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Research on Control Strategy of Automotive Wire Controlled

Braking System

ABSTRACT

With the increasing demand for safety, driving comfort, and driving
experience, the number and complexity of automotive electronic systems
have been continuously increasing. In order to further improve the safety
and performance of vehicles, the concept of electronic wire control was
inspired by the idea of wire controlled flight and applied to the automotive
industry, resulting in the emergence of automotive wire controlled braking
systems.

Therefore, this article focuses on the study of braking system control
strategies for four-wheel vehicle models under two different driving modes:
linear braking and curved braking, in order to improve vehicle safety
through better braking performance and achieve the goal of safe braking.
The main research content of this article is as follows:

Firstly, an electronic mechanical line control actuator model was
established, followed by a four-wheel vehicle dynamics model, and the
corresponding model parameters were provided, providing reliable
experimental data for subsequent controller design work. The four-wheel
vehicle model includes a 5-degree-of-freedom vehicle model for studying
linear braking and a 7-degree-of-freedom vehicle model for studying
curved braking.

Secondly, a global sliding mode controller for automotive braking

systems was designed based on wheel slip rate. The key to designing global
v
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sliding mode control is to introduce nonlinear functions into the sliding
mode switching function, thereby eliminating the arrival mode of the
control system. In order to drive the state trajectory of the system to the
sliding mode surface in an extremely short time and maintain it on the
sliding mode surface, a new exponential convergence law is designed. The
newly designed controller not only tracks the expected slip rate in a short
period of time, but also has a smaller braking time. Compared with
traditional sliding mode controllers, the system is more stable and has good
robustness.

Then, in response to the lower convergence speed of traditional
sparrow optimization algorithms, a new sparrow optimization algorithm is
formed by using chaotic mapping to initialize the population. Apply the
improved sparrow search algorithm to solve the distribution coefficient of
braking force between the front and rear wheels of the car, and then obtain
the optimal braking force required for the four wheels of the car. The results
show that using the improved sparrow optimization algorithm to solve the
distribution coefficient of front and rear braking force can effectively
improve the braking efficiency of the car, thereby improving the safety of
the car during braking.

Subsequently, a backstepping controller for the automotive bend
braking system was designed based on four critical conditions during
vehicle turning, including slip rate condition, sideslip angle condition,
friction circle condition, and sideslip angle condition. This includes the
vehicle status that the top-level controller can track, while the low-level
controller tracks the expected slip rate. Turning and braking on high
adhesion road surfaces improved the braking effect by 9.56%. Turning and
braking on low adhesion road surfaces improved the braking effect by

16.62%, indicating a significant improvement.
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A wheel collaborative braking force distribution control strategy was
designed to address the emergency situation of single wheel failure during
car turning braking. Analyze the vehicle dynamics under the failure of the
left front wheel, right front wheel, left rear wheel, and right rear wheel
when turning and braking, and establish corresponding mathematical
models. By using an additional yaw moment controller to obtain the
additional yaw moment required for wheel failure, and combining it with
the electro-mechanical brake (EMB) system, a four-wheel torque
distribution controller is designed. The effectiveness and robustness of this
control strategy were simulated and verified by selecting road surfaces with
different adhesion conditions. The results showed that after applying the
wheel collaborative braking force distribution controller, the slip rates of
the four wheels could be quickly maintained at the ideal slip rate.

Build a semi physical simulation test bench for the proposed global
sliding mode control strategy for wvehicle linear braking, and
experimentally verify the actual slip rate that the wheels can achieve after
braking. The experimental results show that the designed braking system
control strategy basically achieves the braking efficiency required for
emergency braking of vehicles, and the reliability of the control system

also meets the requirements.

KEY WORDS: wire controlled braking system, four-wheel model, wheel

slip rate, braking failure, braking force distribution
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SRR L, I PR DI FE 1 [ A AR BUIRIEAT T ERIE

5 2 B RIS AN AN E] ) AR A T T R T LR R R B e AR A,
ARV Es /A8, Jres TN S AL, O e S Rl A 45 1
T TARSRAL 7RISR 5296 4

553 B SETIRRE R IR B M 2 R SR i ST T . ST RIS R
T 7 AR 2 R % O 1 R GRS P RE 5 £E A A X I 8] A B 5)
PR, JFORRFAERBRE £, BE 1A sR Hoin . AR R
SR, Wt VI REREE R EAMAANES SRR B, Sl MR T T
PRI 5 1) 22 5E T A% - A (K0 5925 A5 P DU 00 5% 14 322 4542 1) Ok 56 2V B Ao
A 5% TP I BIIR 1

94 5. T RRAEDUCEIAN BBW i3 1 70 USRI o A1 X% SRR E AL
SRR, B RS FIa AR RE B R I R DAL A
S FH EACIE PR R A 48 2R SR AR AT e 1 30 70 0 S AR 80 E M A5 BRI AS 2
e P K B A 2D 77

595 W ATHIEh A TE G B SoD I I SRNEG  HR ZE S I A DY A S
SR, AR R M A 2 BRI AR AR f 25, Bt TR S
BB ARG ROP R s . AR TR 6 8 e ERER B R AIRAS, RZ 24
TERE IR K

556 B BRHRER S HIZhIN R A AL R AU R BUIRDL, Beih 1A =4
[R5 71 o BCAE M S o 0 BT R S i sl e . A avde . Ao RfeAfE e
KT I ZENEh 1%, I SLEAM N BRI . 38 I B 3 0 AR P 2545 2]
TR RN Pt OB IR E 058, FHE5 & EMB 2%l ahds, Bt th R 7
EREGLIIE

7 B BT RIS RGN R AL R AR R S0 o BT i B L A R LA
il sl 4 R R A S, R Se O FAR IR S 38, X 3h 2 Jm BRRE T REIA 2R
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£ 28 LEFERENER NFRE

BEE R G DIR R, LihlZ) RARERBUEHIZ REMATE, F
BT LAGE T 2 R G i R TR] Y 2ot i 3 R GAE SRAIE BRI B R G
SR EE R IEE EEAERAY . BBW REQSHAHH T, —H2HE TR
J% il Bl (electro-hydraulic brake, EHB), ‘Efii i 4 A\ F% T & 4e 2 (8 B R
BEREAT R o 53— PR L BRI 2035 5 7 AR X 1 2 25 (electronic wedge
brake, EWB). WiFh4h#4 4 FH B AU AR B R o F Y o =Flilil 3 RS E
Wi R BN EKR, {5 9 S8 A A Re AR L S I B M e - EMB A EWB Bk 7 &
&SR E U BB B R AR, YEReR e . RERN. 5 T8 A
THRERTHE A DRI, BB TR 2R e A U I T 2™

2.1 EMB ARG ¥ F 158

ASCFRWT TR EMB 2 G fs HT 2R HL(E SR AL TR B 3 S il B 1, Jf A
AL SRBh S AL S SR sl 71, R Gaii IR #E A 2-1 fros.

i i Bk FE iz a1
HE FEAE hrts AR

Kl 2-1 EMB R4t 4514 i 3 ]
ARG R BB 2-2 P HA AR AR A D SRS LA
e FRX LI, i 2 SRR T SRR IR D JRE R T LA, R B Lt 0
RN Tw, Tlwfe SUREHREIE, REEIFIeriash, HREHE M B s it B L4
MM x; BRI S, MR ERhmiesh, HELMEIY x,, 2l
TRRIEEG S xes BEHR T ) Fe ATl xe SR, HESHEERE P X34, A
MARAF B JIHE To, LRI
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o
T T
izt
X K. T
il JE M «
e i —MWA— T,
m Fdx) B MR \\\\ B, ( -« \\\
—IE— Fy
X, 24T -
X
<+
R . :

Xy

& 2-2 EMB £ 4t i 7 Ji 7 %]

2.1.1 BBHL1EE

AL BALISE 330 R LI DR AL, e — o DL R LI R F B L
L B e TR T AL, BV AR JE g 2 A0 e R e FRULI
T b, A P AN, RO E W, XA R T AT
KN R 7 TR R /N g ™ o BERRAE X AN E R N, = 2 B — AN Eh 046,
1S B TIT IR B . % TREINS, KEIR I 2 ek, SE T
WIS EAE R, AT 25 F B 3 o 1A F Bl 3 A 7 TR0 5 F LS 1 e sl g T A
o WU —AN S B Eh 3, kT s AL PERE RIS . s LI Bh S 7 R
LE

U=I,*Ry+Lg*I, +E (2-1)
X UNHEAREEV):
I, FEAX HLIR(A);
R, HAX HLBH(R);
Lo 9 AR LR (H);
E N B8 (V).
E=K *0, (2-2)

A K N R
O, NHNLEE M (rad).

Im * ém =T, — Tf -T (2-3)
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Refte o BB R (kg - m2);
T, ML RSN - m):
T, A HHUBEHEEE A (N - )
T, N RBEESE(N - m).

Te =K x 1, (2-4)
2.1.2 BBHLEEEIREY
T,w, =03 H|T,| < T,
Ty = Ty sgn(T)wy = 0 I HIT,| 2 Ty (2-5)
B, * Wy + Ts * sgn(wy,) Wy =0
e TONHNLERFFEEE TN - m);
B, NFRGE BEE AL
wn NI H (rad /s).

2.1. 3B R GHRE!

(DimFeiatt
R (2:6)
0, = 2 (2-7)
A O NRFEFe A (rad);
UNRFEIAFT LA S L .
0 Om
X=_—*§=_"%§ (2-8)
s a0 IR BRI f ST TS ) B RS (mm);
SNRIRZAL FFE(mm).«
QRERZAT
Ax = x — xg (2-9)

K x N BLZRAL R (mm);
Ax R 22 AT R T U8 RF (1) B 28 PE B (mm) »

Xs = XcTXg (2-10)
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A

A

x NEHE A AE Y B (mm);
Xy F9 AT HIHIZ B (mm).
Fy =M A% + K, * Ax + B, * A%
Fy NIRER AT IREN J1(N);
M A ZFT SR R (kg):
Ko 9 22 AT 1) 25 2350 % 1) M1
B, N2 AT HIRH JE 2%

2. 1. 4 FIEER

A

A

SR

A

E, = 1050 * x.3 + 20160 * x.2 + 156 = x,
FRBEE R R TI(N)-

FcxS
2m

T VE TR IR L AL ERIRBNHFAE . e T AE(N - m).

Tw

i*n

=
T NI SRS FEHE(N - m);
nNBREE AL BRI

. S
Twzl*n*TL—Fd*£+Tn

T, =2+ F, %y, * R,
Ty il B2 it D FE(N - m);

iy A5 i 2 g ) ) 2 B BE 5 R

Ry AN A REAR(m) .

2.2 MR EHmER

EEVIL

12

(2-11)

(2-12)

(2-13)

(2-14)

(2-15)

(2-16)

AT 2250 B ) B AR SR A AR LR M AR e M, LS ZE 8 3 AR
MEFAT, N T AR, FRATIE ST DA AR, anfE 2-3 s
FETFALG VR AT BN Jy 5 A8, K 2-3 AR 24052 S0 b, 3Rk
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;= —Tb;# (2-17)

L wi(i = 12300 0FRRA A, it JFA, JEAZEENAEE (rad/s);
Tpi (i = 1,2,3,4) 7 B2 VAN RS [ i Bh LG ;
Fei(i = 1,2,3,4) 70 mARR DA G240 B 32 2 B 7] F1(N);
Ri(i = 1,234 Al 2NN 12, HIRWR, =R, =R; = R, =R;
Ji(i = 1,238 0 A2 AR it (kg » m?), BB, =), =Js =], =]

Y

K 2-3 DU%E - dgipi 7Y

Fuy = Fy, = 22220 (2-18)

HH: Fyi Fa BB BA 258 BT RS2 1R 3 3 (N
m AR R E(ke);
Lo 327 5 Ja el 2 224957 0 R R (m)5
gNE I (m/s?);
ase I\ [m) ZE 5 0 i (m/s?) 5
R4 50 Y v (m) s
L2 1 ol 380 Jo e o 2 1) B9 BE 5 (m) o
_ m(Li-g+ah)

Fyz = Fyg = — (2-19)

e Fyss Py 8oRJa e Jah R RS2 0 1R % B (N);

Ly 3275 ZE 10 50 Sl 21 ZE 59 53 00 1R BE 25 (m)
Fyi = Fyi - u(4y) (2-20)
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A p)REEBIGINE I REL e R TR TR R KR

Fx1+Fx2
- Fx1+FxatFx3+Fxs (2-21)
e BRIRERIBN 10 e 23
V=a= —M (2-22)
e Va2 a) E40E 2 (m/s) .
IREATHERS, ZERIER2 A48 SR
V—wiR;
A =— (2-23)
XAKR—r 38, A
5 —(bi'R+(1—li)V
Ay = T (2-24)
B2-17)~@22D)RAN 23R, HbFEiEH IR
hi= D A2 ) g+ T (229)

TESEBRZE SIS AR T, TR SRARRE I B T S 26 0,=0.2 ", X R i
TEREE BB > LABCOK RS R P U TEORS 5 o SRTHT, 420 ) 5230 B A5 (1 5
V245K IK R TR IE R CR R HIE BRI BRI R B (N . TEASCH, Bl
T BAARMESER, HAEHWT.

w(A) = Dsin{C - arctan[BA —E(BA —arctan(BA))]} (2-26)

Hep, BRENIERY, CR/BIRAH, DAEE, ERLMRAL. XERH
AR T B 2%, A S 36 VR gl L TR J00 757 8% T 7P 156 50 3R A T ASLADL 2 T
PR T S50 0N, TiRE -1 : B=6.0, C=2.2, D=0.9, E=0.98; {ZIH7
[fi: B=6.0, C=2.1, D=0.78, E=0.8.

M 2-4 ATA, BOEEERERAN 0.2, R ABS Ffil 8 i st HAx.

o
y

T M AR

=
o
!

e
o
!

0.‘0 O.‘5
B A

2-4 MERBSEBRRA
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2.3 HES2H

BEXTBA TP T A e 20 R Ge A DU DR B, 2 sUrp i S i 12 224

n# 2-1 Fis:

#* 2-1 WEHNLSEER

e S8 HUE
R. HAX FELFHL 35Q
L. HAAX PR 0.0045H
K A R 1300
Jm R A% Bl 15 1.15kg-m?
Jw W T BN 0 2.67kgm?
Ts KFREEYE 15 1000N-m
B, TR R A 0.2
i WA A5 3 L 10
S RIR 2T S FE 20mm
n IR AL B R 0.8
Xg il 21y 1] Bt 0.2mm
M 22 KL & 20kg
Ke 2o KT A5l e A 2 550
B. 22} [ e %4 100
Hb il ) e JBE 2 DR 0.6
Rp Hilsh A R 0.15
*2-2 B SHER
5 ZH e
m R 1298kg
J TR RE 2.23kg m?
g I InE 9.8m/s?
R LR 0.305m
L RNt B AR T TN R 1.04m
L> T )5 H0 B 2R A 0 ) R S 1.65m
L %G 5l 2] i 0 b 2 T () R S 2.69m
h O = 0.533m

2.4 K&

N T BRI AR LA B R U s, 1 DU AL R BN A SR BT 4%
il o ] B AR DU S R i Bh 8%, DURRIR 2 &M H . AR T
T USRI shas i Y, B ST DU RS 2R sl AR Y, SRR Y T AR A

15



S MW N e VAT

MIZH, e sas il s ot TARSR A 1 Rl e i s e Hodis .
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£ 3E ETEBENSELITHARGITHI RIS

REATRE R R e AR 7 R A A R 2 Herh R R8I A R (N I By W i
ZERHEC A I F R 1 7 7T DA AR50 B e AT 7 R AR B 0t
B R T8 i A DA R R R R TR R R, IR TR 8, TEVR G B )
07 T WO AR A AR A AR AR B BRI RS A A ) 1) e EL R R 4R
ZA B WRHIZNRAE, A, SR — AT AE AT A% R A e il 2h R Gzl R

[54]
o

3.1 TS MR BRI R G5

AN, A TEE MATLAB/Simulink BEHU6HZ 2250 2 8 BT i i B 1
WU B 28 AT BAIE o FRATTHE 73BT BT B T 1 22 1l 31 8% 76 -V vl o e i DA S 90
G N h e

RIES 2 THTARIANR, £ MATLAB/Simulink #3587 EMB R 414
RORPUSE R4 07 HOBEAL, il 3-1 F1 3-2 o, AT 05 BT, 820 i T i
T ZR Az 113 2 G0 2 150 2 24 R B S B 1 100

K1 —0
<& [
I Ra ‘
L _ {2 it i 9
i 1/La Kt . [ =
AR ,TH T LT LT T
Twl 1 —
domil>—Hdy} T S,
8 S/2pi
2pils .
T 3 Fd1 y
TLA i*nt ) = o 11i*n1
T 4T Be T N |1—9—| h §
_ i :T\ ~. .
™ a2y = 5 sy T
Ke T T o _}Ii
L L I Pl ¢ <I: - w
em1 xn "“1Ax1 T

K 3-1 EMB R 4ifER
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= P dw w1
1 L
vt ‘ eeal FN11
= ]
—a
e
) : Ty Ly
e dM M J Fx
ENRIEY g
H(A1)
N3 Ly [1 T famhd T
57 T
) P
K] 3-2 DU%E G ipips i
— I N )]
2000
)
é 1500
&
510001
&
X
= 500
=S
0_
0 2 4 6

e IA] /s
K] 3-3 EMB R4k H o5 #h 2k

- - EfEE

307

IS
S
1
[
(=3
1

o
1
o
1

I, Bk (w/s)
ZE3E, $eIE (n/s)

A/ s A /s

(a) ZF AR AL T 25 (b)FEdk A AH Hh 25
B 3-4 TR BE LR TH 07 2t 22

B, WG 12V X, IR AR R
25m/s, X o il 4 A DU RS R AT TR R T, Tt s ) 3 R St
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AR R B 3-3 o, VRZETE TR B THURIE T 75 B THD S P AT 40 R 5 5l
AN ) P 5V B R AR (et 2, i 3-4, 3-5 )¢ 3-6, 3-7 Fli.

— iR
1.0 1.0
0.8 0.8
106 §0.6
o R
EE =0y
0.2 0.2
0.0 0.0
0 2 i 6 0 2 1 6
B [A] /s Al /s
(a)ZC Rl He (b) i BiThe
— Lt BR — LERIEBE
1.0 1.0 —
0.8 0.8
1506 §0.6
® B
0.4 B
0.2 0.2
0.0 0.0
0 2 i 6 0 2 1 6
B [A] /s Al /s
()£ 5%t (fE%

B 3-5 VR e T AR FR VR A R AR 26

307 30 — A
@ 209 @ 201
E Z
£ £
=< b
K &
04 04
0 2 4 6 0 2 4 6
B [A] /s Al /s
(a)HiTFe ok FE AR A Hh 42 (b)) 5Tk B2 AR Ak it 2

Pl 3-6 W3 T % 1T 7 B i 2
FH A B AT DR Y, AN R AR TR GE - B% T AT B S 7R Ve 7 % A7 5,
JEACER ST RTARHIBE™ o eSS PRIRERIZh I e, JE RSN 22 2™, (1
IRAEWERAAE, BNk LB RIS ERE T, 0 E 2318 BUE A «
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— LRI
1.0 — 1.0
0.87 0.8
ggo.e« ,gg.&ﬁ‘
0.4 0.4
0.2 0.2
0.0 0.0
0 2 1 6 0 2 1 6
i E /s I /s
(CYIE (e
— HERHEEE
1.0 — 1.0
0.87 0.8
ggo.e« ,gg.&ﬁ‘
E=N 0.4
0.2 0.2
0.0 0.0
0 2 1 6 0 2 1 6
e /s I /s
(Ve (DA JE%e

P 3-7 PRI B AT AL R AR i 2k
FIT LAFRANT 2127388 45 i 6 o RO BE ™, 3 L BT T ) B 42 161 30 R 01 30 1
A T HTES I Zh AR, 1 R P 5 il 1 70 b AR I e ) sh A% i 3 77 20 i £k
&2, Ak

Ry = %* [% . \/bz L gL

Hy 2R AR I f5 0 ) 3l 2 1 3 0 20 E i 249 2R 4 R R i 3h 4% R R0, 31T
SR EReHIZN 05, Ik 3-8 Frn. HHBMAZEMEAR d, BRREATREL
SR TR 307 75 B T T O T 208 A i R 2 (RS A 22068 ) R 2 T 8 R O AR il 2k,
i 3-9, 3-10 J 3-11 fizR.

B B 5 B AR, 6 TR G - B TRR I 5 B, HS R LR T
DM LT IR 4R B, ST B R e Ae T 18 0.2 B, %40 iy nT AR 4T
HAEHIR R R R

G*b
*Eu‘%;;*'Z*EuH (3-1)
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307

I, Bk (w/s)

)
S
1

o
1

— JHE N e )|
4001
=]
=
=
;—\;200-
Z
2
=
B 0-
0 5 4 6

ff 8]/ s
Kl 3-8 EMB R4t 5 ¢ it 714 2k

307 — EIHE
/(/\]20‘
2
f/?g
* 104
=
-
o
0 2 4 6 0 2 1 6
B [A] /s N
(a)HTFE T P2 A2 fhh ¢ (b) 5 e B A Ak il 2

K 3-9 AR SN 0L 7 F 2k
-- - KRWEBE- - LREBE|

1.0 B ——
L |
1]
1
0.8 X
|
L]
1
A - L]
%0.6 A
4 n
‘i’; ] 1
0.4 D
5
[ |
l':'
0.2 o
Lt
o — !
0.0 - IS Al
T T T T T
0 2 4 6

B 1E /s
Kl 3-10 FRAER BN 3 o0 TR S B T EReig R AR b th 2k
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TR T [ -- Efwmgs- - AitEBE

25 - - NIRRT o4 meeee—-
S - RIS ; R
BN ' 1
201 N 0.8+ . .
2 ) f 1
i 15 \\' 5406 X I
z R 2 P
~104 < B4 ' 1
bt b Lo
H 5 AN 0.2 4 !
N e 4

0 - S—— 0.0 2 -
o 1 2 3 1 5 6 0 3 1 6
B [A] /s N
(a)FT JE e T4 AR AL, (b) i JEFe i H A4,

PRl 3-11 SEARRD o s 0 G 7 B ) LA
3. 2 AFLATHIEh R GUBRIZHIR 7

TR AR A S SN T PRI “TE R 7 B B RS2 R, B
3G A U R BR AL V(x), AT I A R B e TR il T

BEXT— A REANELL AR N R G, nT AN TR AR 42 1] 25 g R b 425 1) i e
AN SR PE ™ o MR AT LU e AR RS ) T o BTN [E], MR 3 2
EEXTARRIE RGN “45H” ARE ™, X RSN R B SS B R,
REMZ IR I AR 40 2 AT PR RIE FE A& ROV R I, A R STt N sh Wi, JF H.
FERTHA RN, RERBRGHZHRE .

b XIS AR R, BT RO IR AN, W R AR
LM ARG EIE NIRRT 5, REVS1E 28 GE ARG LA FRIN 8] A AT DA A% i A
TRECE AT 00 25 R i, SRR s SR u Z )R
#, VMRUETEALH s AEUEEIL T 0.

AL BETE AR R AR A A, A8 R R T A R AL R AT R A IS [ A 4 1 A
0.2, WHEREBERIEME N, MEBRREAK:

x(t) = A— Ay (3-2)
3. 2.1 BEmIZIT

XA G AR UL, A RRIRN:
s(x,t) =K -x(t) (3-3)
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Horb, K>00 ARGEIRRRAE K AR SU N a] 73 N ER 7). BIAR AN R 2
o AR TIE B B R x(BIAM R, W s 7R BRI A Py
[T 0, AR x(ORPIETERH, MARE s WS AR RE, itk
TR E R RE . SAGRIEEIERIMELL, REE S BARER & . 4
JE i B A B R R LA AT A DI R B SN T AR R L T B T 4%
il 2R G ) B A

X AR A R IR U, LA RSN

s(x,t) =K -x(t) + f(t) (3-4)

PRALS () RENS TRAIE R G2 IR BB S AR T R N A7 IR 3h & E, & Al BURHE

IRASZ B 1 R GUIRAS ELEEIRBN B B0 R ™. sk, f () BLil 2 LT %A

f(0) =K -x(0) (3-5)
lim f(t) = 0 (3-6)
If®l <M (3-7)

At (3-5)RFRIHBII IR AL E ;
(3-6) 72 DRI AL T 03T 3L A 12k
G- RPIUEE B E KA. MY K TEREZIER. B L=
W (E)N:
fO=f(0)-e™ (3-8)
Hef, 0. HE-8)W K, f(O)IHEB-5) (3-6) 3-7) =% A
WA GB-)RNG-HHF, T3 ABS FEL M2 IR
s(x,t) = K- x(t) + f(0) - e Mt (3-9)
K (3-8 (3-5)+, -
f(0) =K - (A —ao) (3-10)
Ferb, Ao B hao 73 IFRIR A FH Aa IRIERIRAS,  H. 20=0, WIXFT(3-10), A
f(0)= —K- 14 (3-11)
BG-G9 T, 15 2Lt 4 Joy v A T 2R ECH -

s(x,t) =K-x(t)—K-214 -e (3-12)
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3.2. 2 BRI BRI

fE B, BAVERHZUREH RGO T MRS (x, t), Hie
TRIERGANLAETE. N, AR s s ml .
bR LD S U SPURE SN N/AS T VE
s(x,t) = —¢ - sgn(s(x,t)) (3-13)
b R LRSI DE R U EDURE SN N/AS T WE
s(x, t) = —&; - sgn(s(x, t)) —&, - s(x, t) (3-14)

Hrf, 20, >0, >0, sgn AR5 HE. -es( ) RIREEITI, o8Ok, ik
VAT R LR -eisgn(s) @ I I, /28 T IERREHER . BITEG-14)KER
G5 (V118 B = A — 8 I EHIR . RGUIRAS TOVE B WS E T i, XA
BRBATTIEFITIE™ . FEER DI T: M RGEIRE S B IH,
sOOAEF /N, G-14)H T aisgn(s(x, t) ETEE/EM. HE 12 NEH,
ABELRAE R G PR WSEE , BHERIRE R 22 51— 2 R 1 RHR .
AT AR DL b, AT T — R Fe Ao i

$(,0) = =& (In(1 + |ay - sCx, D)D) - lag - s(x, )| - sgn(s(x, t)) —&; - s(x, £)(3-15)
Hr, 01>0, a:>0.
PO IR 3-15)BEAT b, BRGNS RBTEIBIER, s8R, i
TR T (3-14), HHBTEIATIA + |ay - s(x, D)) - |ag - sCx, t)|, FIEIEH
TR E R 2 RGURS BNE A MTIL , sx,0%80, In(1+ |ag - s(x, 1))
Fam T 0, FEHIEEMBILEENGHE L, KBRS AN G-14)8D, BWRERHE R
EIHN
1E(2-24) 0, Ty B RS TR HIE u, HIEWARI s=0 & s7#0 B
FE0L, o BB AR I o FAMEARIE S 6 R w ™. B
u=1u; +u, (3-16)
MR s=0 I, A

’[F’“ + (=) - pA) - g—V - Aq -] (3-17)

R

LI s#0 I, A7

U, =

u, = %* $(x,t) (3-18)
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IS tiEgnEctilk=TVSE

..R2 .
u=u; +u, = ﬁ[% +(1—2) p) - g—V-n-2Aq- e‘"t] +% * $(x, t)(3-19)

3.2.3 (HERDh

FEAFTH, FATEL MATLAB/Simulink 1% U5 2250 R G0 T H 42
JRE G T RAEATIE . AT LE UL gt Bl s, LUGR AR 2 )R
TR AR I HIZ R, B R R RS S R, FRATTE BRI I B IR PR B AT 4 )
A BB IE TAE

e ok, BRATE eIk AL G BB I - 13) R BT R I 88, JFTE
simulink HRCIIHEER T4 SR B ] 3-12 P

=1 A ‘ ]
e :
“ha S DdS—-J R
- u &

=

u1
O——17] = -
[

3-12 AL SRS T IR A2 ) 2

BEXTBCU IR T AL, A A SR K=1, =8, i H45 R 3-13
PR

M 3-13 FTRLE H, BT 4% G0 S5 1 A T A4 1l 2 A NI G i R 8 e
A —NNE, I B BRI A T DR ER B A 20, (H R LR
B TRD e 2 Sk e, RSB (20T 1o RAVPASRUE, 1235385l R 50T B 3 AR AN 2
KUF. Ak, SINfEG e o AE BRI, WK 3-14. HAHXSEON: K=1,
el=2, £2=8. XfHBATMH, SERMINE 3-15 fos:

MK 3-15 ATRAE H, Beih (L Ge e Hoka i A b i 28 T DU 2R i 2
FERII T Y ERER S 0.2, W DURGFRARHI BRI, HR2, WBRMEANT
W, UEITE T B R R I R AR E RUR AR K . AR, 1R A R

25



il 2R AT A% R RCR AR KRG

— — WHERE
01 D e - - iR
- ﬁg@ﬁ% - EREBE
25 0.2 :
"
75204 4
B . "
15 1
% %0.1 '
# 10 ¥
& ]
5 i
0.0 4
oA
0 1 2 3 1 0 1 2 3 i
i) /s

N 8] /s
()Rl JE R E AR (b)Hi JEACTEFE AR,
3-13 ARG A e B ) g 07 o 2k

B

3-14 A& SR BoEaL R B2 4%

T - - AR

N e - R
5 L Rk 0.204 .r
@20‘ 0.15 I
~ ]
E 51 o I
g o104 ]
10 = !
) ]
& 0. 05 .

54
i
0 0.00 )
3 4 0 1 3 )

0 i 2
IFa]/s

Hﬂﬂ/i
() JEHEH AL (b)HI JE5eTEF AR,
3-15 AL R HuE I A ) & 07 J i 22

B, BT — M e Bokain 4 R g R H 2SS EON: K=1, &1=0.1,
e=10, n=26, a1=100, =40, ¥ #HEA MK 3-16 fiw, i ESGRWE 3-17 Fr

26



S MW N e VAT

M 3-17 B ar AR A Y, Frisevt 145 i & AN BE £ RE N 8] A BRIER 21 22
MR, I BAEEUT R i A 2 M 28 5, A % e S R A il 4%

K, RGEEMEE, B RIFMEENE. SHAMERIGSHL, Fridd ke

i BAT A PR e . e AR S TSR R SN MR R,

HARFFAE 0.2,

[ i
M t
T : : gy
y A-hd . =
R 18 = [
O _ _ 2
s B T o =)
5 LY
[} - ]
B
H (1\1) T; [*-;-,., 3
19_.97 L]
o] =0
3-16 AR BT 4 R i B ) 4%
i
TR - - R
sl - - W 0201 — D SHEBE
) - R ~
?20‘ ' o 0.15 :'.
El:’)‘ \\ ‘M’ i
fag ~ 0. 10
& ] R &= '
= ‘\ f
& ; N 0.051 .
\ X
b 1
0 \ 0.00
0 i > 3 i 0 I : 3 i
i)/ s I /s
(a) R JE#C IR FE ARk (b)ATJEReIE B R AL

3-17 Fr AR Hoka I 4 Ry T A ) 4% 07 0 42

3. 3 T FH WM B R FFH RITHII 5

5 18 3 VU 58 Zr A Y A B iR - T R AR B R RS TR 8 2 2 A AE B2 A
i PERIAREISCR ™, BEAVR RIS R G IFER R BT, FEATT 3Rt 7 Pifh e T
TP 25 ) 458 v A8 A AR B T i

3.3.1 ERIBBEISHIRE T
FERSC 2.2 iR, JSLT MU, A T TR T, B
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B (2-24) 205 A PR

. u;j+d;
A =22 (3-20)
=21y (3-21)
in'RZ
di= —(= ) A ~4) -u) g (3-22)

A, wRoR A SCERERIRN, SER BRI ATINT,s don s, &
T RN BE R R H e ARSI SE MRS HL, oy B i Az il T BT

3. 3. 2 fR G E R E A AL VUM 2= HI A 5%

A IE LB P YOO A » (58T PO 25 R R4 1 OR 58 4 T BRI AR
A 3% P R I e, AT AR

0; = A —Aq (3-23)
XAy, HE(3-20), 193
6= (wi+di V- Iq) (3-24)
[FIFERT, 5 A, 5 R
Ui = Ugqi T Uy (3-25)
K, upg BTy
Upqi =V - Ag —K; - 0; (3-26)

A, —K; - 0N T SCEBRASIRL, KT IR S
Ui B BT
Uy = —d; (3-27)

X, dFRTITA M HE, Fikh:

di=pi+q; o (3-28)
A, qRFTHRNIESH, paifBL s, 1240 E s — @ m g,
BB K R Z G, THMATHREZED = di —d A FER/NBERA . p T
ISR
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bi = —% “qi - (U +d; —K; - 0)) (3-29)
I, AT OO S A A T

u; = V- /id _Ki * O0; _dAi (3-30)
3.3. 3 AR E AT H I SF 2B 53

[FIRER, & L — AN :
o, =V - (A —Ag) (3-31)
XA, 45E(3-20), 43
Gi=w+di+V-1,—V- Ay (3-32)
A, A =4 L RREEREFEB R SRR 7.

[FIRER, P A, S
u; = ueqi + Upi (3-33)

K g BB
Ueqi =V - Aqg =V - X —K; - 0 (3-34)
A, —K; - o RN T SGEBRASWRL, K2 T IR S
Up BT A
Uy = —d; (3-35)
A, dFR TR, Ml THE, RiERXN:
di=p; +qi 0 (3-36)
A, qRFTHNIESE, p B E, ZMB AR — e AR ER,
BB KN Z )G, THMETHRZED, = d; —d AT ER/NIRA . p T H
e IPSE
Pi = —q; - (uni +d; —K; - ;) (3-37)
BN P i 1B i WU B SO B E DN AP/
w=V-1g—V- -1 —K; 0, —d; (3-38)
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3.3.4 (iR

FEARTI T, FA1EE MATLAB/Simulink A5 H% DU 7540 2 5 i i 9
TV MIEE 1) 2R 50T B 24 ) 7 RAATIRAE « FA TR LB AL Guig i, DL A3
R B R R R B PR R, 25 R B R T R e, FRATTI SR PRI T B T PR
AT 4 1] 35 R BIE TAF

BATE S AL S B THIES, HHX(3-23)~(3-29)7E Simulink 1R D&
TN 3-18 P, e AR 25 K1=250, K>=250, K3=150, K4=150,
¢1=900, ¢2=900, ¢3=700, ¢4=700. 1jEL5RUE 3-19 Fior:

K 3-18 ARG HITHRMLII#%

MK 3-19 fror, ETESGT IR SSRIEH e E B R, BIRAE R 3
JHERIG RS 2R, (R PR IR S (A, JF B Z0ET R 3R A 487t B LAl A 4
THOM SRR R 2, HI R A 2R A

BNk, BATEAF P TIRMEE, #3K(3-31)~(3-37)7E Simulink F %I
PR T LIS A N ] 3-20 P, Za AN 24 Ki=250, Ko=250, K3=150,
Ks=150, ¢1=1000, ¢2=1000, ¢3=700, gs=700. 1/jEL&ERK 3-21 fif7R:

M 3-21 AT AR, B (4 i 2 AN R 7E J T[] Py R R S B
R, 3 B EABNHIZNET ], AT ST Pl 28 R U0k, REcE e se,
A RIFH &,
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— R =
R 0,251 R
513 T e - R
, =) st
o JSHEIRIE 0.20 e
201 N ;-
% ;
2 N 0.154 !
= 151 y :
5 N M\'
= pE R
~ 104 ~ A @EO.IO~ ,
w ,\. s
H 5 AN 0.05- (N4
N L
NS y
07 ¥ 0.004 !
0 1 2 3 1 0 1 2 3 1
i) /s A /s

(a) il JE eI AR

P 3-19 A&GET-PORL IS 15 F 25

K 3-20 B AT IO %

AR
== R
= JaieEE

W
e

OlEE R Z %

LiEebeg 24
- - TR R
- EREBEE

B [A] /s

() Hl JEFE TR AR

3.4 KEING

AT AT R O] F bR, SR TR B vA Tt 1 R 2z il sh &R Sria il

B 3-21 BT Hmm 25 17 B i 28

2
N

(b) AT JE R A2 R AR

g, EGEAFER RSN, J8id MATLAB/Simulink 17 B8 545 3.
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5, £ MATLAB/Simulink B4 7 EMB R Gui AU 48 459477 7
B, SR E R 28 DU R A EAT T 0T B 7E . LR, ARSCEE T RRiE
Wik T — PGB R G4 R i A 98 « T RS RRZSHIZE BE 8 AR AR 1 B
BN SRS BRI ORFFEM IR b, Wit T — Mo Soaia s . R4
TERTDIRAS AR, Bk T st EAAMEA R L & 5, T —
Foft TR0 D0 5% 1) A= 60 0 A% 2 AR R 1 7V, 5 P T 0 00 8% 11 e A 4 1 ok 5 4
TH R TR A ) 2 P (R BR e A BSR4 EE . 7E MATLAB/Simulink
477 ELAS BAH R 45 2R
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£ 45 ETREMNNLEER BBW FI5) 7157 SRER

FEADSF B A3 AR T REN AR, ASCE A s 7 o sns £,
I PR R SR I R R TR, RIS B AT S e S 3 A Ee 2T
ATBE T MR U S, KR B B bR R R AR S T, DA
AL B A SR N R B B DR o 3 e F B 10 A S0 v B AE AN [R] ) il 30
SR, TR R BB RIS R AT 2k, HEMAS BTSSP sl /1.

4.1 RERREZX
4.1.1 G E IR R ELE

R SLE TR G NI - I BEAEAL, FRIA R 2 iR AL B
ER AN OAEAE D e R (6], £ D 4 ABEHL i E N JRRE, B4
% i RREELE D 4R R A B NX; = (X, Xijy o0 Xip)s Xig RN | R
IREESE d JEE R INLE . FTA BRAETE D 4EARG 2R (A H A7 B v] AR ™

X111 " X1p
. N . ] (4_1)
XN1 " XnD
ASCHE RIE 5 IR BB 20%, KILE BN E B A R anQ2-2) k.
xt . X exp(— — , R, < ST
Xt ={ tw P e i (4-2)
Xij+Q-L ) R, = ST

A xf; RaPEdss  Ahss 0 FURBAES ; ffcE, JEH i=1,..N,
j=1,....D, t=1,... itermaxc iterma JIENIEAIEL
o, Q HIN0,112 18] ) BEHLEL
L FR RN 1xD, TEHRIA 1 IFERE;
R2E(0,1], ST=0.8 73 7| F /s TREAE TN 22 42 A
MIAATRAE Y, 2 Ro>ST Y, REUIER > BRE CRBUGR:, BEr A # 1
W SIORE ) 22 A r B R B, BRI 1 IR 25 40 A BEALRS 3 21 24 1 07 B R o 17724 Ra
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<ST B, ROVUNFEOAEEER, RO LT KR e, B
FBEICBUNAIN, exp(— —— ) BRI BB 2 b I 1042
BemHIS], BRI AR S — 4 LI A

7 Ry>ST I, T IR I % AR B, 75 IER AT 57 R
M, BRI G R A F R

i
X1 = x{; X exp(— a.ltermax), R, < ST
L]
x{j+P-Ry-(I—x{)) R, = ST
A P szﬁ'\jE%ﬁ?iﬁ BApRRIEAN:
P = (_ iter;,

M#ERBR L RIE, FIRMEINIMAE . IMABAEEFHFAWT:
t+1 _ { Q X exp (M) , i>;

(4-3)

=), R AOWIBIHLE, [ = rand (1, dim).x (ub—b) + lb.

X; (4-4)

i
ot | xp T AL otherwise

A xworsti%?’éﬁ t m%ﬁﬁfﬁé&’éﬁ] UL e 2L
Xy PPRTRANRESS (1 YGRS BRAELESE j 4RI B
AR —DHITCEN 1 8-1 A7 240 R, HAY = AT - (447)7%
éu>—lﬁ RYNZIMNFE AT+ YURKPRES, A — 0,110 BN LA S
LB IR BONRIRBR BN AR, s I ERBCE 2 (M RE . i sgﬁﬂﬂ Hidre
R AERENAE AT S A B ML BENL IR B — A B, HA— R e BT 250D,
HBONERE
FERREERPRE R, B AR BE R I RR KR 5 S AU 20%, HA7 B REBEHL™ 2L 1,
(VAR TSN T

i1 { xlsest +B- |xle _xlsestl ) fi > fg
xl’;]. = t x\EVDTSt (4-5)
x -+ K - L T , . =
(fl —fw)+e fi=1g

e Xpese i 2T I A R AL E 5
B T D KIS H
K ZoRRERIM T 1A, 2N, BUEEER-1,1];
E ARG I B 0, BUEATETT /N
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Fi Ron o 1 A BRAEAE 23 18] o (138 0 1 5

S M0 fo 53 3052 AT R AN () e DU AN fe 2 TG N AR B A B RREE AL T4
AR E(f; = fp), W bE 2 5 B ML B, B & S SEaT HofhpR e .
IR TE R AL T AT R AL A, R B AT a U B

4.1.2 ELREF SIRMEEK

AN NG 0 S 1) 2 o0 L FH B RRAE S R R R AR e v, A R U s

K %0y N D R RTEFHERER N ARG
M AFERE L N
D ...
My =20 o N 4-7)

B EGS S PR E O M, W M A EE— A x BRI R E SN
X =2XM—x; ,i=1,...,N (4-8)
S SAFE T — A B A S L R R C N, ; E[agby], SAL R IR
L WAE
a; = min(x; ), b; = max(x; ) (4-9)
AR ; € [aj, by], Wx ;i PAT A U

a; + rand(0,1) X (M; —a;) ,x; ; < a;
% = j (0,1) X (M; —a;) , % j (4-10)
M] + Tand(O,l) X (b] _]Wj) 'fi,j > bj

4.2 TR R ERRE X

TR SE SO SRR S M R G AR B BEATLIE ™ o A P VR A A
PUEE VR 2 QU AR AT« Horp — e it . BENLIEAE BERLIC AL S B AR
FA e R 30 7 2 R S B

4.2.1 8 AR St

IR E 15 28 ST ) WSSO AL Wl AT R T AR SR SR AT 03 8] N2 FH 2% i 2 K i) B
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MLBUFH™, A Sc i 4 P VR el e S T A A R A Sk (R e, N T A E 4L
T AR

(1) Logistic Mt

Logistic MU 1 T 55 2Lk -

Xpe1 =K -x,-(1—x,) ,K =38 (4-11)

(2) Chebyshev BLE}

Chebyshev BT T 11 55 A -

Xni1 = cos(K - (cos(x,))™) K =4 (4-12)
(3) Circle W

Circle WL T 145 U A

Xpiq = mod(x, + b —ﬁ -sin(2-m-x,),1) ,a=05b=02 (4-13)
(4) Cubic W}

Cubic BRI HH T &5 ik -

Xps1 = K- x, - (1—x2) ,K=23

(4-14)
(5) Iterative BT
Tterative BT H T 11 55 XAk -
Xpi1 = sin(g) ,a=0.7 (4-15)
(6) Piecewise HHT
Piecewise MLE i1 T 1] 55 AUk -
%” 0<%, <P
ImP p<xp<0.5
Xpo1 = % osercrp P =04 (4-16)
1‘% 1-p<xp<1
(7) Sine M5t
Sine W5 BT T 45 A :
Xpt1 = %sin(n “Xp) ,a=4 (4-17)

(8) Singer i}
Singer BT H T 55 AR
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Xpi1 = a- (7.86x, —23.31x2 + 28.75x3 —13.302875x%) ,a = 1.07 (4-18)

(9) Sinusoidal &}
Sinusoidal BT HH T 155 =k -
Xpi1 =a-x2-sin(m-x,) ,a=2.5 (4-19)
(10) Tent AR5
Tent A5 FH T T 45 AU -
n x,<a
Xns1 =3 15 - ,a=07 (4-20)
1_a” ,otherwise

ASCHT IR TR B A ] 4-1 o, BEZHEL 200 48941

WA 4-1 FroR, H4LRMEBUESRT 200 YOEG B BB RS EIBENLE: .
S REFRBAE, TR 2 RS B A L RS R BE, IRl B30 P 7 1
IEARIRE, T R B AN RS R

1.0 1.0
0.8 0.8
ﬁ().ﬁ- ﬁo.fi
= =
= 0.4 =2 0.4+
0.2 0.2
0.0 0.0
0 50 00 150 200 0 50 00 150 200
(a) Sinusoidal (b) Singer
1.0 1.0
0.8 0.8
0.6 0.6
1 () 5
=
+'EOA 44 EO 4
0.2 0.2
0.0 0.0
0 50 100 150 200 0 50 00 150 200
(c) Sine (d) Piecewise
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1.27 1.0
1.0
0.8
0.6
0.4 0.8
ﬁ 0.2 ﬁ
= 0.0 =
= &
-0. 4+ 0.6
-0.61
-0.81
-1.0
1.2 T T T T T 0.4 T T T T T
0 50 100 150 200 0 50 100 150 200
(e) Iterative (f) Cubic
1.27
1.0 1.0
0.8
0.8 0.6
0.4+
ﬁ 0.6 ﬁ 0.2
4:; .,E 0.0
& 0.4 & -0.2
=0. 4+
0.2 -0.6
-0.84 u
0.0 -1.0
T T T T T 1.2 T T T T T
0 50 100 150 200 0 50 100 150 200
(g) Circle (h) Chebyshev
1.0 1.0
0.8 0.8
ﬁ ﬁ 0.6
=0.6 =
= EIWE
0.4
0.2
0.2 0.0
(’) 5’0 1(')0 léO 2(')0 (’) 5’0 1(')0 1&’30 2(’]0
i iy
(1) Logistic (j) Tent

Bl 4-1 2R i B o

4.2.2 BUEHIRERREER

HR TR A i 2 T BE ALK, R FL B AR R Sk, S BT R BN = A
FESE SSA I F I SSOR SR =y = RS S ME AR E o ot AR A Sk T B
b RASWE

BesAip &K VA - Wik [/ASSWAE
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t . i
t+1 _ { xirj X exp( a-itermax) ! RZ <ST (4_21)

) xti+P-p-(I—xf) R, = ST
A, QAR AT B TR B P A VR R 5, RIAE R BEHLEL, W SRR
RIMERL BT A, By BEHUEA 5 17 3 SR R B
BRI S R DA AR A WP

1 xlgest +y- let,] _xlgestl ’ fi > fg
T W - Xty worst fi=f (4-22)
& (Fi ~fw)+e ’ Lo

[FIFERY, R R VR T S 25 RS B LRSS, P A e o o S s, 00
PR FRIE LR P I BN, 2E TS v R A2 SV 1) 4 SR (AL Sl A HE A 17

4.2 3IWHHRER LS

O PR PR A 4 R R B D BRI

FEZHAIIAL
(D). WEREMBERE NN, MR D, SREAIREOE N itermax:
Q). K KB BRI E Y NX0.1;
G)F MmN E R EBE N Nx(1—0.1);
(4). 442 fE I R B 2 B B Nx0.2;
(5). W & ZAB{EH Y ST=0.8;
(6). 18 VR T SR W) AR A0 N SRR 1A
(7). EOERLEER L, #0E N AR MG RLEEAE,  FFo mlic s MR AR 1
BAAE wZE. BIRAE . RN,

CARE BN
(8).24(¢<<i-ter-max);
(9).%}F i=1:N_Discoverer, FiEfZIRZER@-21)REH LA E
(10).34 7 H 1 5
(11). %} F i=1:N_Followers, HiE4MEEA(4-4)REFIMAZ L E
(12).324 54 W s
(13). 4T i=1:N_Vigilant, BiE&MEEN(4-22) K HEmE AL E
(14).3 54 H1 i 5
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(15). 3 BNZIGEAN T A KRB E, T RGN A
(16). 5280 T A JAR 72 7 3 (A5 25 ) e 0 Ao B8 AR A A A1
(17). 5880 T JOR A2 7 3 47 ) e 2 Ao BB e 2 {1
(18). BEH R BE B RO S, BEAE, BNE, RZEH;
(19). FEFELAFE PRI . IMANE L B IR FIBIRR):;
(20). SEF A A AR (1) S A AB AN B A
(21).t=t+1;
(22).45 K while;
(23).Manth B A
CACE R R A B AR AR A ] 4-2 T

| AR |

Y

| irsEmEE

S —

SRR

Y

| EHIAL |

!

| F A |

'

B R EME

IRFIEAR

{1k & At

Kl 4-2 HOdE R SR AR R

4. 3 EERHMA

4.3.1 HERBUERE

N T AR SO VA AN R R H P AR AL RE 7T DR BRI RTAT PR AR AL R
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ARGEFET 10 MOANFIZER A FEREREL, X HBATIE, 10 HEEREALER
N 4-1 s,
41 FRUENR R HOE A B

Y EiEiEA Fik 1 deE wmit

n

F, Sphere Fy(x) = z x? [-5.12,512] 30 0
i=1

F, (x)
_0o. |L n 2 1on .
F»  Ackley = —20¢ *¥\nZi=*i _ gy Xy cos@mx) [-50,50] 30 0
+20+e

2 n

n

. ve Xi

F;3 Griewank F;(x) = E L~ | | cos(—=) +1 [-600,600] 30 0
o 4000 Vi

i=1
n

F4 Rastrigin F,(x) = Z[xiz -10-cos(2mx;) +10]  [-5.12,5.12] 30 0

i=1
n
Fs  Sumsquare Fs(x) = Z(i -x?) [-5.12,5.12] 30 0
i=1
n
Fo  Dixon  Fy(x) = (x; ~1)% + Z i (2% —x;_1)>2 [-5.5] 30 0
i=2
F;(x) =
F; Matyas [-10,10] 30 0

n
Z 0.26(x? + x2,) —0.48x,%,_,
i=0

n
Fs  Rosenbrock Fg(x) = Z 100(xi41 — x2)? 4+ (x; — D2 [-100,100] 30 0

i=1
Fo(x) = XL, (1.5 — x; + x3xi44)* +
Fo Beale (2.25 — x; + x;x41)* + (2.625 — x; + [-4.5,4.5] 30 0
xixi3+1)2
Fio(x) =

n
Fiy  Booth Z(xi b 2%y ~T)2 4 (X + xaq ~5)2 [10,10] 30 0

=1
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4.3.2 iR ERRERNRAEE R

TEAATH, XFRTE R, BRIRECN 80, MEMEE )y 100, HRYEE N
120 ke AT AVIFAL, BT SSA HfiH
A BRG] T AR IE B . SRR R A IR AL B SSA, HE T L A 2T
FREERIIR IR AL BT SSAO, 43 il 2 T IR MU W aa A0 1 R R AL S5
(SSA1~SSA10). X THRFEIL, #HHIH 7 FHE (Mean). HZEH (Max).
BAEE (Min) FFrfERZE (SD). A5 H @7~ Sphere I Ackley pRZL )M 14

30, ATTHRIPTA LY OA

Ae, WA B R 4-2 Fs:
% 4-2 R[AE 2 ) P RE R L

Y— S

21T

EiE % wAUE RZEMH FI5ME PR

SSA 2.18E-16 2.61E-05 1.51E-06 5.82977E-06
SSA0 2.00E-16 1.46E-06 1.13E-07 3.23566E-07

SSA1 1.89E-23 1.66E-06 2.58E-07 5.294E-07
SSA2 9.52E-16 3.60E-06 5.43E-07 1.12904E-06
SSA3 2.99E-15 1.60E-05 1.10E-06 3.61153E-06
Sphere SSA4 5.34E-14 3.52E-06 2.87E-07 8.02588E-07
SSAS 9.58E-15 6.12E-08 4.92E-09 1.3646E-08
SSA6 4.19E-30 9.03E-06 4.88E-07 2.01214E-06
SSA7 1.16E-14 1.69E-06 1.49E-07 3.90891E-07

SSAS8 2.20E-21 1.46E-06 8.65E-08 3.2593E-07
SSA9 5.69E-21 8.62E-06 5.15E-07 1.91827E-06
SSA10 8.89E-13 2.17E-06 1.46E-07 4.82271E-07

EiE GAS RLE RZEH M PriEZE

SSA 1.19E-06 1.12E-03 2.17E-04 0.000335121
SSA0 1.53E-07 2.62E-03 2.76E-04 0.000688246
SSA1 6.17E-07 1.12E-03 2.65E-04 0.000288951
SSA2 5.55E-07 1.52E-03 2.75E-04 0.000401332
SSA3 4.07E-06 1.31E-03 2.80E-04 0.000437719
Ackley SSA4 1.20E-07 2.06E-03 2.05E-04 0.000482619
SSAS 4.80E-08 8.93E-04 2.36E-04 0.000301412
SSA6 2.06E-07 1.74E-03 4.06E-04 0.000519714
SSA7 9.19E-08 1.59E-03 3.26E-04 0.000374838
SSAR 2.52E-07 2.09E-03 2.64E-04 0.000518587
SSA9 2.11E-07 1.11E-03 2.11E-04 0.000277781
SSA10 1.14E-10 6.89E-04 1.12E-04 0.000178908
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4.3. 3 MR

FEHHERBHIERE T 10 AN KBTI A . IRIER 42 LKA 423
M, ffH] Logistic Mtif. Chebyshev Mif Al Sine WL SSA(HP SSA1. SSA2
1 SSA6)JLFAEFTA M e B b 2 T SEAF (R A A, 7258 FARIE AU 254 Bt
IR . 7EIX B, SSA6 7E Sphere. Rastrigin. Dixon. Matyas. Beale 1 Booth
PR B T A SSA BIEHIFRIZE R . 1 SSA1 A1 SSA2 NIFE Sphere.
Ackley. Griewank. Rastrigin. Sumsquare. Dixon. Matyas. Beale 1 Booth P{%{
ST REFIIMRARCR

FF Circle WSS SSA3 7F Sphere. Sumsquare. Beale 1 Booth
B EF MR R, HAE Ackley. Griewank. Rastrigin A1 Rosenbrock 8% b5
PBCRA KA . Hr B AE Ackley AT Griewank BE¥_F, Sk AR T
T 10, 3T Cubic MG ) MGIE 572 SSAL B AR AL BUR 4 2, H 52 X6} Griewank
Rastrigin. Sumsquare Fll Rosenbrock BR#E1T T, SRIEFEATRE, 1EFIHIE
IR LBTRE, 5B AMBNRRERA, i+ LR G A1k 34 )= &
oo X— i ME 4-2 HHEEFH, SSA4 MALKIX IR ST, AruEEmA, P
BARAE AR L), RACBORE 2 . FET Tterative WL (1 B4k 5% SSAS B AL
WRCR T, {B4E Ackley. Dixon fll Griewank B&¥ b, EACT IS rERE, 2
1E 10 YORAR UL A Reta TR . [RIFER, T Piecewise MRS Ltk 5% SSA6 7E
Ackley Al Griewank B# I, GRS FEENG . Kl &%) T Rosenbrock &%)
S, BB RKBES] 40 ¥k, 1 SSA8. SSA9 FlIl SSA10 FIMC S I A &R
U, HFHIESHT Ackley. Rastrigin A1 Griewank %, gyt 7 20
o

LS, AT R A RN e IR E SR, FRATE T —/NIR RS H )
RGHHIBh 1 E . SR SSAT. SSA2 il SSAG6 AL H bRk Hr, M e 78
ANEHIHISIRE T, KGR AT T R IR
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4. 4 REFIshIERNFE N B E AR
4. 4.1 BT AR ERRE AN ERNBIZHIKE

U A SO O A A, BT BT XS AN R BB T, AN ARSI
BN I FEA R B HI T Fe i 30 71 BT S SR PR DL, RENS 1 4 A Sl A S A e w]
SET o TR AKE AT SCRTR S K AR R, BT T — il R I B S
i (¥ 1130 70 A2 LEAE AL 70 B SRS o 2% e ) B A A A

min f = A2 + 13

A2<A4
&u{@“&ﬁﬁgg;m9*° (4-23)
0=1,<1
A, HARERHf A SR G R 2B 24807 R e MR AT IR T, (4

MR RORFELE 0.2 /o0« LUK ELFE AT — BN B0 R 1 JE ST A 2/ Tl
FMREEE, LURARTERT 5 2= 5 2% HH AN m ) 3 ) 2 A0S T R i) R0 PEHE ) o
% v R T AR P RR AR SFVE AT SRR, R RHEAT 20 IR, SROPIME, 4
BAFHAL S Ay SRJE HHQR-26) R E] u(M1)s p(h2), FEHRHE(2-20)F1(2-21)3KR Hi 4>
M R HB -

AR SC TV B T Y9 7 G TR K 25 % T — b b A T B A o
i Simulink 2] H =FhE% 15 H0 8 R BT 2 2 8] 1) G R K 4-4:
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AWK 4-5 ffis:

FHREBE
104 == EREEH
- - XE%E
0.8
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0.6 h
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Z0.4+ i ~.
£ i el
0.2 I .
it PR
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BBEL

5] 4-4 Il BB E KRR
F, 3 AERESEAL N 1022 AR K 1 3h 7 B L) SR Bn R 4-3 o, 2k

2K 4-3 AR IR i3] 7003 Tl AR A

z B(TIH) BERIIT) B(IK)
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4. 4.2 (ARSI

AT F, A 138t MATLAB/Simulink 56 1% 95 28 10 1 shit FE Fr ik vt 10
03 7150 e 7 Rt AT IR . FRATDKS LU AL SRR A 48 R B0k, AI$E H p 28 VR i
SRR R EE D HIAET T BT LA OK BRI R #1301 BE .
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H%% 4-4 A A1, IRIAEAESHT B2 ZhI, AR TAEHBE 1 AT S 4 )
NI RE K BE 3 AR 7 B R BN FH B R 1, BT A9 IR A4 2
[FETIE B FdD T 17.8%, FEIRIHT BEIH B> 1 7.45%, (EOKES AT Lok
DT 12.6%. AR TS B 2 A BIHT S Re B B R A, B 3 AR 4y
O AR BON I BN AR b, S (R ZE A Bl I TR AE T 7 6 1 Bk T 10.2%,

BT IR Fk> T 2.84%, FEUKERTH FI/> T 16.5%.
R 4-4 | B E] AR R
4 T B (=) B3 Pk 1iRm 2 iR

ThE 4.93s 4.51s 4.05s 17.8% 10.2%
TRUINC 591s 5.63s 5.47s 7.45% 2.84%
7K 8.47s 8.86s 7.40s 12.6% 16.5%

v LR, M BGHRRA AL B sk R A J5 3 40 4V B, 36 R TR
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s e, s R e D XHERE, A RS,
AP SRR, VR BN AT BRI 2 A IR

4.5 KRB/

ARERCE M ESOE R A SIS, B SO R A R TR A A
(R A Bl 5 T > A AR FE BRAR A A2 5 o A ith 2, BE T 45 2T 5 3e BT/ thl2h 77 .

B, BRI RRAE LSS, W PRI A ARt R . VR TR
SRR I REALE, A AR A R SR . 15, P et A PR 1 R SR
2 R R G, A R W v MR SRS T R RCR - B
BERSASCR G (R DR AP R, et — =% 8 i T B 25 2 1 M 1) 1) 3 702 EAE e Ak
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£ 58 &IEHIBEW

5.1 ZHRE

51.1 7 BHERENNFHEE

R AE sk X P LSt EINA L E B e e -

TIEHIEN R BBk

SRR Z RN

KRB EHES YA M) BEERE E) R DU R R e S M B E
FEREAL™ e N ) SR B 0 = B R AR R i ] 5-1
N FRCIEEIEEIZ K 2-3, EHAHESUN.

& ! %
Fy1 Fy2
Fx1 Fx2

g

Fy3

Fx3

(D)% S NI

ey

L1

L2

Fy4

C Fxa

Kl 5-1 = Bt R AR Y
AT AR, AT T LR R

B IREN T R

(Q)IE-TIH, )R A AR N
Q) LA BRRBEN, I BAERTA SN TR LR 2 SR

BHOFIEFCHEE . T FEFE A BURMAIEER X 5 AT Y J7 1A i

(5) 2% il Bl F Ge Al 3 5 ) At FHAE HR AT LUK 7 S I 3RS

R RS WAL NNV S e ES eyl o o

m(a, —y - u) = (Fx1 + Fyz) - €056 + (Fy1 + Fy3) - Sind + Fy3 + Fyy
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X a NI B INE E (m/s?);
YN TE AR L (rad /s);
wATR R RIERE (m/s);

ST A (rad);
Fyy v Fpr RE AT A AT AT 32 BIRIRE 17 T (N) .

m(a, +y-v) = (Fy; + Fy;) - c0s6 —(Fyq + Fyp) - sind + Fy3 + F,y  (5-2)
N ay R ) 2 I (m/s?);
vNIRZEAEE (m/s);

F.

Vas F

va T IARER I G %e . SR A 32 B Bk JJ(N).
17 = [Ly(Fey + Fiz) + = (Fy1 —Fy)] - sind —Ly (Fyy + Fy) - 058 + Ly(Fy3 +
Fy4) + = [(Fer —Fy2) - €058 + (Fyz —Fya)] (5-3)
A DR 2 BN E (m/s?);
CNIRZE R Ja Bl Fe e (m) .

AFETE 2.2 R NSRBI S2 (38, R dzhi, D047
& I S AT

Fyy = nzliz g+ TZ_: “Qx — mChLLZ " Qy (5-4)
Fy, = "2”;2 g+ TZ—: “a, + meLZ - ay, (5-5)
Fys = nzlil g~ r:_zl "Ax — mChLLl "4y (5-5)
Fya =50 g =5 a7t ay (5-5)
TEIRARBR A REAS ZE 58 o (R ) RS [k TT DAsE e T AR H
Vo1 = Ve =V "3 (5-6)
Vyp1 =Vy+V-Lg (5-7)
Vywz = Ve +V 3 (5-8)
Vypo =V +V- Ly (5-9)
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s v (0= L2 HIRIRATA,

Vips = Ve =V (5-10)
Vyw3 =Vy —V L (5-11)
Vipa = Ve HV S (5-12)
Vyva =Vy =V Ly (5-13)
e vy, (0 = 12300 IRRH L, Fid, JE75, T4 5 I\ E FE (m/s);

#®
#

Uy il = LZ3ASBIFRRJE, Widi, JE e, JE AR BT (mis)
AR IR, JFHRAL AT 5 EMARRTAT ™, 3 B ASKRr A

Vxt1 = Vxp,1 - COSE + Vyyq - SING
Uyt1 = “VUxpa- sind + Vyy1* cosé
Uxt2 = Uxpz ' €OSO + Uy, 5 - SING

Vyt2 = —VUxpz " SING + Vy, 5 - COSE
AT A 250 1) SE B2 (7] 14 52 (m/s) s
vy i = LA BIFTRN A, B RSB ML ()

HI1(2-25) T A1, FEZEE S HIZhI, DU ZERIE R R A X -

b= = (D (1) k() - g + 5 T
Jp = = (B — (1) k() - g + 5 T
Ja = == (B (10 - u) - g + = Tos
Ja= = (B e (1) - w() - g + 57— T
U s O 0 1 T B 7

“ =

@y = 22

%= o

“=

Fe b BN T A e E T LIS IR DT R R . AR, BT AT R AL IR G
AADR 232 B MR, PR AR e o R DA R AR

(5-14)
(5-15)
(5-16)
(5-17)

(5-18)
(5-19)
(5-20)

(5-21)

(5-22)
(5-23)
(5-24)

(5-25)
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5.1.2 %2 EE

227959, S 7 AL S TN IR IR . AT, KA
“BEAR T (MEE R $ER AL 25 i 20 N e Hazh 715, DUASZERe B s2 M)
IR 1) g — R AT AR A

y = Dsin{C - arctan|Bx —E (Bx —arctan(Bx))]} (5-26)
e x VRCHR AN A1 72 5 Bl A
y EE AR B 1) B (R TE % 77 5

=) _ a3-sin(a4-arctan((a5-FN))_
B RRIEH T, HB = < :

C%ﬁﬁﬁ%, E_C = ap;
DIEIL:[D%'{E_%, E.D =,u’(a1'FN2+a1'FN);
E/—\%Eﬂﬂ%%’ EE=a6'FN2+a7'FN+a80

FEAR 2 ) T ESHUNE 5-1 s
1% 5-1 AR S AL

ao a as as as as ae az as
Fxo 1.3 -22.1 1011 1078 1.28 0.208 0 -0.354  0.707
Fyo 1.3 -21.3 1144 49.6 226 0.069 -0.006 0.056  0.468

FEHEFAT, R g m i s A 5

Fe =% Fy (5-27)

E, =2.F, (5-28)

g

e o =/0,2 + 0,2

0. = A

X a4x
. = tana
Yo oo14a°

N T SR e AR AR R 7 BE 08 S TR RS Bl I R SR R N 1) g AR )
71, FERERIZNREE TR, UERNRTREZFNEAR R, WL RN
TR R A7 it ZAR AR O o 255 ZERe R A1 D 5°, £E Simulink HH &R R AR,
HA 7 A RN 5-2 P
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P 5-5 T il 4 R4S JE A 0 00T e AR 70 A 00 A 0 3 25
M 5-4(b) AT LLE H, R RAES S B4 T RIZIEHR, IF B

A HERS , FHRFF BT D
OL R G 7R B O i £

5.2 METIBHIFR SIS

K 5-5 SR AL O P 4% 25 AF T RS TE )3 L

HIHTSCHI AR TR, BEXT R E L bIZh, it 7 PIROA R &, R
R TIEF B 7 BC 7 IR A SN BT JE e P (0 sh 7o 5 R o, 8 H A
BIXA ST O, 1242 1 SR AT AR BF 2] R R A2 . sk Petidlg, 4
W H AT ORBAGRERAIE TS, £ SBIGFA KT, WRTORE. BPEAE, R
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SRS Fe SR A R L . I ATEX LRI SRR, AR E M
PARBIRIE, PR SEGTE NS EN . T E RN B s, s
FEAFEERIUNUT 4 A4

(DI REM. (A > 0.2, RN FREARE, WG IETHA
A% . XA DLR] e R S sh Sl r), JCHSR AT g B ik, &
Hlsh#EAEH, R NAEHIE|A] < 0.2BLA;

QMg 26 AFo IR |al > ap, MIEBALEARGE, NI ITFEERTER .
XAE DU AT RERE RS SRR, JCH AL REAT RN, X2, M, R
BEI, RIS AN R PRV X A, Bl|a] < ag;

)RR 261 o BEBRIR AR S KAC A& F7 (RAIR, DA 1A 7T Fy AR ) 77 Fy F& A A

Hio BRI TT LAA AL NF? + Fy? < timax? - F72» IXTEDE RO\ IA1TE R FIURE [0 19 7% 1)
BIGE MR N RO EMRIE . — B F? + Fy? > tnax? - F72 BIETTUEITIE .
MBI IR 10, IR B G G AT B2 B T4 25 1 33 R s

(O AR 75N R AR e i — N e R . — Bk, M ff 75 2
WLl < Boo

5. 2.1 AETERISNARFHFIEE

HE 5-1 & (G5-1) (5-2)s 5-3)WTHI, E&3) 150 LA
{m(fix —y - vy) = Fy
m(o, +v-v) = Fy (5-29)
[y =M,
X, Fy = (Fyy + Fyo) - c0s8 + (Fyy + Fyy) - SinG + Fyz + Fyys
Fy = (Fy1 + Fy2) - €058 —(Fyq + Fyp) - Sind + Fy3 + Fyy;
My = [Ll(Fxl + Fi) + 2 (Fy —Fyz)] . sind —L;(Fyy + Fy3) - cosb +
Ly(Fys + Fya) + g [(Fy1 —Fyz) - 058 + (Fyz —Frs)]
HE 5-1 0THL, v, = vy, - tanB, M: v, = vetanf + vefsec?f. H ERN
5294, HLv, =x1, B=x, ¥y =x3, Fx =u;, Fy =uy, My =u3, N(5-29)
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CIRYSCHS'#
m(a’cl —X1X3 tanxz) =u
m(xyX,5ec?x, + X tanx, + x1x3) = Uy, (5-30)
I . .72,'3 = u3

M F(5-30) T, FEH] H AR AT AR, I W UZE A2 M8 uis we A0 us,

lim(xl —xlr) =0

t— o

lim(x; —x3,) = 0 (5-31)

t— o

lim(x3 —x3r) =0

for o
N Xy Xops XapdBx1s Xon 3B HE, ARG RN AE L v, M
i B TEANBHEMIREL yo

PEHI SR L B BT TR R wry wo A1 us 1525500 R GURE IS BRIER 2158
PRI ERPIRES, e, ZREREEHRA T, RAREER L I2HE 0.2 Wi,
AR 45 ] AR SR B M T y £ BRI TR &3 T 0.

5.2.2 RETEHEARGZ R SIS

HFEEHEIN ury o B us 78 RG(S-30) TS MERRIY, TR e AT TRT DA P i
ite XTFmsh i, (5-30) M —AN RN LIS A
5(1 = %ul + X1X3taan (5-32)
Bey = xq —xqp, IHE DR RO
Vv, = %ef (5-33)

BR(5-33) I E(5-32) F IR S, A5

V,=e; (% uq + x1x3tanx, _551r) (5-34)
U, =m (J'clr —X,Xstanx, —klsgn(el)) (5-35)

X, ky >0, FATATLAFH]:
Vy = —kye;sgn(e;) = —ky|e| (5-36)
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ﬁq:" EE:J: X1 R%%KE%E? Xlr» F‘EU\ eli(), )I_\“J Vl = —k1|61| <0, 555?%

NEA IR E N ey — 0.
YT (5-30) I AT e, EHMEsh /1] LS K.
J.CZ = X S(?];sz (% U, _xltaan _x1x3) (5-37)

We, = x; —Xpp FE X —NEHEEH R RECN:
1 2
VZ = Eez (5-38)

KA (S-38)HE -3 RS, Al
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