) (22)
0 =2Ay = V. V(xy(1)) (23)
0= g(x, u,) (24)

Hrp Ar = T/N 2050 {x, () Flog o T, (o) g Al
fu,(0) |y RARTEE BT ERPIRES P91 A7
GV B il A5, 8 DL b B o i ik, ik
DiHfs NMPC 227K R st [a) ¢ BBk ES (1) A
HE ] TP-BVP,

FHE LAt ks B H IeF o Fd A A
BB B RS AR U() e R™ .

U(t) = [u(1) uy, ()" (25)

¥ FB eRBVE N BAN A 5 B AL S5 A A K
eSS L)

VuHT(xo JAgstg) 1

d)sm(,u’ —g(xo, uo))
F(U,X,x,t) = .

v uHT(xN-l AN Uy )

Lbgrp (1, — g2y uy )

(26)

M TRRZE T AE F = 0, ZHATH

A0 1) T4 15 2 [R] B A 76 R 28 1) o A 2 ) £ rp

B, B R S vl N A iR 22 BBk ARG B s 4

AR TFAELME R G R E e, 28T

HURR T T ZR RS ) B e PIAK B H SR T p, S

A A DL A o S AR g K

SRS ) B LA ) A A — A )
X(1) e R™,

X(1) =[x/(t) A (1) - xy(1) A(0)]"
(27)
HENT AR RIS 1) 2 A AR E 2R
[ %, —x —f(x,, uy)AT
A=A, = (V H)Ar
G(U,X,x,1) = : -0

wy =2y = floyy, uy AT
Ay = Ay - ( VXH)/T\‘-lAT
L Ay =V V(xy) J

(28)

IS IR, T DURIE R G SR A X 2
HHAR A T 25 A 2R A7 1158, O B IR S A
SAEEAN, T LRy,
2.4 fRAUKEER

FExirREgH = (26) F12C(28) , FIH] ¢ S EH)
U2 ar RN I 0 P Y R 1 (I = e DU R B I O
el A U 73R Ab 3

F=[F" F'1",Uu=[U U"]" (29)
[, PR s Bl 2 AR 3 ANt

(1) fENME U S XMBELNZ — FMU
A HOA AR
(2) TESMERT A G P AR U H AT 7T
= MR PR EAEACT X e, HAEELs
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REFBRDBA U P EOALMICE, LR H
HRONAL S 5 R 1 58 SO 0T, of 7 kg X RIS 7R
SITRPATFERIEA u KPS HFT 1,
(3) A T AEHE— I E] 20 A A ) i e RS
H e+ o AR LI [ 25 i ey s i i Hrp b B
R FL' ST R i TR A i, BT AR

7N

o]

F(U,U, X, x,1) =0 (30)
F(U,U,x,t) =0 (31)
GU,X,x,t) =0 (32)

XF EIRRY 3 AL RE S L AT T ¢ BYAE

ARG U0) , U0) K X(0) #EATRUY
PR AR 135 .

F,U+F,U+FX+Fx+F =—AF (33)
F,U+F,U+Fx+F =-A U (34)

G,U+GX+Gx+G =-AG
Hr A JEFRAMM:, xF20(33) ~20(35)1

LTS FBEET U R

(f’ﬁ —F_'irﬁi}l pﬁ ‘ﬁxG;Gﬁ) l_]

(35)
AT E

S A F-Fx-F -FyFi'(-AF-Fx-F)

-FG,;'(-AG-Gx -G, (36)
R T G A A R B R A o, i —
BRal(36) Y G HETTE, BIA—A AR
e R™ W2 - G,'Gu, =p,, X HIATHIH
fi}éﬁ:
Gp, +Gyu, =0 (37)
AR N T U0 A AT L S R R R
P R T, 51 AHT ] 25 433 (DU 2
FW+Fw+Fw=DFU,x,t: W, w, o)

_FWUW+hW, x +hw, t + hw) - F(U, x, t)
h

(38)
Kb, b FoRATIM 22502 K 2 — A/ N IESE R, F)
FHHG T 25 503 b B (37 ) A7
GU+hu,, X +hp,, x +hx, t +h)
h

Gu, +Gp, =

— 1094 —

G(U,X,x+hx,t+h)
— . =0

(39)
ATCIEES
G(U+hu,, X +hp,, x +hx,t+h)
=G(U,X,x+hx, t+h) (40)
T LREE T O 2428, ZEITH A L TR
Lt Z Ak TE TR R 22 IR E  A 2 T RS )
EASES M EAR G POkl /NE IR R 2E, BuRE

MR RNE = [e -] e R, xeR", 1 €
R9X¢X7ﬁfj/@:
G(U,X,x,t) =E (41)

EX—MH BR™ xR™ xR" xR —>R™,
WU x, o HGER B B G R i, A

GHEXTEX =B(U,E, x,t), Hif/E.:

X, =x +f(x;,, u)At +e,,, (42)

Ai+| - /\ +2 + ( v H) <x+1 2 Mi+2 ’ui+] ’Iu‘i+l)AT
* €1 (43)
Ay = (V) (xy) + ey (44)

A A R AR X, A R BT e T
BRI B(U, E, x, 1), 45430(40) AT LIS
X +hp, =B(U+hu, ,G(U, X, x+hx,t+h),
x+hx,t+h) (45)
X (45 ) #1728 R AT SR AR B AR & p, , RITT
53 - G,'Gu, WIE N
-G, Gu, =~

B(U +hu, ,G(U X ,x +hx,t +h) x +hx,t +h) - X
h

(46)
HRAE &M (3) 14 Fy' Fou, BRI RBUN,
W (36) Ze M mT LR 1] 22 50 3B o 4 R K

(Fy - F Fj F; - F,.G'G))u,
= 1_75171,, + i[“( _Fél ﬁiﬁk) + i/x(_ G);lGZﬁk)

~F(U+hu,, U-hF; Fyu,, BO(U + hu,, G(U,
X,x+hx,t+h),x +hx, t +h),x +hx, t +h)/h

_F(U,U, X, x +hx, t+h)
h

(47)
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ERERERILRE
B HALER SR,

X T (36) A A, EEAE P IEX R G
(-AG-Gx -G, [WAbHE $5H— B ik,
EX—PEMNR o e R™, WE G'(-AG -
Gx-G,) = o, .

Gw+Gx+G, =-AG (48)

X2 (48 ) Hif 7] 2243 T ARUAL 3, 753 .

SEAT LML ] F

GU,X +hw, x +hx,t +h) -G(U, X, x, t)
h

=-AG(U,X,x,t) (49)
AR

GU,X +hw, x +hx, t+h)

= (1 -hA)G(U, X, x,t) (50)
HRAE b SCHr g it B, AT LU#TS X + hoo -
X +how =B(U,(1 -hA)G(U, X, x, t),
X +hx,t+h) (51)
HTHAA F + Fx + F,, 5550 Adgilm&E
HH, Mo =AF+Fx+F, e R™, X Hm%E
L

1 ., = » . hA, -1 . — .
=?F(U,U,x+hx,t+h)+ F(U,U,x, t)

(52)

i 45E0 (3) WA F 3l or SR H33 30 FAR N
=X (36) A mT A4k & R

~A F+Fy(-F'o) +F,(-p) +F (-x) +F,(-1)

_ F(UU+hF;'o,X +hw, x +hx,t +h) - F(U,U,X,x,t)

z_ASF_

1 -hA, - — -
= CF(U,U,X,x,t)

h

h

-%F(iz,fj +F;'(F(U,Ux +hx,t +h) + (hA, - 1) F(U,U,x,t)) ,B(U,(1 - hA)G(U,X ,x,t) ,x

+hx,t +h),x +hx,t +h)
Zi b, FI A GMRES B k5t (36) 114, Peisk

WARIE U, R4 B Bt (51) Kl
RV AR A
X =

I GMRES

B(U+hU,(1 -hA)G(U X x,t) x +hx,t +h) - X

h
(54)
FARRt (34) AT LS U
UzF'(-AF-F-U-Fx-F) (55
1aR1g U&XZJ: FFHBRF 5 ( Euier) 2351 %
AU BRI A U RS R X
2.5 EiE#i
S T FTHE 5 AR 0 S B P I
DT BT G R, B o g X A e ]
S 1 Al 2k RS T R B 1 H e R 25
B GMRES Bk B8R KiEHE &, SR, iR E 1k

(53)

FEXT Hessenberg i FF#EA1 T 1E 38 73 fift B, HCSR U5 2 L
BREAEBRITE , B, e Ay w] 37
Ak, RZEE L 75T GMRES 532 (1 ekt
BRI BRIAE — L1 10 TG 1 bt S it B AR 5 1
% ASCGEE X Keylov F28 M5 2 DNITR Gk
17 Arnoldi i FRAL PR WEJFAH) n x m 4k Hessenberg

FERE H,,, UGN E AR W, R IE S S A
Ot REm TR
FIEARL TR
AM = b (56)
DR e A B R AR MY A A )
K. (A, ry) = spanir,, Ary,--- ,A"'r,} BYICE, HME
4t GMRES kMBI B

Uk = (uo,ul ""’uk—l)

= ( "o o T ) (57)

Fro 1™ e ™ "l e
HApWGESEN N, = b -AM,, KRS8 r, = b
-AM, € K, (A, 1)), ¥ m w4 U, #47 Aroldi &b
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.

AU, = VW, (58)
KRBV, = (v,,0,,,0)", FAK (A, r,) BIBRIETE
RIS ow o= (Auy, o) b BB,
[ v | 5 = w50, KEFHY W, 28 E = AR HM,

=M, +t,, e, e U, Blt, = Uy, y, e RY',
k2t k wERE B
r, =r, — AUy, (59)
WL EEE y H S, 5 AUy, FTEET, ||, || B
i/ ME, B
Vir, = V,AU,y, (60)
gh4X(59) AT ]
y, = W.'V,r, (61)
SKAG AL S -
M, = My, + UW,;'V,r, (62)

Mtk 2 JE ) GMRES B8 /0 T 138 i BT e
KBFIMNGTI R R, 2 T RE N EITRE SR

ENE

3 TRER

TEATF BT 8 T A N HLIRG 9 CPU Ry 4y
IR Core i7 —9750H,6 ¥, By 455 %h 4.5 GHz, 7E
Matlab 2016a ¥58 T XFFE ([E 7€ #h 42 ) 54155 F 3L
A2k (A2 MR ) BEAR AT IR R 0 FLASTHL

[BE B A2 LA

x = cos( @)y = sin( @)
L, ah B SH e T 40 AR et AL bR R
TRYOLE AR S N2tk A4 B BUCh

=[-1.1. 0 0 0 0]"

x,;=[-1 0 0 005 0.1]"

WA w = [0 0]", iESEEE , T
=1s, N =10, REEETEER R Ar = 0. 1, AR
H’y:

Q, = Q = diag{15,15,1,0.1, 0.1}

R = diag{0.1, 0.1}

ARSHPEE v, =0m/s, v, =0.16 m/s,
w,. =0.8rad/s, u,, = -0.08 m/s", u,, =
0.08 m/s”, u,,,, = —0.6rad/s”, u,,, =0.6rad/s’,
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AR A 2 B A LA

x =sin(2w) y =2 xsin(w)

WL IRAS 5 2l R3S 7 B A
=[0.3 003 1 0 0]"
x,=[0.6 06 1 0 0]"

AN w = [0 0]", lFHSHE D, T
=1s, N =10 RFENFHESEN A7 =0. 1, AL EFERE
B;X:

Q, = Q = diag{25,25,0.01, 0.1, 0.1}

R = diag{0.1, 0.1}

HRSEP R E Voo =0m/s, 0, =1lm/s, o,
=0.8 rad/s, u,,, = -0.2m/s*, u,,, =0.3 m/s,
Uy = —0.4rad/s”, u,,, =1rad/s’,

HAtM S H N e =0.01,h =0.001,A =D,
=1/h =1000,m =1.5,R =0.048,7 = 0.0348, C/
GMRES 5.3 N S 805 B0 U6 1= Hl i A 5 e 119
WRERBR riol = 1.0e — 8, GMRES AY%Ck &k, =
10,

iR 5 ASIA 2 FE S A SR RE T
XFH, 2B 1 FhERE Matlab G SQP B3k 48 2 Fh
j%] MSC P B3k | 3 1o i A o 2500 et AN 2 Xl A7 Ak

55 3 Bl A SCHE A Bl B (NMPC) , e

refi‘%/TEU Hirm 2% i ie, MERIRZERRN

= 5+ mRERE | F |, Chat(26)
F Y2 - 5%,

XiF B i A8 1 R B A7 L oy, 0 dB AT B[R] Oy
10 s, H11&E 3 (b) AT, 4 X [ 5 il 238 i) % 42 147 BR
BR3P AR R I R AF 0 BRERRIOCR , FE R IR R

MSC  —— NMPC |

Y/m
=)

-1.5 -10 -05 0 0.5 1.0 1.5
X/m

(a) EREZHAZ
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----- SQP
N MsC
0.06 —— NMPC
5 0041
g
S 0.02F\ -
op e
0 2 4 6 8 10
AT /s
(b) BAZIRE R
----- SQP
MSC
—— NMPC
1 " 1 1
4 6 8 10
AT /s
(c) HefitkinRz
,,,,, SQpP
MSC
|—— NMPC]
E
=
= 1 L 1
0.045 2 4 6 8 10
i) /s
(d) NWMR £& &
0og————————— QP
MSC
I——NMPC
0 4 6 8 10
A1) /s
(e) NWMR ff
08— — Sop
MSC
——NMPC
4 6 8 10
i) /s
(f) RhnipE
06 ..... SQP
MSC
. 0.3 —— NMPC
E 0
= —03
~08, 2 4 6 8 10
i) /s

(g) fAmk i

B3 BERKRERERFEER

Joi R R IR ZE R HIAE 0. 01 m LN, M
T AR SCHTIR S W IR ER S5 SR AE 0.5 s B LR BRI
2 HriAt Bl TROE , s iR 22 &AL, 1)
Hb 2 FEE T R, B 3(d) ~ (g) AT, BRER
B S N5H T 3 s I T HA IS, A F B,
3 FPEIA RN,

X 4% AU 2k s 452 BR B 45 L 34 5 {5 B
ATIFE] R 10 s, H P 4 (a) A1 (b) ATHT, BF X672 22 2%
12 3 MR 22 BT . SQP ke il e
BRI X I 2 R g B il ) R iR 25, HL A
AR 22 WA AR, X405 £ DX B AR T AN SRR
FHELERINT & MSC S5A S A SO A, 7645
i X BRI AC T ARG MR o[]S o AN [m] 0 254
N, X 3 PG 45 SR T 4 B R R T R
ZUTTHE, SRNE 1 K2 iR, 7EN =5
AT, MSC 5 SQP 1 /& 75 R A il 1 b i 17 R
B, R, Bl SR A A B I, AR SR 1 Gk
RIFURFEAR, E N =10 (AT, P28 mka 4
BIIKE] T0.132 sH10. 2134 s, FRHE T SRAEJE I, AL
B HICTEAERFERT R ZEK 0. 1 s NERTE NMPC 1Y
SRR A, 7855 bR TAE I AT 68 JC 1k 6 017 i
FRERER . AHERT &, A SCRIAAE TR % T R
THH B RAE K N =50 BAE L MK IH AT
DIAS T 6 % RE i K 10% LA P B9 i 1) A 2K i
NMPC,, [R] s 7 A2 32 47 (14 S B PR 20K FROBR A H A
MSC HARZEAT BT in , (AR IH i /2SR, fE 4T
X N AR s (AR 1 2R G, AR SCRT IR B i 4 T
ELITE N

F--- Tef -oeeee- SQP MSC NMPC |
2k e —
(/
1r \
\\
E \ P /f
= 0 /,/\ e
55 = \\\\
i -
1 )
N\, ',/
2t T ——
Y R—— 0 05 1.0
X/m

(a) HREREEAR

— 1097 —



ORI 2021 £ 10 H 4531 45 4510 1

0.16

0.12
\
0.08 '\

error

0.04-\\Wh
0 ot et mem st e e R e AL R gt

6
B /s
(b) HEARIRERR2E

..... SQP
MSC
—— NMPC
=
0 2 3 8 10
i [a] /s
(c) Ttttz
Nw—————— o7
MSC
& —— NMPC|
E
1 1 1 1
0 2 4 6 8 10

s 7] /s
(d) NWMR £ i

w/rad/s

s 6] /s
(e) NWMR ff 8

u,/m/s?

3 6 '
fif A /s
(f) 2z

|
S S
o

u,/rad/s®

—04 i 1 1 1 1
: 2 G
B 1) /s

(g) fmiE sz
B4 BEEFNALBRERIFHESR

— 1098 —

&1 FHTERK
N SQP/s MSC/s NMPC/s
5 0.0523 0.098 0. 0009
10 0.2134 0.132 0.0017
30 1.1930 0.271 0.0059
50 2.1698 0.481 0.0092
*2 THRERRE
N SQP/mm MSC/mm NMPC/mm
5 0. 1063 0.0943 0.1078
10 0. 0406 0.0122 0.0197
30 0.0201 0.0039 0.0086
50 0.0142 0.0012 0.0019
4 & i

FEXTAR S8 B AS B AL A% N BE AR BRI (R, AR S8
i E X NWMR 5 R0 H Fn 09 BR ER 1% 22, # 57 Bolza
JEI NMPC S5 P45 il ) BEAE SR, 5] A 718 bR
YN AL YN J) R AL A Sl LI R UK
JH GMRES S AR a2l ek A, [R5 |
A Z ST KU 5% i R IOy =X DA e s S
FasBids i BLEs R W] AR SO iR i 4 il Ak
A AR 2 SRR A AT N, PRAIETE & 10T SRR
FORTBE .

SRTAR SCIF AR T2 BRERBE ) D ALK 22, i e
PRI BR A T T L 0 2647 2% 1 PRt o
T4 = A I R R R AR S 7 1]

Sk

[ 1] Hossein M. Optimization-based nonlinear control laws
with increased robustness for trajectory tracking of non-
holonomic wheeled mobile robots[ J]. Transportation Re-
search Part C; Emerging Technologies, 2019, 101 ; 1-17

[ 2] &0, Tk, erak. ks Eas sh H AR A2 it )y
[J]. mHARMIN, 2019,29(2) ; 119-133

[ 3] BRES, BABA, sk, 55, WiRMLE ALEE )
HIR; FHIEFE[ D], MG P, 2020,27(4) 8891

[ 4] jSgrk Xk, #ig, 2. JEF MMPC (1900 A3 2l
PREETEHI[T]. mEARMEIH, 2020,30(2) ;203212

[ 5] LinS, Goldenberg A A. Neural-network control of mobile



B OBEAF T UG GMRES A /K BEIZ S HL &R N AR B ER A5 2 Tt 42

manipulators [ J ]. IEEE Transactions on Neural Net-
works, 2001, 12(5) :1121-1133

[ 6] farscdl, EVTAL, BRig, &5 faR4 5| A0FRHLEE A
2L PID FEHI[)]. mEOREIR, 2018, 28(7) :
627-632

[ 7] XU, RAT, MRk, &5 BT ROR RS S H R
PUTEFL RAT A% & N s BRI ()], AR
., 2018,28(7) :633-642

[ 8] Fontes F A C C, Magni L. Min-max model predictive
control of nonlinear systems using discontinuous feed-
backs[ J]. [EEE Transactions on Control System Tech-
nology, 2003, 48(10) ; 1750-1755

[ 9] Pei Y, Zhang K, Pan J, et al. Nonlinear model predic-
tive tracking control of nonholonomic wheeled mobile ro-
bot using modified C/GMRES algorithm[ C] // Proceed-
ings of the 43rd Annual Conference of the IEEE Industri-
al Electronics Society(IECON) , Beijing, China, 2017 :
6298-6303

[10] Gu D B, Hu H S. Receding horizon tracking control of
wheeled mobile robots[ J]. IEEE Transactions on Con-
trol Systems Technology, 2006,14(4) ;743-749

[11] Guerreiro B J, Silvestre C, Cunha R, et al. Trajectory
tracking nonlinear model predictive control for autono-
mous surface craft [ J]. IEEE Transactions on Control
Systems Technology , 2014,22(6) :2160-2175

[12] Liu Y, Yu'S, Guo Y, et al. Receding horizon control for
path following problems of wheeled mobile robots[ J].
Control Theory and Applications , 2017, 34(4) . 424432

[13] Biiskens C, Maurer H. SQP-methods for solving optimal
control problems with control and state constraints; ad-
joint variables, sensitivity analysis and real-time control
[J]. Journal of Computational and Applied Mathemat-
ics, 2000, 120(1-2) : 85-108

[14] Bock H G, Diehl M, Schloder J P. Real-time optimiza-
tion and nonlinear model predictive control of processes
governed by differential-algebraic equations[J]. Journal
of Process Control, 2002,12(4) . 577-585

[15] Findeisen R, Allgswer F. Computational delay in nonlin-
ear model predictive control[ J]. IFAC Proceedings Vol-
umes, 2004, 37(1) . 427432

[16] Bayer F, Hauser J. Trajectory optimization for vehicles in
a constrained environment[ C] // Proceedings of the 51st

IEEE Conference on Decision and Control ( CDC),

Maui, USA, 2012:5625-5630

[17] Wang Q, Liu Y, Liu H, et al. Parallel numerical contin-
uation of periodic responses of local nonlinear systems
[J]. Nonlinear Dynamics, 2020,100(3) ;:2005-2026

[18] Li N, Zhang Y G, Wang C C. A convex combination LMS
algorithm based on Krylov subspace transform [C]//
Proceedings of the 5th International Joint Conference on
Computational Sciences and Optimization, Harbin, Chi-
na, 2012 .802-805

[19] Tajeddin S, Vajedi M, Azad N L. A Newton/GMRES ap-
proach to predictive ecological adaptive cruise control of
a plug-in hybrid electric vehicle in car-following scenari-
os[ J]. IFAC-Papers On-Line, 2016, 49(21) :59-65

[20] Ohtsuka T. A continuation/GMRES method for fast com-
putation of nonlinear receding horizon control[ J]. Auto-
matica, 2004, 40(4) . 563-574

[21] Domahidi A, Zgraggen A U, Zeilinger N M, et al. Effi-
cient interior point methods for multistage problems ari-
sing in receding horizon control[ C] Vi Proceedings of the
51st IEEE Conference on Decision and Control (CDC) ,
Maui, USA, 2012 668-674

[22] Liao M D, Huang M, Kolmanovsky I. A regularized and
smoothed fischer-burmeister method for quadratic pro-
gramming with applications to model predictive control
[ J]. IEEE Transactions on Automatic Control, 2019, 64
(7) :2937-2944

[23] Schwickart T, Voos H, Darouach M. A fast model pre-
dictive speed controller for minimised charge consump-
tion of electric vehicles[ J]. Asian Journal of Control,
2016,18 (1) :133-149

[24] Sajadi-Alamdari S A A, Voos H, Darouach M. Nonlinear
model predictive control for ecological driver assistance
systems in electric vehicles [ J]. Robotics and Autono-
mous Systems, 2019,112.291-303

[25] Seguchi H, Ohtsuka T. Nonlinear receding horizon con-
trol of an underactuated hovercraft [ J ]. International
Journal of Robust and Nonlinear Control . IFAC-Affiliated
Journal , 2003, 13(34) . 381-398

[26] Marutani J, Ohtsuka T. A real-time algorithm for nonlin-
ear infinite horizon optimal control by time axis transfor-
mation method[ J]. International Journal of Robust and
Nonlinear Control, 2013, 23(17) : 1955-1971

[27] Jiranek P, Rozloznik M, Gutknecht M H,et al. How to

— 1099 —



ORI 2021 £ 10 H 4531 45 4510 1

make simpler GMRES and GCR more stable[ J]. SIAM
Journal on Matrix Analysis and Applications, 200830
(4) :1483-1499

[28] #HAEHL, X354, Fifkde GMRES M Bk 1], W
e SRR, 2016,30(1) :51-59

[29] Hauser J, Saccon A. A barrier function method for the

// Proceedings of the 45th IEEE Conference on Decision
and Control, San Diego, USA, 2006 ;864-869

[30] Owaki Y, Yuno T, Kawabe T. Nonlinear model predic-
tive control for path following of simple small electric ve-
hicle using C/GMRES[ J]. IFAC-Papers OnLine, 2018,
51(20) ; 253

optimization of trajectory functionals with constraints[ C ]

Path tracking model predictive control of water wall moving
robot using modified GMRES algorithm

Huang Wei, Zhan Hongwu, Xu Fang
(Key Laboratory of E&M (Zhejiang University of Technology) , Ministry of Education
& Zhejiang Province, Hangzhou 310023)
Abstract

A fast nonlinear model predictive control ( NMPC) algorithm is proposed for water wall climbing robot
(WWCB) path tracking. The tracking error between WWCB and virtual target is defined, and the tracking problem
is transformed into Bolza form of NMPC optimal control problem. The semi-smooth function is introduced to opti-
mize the inequality, and the necessary conditions for optimization are constructed. Based on Pontriagin’ s minimum
principle, the generalized Hamiltonian function is established, and continuous/generalized minimum residual algo-
rithm ( C/GMRES) is used to calculate the solution, as well as to improve the calculation accuracy, the multiple
shooting method is introduced. At the same time, GMRES algorithm is optimized to improve the operating efficien-
cy. The tracking simulation of Bernoulli double-wire and circular path is carried out to verify the effectiveness of the
proposed tracking control algorithm.

Key words: water wall climbing robot (WWCB) , nonlinear model predictive control (NMPC) , semi smooth

function, continuous/generalized minimum residual algorithm ( C/GMRES) , multiple shooting method, path track-

ing
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