Autopilot Design for Agile Missile Using Time-Varying Control
Technique

Abstract: This paper is concerned with control allocation strategies with two-time
scale dynamic inversion which generate nominal control input trajectories. In
addition, an robust flight control design method is proposed by using a
time-varying control technique which is time-varying version of the pole
placement of linear time-invariant system for an agile missile with aerodynamic
fin, thrust vectoring control, and side-jet thruster. The control allocation
algorithms proposed in this paper are capable of extracting the maximum
performance by combining each control effector. The time-varying control
technique for the autopilot design enhances the robustness of the tracking
performance for the wide angle of attack range. The main results are validated
through the nonlinear simulations with aerodynamic data.
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1 2
( )

Mach number (M) 0.6 6.0
bank angle (I, deg) 0 45
altitude (&, m) 500 20000
air density (g, kg/m3) 1.167 0.088
missile mass ( m, kg) 384.7 168.7
moment of inertia ( 7,,,Kgm2) 692.3 491.3
thrust ( T, N) 13800 0
reference length ( C, m) 0.15 0.15
reference area (5, m2) 0.826 0.826
moment arm (m) l o wes 2 (TVC) . 1.6 (8JT)

:+30(deg), 2 £=0.7, w,=150

: +5.5(deg), 2 0.7, w,=50

D 4T00(N)/ EA =100 EA), 30(ms)

- 15 =




MWach number

a0

25

angle of attack [deg]
— ]
(o] (s}

()

0.85

08

0.74

0.7

0.65

0.8
o

LT T [ AQA CMD
- — - DIADA
. _ DI+EMA ADA

1
0 0.1 0.2 0.3 04 0.4 0.6 0.7 0.g 04 1

time [sec]

7. 1:

|
01 0.2 0.3 0.4 0.5 0B 0.7 08 08 1
time [sec]

- 16 -



— fin

1
04

1
0.7

1
0.6

|
0.5
time [sec]

1
0.3

0.g

0.4

0.1

0
5
10k

1 1
[ wl [}
- ol

[[ap] uoioaep 041 "SA UL JWELADDIRE

-25

time [sec]

10.

[[ap] |0Ju02d Juawufisse Ueall-papualxa

- 17 -



MWach number

25

20

angle of atack [deq]
= o

o

6.35

6.3

6.25

6.2

g.15

6.1

6.05

----- AOA CMD
— D+EMA ADA
—-- DIAQA

1
0.1 0.2 0.3 04 0.4 0.6 0.7 0.g 04

time [sec]

11. 2

|
01 0.2 0.3 0.4 0.5 0B 0.7 08 08
time [sec]

12. 2

- 18 -




20

[Gap] uoaayep wy
= [Ve] = bty
T " __

115

=
i
T

L

[
'
T

=
iy

0.2 0.3 0.4 0.5 0B 0.7 0.8 0.8 1
I I I I % side-jet thlruster _

0.1

fin

o

0.1

=

N N IR N N B | I NN IR NN N B |

[%3] 4asnay3 12l apis Jo Jaguinuy

R

s

At

gl
-10

04

0.4 0.5 0B 0.7 08
time[sec]

0.3

0.2

13.

[Gap] ndur joujuos Juawubisse ueal-papualxa

04

0.e

0.3 0.4 0.5 0B 0.7
time [sec]

0.2

0.1

14.

- 19 -



(gain scheduling)

- 20 -



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[°]

K. W. Wise, D. J. Broy, “Agile Missile Dynamics and Control,” Journal of
Guidance, Control, and Dynamics, Vol. 21, No. 3, pp. 441-449, 1998.

C. Song, Y.-S. Kim, “Mixed Control with Aerodynamic Fin and Side Thruster
Applied to Air Defense Missiles,” Proceedings of the International Conference on
Control, Automation, and Systems, pp. 991-994, 2001.

R. F. Wilson, J. R. Cloutier, and R. K. Yedavalli, “Control Design for Robust
Eigenstructure Assignment in Linear Uncertain Systems,” /EEE Control Systems
Magazine, Vol. 12, No. 5, pp. 29-34, 1992.

R. T. Reichert, “Dynamic Scheduling of Modern-Robust-Control Autopilot
Designs for Missiles,” /EEE Control Systems Magazine, Vol. 12, No. 5, pp.
35-24, 1992.

J. S. Shamma, M. Athans, “Gain-Scheduling: Potential Hazards and Possible
Remedies,” /EEE Control Systems Magazine, Vol. 12, No. 3, pp. 101-107, 1992.

S. A. Snell, D. F. Enns, and W. L. Garrard, “Nonlinear Inversion Flight Control
for a Supermaneuverable Aircraft,” Journal of Guidance, Control and Dynamics,
Vol. 15, No. 4, pp. 976-984, 1992.

D. F. Enns, D. Bugajski, R. Hendrick, and G. Stein, “Dynamic Inversion: An
Evolving Methodology for Flight Control Design,” [nternational Journal of
Control, Vol. 59, No. 1, pp. 71-91, 1994.

J. Reiner, G. J. Balas, and W. L. Garrard, “Robust Dynamic Inversion for Control
of Highly Maneuverable Aircraft,” Journal of Guidance, Control and Dynamics,
Vol. 18, No. 1, pp. 18-24, 1995.

D. Ito, J. Georgie, J. Valasek, and D. T. Ward, Re-Entry Vehicle Flight Controls
Design Guidelines: Dynamic Inversion, NASA Technical Report, 2001.

[10] J. Reiner, G. J. Balas, and W. L. Garrard, “Flight Control Design Using Robust

Dynamic Inversion and Time-Scale Separation,” Automatica, Vol. 32, No. 11, pp.
1493-1504, 1996.

-21 -



[11] C. Schumacher, P. P. Khargonekar, “Missile Autopilot Design Using I, Control

with Gain Scheduling and Dynamic Inversion,” Journal of Guidance, Control,
Dynamics, Vol. 21, No.2, pp. 234-243, 1998.

[12] F. J. Lallman, Preliminary Design Study of a Lateral-Directional Control System
Using Thrust Vectoring, NASA TM 86425, 1985.

[13] K. D. Hammett, W. C. Reigelsperger, and S. S. Banda, “High Angle of Attack
Short Period Flight Control Design with Thrust Vecotring,” Proceedings of the
1995 American Control Conference, pp. 170-174, 1995.

[14] J.M. Berg, K. D. Hammett, C. A. Schwartz, and S. S. Banda, “An Analysis of the
Destabilizing Effect of Daisy Chained Rate-Limited Actuators,” [/EEE
Transactions on Control Systems Technology, Vol. 4, No. 2, pp. 171-176, 1996.

[15] J. M. Buffington, D. F. Enns, “Lyapunov Stability Analysis of Daisy Chain Control
Allocation,” Journal of Guidance, Control, and Dynamics, Vol. 19, No. 6, pp.
1266-1230,1996.

[16] J. J. Zhu, C. D. Johnson, “Unified Canonical Forms for Matrices over a
Differential Ring,” Linear Algebra and Its Application, Vol. 147, pp. 201-248,
1991.

[17] J. W. Choi, H. C. Lee, and J. J. Zhu, “Decoupling and Tracking Control Using
Eigenstructure Assignment for Linear Time-Varying Systems,” /International
Journal of Control, Vol. 74, No. 5, pp. 453-464, 2001.

[18] , , Sylvester
, 9, [ ,pp. 777-786, 1999.

[19] , , Ackermann
, 9 , 3 , pp. 186-195, 2003.

[20] J. J. Zhu, M. C. Mickle, “Missile Autopilot Design Using a New Linear
Time-Varying Control Technique,” Journal of Guidance, Control and Dynamics,
Vol. 20, No. 1, pp. 150-157, 1997.

[21] L. M. Silverman, “Transformation of Time-Variable Systems to Canonical
(Phase- Variable) Form,” /EEE Transactions on Automatic Control, Vol. 11, No.
2, pp. 300-303, 1966.

- 22 -



