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RESEARCH ON MOTION CONTROL OF MULTI-
TERAIN MOBILE ROBOT BASED ON SLIP
RATE PREDICTION

ABSTRACT

Intelligent mobile robot as one of the key technologies of intelligent
manufacturing, its strategic position and research significance is becoming
more and more important, in which the four-wheel differential multi-terrain
mobile robot has been the focus of research in the field of mobile robot
because of its strong maneuverability, good terrain adaptability and other
advantages. When the multi-terrain mobile robot is traveling on uneven
roads with different road surface adhesion coefficients, the dynamic load
of the wheels will be transferred under the influence of road surface
excitation and its own mechanical structure, and the wheels will easily
break through the limit of road surface adhesion, and excessive slippage
will occur, which leads to the problem that it is difficult to ensure the
traction performance and stability of the mobile robot when it is working.
By analyzing its slip mechanism, establishing a comprehensive dynamic
model of ground-mobile robot-wheel, proposing a slip rate prediction
control algorithm based on NMPC, and carrying out simulation and
experimental research to inhibit the slip rate of the wheel under the
interference of road surface excitation and to improve its traction
performance and driving stability on complex road surfaces, the thesis will
carry out the research in the following aspects, respectively:

(1) A comprehensive dynamic model of mobile robot under road
v
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surface excitation is established by elucidating the slip mechanism of
mobile robot. Analyze the mechanical structure design of the multi-terrain
mobile robot under complex road surface, the transmission process of road
surface excitation in the mechanical mechanism, analyze the slip
mechanism of the mobile robot, put forward the coupling relationship
between wheel traction force, wheel dynamic load and slip characteristics,
build the motion control system of the mobile robot, and establish the 1/4
body dynamics model and the whole vehicle dynamics model under the
complex road surface to provide a theoretical basis for the design of the
subsequent slip rate prediction control algorithm. It provides the theoretical
basis for the design of the subsequent slip rate prediction control algorithm.

(2) A slip rate predictive control algorithm based on NMPC
(Nonlinear Model Predictive Control) is proposed by analyzing the
dynamics characteristics of multi-terrain mobile robot. Based on the slip
mechanism of the mobile robot, the optimal slip rate prediction model of
the road surface is established, and the drive motor control model,
combined with the study of the dynamic characteristics of the mobile robot
in Chapter 3, the slip rate prediction control algorithm based on NMPC is
proposed, and the multi-objective constraint optimization function is
designed to solve the slip rate prediction control algorithm, laying a
foundation for the subsequent validation of the effectiveness of the slip rate
prediction control algorithm in the simulation and outdoor experimental
research. Laying the foundation for subsequent simulation and outdoor
experimental research to verify the effectiveness of the slip rate prediction
control algorithm

(3) Focusing on the validation of the effectiveness of the slip rate
prediction control algorithm of multi-terrain mobile robot, simulation

research and outdoor driving experimental research are carried out. The

\Y
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ADAMS-MATLAB/Simulink joint simulation platform is established to
carry out simulation research, and four typical road surfaces are selected to
carry out outdoor driving experimental research. By analyzing the
simulation and outdoor experimental results, the optimized four-wheel slip
rate of the multi-terrain mobile robot is obtained to be 55.98%, 56.54%,
58.54%, 52.05%, and the optimized difference in the value of the driving
torque on both sides is obtained to be 10.08%, 16.41%, which verifies the
effectiveness of the slip rate prediction control algorithm, suppresses the
wheel slip rate under the road excitation interference, enhances the
conversion effect of the wheel traction force, and improves the motion
performance of the mobile robot under the complex road surface.
Multi-terrain mobile robot as a research object, firstly, based on the
analysis of road excitation and mobile robot mechanical mechanism,
elucidating the slip mechanism of mobile robot and designing the motion
control system of mobile robot; secondly, based on the comprehensive
dynamic model of mobile robot with road excitation, proposing a slip rate
prediction control algorithm based on NMPC; lastly, verifying the validity
of slip rate prediction control by carrying out the simulation study and
experimental study; lastly, verifying the validity of wheel slip rate
prediction control by carrying out the simulation study and experimental
study. Finally, the effectiveness of the slip rate prediction control is verified
by conducting simulation and experimental studies, which suppresses the
wheel slip rate, enhances the conversion effect of wheel traction, and
improves the motion performance of the mobile robot.
KEY WORDS: multi-terrain mobile robot, pavement excitation,

Integrated Dynamic Modeling, Slippage rate prediction, NMPC algorithm
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¥ A(3-22) L o NFEFERIL, 15

1 0 cose; || Fgy 1 0 F
0 -1 —sing ||Fy, |=| O -1 {FD‘*} (3-23)
~bsing, bcosp 0 F, | [csingi —csingi|- ™"
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B4 A(3-18), (3-23), vHEH At FEAE = Fiis Foix» Foiz,» Faixo Faizr #3217
a1t AL AR, B

mldﬁ Z+bsin(e; —cos g,)F, +dsin g F,, —dcos gF,, +dcos fmg =0
cos 3,

(3-24)
o, 0 AWIRZRAEAER )1 Fo N 4aE, IR 1E IR Z) ) B ER
B

Fu

=F, =k,0, +C,0, (3-25)
H o5 RIBRBNE I, WERAERZRVEBbShTEE WL R MALE 7 (17251
R — R AL, R RIS 7 20K K R

64 =Ciz, (3-26)

5, =C,2, (3-27)
BHRE A pi AARES LAEM o KT R M AHS 2 (K MR EL, RIE BN A,
MELAE R IZR RVFBRANTEE N i M1 B AR RN, I N T (T, AN
SEEBAT T, IR BRI )T A

z
[bCk,sin(e; — B) bCic,sin(e;, — ) mdescf, ]{z]

z

=[-dsing dcospg, ]{EW“} —dcosgmyg (3-28)

WRIEIE W VURIREE, 85 AN [& Sy~ LAl 14 552 7105 F¢ -
AR F

Foix = —Faix + Fui Sine, + F; cos 4 (3-29)
e 1] 3Vl -

Foi, = Fai, + Fai COsar; — Fsin B, (3-30)

JIFE V-
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My =aF, sing, +1,F, cose, +1,Fy, — | F; sin B + 2eF cos S (3-31)
E%jﬁ(S'zg)y (3'30)7 (3'31)7 ?%[‘:

Foix = —Faic + Fai Sing; + F; cos 5,
Foi, = Fei, + Fu COSe; — g sin S, (3-32)
My =aF,sing, +1 F, cose; + 1, Fy, =1, sin g, + 2eF, cos 4

e (3-32) & oI RIL, 15

For | [-1 O cos /3 Fai Fysine;
F=|F,|=|0 1 —sin g, Fai, [+ F, cos¢,
Mo 0 1 2ecosp —lssing || F aF, sing; +1,F, cosg;

(3-33)
H _EZ5 52 71501 X(3-18), BLUHEE 32 110 Hr(3-23), VLK 1/4 55 71450 #T

(3-33), 3 RUHE TR A 1/4 42 5 AL 36 K3 71 T RN -

Foic -1 0 F 0
F=|Fy, |=| 1 0 {FW‘X} m,g
MOi _(e+r) IW+II’ " _(Iw+|r)m1g
CKk,(sing, +cose,) C.c,(sing; +cose;) -mtan g || z
Ck,(cose, —sine;) Clc2(cosai—sinai) —-m, z
Ck,(l,cose; +asing, -1, sing;) Cpc,(l, cose, +asing; -l ;sine;)  —Im z
(3-34)
DN SR HUAEAT 08 BLRT AT LA D 61, 52 70 B in P 3-6 s -
FHl
H
Cs3
Fangs
Al
FHl
Zo Fose A%
Faiy kz Wi
O(-vM Xo N B, D, Fou ZZW1
Fer Fol, 0w
Eil Fe G; 1
Fi Ji| Kk c Ta
lez

3-6 JIHCPHTHLIE K 14 F 552 F1 K]
B R & 55 0 N A R a0 R 3R 3-7 AToas:

R 37 JIHET NS 10 BT 5 3%
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1 2 e 4475
Fa R A %) For ARSI D 2
Fai AR B % X IR
Fe TR E 2 hy W B

Fri TP BT R 77 ka VPR BELJE 25 I

Ca JIFEP TR B JE 25 BH 2
R TRV UAL B B D e o e R RO BRI B, T ERTEAN R, iR
PHETHLR S e S IR AL T IROIRES, TEBAIAR hi R R TR AL zi 1 PR AL
P E SIS AN, R AL A R A2 R2 7 ANF], S EGE PG AR hi
WAE, FHHREPRAIEE h JUATR R KA H A (3-35)Hn:

hibFZ+\/shO [I +b\/1—(sinﬂo—%j J —\/sﬁo—(lx+bcosﬁ0)2 (3-35)

P E IR SN, ER AL A TR AL 7 A, SEUET AL hy
WANE, PSR, Hpsa sl e85 AR 1R, I ERsEBrAig h -

h —M+\/s§0 {lx +b\/1—(sin 5, —ﬁj J
2d d
+J$O[F+bJ (mnﬂ)——jJ J%O (I, +bcos 3,)° (3-36)

E, TR AR SR L o0 R, st R IR 7 KL H 2

Al 20 RFTR A IR I TE[FIAEAS, sno AR 2K
T BRIE B 3 BUH 5 BB & 0 B AN s 4, AR TR p 2o, LR
RELIEAN:

_ (sing ) |4l |52 (sing %) | sB@Erz) |
p = [Iﬁb\/l (smﬁo deJ{\/sho [Iﬁb\/l (smﬂo dj}'f' 7 J Sho

(3-37)
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p, = £|X+b\/1—(sinﬁo—%j ] + \/sﬁo—[IX+b\/1—(sinﬂo—%j J +%J ~S10
(3-38)

R R L SR AT, SO p R 2 L S
AT B
I 756 P BB LS 352 Fu

(3-39)

3-7 ST R 1

TR SR I JE 352 70 P i S 40W I8 S A /E T4 %e, AR itk
Fa=[Fax Fal]"e BG5S GUBE NN 150 br, A3 P By L 3 & e

2] Fri R RSP E I B T Pa AR IE AR 5 RE
V4 NI FEF R G, AR R T R A AL 5 B JE A% T 4R
e ) AR B R AR T FE N -

Fy, + F.cosa, —F,, +F,siny, =0
—F,, —F.sing; +F,, —F, cosy, =0
—CFyp, sin ,+cFp, cos B —bF, sin B +bFg, cos B+, cos(B+@)F, cosy -l sin(B+@)F, siny =0

(3-40)
PR I 30

]

-siny, 1 0 Cos ¢, -1 0 Fe,

oSy, Fy { 0 -1 —sing, 0 1 F

ley (SIN(B, +@)siny, —cos(f3; + ) cos y, ) —bsing sinp, 0 -csing ccosp || Fy,

I:DZ

(3-41)

SAE P AP A £ e AV, T LS B R R OB P FLIRSRIA
W
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F,=F,tang™* (3-42)

G R0 (3-18), ik dsEh /15U RE(3-23), 15 ST AT LAY
SRS PH JE AR 32 77 Fri X 50 1O A 77 Fa D7 RE A

dsin B F, —dcos B F,, =[lg, cos(B +¢+y)—bcos(B + )] Fy

—bsin(e; - 5)(k,z +c,2) +d sec fm,Z, (3-43)

3.23 EREHE NI FIRE

&1 3-8 22462 Fissh iR B
ST RANER, R EshnE 3-8 fin, B ERKZ ISR, %
Fe iz sy fERIE A .
Juo, =T =F,r (3-44)
B, Jw NER IR, ol NEREE, r R, Ry oAERES] ),
THRINEE 2.2.2 iR, BRI PFiR:
Fyi = Fau(4) (3-45)
Be3r(2-4), (2-6), (3-43)FI LIS EIZE4E AR 5] J) Fyi K/
PN IR B SR ZE AT

AT::K(Fﬂ4—Fﬂ)—(Fﬁ—+FM))

r+Jd,a+J,0, (3-46)
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3.3 BEMNFER
3.3.1 BEHHFIERE ST

BN NEBEEZ TR UA S 122/, Bl Fi. Fo. Fs. Fa 21, Wil
3-9 Frn AZ LR B L 28 N2 ZE 25 M i

K 3-9 LA NEEE LR

Ik 3-8 Fron A2 MR B LA N B2 ) A AT 53R

R 3-8 A HHMFT SR

Ginc] ZFR Gine) ey i
M 5 Vy LY\ n)E
Vy B L ) @ b YRR A
9 ZE B (A ffy T W 25 S LAy T
Fyi ik ) Foix 14 /NEREIR % 7]
Foiz U4 N[ ) Froi 1 % L 77
V, IR R H Foiy VA NEQ R T
I, B LA () R B 15 Ix BRI s 15
TNERLED )15 T %

F=[F, F, . M, M, M,] (3-47)
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iz
M (V +V @) = s T Foay + Fosy + Fouy (3-48)
M FE )
M (V, +V,®) = Fyy, + Fopy + Fosy + Foux (3-49)
e[ 155
MV, =F,, +F.,, +F.,, +F,,, (3-50)
MRz

1,0 =(F,, +Fo, +Fosy + Fosl, +(F . +F, +F;+F,)(I, +dcos s +h)

(3-51)

MBTE 2
Ly =Mg + Mg, + Mg; + Mg, (3-52)

iz )
1,0 =(-F,, —F,,, + Fos, + Fo,,)l. (3-53)

7S] E N UL NS JJRIE Fy, B, Fa, Fa ST BEZEFUL I DTHR, FRIAAN:
F=mF+n,F,+n,F+n,F, (3-54)

Hrby, m2, p3, a8 UA BRI iy For Fa, Fa XPEEZE 02 7 DOIRAE RS o

N1, N2, 13, 174%%@?&%%”7’9
-1 0 0 0 ] -1 0 0 0 ]
0 0 0 1 0 00 1
0 1 0 0 0 10 0
=0 -l 0 0 =10 1, 0 0
0 0 1 0 0 1 0
-, 0 0 —(l,+dcosp+l,)| [I, 0 O —(I,+dcosp+l,)]|

34



LRI RER 2 2 18 S

1 0 0 0 i 1 0 0 ]
0 0 O 1 0 0 O 1
0 1 0 0 0 1 0 0
=10 1 0 0 =10 1 0 0
0 0 -1 0 0 0 -1 0

-1, 0 0 I +dcosp+l, -1, 0 0 I +dcosg+l,

(3-55)
332 BHIHE

R H A5 S T FR A, EE 57 MATLAB/Simulink 118458, 1K 3-11 Fr

RN 39 Pk S Hut 5.
%39 IHHZHE

24 1B S 18

TERE RIS Ry /(KN-m L) 100 ZE#BH B ¢y /(KN-sm ) 1
IR A NI E o/ (KN-m) 40 AR BB e/ (KN-s:m L) 0.8
TR i Emy /kg 5 & _FfiEm,/kg 18.5
B AL B (Al fHa/mm 226 #2E B. C [ #Eb/mm 91
BHE Cy D [E#Ec/mm 26 THEEFKd/mm 117
i Zr/Imm 159 AR A IR K so/mm 270
L5 5 b T ) BE 5 R B 0.5 TR & Hy 0.015
WR?S TAEfla 16.38° RE AP 20°
ﬁ%ﬁ%ﬁ@m‘%ﬁ%ﬂ’ﬁﬁa 1218° 2 9 FEL Jmm 175

i%éﬂﬁly/mm 400

NSRBI AR AR T SR IR s YE, X DURS NG N 3R 3-10 AR A R

T, 1A EHLA N G 5 DA R Y e P ek ot ] AR A i 7 i 28
% 3-10 MIANZHE

ZH 1 52 3 i 4
LZoptd 200 r/min 200 r/min 200 r/min 200 r/min
ANl 50 N 100 N 100 N 200 N

T [\) IR 100 N 200 N 50 N 100 N
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A [ B TR 3

oI B T 3

i B T 400 4

1 5 T 4 4

Fiz =
|:FA3>< P Fra P "R R > Frz (=
poR j
Fasx F— 5, Fo
'B& 7 FQ‘
I B s |
: - | e e
>Fac L »|z5 Lle 1% R R BT R)2
B o
» 70 A
s )
{0
R
v AV
» ':3 FZ
M
" R
My
’_' R wm
O I [ s )
Z4 71« ) : .
o 4 @, W M B T
e | ] 3
o '__J L__‘ Zol
> Faax A Faxf«
- L I |
>Fi, Fa F i
A R
FA42 le
T P R AL g
Kl 3-11 ZHIER SHLE A MATLAB/SIimulink ) 775 14

2 LR S LA NN EE DA K DU e e il ) i 2 i ] 3-12, [ 3-13 Joms

. | . . . |
5 10 15 20 25 30
Bt/ (s)

3-12 Z LR BHLA NI
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(@)

1200 e i i 1200
10001 , i ,,1l 5 i 1000 1§
f}: 800 | zﬁé 8oo | it ki
5—; eoo—l-""i G ;@ 600 [} il
& 400 & 4000 1
200 f; 200 f;
ol ‘ ‘ ol ‘ ‘
0 5 10 15 20 25 30 0 5 10 15 20 25 30
I 1] t/(s) IR 1] t/(s)
d
1200 O 1 i(c) I 1200 | N | l @ P l |
! P EETHFTENE R Y
o0 '“" ! lz |E hii lt”!"!“'\ Ei.!\“" Iv |Hl‘tiuluJ b ! é'l“',“ﬁy‘ 'il‘-' .ylll‘“a?lh!ll‘l 14l ﬁ‘l‘ﬁ
ﬁ soo—wf iy 'F iy i A i ﬁ inkl l: W 'I‘l\" l“|.ll||ll i ‘Ei'
> LI it Uil U LR = Pk gl il e !l |, EL'
S B00T LWl il ‘§ lv’Ju A PN H | ?!1‘ i n ’
E\—_‘_ 400 li \ [ Hlj 1‘ P ; t{t i ,l Ji l’
i i P
200
I ‘ ‘ ‘ ‘ i . ‘ ‘ ‘
% 5 0 15 20 25 30 % 5 0 15 20 25 30
LIRS IR 1] t/(s)

3-13 Z i INLEs N VUFe 6 iH
i g RNz 3-10 fiw:
* 3-10 i EMH EESHER

e e fEf )75 WAE
i (mis) 0.68 0.34
4 1 38 (r/min) 1090 751
L4 2 Bk (r/min) 1186 808
4 3 i (r/min) 1162 799
e 4 35 (r/min) 1194 821

3.4 KRENE

ot BhAS B TR N 22 MR R S ML A N ZERe T RS e i, ARFE T A 2 &
s BLas NI ALEL 04, GEar T BRSO 3 ) A8, 78 HLE Rl R Sr T 1/4
GBI, HeS T BTN T R s R M 2h J1 5 R, KBS
BENTEME SR ERIZEN N 1A, KA MATLAB/Simulink #4552 1 ¥
FAHEEN-FERCE A AR, B0 T BRI B S8 N 2Rl DL & DU § %%
SR, Ay i S5 W B S T 2 1) 2R G 1) 1 v BA 5 Al o
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F4E BT ERE NMPC B ERTNIEH| RS
41 5|5

Z IR Zh L & NI RS SR I ] R G M sh AL & N 18 3l % il A m] 24 Y
HERTNE L, FEEBaPLaE N HHE LHOKZ BEHLES i BL R A B i
—ANERINARERE R G, EHAER IO T, ARG SE N AE
IRBRIE, 9 7 A Rl s s mm e TR siiLa NRES R, fEtmEaEs] 7
AL, ABEITH 3 BRGNS, I 7 —Fht+ NMPC 5ik
HITE R R TN R 5t

4.2 BT BBV IaisHRE 82
4.2.1 HRERSHBEFTNER

M 2.2.2 I HTARAL, AU RS A R LA B T P 2R B A BT
N T HERERBNE A B A, TR A pes BRI A TR B 5 5 PR T A
Z AR BE R . fEHAT 2, Kiencke -2 #2784 A Burckhandt u-A #57
#Z REP, Burckhardt AL AL T “BEARFCAG 7 A BIS AR A HAE,
Hi Burckhardt 55 A2 t Z 3, AR H — ML S TASEUR A SRS
RIS GE, BRI INE R SEBEZANC R, 2NN A8
HE A R,
u(A)=[c-e=*)-c;-4 ]-¢ (4-1)

Hr, ey cov o NI R, CHZMILREBINLE N B 17 33 B0 2250 3 B 3T
AR, HEEXWFHPIR:

¢ =—e" """ (1-c,F?) (4-2)
MR — eI, cadBH 2074 0.04, T cs —MXHUE N 0.00151, 7 Ai A 10%, ZhIA)
I Vy o 0.5m/s LK A [H] 7128 400N FISL R, THEASRICZ N 0.90, [RItk, Af
FHIE AL CRE 5 BB K2 10%. R — A s i, NfEitbit
5], npEarilen 1, M=R4-1)nT @i oy LR
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ux)=cl-e**)—c, 4 (4-3)
N T SRAFUEAELPR G 2R B pmeo X B KT ERACIE R Jopr, PIRS LI AE AR B I 4
RETE, BRHRIERERPIER I XPR:

1. ¢
Aoy =——In—= ]
o= N (4-4)
LA KT I8 [ WAL B 5 R pame 9
C3 CS
—Cc +23In—23_ -
Hrnax C1+cz nclcz.e (4-5)

SR cin Co C3 HERTHIZ I IR FR AT LLANGR 4-1 rhr 30000, & T i 1 10 % -
T PR 2R -2 I I 4-1 B . NIRRT DOBLER 2, fEOK kI b, 2R
BABURAR, RWKSIVERE R TR B L, IS RAUA R R, X
B RPERe S Foh, BEAE B AR TR A USSRl T AR AR E XA
p-d WHEARAF BN 22 o IX U WA BRI AR BB AR A e i b, 9 8 R B 1 okt B 3

PERER R ML/
% 4-1 ARFEIHIE N K Burckhardt f74 2 ¥

AT 24 1 C c: Cs
Ea— 1.2802 23.95 0.50
B 0.855 33.822 0.343

TR 1.1970 25.1503 0.5365

BRI 0.4000 33.7020 0.1203

= 0.1901 94.119 0.0645
% 0.04 306.35 0

PR 4-1 AFEEE T A Burckhardt #4038, @id# S Matlab .m fiIA
XA, BT RN 4-1 BTN OAS E BT R Y w-A iR
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[
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
W

B 4-1 ARSI R 1 -4 HZE 1]
4.2.2 SREAERAITHIIREY

EZ: LN 2E 220K YNCII AR il € el R W DT ub -1 a7 AP 2R /I SIS P AR
B LA LSS ) . ARARV/IN . DR DA S s 1T 4 S T IR R 03 ] 1 7 22
R B R ORI R R PR S R R GO T K [R5 B B A L U ] 4-2
B, RIS T T LB AR A, AR LT 2 it

(1) 2 FL AL P 78 ) AL AT B 454

(2) LML R HL I A PR ) = AH L 52 8 L o

>V

K 4-2 7K HE R 20 B AL AL Y

W 4-2 Fin i A-B-C = MER IEALKR R R 7K BE [R5 AL A BRAR AR, Hodh,
OA, OB, OC fRFE& Toedlimfisk, Mk rFhizks A & FRFEMAE N 0, M
KSHINFE 4-2,
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R 4-2 FKH RGBS HR

(ie) K i ey
Ua A FIE TEeH R Us B AHE T4
Uc C tHE FoA I A HHIE TG4 FIR
s B AHE T GedH FR Ic C HHE TEedH i
WA A FHIE TSR B e B AHE T Ge2H il
wc C HHE T ool it Wi LSRR L]
SENLIK R0 LA BT 40 T Bk
U, Ra 0 0|1, q Ya
Ug|=| 0 Ry 0 |l +a 4! (4-6)
Ue 0 0 Rl Ve
Wa cosO”  co0s120° cos240° || L,l, coséd
wg |=|C€0s240° c0s120" cosO" || Lyl [+] cos(6—120) (4-7)

Ve c0s120° cos240° cosO" || L.l cos(6—240)
FER BAEH KL R 2D sl e, 8 500 2 0 e 1) 5 1Ak R R . 1
L Clarke Ze#, 47 T =HHEH ILAAAR REEH YRR ILALFR &, SR il
Park AR AL:Ks P AR S LE AL BR RN T PR iR A bR &R, BAR AT

I 1 0

A 2 Ia

Iy |=,=|-1/2 312 (4-8)
3 l,

e ~1/2 /312

][ o]
21150 (4-8), (4-9)AB#, 153K HE R D EHLAL T d-g Aebs &R T BIREEE 72 :
v, =L, +y, (4-10)
v, =L, (4-11)
Bt — P15 2 7K W [R5 LA % d-q ARFR R T B HL R 5 2

d
Ug =Rilg + g oy =Rilg + (Ll +y) - oL (4-12)

q

d
Uy =Rilo + Py~ =R, +an|q +o, (Ll +yy) (4-13)
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AKHEIF) S LA T d-q ARBR R B HELIRL T A2

d 1
ald:L—(Ud—Rsld+a),quq) (4-14)
d
d 1
alq=L_(Uq_Rs|q_a)qu|q_a)rl//f) (4-15)

q
R ARAZEER VIR SN N S E
3 3
T, :E P, (W — 1 _l//dld)zi Pn ':Wf I, + (L _Lq)ldlq] (4-16)

Y7 BRI 25 B L RPR S 25 TR 5 R A

R ¥ Yy
| L Ly, L
= + -
|:60r:| 3Pnl//f ﬁ |:a)r:| _Tn (4 17)
20, J, Jn

4.3 ETF NMPC BAR /B RINIZH Rt
4.3.1 BIREHIRGEEMBERSRIEHIREET

BT NMPC S0 3 S il R4, B i 5 PR g HsE i, R
| SR Bl 4 PR 8 A A 5 A — SRR 1A L P ) T PR 0 2 (0 X3 R 22
Mt S SRS e 1 LT A%, SRR S HLER NIAES] 71, SAFET s sl PR REAT
7 G fa g PR 7278,

® A3 HHRIEHIGSHR

155 K (Rc] K
Ai IRBhEE S A Aopt RIS T B T RS R
Ti Wzl A 4 Tax WBhEe i K E
Fyi RS /) 1) = i B T P AR5
Vy GZILIR YN LTS Jui WA s

Z MR SN NI R A5 0] RGAE R AN 4-3 Pos, 6T 410 2] 2 it
WML B 2N AR A, S I o i A% AR TR A, 15 21 24 Wi 086 1 ) A
TEB R B R XA, RIS, 43 ) A 0 e 2 A 2 R BK s fe e
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38 I ALY A5 29K Eh AR 2 R . NMPC 182 4% 23 25 55 18
LRI R, JE TG AN [F R AR el O [ RUREAT SR AR, B 45 2 DY AN BX B A0
GAREOE eipabsae

HETFNMPCHE | T, ‘ |
| EREBR 3;

mhs

A

uODu() pOp(M) [ Mhohghy |

K 4-3 Z LR BIHLA NI F2 R TI% i] R e A

RIE S 2.2.2 THEBERAN(2-1), MAXFITRS, 53

i _ a)lvy _a)ivy

> (4-18)
roy

RARK(2-2), (2-3), (2-4), HEFRAL TG RIE R R0 e

4
. TiVy invy ; in - Froll
4 :m—ﬂ(}ﬁ) 12

4-19
Mro. ( )

RAK(2-5), BB RHFEHIBRLy:

4
EV Z in - I:roll
2y + i=1

Jia)i2 Mro.

ﬂ., — TiVy _ 2:umax;i’lj’opt

Jro? A%+ ﬂozpt

(4-20)

PRAETE B e 42 i 1554 (4-20), H1I'5 5T NMPC B35 1) 2 HUE R s L a8 N g 7% 232 4%
il R GUIRZS 2 18] 7 R

4
EV Z in - I:roll
2y + i=1

. TiVy 2 Hinax /11 ﬂ‘opt
X, = 3 > (4-21)
Jirw, X; Jr/lOpt J.o Mra,
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Hrp, RELE x, 2612 FE v, RHAREy 2540 FPR:

A T A

I ECT I P B e )

X = L u= T Y= A (4-22)
Ay T, A4

NI A AR ST SRR A BRAE DA 12 ) I AL, JRATTASE T B 7 VAR RGUIRAS

AT B, RN 2] k@ Hee e, RS E x, 5]
R u LS AR R y BT AUUCRRFED K

x(k +1) = f*(x(k),u(k))- At + x(k) (4-23)

y. (k) =C*x (k) (4-24)

Fg K (4-23) RN FE F Az RGNS =2 (W7 7 (4-21), BE B AT AR =3 A 7 7
s EIOR X
4
24t X(K)- Ay | FV, 2™ Fio

TV -
X(K+1) =| — yz — = z Z 4 At+x(k) (4-25)
Jro X(K) + 4 | di® Mre

A, FRRRRGIRE LT X 7E K BT ZIAR B, B x0(4-24) T LAAS 314
HEE
C, =diag(1,111) (4-26)

FETREIN 20 K G551 U RIS 391 Y (0 F e

u(k | k) y(k +1]K)
Dgo=| U | | vzl wom
u(k + N.C ~1]k) y(k+Np|k)
Forr, Np o8 RGP TR, Ne ZoRiEhl g, H NMPC Sk a] %
N, >N, >1 (4-28)

R SRSl e ) B T A2 2 Jop 1F NS 5 M Y (k) B 2% 10 PBE 2 AR A (i) 22 H i 424K
I r(Q) 25ty 5 R — A oos, BidE ON:
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Aot (K) r(k)
A (k K

rk)=| Ek; R(K) = r(s) (4-29)
Aopra (K) r(k)

[EIHE,  fad % N 2R EAu(K) A 5N FIAUK) A -
Au(k | k)
AU — Au(k +1]k)
s (4-30)
Au(k + N, —1]k)

Au(k) =u(k) —u(k -2)

VERE 2 ko I I, R AU(K)=0.

FERAEIS ZI(K)I 5 x(k) w8 P AR T (6 o, BLAELAREBE e Dy T AR T H AR I 11
WS x(kIk)o 28 ST IR TR A gy P00 AT 807G 2 2X(4-29) A1(4-30) iEAT 58T,
BPPEREASRAE I HAGE AT, SR8 IR AN 2 2 AR M RS E A E— B 201
ARG NEAT R X AERERE (U AR TR S T AT —
RPN ZIHEIN S R G B BT RFEN 2 k+ 1, $2 6] 85K 2 TR zhbil a8 A5l
T =R I R AR oo DR I R A R (R DA 1 TR 27 R AN AT BAE 2
HITI ZI IR AR (B HEATIB 5, IR RENE XS RACRAF (B HEAT U TSR A%, i ORA A
A MRS EIESE W, IMA Az s L8 N R IR, BFiiiRE 4
FHIR:

x(k+11k) = £*((x(k [k),u(k [K)) At +x(k |k));

x(k+2|k) = f*((x(k +1]k),u(k +1] k)) At + x(k +1]K));

x(k+N_|k)=f" ((x(k+ N, -1|k),u(k +N_-1| k))At+x(k+ N, -1| k));
(4-31)

y(k+1|k) = Cy(ka(k | K),u(k | k)At + x(k | k));

y(k+2[K) =C, (fx(k +1] k), u(k +1] K)At +x(k +1[K));
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y(k+N, [K)=C,(f*x(k+N, —1[K),u(k + N, 1] K)At+x(k + N, ~1[K));

(4-32)
4.3.2 ETEBERITHRE L BirRBULIT

597 SIS AR R RO, SRR S F AR AL R
(AR 2T 4.3.1 WHSI RS b Rt 1% FLARLSR O (il R B b
BB 6T NMPC S Ml FLRLURZE K 22000 FIFRBR L, B 5
R IR

(U R 1 9B ARGUR FTAE RIS, Wit BLIFIF D A
R R TR T AR — MRSE R IR, IR AR EL Ju KAt
ﬁ&%ﬁ%ﬁﬁz,%%ﬁﬂ%A@ﬁﬁ»ﬁ%%@m,wﬂ%mmwmfmm

TEOL, O8I 3 e S KIIIE DL, FEr BRI AE

Np

Z;‘ [y(k+||k) +&° } ;H&l(kﬂw) +&° JJF

QZ + QS + Q4 (4_33)
Ak+ik) +&2 ) \ Ak+ilk)2+e® ) \ A (k+ilk)2+é

A, eI BT Ik B I B F RGN, it REfh B2, % wEe=0.001,
Q1,Q2,Q3,Qa NMALA T, Z3 AT VU IRSHFE I3 2 AR R, AR RE T
.

Q=diag(Q;;Q,;Q;:;Q,) (4-34)

(2) HbR 2: BT HE GO 22 5] SR F AR 8] TR MR AT, 51N B A%

R 2 5 H bR AL Jy SO ML g AR RS RBL R Z MR PRI R . B ke
IR NCIPARO NG G A CIPAY: 2N S € STIL R YN -

J2=Zp||y(k+i|k)—r(k+i)|| ZZ[( (k+i)1k)- Opﬁ(k)zj (4-35)

P i=1l j=1

N r(k+)Ros A IR Bh R ) B LT A 2, B i B2 AR 8 () O AR AR T

Lk, B
F(K+1) = Ay (K) (4-36)
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P OINABUHERE, 45& H bR 1 BN T Q1,Q2,Q3,Qa 73 i T £ S AL &5
NI IRBhEE, P TR T :
P =diag(R;PR,;P;; P,) (4-37)
() HFr 3: B AP 456555 /AR BAT AREL R, 75 W 21585
S N0 22 SR % T S 5 BB, ZE AT RS AR MK, 1 1 R R L,
DR G ASE 45 70 R AR AL R IR~ 7 AN T2 AT /N SR ORUE SN RS S LA N 2240 T £
iBURE| NI E R NS N ED S T R EE e AR R S =

Nc—1 Ne—1

%zZMWHWNzZBMﬂHWﬁMUMHW] (4-38)

i=0

S NIMBFERE, HEA
S =diag(s;s;s;s) (4-39)
(4 HF5 4: BshEINLEE NBISREN I REEOR, 8RR 5 R AR AL 3m 4= 58 1%
FertEol, BUTECRIE N ETERERIRTIR T, SXEhEE /000 Tid/ s . RIS 5X
ENEE I T AL T BN, A E AR R Ja T AR B AR R H T

Nc-1

J, = f”u(kﬂ) K| = [Tk +i)]k)?

i=0

+T,(K+1) [K)? + T, (kK +i) [ K)? +T,(k +i) | k)2] (4-40)

DB R ] DR AT SR A, WPIRESEE 4 SN TR IR oipy, TEETHTE
IR N T RAL oiopy X EEHIVEREBITEM, £ H AR BR B A INET X oicopy B 7
T Js

st. 0<A(K+i|K) <A +0igpys Oigopy >0 (4-41)
$k373((4-33), (4-35), (4-38), (4-40)1FE|Z ML BNl iR R0

il ARG R) A B AR E I, BARERIE M N s
min J(x(k),U(k))=J,+J,+J,+J,

=ﬁQ{y(kﬂ Ilk)2+g }*ﬁ”y(“”k—f(“i))ll (4-42)

2

Np-1 _ 2 Np-1 ) 2
+ [Au(k+i K+ D Juk+i k)|
i=0 S i=0

4
+ ZHU iopt)
i1

R n
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T F AL R ST H I BRI 205, B Ti(k)<Tmax» 1F 935 R GEIN AR A £ S ) B
LA
st. [T(k+i)|k|<T,..(i=0,1...,N,—1) (4-43)
T R R RE R AR, B 0SS (F 50 R G T
HARTEA:
st. 0< A (K+i[K) <A +0; 0, (Oypy > 0i=L...,N.) (4-44)

p
N 4-4 Fros, AZHIERE BB AHEET NMPC #8242 i S5 B0 iR
HEPE,  [RIR AT MATLAB ) NGA T E AR i e04wd b B0 T2 H R LR
PR KT SR A
T

> ZHHIRL

U F hopni=1,2,3.4 |

[t 20k 4 91102103104, SRR ALAE

| BT R TI0) TikrNK), i=1,2,34 |

[ BIETWN), =123 4 FiE s bl 7% |

| A5SRLI=1234 |

& 4-4 5T NMPC ¥ 2 Tl 21 005 1 7 P I
4.4 KREBINGE

AREEE T 73T NMPC SLERITE R RN H RGN 2 B shbl 4
NI RER ARG —I7H, WK p-s BRI RIS TE 72 50 i 1 R 25 &
R AR, BT BRI R R, 5 — I, 55 K8 R L R
HHPRAS R 582, 72 RL BRI AR E 52 5T NMPC SLERIRE shpl a8 A
BB RIS RS, FFROE AR EON 2 HARZIR AL R AT KA, Jv)m 8t
IR & 07 FAT P Ahsic s S it 1 BB STH
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£ 55 ZHRBIIENBBRIVIEH LI
51 515

A g BRI o A TE A BT TR A SE AT, AT NMPC SRR
P 2 TN ] RGEEEAT IR, — 7 KA ADAMS-MATLAB/Simulink 48 544
15 V- G AT 05 FLSREG, BEAIESE T NMPC 50325 1 £ 2842 i1l T 2 Bt 1) 2o
H—J7 I, TP PAMTRESEL, G A SR R T, DAIE RS A H R G TT R
TG LSRG, AR ShiLas N DU Se 18 # 26 . W3R 3) 739 22 (A T A
AER XS LR B as NS S PERE RN, 3 — B IR0 H L4 LA IR -

5.2 HESBMRS D

5.2.1 i #EEH2E A ADAMS ERFENIEE

K =4 % Solidworks it Z LR B ML 88 N =48R, B H S A
ADAMS 1, BN a0 5-2 Ars.

3 AT

5-2 ZHIEEIHLEE A ADAMS FE LAY
5.2.2 ADAMS-MATLAB/Simulink Bx & 15 BN EFE1E

JE T BB A RSG5 E B B AR S Bh 1 S AR R B4, R A
ADAMS-MATLAB/Simulink B:& 15 B R B RS i 5-3 s o
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------

’’’’’

-----

aaaaaa

&
—nrh

K| 5-3 ADAMS-MATLAB/Simulink B:4 117 ELHE [

% 5-1 RGN HIEASHR

ZH il ZH HfH

NI ka/kN-m'? 150.00 A JE ci/kN-ssm™? 12.00

RS NIFE ko/kN-m™ 12.00 I ARAR LB ca/kN-s-m™ 0.80

R Em, kg 7.00 1/4 % 5 Jii Em,/kg 20.50

P 10 PR S B 0.60/0.10 ERRAFRES 0.020

AR 70° REMp 15°
LR T 55 2% B - ]

K ADAMS-MATLAB/Simulink #HATECEIH, WKl 5-3 B s g
HRFAVIET- G, Hr ADAMS #4221 i AL 2 B R 2128 A SEidt
17183, B8 Matlab.m A SCHE, #85 NMPC BEdEmISs, Wk 54 Fis, M
ADAMS_sub LK &Gt A
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AR I gy g » ADAMS_uout

U To Workspace

ADAMS Plant

ADAMS_yout |«

Y To Workspace

e ADAMS_tout

T To Workspace

4k J)5E

5-4 ADAMS_sub YL R 4i K

NEUESS 4 TR T NMPC SE BT R R P05 h] R e n) A 2k, AR
ANUNER 5-1 Fos iR T B S48, 3T B KBNS AT 307 2z, 20
TE R R IR AT B R MR sl as NB St se RIS B (U TR R, TURIRE) )
B, ZBREC 14 UL 213 BREN 1A ZE H) AR AL A

% 5-2 ADAMS_sub HUH R G0 FU A i 2%

ERSRTVN ARGt
VU e T S (R v 2 1) ZNDKBES
& 1 9Kz A Rk 1
& 2 WKzh 1%k Fok 2
& 3 WKzh fHE FeiE 3
& 4 WKzh Sk Fok 4

5.2.3 SMEREMRMERENESES S

NRATRERT & Z WAL SHLE: NSERRIszh THL, FExt b drif #8 Az 2 4
FIPCACRR,, SeTt e PR o Bt T AT B O L, b AT IRPR A5 it i A B (5 2, B i
B AR KA (i) 7 3 EBAELAE i By 0% 1 AT B 55 i VL T AT 2 3t RS shplas A
47 FLSE S
(1) et B B AT Sl L 7 B
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FIFTE MATLAB-Simulink 15 21 1 3% T €3 3 e 7 2E i B 25 ST I THI 1 %%
AR, 5 ADAMS BEE7 A3 2] S M5 B 1 2 HE R shLgs AAT 3t
MU FTR

NMPC i % 5% ] NMPC il 2 % ]
————— NMPC f1l 8 JF —-—-— NMPCHfil 3T i
0.8 0.8
B op R o6
Hr iy
= )
04 -1+ —H-= — 4 & 04 ——— Y\
®r N ARRL o A e e -/ a 'H- . L
02 AP AR 02 [l e s i e
0 0
0 5 10 15 20 0 5 10 15 20
IR} 5] t/(s) R 15 t/(s)
; (c) ; (d)
NMPC i 5 5% ] NMPC 2% 5%
osl === NMPC ¥ il 42 JF jit NMPC #i & JF it
2 oe
Az o
) <
i“kvj | - - S
& s 3 £V
02 —yv'w'v”v"w‘q—r\*w.“frv'rv.!'\ﬁ\w-.f\ﬁ 0.2 I = UEAP VA Al A F
! ; ; v :
0 0
0 5 10 15 20 0 5 10 15 20

1 Vs .
K 5-5 iy B I 4 481 #2 R ADAMS-Simulink /5 5 5]
Kl 5-5 Rl oy M BT LU T, IR R R G T RO ERE T,
ZHER NS NGS 1, 5 2, 5 3, R 4 WBERDNIELLE, X
LE g 45 RNk 5-3 iR,

R 5-3 B I 1 il e PR A 1% 1007 SRR K0 0 A

ZH TEBEREN ARG  AWBEREHNRS | K=
TR 1 R R TTRE 0.6244 0.3446 44.82%
T 2 IR R IRME 0.6418 0.3209 50.00%
T 3 MR I IRE 0.6168 0.2961 51.99%
TR 4 R YT RME 0.6203 0.3226 47.99%

I 5-3 XL T R 3. BP0 SRR, NMPC 1B 256 RS T 1)
TWHOLR, BAhHLES A DAL 2R 20 ], AR AL T A e X A 4 (0,
0.4), JEITEM M2 0.2, NMPC #2456 KRG R AL R ER T, T4
1, 82, TR 3, R 4 WBEMMAEKIK): 44.82%, 50.00%, 51.99%,
47.99%.

R TE RS T, AL N DS IR Sy HAT Gk e S .
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40 (@ 40 (b)
= NMPCEsfil g 1 NMPC i 255 1)
R b === NMPC 4l 3 )i N of === NMPC il 257 /5
% 20 %l;lv 20f
<3 29 ;
m 101 *ﬁ_ 10
0 0
0 5 10 15 20 0 5 10 15 20
I 5] t/(s) I At (s)
40 © 40 (@
e NMPC il 2| NMPC f2s#bl 28 1)
Rzt === NMPCEHIBEI Il R 5t 2T NMPC Fstil 25 F Je
B i
< e
= = 20
& x|
11
& &1
0
0 5 10 15 20 0 5 10 15 20
EIS) I} [H]/(s)
40 (©) 40 0
4 NMPC #il % 5% 141 m NMPC il 4555 4]
#HH sof 00 === NMPC #ifill #IT J& % NMPC il #3F J5
= ®
R 20 R
" B
<10 N
= =

o

0 5 10 15 20 0 5 10 15 20

I T(s) i 1/(5)
1 5-6 1 i B I 22 52 4K 5 1 FE ADAMS-Simulink 47 5 1&]
K 5-6 Tl o M ST TOL T, B RIEH R G T REDTRRET,
LML NS NGSR 1, 52, 53, R 4 WL ER 14, i
213 WA JHE 2 RN L, xf HUkER 45 R sk 5-4 Fis

R 5-4 B s Tl e PR A 1% 107 1S KA o0 A

24 TWBEERRG AEBEEHRS | HE
e 1 BREN IR TR 22.7087 21.4572 -
ke 2 B SR T IRAE 21.1987 17.8391 -
R 3 WA T RAE 19.7145 18.7201 -
TR 4 KA IFE T RAE 20.9838 21.1895 -
IR B R 2 2 7 AR (5 1/4) 7.9845 1.2677 36.12%
Wz R 2= T HRAEL (5 2/3) 1.4842 0.8881 40.16%

LR 5-4 XL AR xRN E BT, NMPC 5 4% 5] R 50T R Al
FEOGHIITE AL T, AR KB T AR IEAE /S 2], 4R5¢ 14, ZR%e 2/3 BKEh /)
2 (R VAR B 2 P A1, ELBR B 7R 2 4 U7 IRAE DAL &0 ) 9 : 36.12%, 40.16%.
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BEAR 7 R RATIR LR, 23k, (FREERRAE 72T NMPC Sk I R 1l
Sl S D a1 NS =R T N DB e B 2 S A NN R B e P SRy MR Sy G
(2) fRBY 5 6 i A7 Bk v L 73 A

NMPC f il &% 5% ]
NMPC ¥l & IT 13

NMPC ¥ il # 5% 4]
————— NMPCH%iiil 48 JF 4

0.8 0.8

R o6 R o6

— N

519‘@7 0.4 Sﬁ;’ 0.4 |
& & A

AN LY (W
AR ATATR
(LN

0 5 10 15 20 0 5 10 15 20
IF ] t/(s) IF ] t/(s)
(©) (d)

NMPCiil %]
————— NMPCiil 2 7T

NMPCiiil %]
————— NMPCHii) 2 7T

08 08
R o6 R o6
é% 0.4 & 04

0 5 10 15 20 0 5 10 15 20
i 18] /(s) I 1F] t/(s)

Kl 5-7 I P& B TH 2R 5 UK B 71 HE ADAMS-Simulink 177 B
K 5-7 F o BN E BT LA, BRI KRG AT R ERE T,

LRI NG 1, B8 2, B8 3, HR 4 BRI R, X
b BER 45 R n3k 5-5 o

R 5-5 B U 1 A PR 5 1% 1017 1S KdiE o0

ZH THBEERRGE  AWRBEEREHRS | s
TR 1 R R TTRE 0.7780 0.2510 67.38%
T 2 IR T IRME 0.7871 0.2548 67.63%
TR 3 REITRME 0.7785 0.2524 67.34%
Tkt A BRI TITHRE 0.7767 0.2522 67.52%

IS 5-5 XL R3] BFAHMIRHEE R, NMPC 18 256 RS T 1)
TWHOLR, BAhHLES A DAL 2R 20 ], AR AL T A e X A 4 (0,
0.4), JEITEAM M2 0.2, NMPC #2456 KRG R AL MER T, T4
1, 82, TR 3, R 4 WBEMMAEKIK): 67.38%, 67.63%, 67.34%,
67.52%;
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R BB T, B shbLas N VUSRS 3 RAT B BT

50 @ 50) )
= NMPCEsfI B[ NMPC fi 3 5
R4 |=—— NMPC 1l # 77 R 40 NMPC #il #57F )¢
3 =
:‘% 30 ‘% 30
\ V)
7520 5320
<9 ﬁ@ a
S
& 10 W oY
0 0—
0 5 10 15 20 0 5 10 15 20
NENO)] i1 (s)
) © i ©)
= L NMPC i 2% 4
) N NMPC ¥l #F Jii R4 |- NMPC Fi] 8 7F J
R [
% 30
E’)T
& 20,
RO 171l eaWl RV

10

15 20

0 5 10

15 20

i IYE) )
(€) (f)
o NWPCEBIERH i NMPC ] 5 1]
ﬁ s 00 |m- NMPC il 577 1 iﬁ_ﬂ 7 S NMPC ) 5F 4
% 30 % 30
\
Tﬁ 20 ﬁ 20,
H 10 = 10t [ 4
0 0= :
0 5 0 15 20
i [ (s)

5-8 AP % 1 42 40 3K 5 /148 ADAMS-Simulink 4/ 3 &

K 5-8 1 ANIRMEE BT TOL R, B RER ARG T RADTRIRET,
LIS NG 1, 52, R 3, R 4AWSNEULTR 14, it
2/3 B Sy HEZE RN FLSES:, X bl 45 R ANEE 5-6 .

R 5-6 B 2 T 0l 1K PRy =5 8 1 15 3RS 96 M 0 By

4 THBERERHRGE AWRBEREGHRS | s
e 1 UKE SRR AR 14.0008 10.2869
R 2 UKE SRR AR 23.9978 17.6797
e 3 BREN iR TR 20.3443 15.1539
e 4 UKEh AR TR 15.7620 14.7108
W zh SR T B (5 1/4) 1.7459 1.4239 18..44%
YXEh J o6 72 3 7 HRAE (& 2/3) 3.6535 2.9689 18..73%
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L 5-6 XL TSR] BEXHIRIE RS, NMPC M R H] R 40T H A1
FEORHIIEOL T, B TRR RSN AR IEAEAS 2], 4258 14, ZR%e 2/3 WKaEh /)
o 22 (VA A U S8 P AT, ELXEh AR E 2 S T AR B R &0 9] D - 18.44%, 18.73%,
BEAR T ERATI LR, 25k, FREERRAE 73T NMPC S M # R 1l
il S D 11 K AN e T NN AR St B 2 OO A N R B oA B SR MR SRy G

5.3 PN RITIESCIG AR S5 4R

53.1 PONSHIPATRIR AR5 FaEE

Nt — B IAIESE T2 T NMPC SR T8 7 R R S A SRR RCR
TR Ah 2 BT AT AR SE 56, SR T S8 SRR T ] 5-9 Fos o AEAL X N e i Y
ol 8% 1 0 U ' D A1 i 6 i 1 ) it PR AR JHL b B BOAY ek i i R - 3 88% 1 A QAR 1
P 5 5 T 3 HCARE I A B v R 1 D IR BR AR B AR - 3l ST-LINKV2
AR 2 WAL SIHLEE N R R B shiZ RS R 281 STM32F407 ) 3= 47 il 25
H, [R AP T, FEAT PN L SRS, — A SR R s LA A R E i s A
NMPC SFERLHERE, BISCHPRES: 75— 4SBeok NMPC BB0E, BT AR
A&, A 4B SC IR 40— SRR IO AR H, JF HAORIE PRI LLSe 38 (47 B %

BIRAHE

e e ‘
I L SRBENFRETARE |
| z I I
| ks I |
i i i ?% 3 i
TR B x £

I o H RERG E EO }
| x 4 g ;
| I i |
[ g—rmene Vo 1 P r— |
I } } I 17 /(S) I
} (! }
| Il |
l R l
| b R 3 HL L LA+

| l N RAERG 5 |
| Il 3 o I
| o ViR \
l jE R l
' s tremm L ¥ 3 !
| m——me N '’ |
1=5=-58 1 fti 1
|m—— ; |
| (. I
i W se % i i S M SR b b SO0 KX L5 4 i

K 5-9 ZHIERREIIHLE N IMT E LIS iR
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Wl 5-10 Froms N EIHLES AR EIEREE RS, WTRTK-4GR &7 #2300k
[t e fER s LR N L, R ShALES N N5 DC48V 4 Fajth il it A2 R i E i DC24V
HhHE, A s B O el (S B B B Rk B PC g AL WiTion H,

it EAIAL WiTion SREEAS [ B% 1 URh 1 2 B R 3 HLes N9k m 208, BRpr
Km/h.

TP R S i LM i [EEUSBIER

«‘Av))

LB HIHENT &

—
4] 5-10 ZHIEAEBIHLA NI G R AR R 4
4B 5-11 P s shbilas NSRS AL B R AR R 4t 3l Id STM32F407
A2 ] 2 SR R AN [R] B T il T AT B A A S AL A N A DY A B 5l H AL AR FELATL R A
HML G2, FoRAE 77 5 AT i A 3 CANope BinSGE i 2 1% S iU il 4 4 B H Y

FEL ML SR T, (S A A Bk i 8, A counts, it 3fe LAARH R (1 L A9 R 45
g FL AL 55 A (rpm)/ (r/min) .

EZ N7 2L N

TS F R ]

o /23 i
L3+ i i‘ 1
n ﬁ, STM32F407F: Fefhl 8

(W)

L FEUSBRLR T

wgmrom

O

5-11 ZHERNLIKE . AU ECRE RS
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4 N YN 2 TR R A0S

PUFh i 7R e T 8] 5-12 Ffros s 23 A D A SIS i T ) S AR, A e B
AR 5% T - SR T QR v B B T 32 ARG DI Ay B R et it 4 D IR 11
HETHARER .

(c) FEUNAEETHI (d) T HbESTH
P 5-12 Y Fh 70 2 1

FUHMTAE SR T EON DU R T 48— R0, G BRAR AT RS EG, e rp U g
TET 73 93t g vt S 5 B8 T 140 AT 90 6 TRt S 6 1 0 RS 5 B8 T 140968 DI Ay 26 TR 565 3 g
i, 73 RER IR — Rl ) NMPC 4% il 48 5¢ DT 5 i Ja 2 e i shfLas Nz sh ik
RESHSSHNEE, JFEE MATLAB HEAT SEUGE0HE 70 b, T T g WU Aol 1 ) S5
Lve -/ €/EpA = a8

5.3.2 EMERmLLER ST

(1) A % T S A6 040 20 B
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(2) (®)

1
NMPC# il # 5 ] NMPC# ill # 3¢ Pl
————— NMPC 4 il #5 5
0.8 .08
B R
W 0.6 W 0.6
ﬁ 0.4 ﬁ 0.4 71:( 77777
0.2 0.2
0 0
0 5 0 5 10 15 20
i 8] t/(s) I 8] t/(s)
] (c) ] (d)
NMPC# il # 5 ] NMPC# ill # 3¢ b
————— NMPC 2 T 1 — =
0.8 .08
B R
W 0.6 W 0.6
304 % 0.4
ﬁg 0. ﬁ .
Ht 0.2 0.2
0 0

1A t/(s)

I 1) t/(s)
K] 5-13 9 B T 2 MO R B ML A NI #% 2 5200500 L ]
K] 5-13 H 4 Ao kam S T TO0 S, R REH R T RO ERET,

RN NS 1, i 2, i 3, Z5R 4 R R/NISZIXT A,
X B SIS 45 RNk 5-7 Fios o

R 57 KNI T A R AR o TR

ZH TEBRENRGE FEBREHRS | HRiE
TR 1B RYITRME 0.7243 0.3211 55.67%
TR 2 R AT ARE 0.6841 0.2913 57.41%
TR 3 1R IRE 0.7144 0.3577 49.93%
TR 4 ¥R TTARE 0.8203 0.3625 55.81%

I 5-7 XL TR 2 PRI IR, NMPC 188 2456 R4 0T 5 115
LT, BAHLAE AN VU 2 2 2545 24T R, B4k T g R fa € X 18] 4 (0, 0.4),
BRI Z 0.2, NMPC IR H GBS RAIER T, 5 1,
T 2, TH 3, R 4 BRI EMKIX A : 55.67%, 57.41%, 49.93%, 55.81%.

MBS TR, A2 ZNAL 38 A DU 56 DK A g REAT B e B
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40 (@) 40 (b)
= NM PC % il #% 4] ey NMPC 2 ] 2% 5% 1]
R, === NMPCHEBIEI ) R 50l [T NMPC il 43 JF 5
R R
= 20 = o0 s
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