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Blended Control System Design for Missile with Tail and

Lateral Thrust

Student: Yen-Chang Wang Advisor: Prof. Ching-An Lin

Institute of Electrical Control Engineering

National Chiao Tung University

ABSTRACT

This thesis investigates the control about blended control for missile actuator
with tail and lateral thrust. Tail controller changes angle of attack to generate lateral
force by aerodynamic. To achieve requirements of steady-state and transient
performance, tail controller is designed with proportional-integral controller with
angular velocity feedback. Because of limits for degree of the tail as well as non
-minimum phase dynamics, transient response of tail control may not meet the needs
of interception. So anti-tactical missile, such as the Patriot I11, often combining the
lateral thrust actuators in the final stages of terminal guidance to improve the ability to
intercept . Concept of blended control design is considering tail control as the main
controller, and lateral thrust as auxiliary controller to increase angle of attack rapidly.
In this thesis, we propose two blended control designs. First is considering the input
of linear tail control as match disturbance, and be designed with sliding mode control
for lateral thrust controller. Second is considering the lateral thrust as a single-input
control, and be designed with sliding mode control for missile model that contains
tail-only controller. Simulations of guidance show the capabilities of interception for
blended control. Obviously, combing lateral thrust actuators can improve system

response.
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R TR c AB R TH L0 ERfr6 F BN 0 ¢ 1~10g crte ik B 4
e BBE B (TR S X X E_05hz > s S EERE 3E o I A 4 98 (anti-tactical
ballistic missile, ATBM) {2 & 4= 3| p £ 358 > & i 4G Poad PR o B 5Ll
B HE LI e F(failfin)dh & RRCRAL 25 #04 w2 3 564 HF oo
B o B R B $ AL R 4 (dynamic pressures) g st ) o R Z F #0414
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jet) > Erp o & 4 — B iplif ende 4 (lateral-thrust) - &t P-ig shec & 58 ez & (attack
angle) 2% 4% 3 <% jg (attitude) > & @ it scf H SR o

7 AT HE(ATBM) gk & & X 424 (tail control) f- e+ 42 4 (lateral-thrust)
T BAF S AT A S B P MR G R e R 2
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Am2 A S a K HE R E R o Rledtd DA AR &
Bk Fyralma ok sgg w0 » a4 & F & (tail angle)shs 2T 0 i fgiE T
S E bR B - e EE o] ke e N Bl A SR ek RS
g R e iE o i B AL R T A B o A EBOR R AR R
PR AR 0 R F AR ] B SR ol A S Rl E LA F S 47T
P g o gt O R R A s Rl dt s R E AL R
(uncertainty) e+ 38 - & Se5-dic € 3FE 0 MRl L X R aREL -
e A R [1]F0 S a3 1 R SR Bk o v R[] Y el

AEH RS B E AR E R S - BRME AN ALY REHE O F
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BN R A B e e Rle g d o e 0k b A Y SR

J9 2% o oRCAIIH BB e R A end gy <0 AR F 4 T
kSRR FE o FRL AT A £ IR T iR AR o

AhE R EREACT R - R 3G N ST s e



¥- %
AHEGHAEFH 222
d‘—ﬁ— l p“lé—/ﬁ"%ﬂ—#ﬂﬁt m)rb—‘—l-—v, ‘fp;}@é-ﬂ‘é%ﬁ& Ej ’fg,i— ﬁ_kﬁ?m" ﬁ_f_ N 6 nlﬁ
FHCenh 1 & 4 [7]0 WS BRA Y nf 5 TR RIS R[]l - 2. 1
54 O IR i ok 3 e 2 1 2.2 & A B HE i) aE 2 T A R

SR W) -

2.1 " oz #l
o o] - ARz U] 0 1% K3 8 R S Be(sliding
function)s(x) & ;i z_7 @ F =4 mﬁi&]% P R D B RS BT 2 B
e o 1808 H 5& ~ g 4 Rk (sliding mode) st Bk SR R G F 8 f 5 (sliding surface)

Eh oo T AR PR o

2. 1.1 Mg Bogs e 2[7]

" i fief (Sliding mode) - 64 4 fdz % [ (hyperspace) i~ fh,i bei7 & - 2
REEE VR kMBS - Bpd A (degree-of-freedom) o — 1B % 4L %5 " i -
AR JEE A R i
Ao s b BACE DA B B PR SR R R AL LG
1T % & (approaching condition) & 417 i i* (reaching condition) -

B. s Sedubtie » 42 % B 1S R AT B ik e BB S I 68 2 (sliding
condition) o
VDR ARG B R RO A A B Y o B 2-1 4Tk B

4R R IAR L T (s=0) > T AL ST E R BB o



x(%y)
Reaching
Phase

Sliding surface

Sliding Phase

Bl 21 = = % seerv B it (7 4

AR SR T e BN R B AR R G Y B

-

%, vy
& kU

x = f(x, u(x)) (2.1)
H9 XE R u(x) B HIE A (e x g ) o g pE sk ki
&L

ut(x) s(x) >0

u(x) = {u‘ (x) s(x) <0

v

s(x) & — {7 4 3 #c(switching function) » * #L 5 "8 /F S #(sliding function) -

(2.2)

SCO FHER &= PR ut () # u” () o 1% 21 3 S Hew LR B E
A 3s(x) >0 sx)<0-~s(x)=0= B &@F 4% Fs(x) = 0% #ALEHF 5
(sliding surface) ¢ 7 T #rBx =0 > & SR P 5 ds(x) = 0w +F A&
AEERHCRE o d Bl 2-1 1 o x(be) B LR P FliEs(x) =00 s FFE G
ITHCRE o BRIS BALIS et > G FFEL 0 K SR AR R G I U enge R o gk 0 A T
P LGRS B 0 B fE i TIx(00) - 00 SRR D RO -

2R LB e ST L LR B R i T R o R 8
SR RYTA R o UG 0T 27 5 0 E s(X) > 0PF » s(X)eniE s e

iR (X)) < 0; % s(x) < OFF - s(x)ehiE L B BFIEH > TS(x) > 0 0 0
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FiEE I EE N kAT
limgos$< 0 (2.3)

B okAmEiTaEE > i AR hy UERFRGIEF e 0 B N e

s$ < —ols| 3 c>0 (2.4)
igAe g+ 2 8 4 254 (Lyapunov) /i 32 k@ o
(2.5)
d 3 S es ¥ P 6
(2.6)
o 28T IE
(2.7
L<o0
(2.8)
7w {8
(2.9)
%
0 < /L(t) < /L(0) - ¢ (2.10)
T
L(H) <0 (2.11)

L) &t 2 pé;]mt_v( 2 p A 0 AT G s(x) = 0o ¥ 61T iE i

(24)55 4 % & E R IF 2 (2.3)5% 0 FI (24)50 4 FE L EH T IER o

2. 1. 2 " i oA ek 3 [7]
IE AL SRR A A A B 3 (1D ROFF Solies(x) + 174 B B

5



B PR e ) B OAREE o (2) A2 Plus @k S a g U R
g 3 "'E‘]ﬁ"ﬁ: v A4 mg;ﬁmﬁ_‘% o Jqﬁgi;%] NI B 57',;.] v he b BB BN G

X1 = Xy
Xy = X3
Xp-1 = Xp
(2.12)
Hox= Joeril s A
Tk
(2.13)
HP S
(D%
— gAY
(2.14)
H e & i
B Of g
= X1 + CuXy + -+ Cp_gXp_q + 3 (2.15)
1% (212)58 7 78
$(x) = arxy +(@z + cp)X a, u+dxt =0  (2.16)
4 (2.16)8 7 1 fa 1T
u=—a;X; — (ag + ¢)x; — - — (ap + o)Xy — d(x,t) (2.17)
#utw (2.12)58 ¢ 17
X1 =Xy
Xy = X3
Xpo1 = Xp (2.18)



F1* (2.14)58s(x) = 0k 258 7 #-(2.18) 58 e &
X] = X3
X2 = X3
Xn—1 = Xn=—C1X1 — C2Xz — *** = Cp_1Xp—1 (2.19)
(219) ez s Zn— 15 » ¥ FAERECA Y R K A0 - B geid(x )4
AN A(2.19)58 ¢ o BEor Lk ALt R R BOR A R e AR .
SRR P Es REBG F il i=12..n—1 L4ix, =z ¥ HF

xp =28V k=2,..n—1> 5z¥tink — 15 A o (2.19)58 ek s — B %

Z(n—l) cn Cn—lz(n_Z) 4 oo CZZ o A= 0 (220)

v

HPFHeS f25 5
ALt e AD 4 + h A =0 (2.21)
SCLE B2 il JF R B AR ER G | R N R AR o
2yt x> 00k=12..n-1°4d 2197 #x,(t) > 0 Flk 5L &g
O P S BRTAE
(DFHZH=- EafHE

Pl R S R 5 2 (2.4)7 o R A U R N e

.
i

HHCE o F 2 R i dl PR d (216)58 EH S fietn= A ST
$(x) = ayx; + (az + ¢)Xpt++(ag + Cu_)Xy + U+ d(x, 1) (2.22)
5B LEHEITIER s§ < —ols| T4 gl EheT

u=—a;x; —(ay + c1)xy; — - — (ap + cp_1)xy — (6(x,t) + o)sign(s) (2.23)

H 9 §(x,t) % 4 (2.13)5 ¥ sign(s) T & A

1 s>0
sign(s) =4 0 S = (2.24)
-1 s<0



1#(2.23) 38 & (2.22) 5 %
$ = —(8(x,t) + o)sign(s) + d(x,t) (2.25)
i RsEIE L

ss = —ols| — 8(x, t)|s| + d(x,t)s

d(x,
=—ﬁmy—axgmm1—aixos;—ds| (2.26)

Bk a0i2 R(2.23)53° ¥ 1 R TR I 2 iha 2 o
e B % 7k Sofesign(s) 4 AL € BB s = 003 i 7 BTErE 0 i

5 T OAE MR AR o F] L M B S B 2

1 s>¢
sat(s, &) = Z Is| < € (2.27)
-1 s< —¢

AR |s| <e? s ei - B ZE S ST ARG - BT XL HE 0 F]
* ‘E?f’g—@ﬁ‘ \55 *’D 'J {fiff'”';‘—/?' \Jlﬁﬂ"r‘r}: 21 1\2 :“ «umﬁzﬁdﬂ. = _ﬁ ﬁ’ ,,.. | {EK;—]»_{E
s S )RR o 3 B B R R TR T

o AR e A A 4 A P IR R o

2.2 HER Q22

HHM Ay e en@d 7 A 5 T4 F - (translational motion)#2 ¢ - i& (rotational
motion) > £ A =B pd ReNi@d o TN EBRT B EBEL S B I R E
B8l A R BRI R B Reni@d o T AL AR kB E

B 3 fz 5l o

2.2.1 B a2 &
¥ & &Sy
2o B AESy R B S R BE S o J F] 2-2 Y 0 Xydh A 7 K5 A

B oEEYE > Yy Ao HSEDOF R o 7 Sy A TSR S T H R &
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WP AT R R

%8 & #-Sg(Body Coordinate)
MAREFEENL R LR vl b5 REEHE F RIS BT

Xpa WL fh> % > YpaXpg? w e 00 Ben™ o o Bl 2-2 5 o BRE L

o LW -

N,

Missile

—

Bl 22 3 & A AR2 A ART W

B2-35 @R HELZPIEAAH=E 2 EATLRve FEAGENER» E >
Ve PIRHEDE R v £ A B FRE . 5 BEXNBO A & LG ARRE NG
WEEEE R EBFROLE o5 PIRHEERERFRNL L - B IFE &

W PGB FRE R T LG B e ke B R R R

BRHE E AN R E G RFREEI T TR LR R TTHFRP A F T H

A= 4 frue 324 (heading error)

he=n—n, (2.28)
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B9 s R 4GRE ~ §F e (homing) s 4 & B o BRKIFE HGER R Svo 0 P 1R
-ﬁé%ﬁ-i)’ﬁ ;"E’VtO > B ’f?’i‘%ﬁ%ﬁﬁ}iﬁ%ﬁ%‘iﬁ”i % fé\T]to 'Mo ¥ M * T &

No = sin™?! (w) (2.29)

Vo
A GRA B T AR B PR M P R dp R AP R

25l ang foo

Missile

B 2-3 #F# HME P {Ripitin® 2 @ R & R

2.2.2 R[G5 B3

EAwmT Y R A g HET G - @ E o R R A 6 ARk Xyfh 2
YT o criB e 535 - B 2-4 7 85 ¥ E ¥ 4 (tailangle) » 5 pFdt 5 0 - T 4 §F
BE < (CG)b = = hiplw a4 > 05 HHE i 4 (attitude angle) > a = s & (angle of
attack) » y 5 B TR & v L BBER o THRE M L0 5 KXNFIXgehk & i pF
Eril o TEBFRISAYL X PE BHEER VL A > P LT VAT

10



y =tan™! (Vﬂ)

VNx

Hoovyy » HEE R G2 6 BHRYNS 7 PA £ 0 vy » $5EE R

wifh B oo TEIThaL BHER VI Xghhehd b > WA LT T AT

a=0-y

B 2-4 #8- 2T 5 5% B

2.2.3 &% 5%

T # & Ag sl
Ik

F_k

FRT 6 - BRRACE 2-4 AT THER L BEE . A 6 B HE(Sy)

Hi R R B RPN GRS R M AT

VNx = anx

VNy = aNy

11
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v cany B BB R AR G BV v B an BB R BB

BAEXNT oA B oo % BBl G

XN = VNx
YN = Vny (2.33)
EﬁXNg%éaﬁtt% E’%%;‘XN_%'?'m'ﬂ B YNP%‘ﬁL_k" f‘*}i.;- _’"?’&’ﬁl':'__%_o

Pt R R R A RYR D B R B4 FP ok 7 4
F=Y,a+Ysd+T (2.34)
¥ Yo bk B4l Yok e R b inf 8o Gl T 2Rt 0 oht
85 BE & o P KB LAY w et Ray T M AT S

B Ya OL+Y88+T

40 » (2.35)

Hems HETE o eif B MAESgens £ 2 6 BfESyehs E7F 1147 5

anx] _ [cos® —sin® [ax]
[aNy]_[sine cos@ 1[a (2.36)

""E!t‘axié"%tji)i Pgﬁﬁ%$XB1@m4t f;ilw\ﬂ ) ﬁﬁ?fLA\+%?‘;{aX=OOE}(2.32)

% (2.33)#any ® anyfh A F L E P HE LR G R EOER S Y -

YR L TG b add o d Bl 245w AR G B G AR PR A
WOR o FEHTE hd EMT LA T L
M= M,a+ Mg8 + bT (2.37)
P Measeheng o4 il Mga R behfided Bl bi Fo@ile
b v REAE o 4 GBS A ek boid Bag b

Moo+ Mg 8+bT
ag = —T = i (2.38)

HAI bR - bhid Ragfi A7 Whid Rq B AFAVELH L0 7



PR RN T AT

q= 1 B =q (2.39)
B EiE b g5t
BRIEZBRTE 27T REL PRI FA- AL FhT S 4

WOR Bk KM RS

Viy = Ay (2.39)
B vy s PHRGEER ARG BERYN w8 B0 Vs B HREEER L6 B
TXNF e B cag - HlAeid R b g BRYNG 2 A R vag s M R

Ak g BEXNT v AR ol B B Pl RS

Vi = Viy (2.40)

gﬂxtﬁgﬁﬁaﬁ&%aiﬁxNj@mw ytﬁg*ﬁ“ﬂ‘5§— i‘*m)’iﬁ"—YN"‘rﬁ'm

2.2.4 R3EA T B
Bl 2-5 53V st en O & (050 2 S5 K B B - 48 A Y

ivit Ragfe b R QU B S BB AL B E A G RS U Rt 44T,

Feends g > f25% > H ¥ 14 \‘[TA\V—J];%EE@”{FTE'JW;"#&" ePpE Y #ic o f:f:f”“! >
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L3 E S i #GA)N Y ¥ BIE-0.14 £k > RIS B i A Sk
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8c(s) T 524152 8c:(s) T s24152 (3.5)
HU35)5S i 4 ol ™ 12 @ F] - 12 8 5~ o [ay q)T BB A2
nl_1 0 171, [0
[ﬁ] ~ [—15.2 0] [n] - [1] O (3.6)
dyl _ [—1743 0 n
[Q] B [ 0 —8.1] [n] 3.7)
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ay(s) —1743
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Bl -4 4c > q w2k i e N

4 (3.10)5F o p KA Fwy = V152 =39 4k B E DA 5 10 P v K F
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ay(s) ~1743K,5-1743K;

ayc(s)  s3+8.152+(15.2—1743K,)s-1743K; (3.12)
? (3.12)57% 411 * B 74 4 % % %2 P (Routh-Hurwitz Stability Criterion)[9]+
> Rird
5° 1 (15.2 — 1743K,)
s* 8.1 —1743K;
S C1
1 —1743K;

H ¢ ¢ = (8.1(15:2 = 1743K,) + 1743K,)/8.1 o 4k T 7k i i 48 %2 1] > PP

i A SlrA 2 B If Ghlied f% G R EE o T

K, < 15.2/1743 = 0.0087 (3.13)
K; <0 (3.14)

¥ RStk B S| f QR LR Fp
123.12 — 14118.3K, + 1743K; > 0 (3.15)

K, K2/ 2 (3.13)8~(3.15)5¢
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RIB 3-5 ¢ aycTlay e @ i g4 5ok 5

—1743Ka(s+K;/Ka)

s(s2+8.1s+15.2) (3.16)

G(s) =
FEBBRRREEE 21 %—: 1 pI(3.16)5% sroi rui 5 ) 3-6 #7111
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Root Locus.

Imaginary Axis
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AR &L G20 a0 B Sl o e R ok R A TR
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B 3-8 A F Bl A R Ky s Kisnk B & TR R
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Ko |K |5 | ) Ksf |FARR |2 2@R | Puiia
001 |-0.02 0% 0g 0.627s 1.883s | -1.6:-3:3+3.4j
-0.02 |-0.04 9.4% Og 0.308s 1.401s | -1.8,-3.145.4j
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fin deflection in deg
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234 AMPHF B B3 K, Koo BB R

Ky=K; | 3448 | S Ko | P ApFF | 2 3R P B
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~0.02 0% 03929 | 1.072s | 3.183s | -0.78,-3.645.5]
—0.03 0% -0.648g | 0.122s | 24535 | -0.86,-3.6+6.9]
—0.04 29% -0.904g | 0.062s 1.982s | -0.88,-3.648.1j

25




3
— > — e B
L
0.5 1 1.5 25 35 4 4.5
time in
Bl 314 R A R B -1 7 RK, » Kt RER
30 T
Ka=-0.01» Ki=-0.01
Ka=-0.02 » Ki=-0.02
Ka=-0.03 » Ki=-0.03
O £ S A U U VU S SN N Ka=-0.04 » Ki=-0.04
e L S S S S S -
Lo L A A -
B R e L e e e —
=0y 0.5 1 15 2 25 3 35 4 4.5 5
time in s

Bl 3-15 LAl B Bl 52 K, s Kith e ¥ & SR B i1

FEBFPRRREEE Z-22A3D5 B RGL 5 20PHF 2P FK, ~ K|

Berdeid RATAE > B 3-16 M 3-1TAu S 4t & ~ 2§ & FRE -

F 3D MU E B A2 FK, ~ Kigdeid B B R R

K;

ot dgd

ek

Bl i

FAERE

TR

B it i B

-0.01

-0.02

0%

-0.181g

0.799s

1.529s

-1.6,-3.3+3.4j

-0.02

-0.04

1.5%

-0.401g

0.257s

1.503s

-1.8,-3.145.4j

-0.03

-0.06

13.1%

-0.675¢

0.101s

1.475s

-1.9,-3.146.7]

26




acceleration in g

fin deflection in deg

time in sec
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—ﬁﬁvNyﬁ%ééﬁsi)ié_%\iﬁﬂf%—YN’%@mé\ﬂ ’VNX?%‘jﬁﬁ}ié‘ \iﬁ’}:}‘?—XN”’

wiAs R 0 0FE A aRrsth Yy HEREE o HADNM AT F

29



ANy VNx~VNyaNx

VNX2+VNy
2

=0-a

(4.2)
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#-(4.18) 7% & » (4.15) 5% ¥ ¥
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