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Fractional Three-Loop Autopilot of Air-to-Air
Missile with Parameter Optimization

XU Jun', CAO Junyi', CAO Binggang', LI Younian®
(1. School of Mechanical Engineering, Xi'an Jiaotong University, Xi'an 710049, China;
2. China Air-to-Air Missile Institute, Luoyang, Henan 471009, China)

Abstract; Focusing on strong nonlinearity and parameter uncertainty in an air-to-air missile body
control system, a fractional three-loop autopilot (TLA) of air-to-air missile is proposed based on
the analysis of classical TLA. The properties of whole three loops in fractional TLA are ana-
lyzed, the differences between the two mentioned TLLAs are revealed. The integral time absolute
error (ITAE) rule based genetic algorithm (GA) is utilized for the parameter optimization to gain
the optimal control system of the air-to-air missile. By the simulation for the two TLAs, the re-
sponses both on time domain and on frequency domain are investigated comparatively. The re-
sults verify that the proposed fractional TLLA is endowed with the better time domain response
and wider stability margin in frequency domain than the classical TLLA under the same parameter
optimization.

Keywords: fractional three-loop autopilot; air-to-air missile; parameter optimization; robustness

FNE A AR = [l A B 3G I T 300 Pl AR i oo Aol L ORI ARURE | i SO 3 38 PR 55
FHOFBAHE RECRE T T = A 230 (R Z s 1 TR Sl R e SR, i T2

Wk . 2011-05-06.  FEF A R (1986 —) I AR s W42 SCOAAF IR B B, B mH . HR AR A
S BERNIR H (51075317 5 it 25 B 54 BE BT H (2009ZC12004).
P 4% H RS TR] . 2011-10-25 P28 ik . http: // www. cnki. net/kems/detail /61, 1069. T. 20111025. 0856. 002. html



34 [ I N ]

PN

S 5545 &

#H

73 3 AR ) 2R 0 R S AR T [ Y R Bl 2 R0
A6 SEHLI IR FIRIZE X S5 SR LR P I AR
[ B — AR 58 F bR AR A5 B /N PRI HA R
AIHLBIRE ST . 3R T 942 ) 28 G B AT S DR A i ) 2
P B 5 ) 5 R

RZ L AN F XL S8 = 101 % [ 32 3
PEAT Ot DAE 1 BRA S 5 o £ 20K Fossier 45 1
TG =l A S AL IR T IE s Mracek i+
W7 =0l A 28 BB A SR S5 L JF 45
BE N5 R B LU G A2 1 2 B Y ST L B R
Lin Defu 45 i . #24: = [nl 1 4 2h725 B BE 8 i B %
SN P4 o 5 s R L SR LA L
FER A GE = [0 7 S 2 SR 0 BT AN O AR R A S
TEREB AR 3 W LRt b AR SCHE 23 BT A 4t = [l %
H S B Beal |, Bt 1T —Fh 2 B = a1 A
22 B HTER R g A ) ) 68 R e T S 7
PRI,

IR RGO o3 S BB SRR 70 1) AR S, R
LR BN B o K B RE I R 5 R
JE A BESEE ) R AU e A7 B 8l 2 A i
PHAF. Machado 4 Hi BV 28 48 (9 24 G o0 BoA
BB R B R P B I R 2%
] 2 2 L R LR P T 25 A G R A 5 » AT Bt
B HLES A HARN BiE TR YA, Zhang
Bangchu FI 17 9 il R0 #0F 2045 T8/
LR SR AT LR R TR 43 B 4 ) 4%
Pl oA S A L A e ML G2 = 18l % A 3h
2RI B A

ARSI A A G = [m1 % 9 2725 B {45 0] )
I8 A A DL B AAE R AN 5L Ry =l
S5 Bl B ASC A 23 BB SRR 0 B A0 R AR 2k 2
Xt iR A LN S 5 AR G Y TRl AT S P

1 ARG =Inl g [ 3h2 5%

g = a1 #% [ 3 2 A SRR Al A 32 3L,
2T PN FIFEAT ST RR 28 L ORI A T S B R T 4
A PO 0 e R s e LS A e R P B K R R
R 3B Ao BELJE T 6% 8RS o i ok 286 o J S B
SR SLAA () IRV F 0B TBCA o 28 S A B R I o
RGN SRS TR ] AR S S L I8 RE A
AR S fef L 3K 28 T A 4 T 0R W] LA
A2 1R AR S A T 5 P i 7 i i)
1.1 SEEihEHN

RIS — B L AR SCITE 19 5 53R Ay il X A

S 3 o A NIl BT BRI LA L IR
Az I 28 7 ZR R o O AR I T E R BGR ER
RAE S A T 20 B0 O R T AR DR R B AR
SERPIEOLT s TR =412 20 05 18 0 i Sy =i E 1Y
IBENIY TR M T VRIS, T A5 SR fm)
s R

9+ a 9+ a9+ a9 = OL

0= a,a+a,0,

9=0+a J
Kfa, AETENIE R L 0, HEFRE R a,
HMERCR R M @, N 3RS B RIE )i 1] 73
AR T 0 25 R o S AR AR 51 R 19 T

X HEREAT R A g, R LA B 0 P &R
GeaiA o3 i FHRRIA K BSR4 £ 328 R i
Kp(TpS+1)
.S + 26, oS+ 1
KD

T2 + 26, ToS+ 1

G”y — % KD
% 57.3g ThS*+26, TS+ 1

A Kp=—

(D

G (S) =

Gy (S) = (2)

aa, 1 1

sTo="3To=""—""7T"73;
s 11D s 4D 1/2 9
a,taa, a, (a,+a,a,)

¢ T 5, — 5

T A5 5= 18 F1 2025 B U = 1
AL AT LA 116
L2 f= EE BRI

SRR Jy T AW R B R
R 0 4 10 S 2 15 . 5 0
BRI W R (500 2 B 5
BT RS 0091 SF.

B 184 Jy T AW R 54701
S R R B W I P13 i
RS T L) XTI,

1 D T 15567 B 4 22
I AT HEE (L1 F B COPRR RO 5 B 30
LIRS O A6 O AL T 2
I, O 7 5 WS s 4 2 2500
B

R T S04 LB TR R
I T 5 A B B B T
A A5 51 2 5 2 5. AT 7 ) X
SR SR B B B,

http: / www. jdxb. cn



55 12 0

T TR i BV AR AR E I ] LA HAR
SE. Fegi = Inl A S TR 15 s B an P 2 B,

[

Kp v y

T 13 s*v2e rose1 ||| 57.3¢
9

II Typ8+1

Kp v my

3 5% +2e T 5+1([ 5732

— o

TypStl

2 ARG = Il A S 2 B 123 R KL

S A A S 1] 1 8l B AR o T
1 BELJE 71 ¢ v 0 A A ALk oE 1 0 BELJE B A
P AR EE RELE (] g% AN BE 425 1 AN AR5 1) sER Aol
FARAFARE - 75 LA T8l 2 2 B (o] gl o
XA 7 T2 32 B0 AR 23 AR AT AT B RS 8 L T LAl
ANFEE B TR CRFFARE o (B G 13 6 (] 54 AN BE s
PR R A O R Y O g <9 B S i e
aod i 28 B B A R e ARAT B B BEL e e, O fE
&L AL S N LTSN o e S R I E Rl I
REAR G M P ANAR SE 1 R BT A PR AR IR Ik 2
S R IR SR AR BEA SR B A,

i X L AR S = [l B A 3l 25 AR o A el
0, BELJE 7] Bt S92 REAR S $2 o S AAC Y BELJE , 16 ]
HOR ARG =101 % 1 8l 2 A B R AL A REALA 1
BER ST E R EE » DR T A %08 H i 4 3 7 o 7 e
DR BIR 32 il O B X S0 . e 2 T v, A5 8 = [ %
F 3l 2 B AGE i S50 K BT s TR
] 8 3 A o B A T o e — ol LB ) LA 4
97 12 « AN REAT B0 X 5ER AR ) 3 A e B o [ R ¢
Gy 7 B 72 A )

2 ol =l A sh 3
B LA X545 = e 1 2 25 B ST . T
SRR AL = I 1 225 A SR R 2 T

BB AR S B = Il B 1 202 B A 15 5k
BRECANIE 3 .

Il 3 ffeae = [l % 3 2072 B B AE AL ZR 8 3
PR AR N T 2R R e L T 2 R
77 H— b3, 15 80—k 28 K. K, 4, S°
FOEN AT M o= 1 B, BD AR5 =l % A 31
DA R e RS, LU IR A 228 B Fe B9
JEFXT a=1UE50) 5 o LMD IE L.

Hi [l 3 AL, 230 = [l % B 32 B AL 58 4 4k
AR T ARG = [l #% H 22 AR BELE 81, I X 1 AR
[l g% AT 1 S8R Ak (A58 1Y E 22 Bk AL BEAR 4
Hu Ak AR AL SE B2 B R G BEE i s A4 4 BHL
JERFPE  BRAR S b 42 i SHAA HLORFR AR E L AN A

RELJE [m1 % 1) DA A% 2 R KSRy

G, =
Kp(TipS+1)

T3S + (26,Tp + KoKT ) S+ DpK + 1
SR 0] 1 PR R A 38 PR SR
— —Glgl —

1+GS'K.K

Kl)(Tll)S+ 1)
T S* + PMyS? + PM,S + Ky K. K

A PM, =2 Ty, + KpKTw; PM, = KpK +
KpK.KTp+1.

FE M FERE 1 o 3080 Bt 2 e g% A R B
AR 10 B ) e SRR B R G IEAT AR, XL
G2 = [nl i A S22 B 0 A s SRR B S35 4 Bl

7 B AL REAT ) e s o 7 o T 3 28K [ 8 ) e 7 A
X5 PRI AE T R 1 Mg 1 A8 1 ) ] T D45 2R 48
(8 et o L AR AS L Ay i R IR A9 BT PR 3B
il a5 R G R /N R X RS
BRI A8 S B0 B A AR BUR R Rt BRI 5 A
R G4 hl gw LA B g 3 95 2R G 94 i o R R A Y
EHEE.

SR = e Bl B A o 2 [l e T BRE
125 PREH

G, = GK,(S*°K,+ 1

(3

Gy

€Y

1 Vo
(TH)S + 1) 57. 3g

http: / www. jdxb. cn ————

v

i, 5 2578 MBI = 01 B A S B 3 5 2 Ak 35
ranis 8, 9 6
Aemd K 2 S° l KD(TIDS'FI) 1 L, v n
= P . > 18| TJZ)S2+2§DTDS+1 T,pS+1 [57.3g
K
B3 A% = 1n it A sl 2 SR 14 i pR



36 i)

w¥
s
&

4k
4

#H 5545 &

K, (S*K,+DKpVp
57.3g(Ty,S* + PM;S* + PM, S+ K K. K)
A PM; = 26, Ty, + KpKTip; PM, = KpK +
KoK KTip+1. % S=jw # A (5), F il {74,
AIAS AR EST = [ B 1 207 B S ] % (R A 67 £ 5
WRAE N
D(Gy) = arctan(

(3

wrsin(— am/2) )_
1+ w’cos(—ar/2)

PM,w— ThHo' )
KpK.K — PM;w’
KI’KDVD .

37.3g
(w*sin(—ar/2))* + (1 + wcos(—ar/2))2)V?
((PMiw—Tho')" + (KoK, K — PMio?)") "

(6)

arctan(

A(G;g) -

D)

SEA L EE ) T ATE, [T LIS o U T

BB IR o 115 43 BB = (01 E 3l 2 344 A A7 F A

WL DA s 75 e L2 5 v o] 1 o L SR 6 4 REAE R

TEE SR A Al b 38 R T IR o SRR TS HAH
AS7 73 VI 5 AT ol 5 2 A0S

3 2RIk

BT I A A B = 8] B 302 B R Ry
P E S K, K, a. [l RS sh S TERE A
B TECR R R PR R 4 xR 22 84 ATAE) #Y
WAL E LN RES BT,

S iy sk i s BN B LR
P ] LUMNAT—ASFRREXS ) 80 ) e A b A T 2R
TR T4 SRy e i 1 48 R s AN S 850 55 HL At 4k B
{5 BRI AL . H i B Fr pR BRI BT H A5 R %L
PRI I B 7K SR Bt o $8  J Tal. [RI  FE A 2 Btk
R 2 Fsp R B — A PF A 5 o ) A SCOR R A
ITAE fatrif AT it How SR

Trone = Joz e | de (8)

4G TTAE B p45 6 R G SEA PO A
HIEHZSPERE . B XTIRZE e (O ML ¢ AL E 2%k,
eI P FE 20 ¢ T 0L XFR 2 B AR /N, bl
A W] BRS¢ R385 T age o fin ik 1 % i 22 I VE
DA 5% 2 A 386 K A1 (o L Rl e

e ITAE 20K FEIHE R AT i 1A 4 0. 38
F 4 13300 TTAE {8, BRI 35 4% 33 0 = 0] %
H 2h 2 B AN [m] ) Z Bk AT U 2S00 A5 B R
ZHUH.

B4 sl il s EAE ]

4 iR

ASCAE S E B = 101 % 2 Bl 25 A SO et T i) 405K
BYSaF St B A Y B8 BT i Ol % g RO T
(CFE)M ™ Anfiak Ho o BB 55 F 9 5o — 0. 5, 10
L I S BRI I 5 B AR R IR
Pl an ™

St |n:*045 -
31.6S° 4 6248S" + 1. 1 X 10°S* + 2. 0S* 4 3.5S + 562. 3
S5+ 624.85° +3.555" +2.08341.1 X 10°S* +5 623S
(9

AL EER 0.6 km SR 1. 2 i 2s 25 i
SHANE NI GE , M4 DL LA 28 04 43 B By = [l it
H 22 388 7. Matlab/Simulink {7 FLAAY. [F]EF,
15 FLah AR s A% B b A B R B () L DA
A BRERLRT LR FIEE 46 » RS /N A 100, 3845 BT
T AL A 2 B RREE ) A FEXT Sk 7 A 22 T FE Bk
I LA ANARA FE i B ] = AR AR 3, E
IR BRI 20k S5 AR SCRT 26 1k S5 AR ERGA
) 100) . /13 R G L S 40 W4l ITAE S50k
FOEITIE A A BB S AT ROE .

5 s BB = Il % [ a2 s U &4t —
(51 1 272 B A A B iR 7 2. AT AT DL
S3EBY = 10l B 302 WS R AR Rl S 808 e T
bSO T R E DO K k% S 2 3 ) = V=
A R A B s 7 [RISE AR 10 Do R 1% 25 Sl L
KA EG S REB W T 0, B EURE R 47

2.01
1L5F N
/ G
____,' e g
- ' J
< 1O :::::‘:\;::;\i:::;_::::ii:‘_ _____________
LS
0.51 | '
0.0 !
0 1 2 3 4 5

t/s

B5 A Bl B B R 1 He 4

http: / www. jdxb. cn



55 12 0

TR 5 23 2 IR = % 1 3B S A S 28U i 37

WK 6. & 7 Bz 53 5 2k 43 B0 = Il i H 3h 2%
DN S B s = R N B VA SN B
HR] UE L SB[l % [ 3028 B S AR A A
TR G BE 43 5K 4. 22 dB F1 25. 6°, 28 45 %k
6. 36 rad/s, {4t = [nl % [ 3125 Bl 4S04 AH AL ¥ JE 4
W5 0.383 dB Hl 1. 69°, ZF #4534 6. 87 rad/s.
I A B = 101 B ] 30 28 S A A s e R s 1
RS A = nl i 1 Bl 25 B S, [ B R IE 25 47 %
52024, DB = RS A KRR E AR IR
E SR ) R G HA BRI B .

100

0

A/dB

—-100[

-200-
0

-90

/(%)

-180

270 -
10 10

10° 10 10 10
o/rad-s™!

K6 2Bl = 1] 1 202 B S Bt s iz

1001

A/dB

-100

-200-

-90

/(%)

—-180

-270 L L !
10 10 10
wlrad-s™!

P7 R = 1 B 1 Bl SR A )i

5 4 it

ARSI A 6 A% G = e E s 2 3 A b
WFFE B8 A3 BB = mT i 1 h 25 343, FFxF 3L 3 A4 [
BT TIRA . 3T ITAE B i) a8t 14 5
BT S EAAL . 345 T = 01 3h 28 gAY f A

SCEGAE RN G BT ITAE MU A 815 5
BT EBAAL 353 1Y = 0] 1 3h 2 gAY B AT #
T g R  REAS I K TR 7R IR A S 50U
TR 405y = [l % H 25728 30 {UCTE I8k L L A%
G5 = Inl i [ 2025 AL AT SR i N S BN S

e s o0 BT = 11t 1 2072 B SR ISR AR S 4
U GE = Il A S 2 BAL Y 2 4% HA S A A &
Ph. DT 2380 = 0l B B S 2 B SO TS s =8
SR SR AR N .

Sk

[1] FOSSIER M W. The development of radar homing
missiles[ J]. Journal of Guidance, Control, and Dy-
namics, 1984, 7. 641-651.

[2] NESLINE F W. Robust instrumentation configura-
tions for homing missile flight control[ C] // Proceed-
ings of the American Institute of Aeronautics and As-
tronautics Guidance and Control Conference. Danvers,
MA, USA, 1980: 209-219.

[3] ZARCHAN P. Tactical and strategic missile guidance
[M]. 2nd ed. Washington, DC, USA: American In-
stitute of Aeronautics and Astronautics, Inc., 1994:
507-537.

(4] XM e, TokBEL JET PSO R BTT KAT4HE

BRI ] iR S A 3k, 2008, 20
4) . 27-30.
DENG Zhixiang, LI Chuanfeng, WANG Yongji. Ro-
bust decoupling control of BTT vehicle based on PSO
[J]. Computing Technology and Automation, 2008,
20(4) . 27-30.

[5] YANG Cianndong, CHEN Hsinyuan. Nonlinear H..
robust guidance law for homing missiles[ J|. Journal of
Guidance, Control and Dynamics, 1998, 21(6). 882-
890.

[6] MRACEK C P, RIDGELY D B. Missile longitudinal
autopilots: comparison of multiple three loop topolo-
gies[ C] // Proceedings of the AIAA Guidance, Naviga-
tion, and Control Conference and Exhibit. San Fran-
cisco, USA: ATAA, 2005:1-28.

[7] LIN Defu. Analysis and improvement of missile three-
loop autopilots [ J]. Journal of Systems Engineering
and Electronics, 2009, 20(4) . 844-851.

[8] MACHADO J, TENREIRO A, GALHANO A. Frac-
tional dynamics; a statistical perspective[ J]. Journal
of Computational and Nonlinear Dynamics, 2008, 3
(2): 30-35.

[9] MA Chengbin, HORI Yoichi. The application of frac-
tional order control to backlash vibration suppression
[C] // Proceedings of the American Control Confer-
ence. Boston, Massachusetts, USA: American Auto-
matic Control Council, 2004 :2901-2906.

[10] OUSTALOUP A, MATHIEU B, LANUSSE P. The

CRONE control of resonant plants: application to a

http: / www. jdxb. cn



38 [T S TR NS SR I %45 %
flexible transmission[ J ]. European Journal of Control, systems [ M ]. Ann Arbor, USA;: The University of
1(2). 113-121. Michigan Press, 1975:5-15.

[11] KAILIL A, MRANI N, TOUATI M M, et al. Low [17] Y. ITAE fefidadil (M. dbst. HLBC Tl AR
earth-orbit satellite attitude stabilization with fractional £, 1986 213-263.
regulators[ J . International Journal of Systems Sci- [18] CAO Junyi, CAO Binggang. Design of fractional order
ence, 2004, 35(10): 559-568. controllers based on particle swarm optimization[ C] //
[12] ZHANG Bangchu, ZHU Jihong, PAN Shushan. Proceedings of the 1st IEEE Conference on Industrial
Using fractional-order PIX\Dyx controller for control of Electronics and Applications. Piscataway, NJ, USA;
aerodynamic missile[ J ]. Journal of China Ordnance, 1IEEE, 2006.1-6.
2006, 2(1). 127-131. [19] CHEN Yangquan, MOORE K L. Discretization
[13] #FH=. Sk sEEGHRsgER [(M]. dbt5.: b5 schemes for fractional-order differentiators and integra-
T R A, 2003 24-34. tors[ J]. IEEE Transactions on Circuits and Systems:
[14] XU Jun, CAO Junyi, CAO Binggang. Fractional order I Fundamental Theory and Applications, 2002, 49
three-loop autopilot[ C]//Proceedings of the 4th IFAC (3): 363-367.
Workshop on Fractional Differentiation and Its Appli- [20] ¥, HSRMIL 280035 il o 5 807 12 B9 PR o1 g
cations. Badajoz, Spain: University of Extremadura, BFFELT]. VLA REFs#3R, 2007, 41(7) . 842-846.
2010:567-572. CAO Junyi, CAO Binggang. Evaluation strategies of
[15] PODLUBNY L Fractional-order systems and PIADy fractional order controllers’ discretization methods[ J .
controllers[ ] ]. IEEE Transactions on Automatic Con- Journal of Xi'an Jiaotong Univerisity, 2007, 41(7).
trol, 1999, 44. 208-214. 842-846.
[16] HOLLAND ] H. Adaptation in natural and artificial (G AFD)

http: / www. jdxb. cn



