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Abstract

- This work follows Capt. Riddle's 1989 thesis which compared

conventional, H 2 , and H T controlled guided missiles in simulated flyouts

against an airborne target. The simulation results did not clearly

demonstrate the H 2 and H controller advantages. In this study the missile

I model and simulation were refined. In addition to simulation runs,

performance, noise attenuation, and p robustness analyses were conducted.

Results showed areas where improvement was needed in the H and H
2

controllers used in the study. An 2 and H controller redesign is

recommended using the p synthesis design technique. Additional simulation

I runs are also recommended to examine whether the improved controllers reduce

m's- distances.
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ROBUSTNESS OF H2 AND H DESIGN TECHNIQUES

n IN THE DESIGN OF A GUIDED MISSILE CONTROLLER

I I Introduction

1.1 Motivation

The objective of this effort is to show the advantages of H2 and H

controllers through their application in a surface-to-air missile

I simulation.

Capt Riddle began this project with his 1989 thesis, "Design of a

Robust Controller for an Unstable Nonminimum Phase Guided Missile" [1]. He

3 constructed a missile model and simulation, formulated a design technique

for H2 and HA, controllers, designed an H2, H , and conventional controller,

I and measured their performance with miss distance results. The results

sho;,(d no advantage in using the H2 and H controllers over the conventional

cont rol Ier.

Building upon Capt Riddle's work, the approach here is to show the

advantages of H9 and H controllers in three ways: 1) increase simulation

fidelity, 2) examine limits of missile performance, and 3) develop a

detailed analysis procedure for evaluating the controllers.

This study shows that the H2 controller designed by Capt Riddle offers

a robustness advantage, but could be improved to achieve quicker time

response and noise rejection characteristics. The H controller designed by

Capt Riddle was found to be a faulty design. Unlike the intent of H

optimization to provide good robustness characteristics, this controller was

unable to stabilize the missile when high frequency unmodelled dynamics wereI
1-1
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I added. The missile flyout simulations corresponded well with the controller

I analysis predictions.

The analysis and simulation developed in this study provide a very good

means of evaluating advanced controllers. The study shows that the H2 and

H controllers used by Capt Riddle were not optimally designed.

i 1.2 Overview

I To assist the reader, a brief mapping of the document contents is

presented here. Chapters 2, 3, 4 and part of 7 summarize work done by Capt

3 Riddle. Chapters 5 through 10 describe the progress made during this study.

1.2.1 Missile System Description

I Chapter 2 describes the surface-to-air missile model developed by

3 (apt Riddle. It includes the high frequency unmodelled dynamics which were

added in this study.

I 1.2.2 Simulation Description

Chapter 3 describes the missile flyout simulation. It includes a

I development of the missile simulation transfer function, Gsim , and the

nonlinear calculations performed by the simulation.

1.2.3 Guidance Law

3 Since the guidance law plays an important role in target miss

distances, Chapter 4 is devoted to a description of the guidance command

block used by the missile.

1.2.4 Refining the Model and Simulation

Three areas of missile model and simulation improvement are

investigated in Chapter 5: 1) reducing simulation time step size, 2) adding

high frequency unmodelled dynamics, and 3) examining plant parameter

I variat ions.

I 1-2
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I 1.2.5 Controller Analysis

3 It is difficult to measure the controllers relative capabilities based

on target miss distances so a detailed controller analysis was undertaken in

3 Chapter 6. Performance, noise attenuation, and robustness characteristics

of each controller are examined.

1.2.6 H 2and H,, Controller Design

The controller analysis identifies areas where improvements can be

made to the H2 and H controllers. Chapter 7 describes the process used

to design the controllers and the initial values for weighting filters

3 chosen for controller redesign.

1.2.7 Simulation Runs

3 Chapter 8 describes a set of simulation runs which were made with the

refinements described in Chapter 5. The runs are limited to one engagement

I scenario to reduce scenario-dependent miss distance variations.

5 1.2.8 Conclusions and Recommendations

Chapter 9 summarizes what was learned from this study and gives

3 recommendations for follow-on work.

1.2.9 Missile Transfer Functions To State Space

3 An important part of the missile model development is the process of

converting single-input single-output transfer functions into state space

form and combining them to create a state space model. The same processes

3 are important in the developement of large transfer functions in state space

form used throughout the study. To aid follow-on efforts and to confirm

correctness of the model used, the developement of the missile model is

presented in Appendix A.

U "1-3

I



I

1 1.2.10 Description of Code Created for Study

Again with the intent of aiding follow-on efforts, a description of the

features of the computer coding developed for this study is presented in

Appendix B.

1
U
I
I
I
I
I
I
!
I
I
I
I
I 1-4
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II Missile System Description

The missile used in this study is the same generic tail-control missile

U used by Capt Riddle except for the addition high frequency unmodeled

dynamics. Details of the origin and development of the missile model can be

found in Capt Riddle's thesis. This chapter is a summary of the model.

Some of the characteristics of the nominal missile are given in Table 2.1.

I Table 2.1 Some Nominal Missile Characteristics

(In idance Radar

Control Tail Fin

Speed Mach 3.5

3 Mass 127 kg

Center of Gravity 2.63 m from nose

5 Inertia (pitch & yaw) 271.3 kg-m
2

Relationships of important variables are shown in Figure 2.1.

The closed loop missile system can be represented as show,, in Figure

2.2. Its components will be described in detail starting with the nominal

plant, the addition of the high frequency unmodelled dynamics, the guidance

command block, and finally the controller. A simplified closed loop missile

block diagram is shown in Figure 2.3.

3 2.1 Nominal Plant

The assumption is made that the missile has finished boosting and is in

a 16 to 20 degree climb. Its climb rate is 328 m/s (1000 ft/s) starting

from 4921 meters (15,000 ft) altitude. The missile model is two dimensional

2-1

I



'IT

AA

IA
(DI
COeI

3 p (x.y)

3~ xdownrange

Figure 2.1 Coordinate System

1 2-2



I
I
I
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Figure 2.2 Closed Loop Missile Block Diagram
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I u P Plant Y P ,

I
, G TI 7- F

ug

I Figure 2.3 Simplified Closed Loop Missile Block Diagram

in the horizontal plane; however, dynamic pressure, weight, moment of

inertia and center of gravity are varied as if the missile was in a

sustained propulsion climb. Dimensional stability derivatives of the

I missile resulting from these variations are given by the following equations

and shown in Figures 2.4 through 2.10. These equations are polynomials

which approximate tabulated values. They are accurate in the range of 0 to

8 seconds of missile flyout time.

I M = 1.871 + 0.202t - 0.0262t 2 + O.0008t 3 (g's/deg) (2.1)

3 N (t) = 1.016 + 0.076t - 0.0161t 2 
- 0.0004t 3 (g's/deg) (2.2)

M (t) = 0.0144 0.3109t - O.O111t 2  + 0.0085t3 (deg/s 2/deg) (2.2)

I (s t) = -2.78 - 0.230t + 0.044t 2 _ 0.001t 3 (deg/s 2/deg) (2.4)

V V() = 1000 + 80t - 8t2 (m/s) (2.5)

I h M(t) = 4921 + 328t (m) (9.6)

The nominal flight conditions and dimensional stability derivatives used in

3 the controllr design are given in Table 2.2. A block diagram of the

resulting nominal plant can be seen in Figure 2.11.

1 2-4

I



I

A8000 ltitude, h (meters)

l 7000 -
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I 1000 6 8I0 2 4 6
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Figure 2.4 Missile Altitude and Velocity Variation
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Table 2.2 Nominal Nlissilo Parameters

HAltitude 6096 m (20,000 ft)

3M&ch 3.5

V M 1100 rn/s

3N Cx2.0 g's/deg

N8  1.0 g's/deg

cM -0.91 deg/s 2/deg

3 -2.74 deg/s 2/deg

IR T11500 rn/s

1 RT 1000 m

K 3.3

NOMINA~L PLANTI resolver

antpnna 2+ /:

sev
I ______

I.. ... ... ...,+--........
Fiur 2.11 + i~ oe lc iga

2-8(s
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The resulting state space representation is shown in Equations (2.7) through

3 (2. 14).

x p = Ap x p +B p1 1 u p + Bp1 2 w p + Bp 2 C (2.7)

3 p =Cp xp +Dp 11 up +Dp12 wp +Dp 2 C+ rl (2.8)

3 where

6 (deg)

3 mr (deg)

a~ (deg)

3N =P (deg) (2.9)

s (deg/sec)

s (deg)

3 Xdl

x ud2

3 Xud3

3up 6 [ 8 (deg) 1(2.10)
Lw (deg/sec)

I P OT (deg) ](2.11)

2-9
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I

A (g's)

Om (deg/sec)

yp= (deg) (2.12)

6 (deg/sec)

0 S (deg)s

i ud (deg/sec & g's)

The values shown for and 9 are the range of values used in the simulation.

I
= + (0 - 0.03) turbulence (deg/sec) (2.13)

+ (0 - 3 0 0 0 )/RT target glint (deg/sec)

+ (0 - 0.5) power supply noise3 - (deg/sec & deg)

+ (0 - 1.0) accelerometer noise (g's)

+ (0 - 0.5) body rate gyro noise (deg/sec)

rU= 0 no measurement noise (2.14)

3 (0 - 1.0) rate gyro noise (deg/sec)

+ (0 - 0.5) potentiometer noise (deg)

* 0 nothing added to high
frequency dynamicsI

The state space values for the plant are given in Equations (2.15) through

(2.18). Details on converting the missile transfer functions to state space

form can he found in Appendix A. The nominal values used for the plant

I durirny controller design can be seen in Equations (2.19) and (2.20).

2I 2-10



I
U
I

fin
actuator0 0 0 0 0 0 0 0 0

pole

M 0 0 -M 0 0 0 0 0 0

0 1 0 1 0 1 0 1 0 1

-N6/V M  1 0 -N /VM  0 0 0 0 0 0

I -target target -target
0 0 resolver 0 resolver 0 resolver 0 0 0

A = gain pole gain (2.15)
P antenna

0 0 0 0 0 servo 0 0 0

i pole

0 0 0 0 0 p 0 0 0 0

high high high high
freq dyn 0 0 0 0 0 0 freq freq freq

~aiii dyn dyn dyn
pole pole pole

-zero -zero

high high high

freq dyn0 0 0 0 0 0 0 freq freq

gain dyn dyn
pole pole

* -zero

high high

freq dyn0 0 0 0 0 0 0 0 freq

gain dyn
pole

I
I
I
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I

fin
actuator 0 0 0 0 1

gain
0 0 0 1 0 0

0 0 0 0 0 0

target'
Bp1 1 B1p2 Bp2 0 0 *resolver 0 0 1 (2.16)

2Jantenna gain

0 servo 0 0 1 1
gain

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

I 0 0 0 0 0 0

1 1 0 0 2 0 0 0 0 0 0

1 0 1 0 0 0 0 0 0 0 0

o 0 0 0 1 0 0 0 0 0

I ( = 0 0 0 0 0 1 0 0 0 0 (2.17)
P

0 0 0 0 0 0 1 0 0 0
high high high

high freq freq freq
treq dyi 0 0 0 0 0 0 dyn dyn dyn

gain pole pole pole
-zero -zero -zero

I
0 0 0 0 0 0

I0 0 0 0 0 0

[ % D1  D2  0 0 0 0 (2.18)
I o 0 0 0 0 0

0 0 0 0 0 00

0 0 0 0 0 0

2-12I
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i

[ Be11 Bp 2 B 1
.... .... ..... ......... (2.19 )

p [C D1  D1  D2

I
77 0 0 0 0 0 0 0 0 0 77 0 0 001
-2.74 0 0 0.91 0 0 0 0 0 0 0 0 0 1 0 0

0 1 0 0 0 0 0 0 0 0 0 00 0 00
-0.51 1 0 -1.02 0 0 0 0 0 0 0 0 0 1 0 0
0 0 -20.7 0 -5.26 0 -20.7 0 0 0 0 0 20.7 0 0 1
0 0 0 0 0-104 0 0 0 0 0 94 0 0 1 1
0 0 0 0 0 1 0 0 0 00 00 00 0
6.4 0 0 0 0 0 0 -400 -390 -390 0 0 0 000

G 6.4 0 0 0 0 0 0 0 -400 -390 0 0 0 0 0 0 (2.20)
p 6.4 0 0 0 0 0 0 0 0 -400 0 0 0 0 0 0

0 0 2 ......0 0 0... .- . 0 --0 - 00 0- -0

0 1 0 0 0 0 0 0 0 0 0 00 0 00
0 0 0 0 1 0 0 0 0 0 0 0 0 000
0 0 0 0 0 1 0 0 0 0 0 00 0 00

0 0 0 0 0 0 1 0 0 W 0 0 0 000
6.4 0 0 0 0 0 0 -390 -390 -390: 0 0 0 0 0 0

I
2.2 -\ddino The High Frequency Unmodelled Dynamics

Thr, unmodelpd high frequency dynamics is added to A and A by

mIiultving x by a matrix called F which is given in Equation (2.21).

1 0 0 0 0 1
FI 0 1 0 0 0 1 (2.21)

0 001 00 0
0 0 0 1 0 0
0 0 0 0 1 0

2.3 Guidance Command Block

The guidance command block can be seen in Figure 2.12. Either A or
nicon

MDl-) can be used. More details on the proportional navigation used are in

I
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-- --------------------------I. ......
IA

ncGUIDE

U~ em

Iv

U Figure 2.12 Guidance Command Block Diagram

Chapter 5. The guidance command block will be represented by a matrix

I chlled T as, shown in Equations (2.22) through (2.24).

y ] T y p(2.22)
A ncom ormeom (.3

1 0 0 0 0

0 1 0 0 0

T= 0 0 1 0 0 (2.24)

0 o 0 1 0

I0 0 0 0 1

0 KgIR T 1/5 6 1.5  0 Kg ITI/561.5 0

The 561.5 in Equation (2.24) would be replaced by 1100 if mco was desired.
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2.4 Controller

3 Capt Riddle's conventional controller can be seen in Figure 2.13.

U(Conv.)
CONTROLLER

* A~n
14n

com
I- mcom

+ +

2 -

!M
, +I +(

Figure 2.13 Conventional Controller Block Diagram

I
This controller is designed for use with negative feedback. Equations

I (2.25) through (2.28) show how the controller transfer function will be

i rei~r'osnted.

x= A x + B u (2.25)
c c C c c

y = C x + D u (2.26)

I
Dynamic ControllerI l B

Ac B

G = -c-. -J- (2.27)ic C D
c c

Static Controller

G = 1) (2.28)3 cc
2-15
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IlI Simulation Description

A diagram of the simulation process can be seen in Figure 3.1. Each block

I of the diagram will be described in detail.

T Time

Yl Depen- end m
0 dent p(,)gmI arget T0
AT ~T Calcu-

laaon ions

ITm Step_

I 0M Time 0xSi)
-Depen-
14 dent plant Lnaie

---- Missile variations every 0.3
YM alcu-sewt

I at"4n

Computation shown by Equation (3.8)

Figure 3.1 Diagram of Simulation Process

3 Initiail conditions used in the missile simulation are shown in Table
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I Table 3.1 Simulation Initial Conditions

I Variable Value Used In Study

PT(X,Y) [ 5000, 5000 1 meters
-0
VT 470 m/s

AT -8.4 g's

YT -10 deg/s

T 00 deg

PM(xy) f 0, 0 1 meters
0

M0 ' 1000 m/s

I 0 0 deg/s

i 0  45 deg

PT0  45 deg

IT °  0 deg/s

RT0  7071 meters

1T -746 m/s

X M 0 deg

XT0  45 deg3 Xp 0

x 0PO
c 0  0

CO 0

3 3.1 linearized Scenario System

The linearized scenario system, GSi m used in the missile simulation can

I he seen in Figure 3.2.
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(Simulation)
LINEARIZED SCENARIO SYSTEMi ~ ~~~~................. L ............. .....S......R ...S..... ................. .

CLOSED LOOP +_ _M

MISSILE SYSTEM
Q (Fig 2.2 & 2.3) identical

IA
An  1 M I b M

3 Figure 3.2 Linearized Scenario System for Simulation

I Two ways to obtain IM are shown. Both yield the same values. Obtaining IM

from A was used in the simulation. Capt Riddle used (0 - a) to obtain I M

in his simulation.

The closed 1o, .ssile system state space representation used in the

missile simuIMa, - is shown in Equations (3.1) and (3.2).

.1 lA 0 X Bp B 2 B 0 ] .
P 1  p + P1 p2  Bp(31
i 0 A xc  0 0 0 B w

C p C c p
r

! u

y p C 0' p + D pl1  D pl2  D p2 0 uP + T1 (3.2)

Yc 0 C c x c  0 0 0 D c w p0

Iu

Removin, up and u through substitution using u= -y and u = T F yIp c p 'p c "
results in Equations (3.3) and (3.4).
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- (Ap -B pDcTFCP)-Bplc 
c  X p + [Bp1 2 -Bp 1 DcTFDp1 2 ] Wx c  B TFC A x c

(BpgBPll DCTFD4 B+ ~B 1DCTF)jF (3.3)

Bc p B T

I
S p P Dp12 Dp2

I
Now sbstituting M R y where R = [ .51 0 0 0 0 0 } and integrating to

get Y results in G as shown in Equations (3.5) through (3.7).

I M= Gsifl w (3.7)I

the states of Gs = x (3.8)

x
c

I

IY j

I 3-4



G =I sim

pile r -B ,DTFD B -B D TFD~ B -BplD TF)
(AP-BpI 1DcTFCP) -Bp C 0 0 2  ph- 12) p2- PHC p2)(p2-

B TFC A 0: B TFD BcTFD B TFc p c c p12 c 

RC 0 0 RD RD p2 R

0 0 1j 0 0 0

I (3.7)

I 3.2 Time Dependent Target Calculations

I Time dependent target calculations consist of the following. The

target's turn rate (IT) is calculated for a given target speed and g's of

acceleration. For a constant altitude, turn rate IT is given by Equation

(3. 8).

I= (T 7 T)(A T2 -1 (3.8)

I he targzet heading is calculated at each time step through Equation (3.9).

I IT = T + YT(t S) (3.9)I

The target's position is calculated using Equation (3.10).

lT (x,y) = [(PT W,+ VT(tS)Cos(IT)T,(pTy) + VT(ts) sin(IT))] (3.10)

3.3 Time Dependent Missile Calculations

Tho time dependent missile calculations consist of the following. The

I 3-5
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I plant variations and missile velocity variation which were described in

3 Chapter 2 are updated every 0.3 seconds of flyout time in the missile

simulation. The heading of the missile (IT) is obtained from GS. Missile

position is calculated each time step, similar to target position with

Equation (3.11).

I P(x,) = [I(PM(x) + VM(ts)coS(YM)),(PM(Y) + VM(t Sin(M)J (3.11)

3.4 Nonlinear Calculations and Time Step Differentiation

Nonlinear calculations and time step differentiation consist of the

following. Angle from the missile to the target with respect to an inertial

reference (pT) is calculated from missile and target positions with Equation

(3. 12

T arctanpT(Y) - PM(Y)J,/ PT(x) - PM(x))J (3.12)

Ranlge from missile to target (RT) is calculated from missile and target

posit ions wi th Equat ion (3.13).

R T = -(Tx PM(x))2 + (PT(Y) _-My (3.13)

I RanE'e rate (RT) is obtained through time step differentiation (first order

backwards difference estimation) as shown in Equation (3.14).

I
T = (R T(i) - R T(i-1),/t (3.14)
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3.5 Noise Generation

The derivation of the equations used for noise generation can be found

in [Ref 11. The C and rl noise generation are calculated each time step with

Equations (3.15) through (3.23).

Turbulence:

C1 = .015(sin(tf) + sin(JO + tf) + .1 x rand(1)J (3.15)

Target Glint:

3' = 1500/RT sin tf + rand(I) +

sin (10 x t f + r (1)) + .1 x rand(l) (3.16)

Power Supply Noise:

.25(sin'200 tf + +

sin 2000 x 10 x tf + r l + .1 x rand(l) (3.17)

Accelerometer Noise:

Ir = .5(sin(40 × tf + 7C7

sin 400 x t + 7T + .1 x rand(l) (3.18)

Body Rate Gyro Noise:

= .25 sin(10 x tf + 7T +

sin (100 x tf + + .1 x rand(l) (3.19)
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No Measurement Noise:

93 = 0 (3.20)

Antenna Rate Gyro Noise:

=5sin0 .i (10

sin 100 x tf + ran(T + .1 x rand(l) (3.21)

3~Antenna Potentiometer Noise:

TL I .25(sin(t + + T
25f rand(l) +

sinrlO x t + 7d + .1 x rand(l)) (3.22)
f rand(1)j

Nothing Added to High Frequency Dynamics:

n : 0 (3.23)

3 The randIl) function generates a random distribution of values between one

and minus one. A typical noise generated by these equations during a

3 simulal1 on run can be seen in Figures 3.3 and 3.4.

3.6 End Game

Once range rate is no longer negative, the missile is going away from

I the target, so end game calculations are made. Calculation of the distance

of closest approach, or miss distance, is as follows. Find the x and y

3 components of the range from missile to target at the last time step where

1 3-8
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40blec target glint

I 0.02\\( 20-

N0.0211 -20

1-0,04 -030 2 4 6 8 0 2 4 6 8

time, sec time, sec

power supply noise

0. -
0

-0.5 j

1 -1
0 2 4 6 8

Utime, sec

Figure 3.3 N ~oise Inputs U~sed in Simulation
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2 ccleomte n1s bodyrate gyro noise

* 0.5

~ 05

- 2 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __0

0 2 4 6 80 2 4 6 8

time, sec time, see

2 antenIrna rate gyro noise antenna potentiometer noise

\~v1~y11~ I0.: V
I0 0

-1-- 0.5

* -2
0 2 4 6 8 0 2 4 6 8

time, sec time, sec

Figure 3.4 n~ Noise Inputs Used in Simulation
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x 1 = PT(X) - P M(x) (3.24)

IYl = PT (y ) - P M(y )  (3.25)

I
At the first time step where RT > 0, define

I
x2 = Pw(X) - PM(x) (3.26)

IY2 = PT(y ) - P (y )  (3.27)

Write the x and y range components in terms of t and component closure rate,

so that

I x = x + t(dx/dt) (3.28)

1y = Y + t(dy/dt) (3.29)

3 Set y = 0 and solve for t/dt.

I t/dt = -YI/dt (3.30)

I Suhstitute into Equation 3.28 to find the x intercept (xint).

x int = x, - Yl(dx/dy) (3.31)U
Using tho same process find yint"

Yint = Y - x (dy/dx) (3.32)
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The relationship between x int' and miss distance (md) is shown in

I Figure 3.5.

I
2 +y2

Yint int int

X int

3 Figure 3.5 Relationships to Miss Distance

I 1:sing this relationship the area of the triangle in Figure 3.5 is equal to:

Area = .5 x x .t x vt (3.33)

I
Area = .5 x md x int + Yin (3.34U

(ombine Equations (3.33) and (3.34) to solve for md.

md (int Xt 2 + y2 (3.35)

tit x Yint (3.35

3
I
I
I
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IV The Guidance Law

Proportional navigation was used as the guidance law. Changing the

value of the navigational constant in the guidance law plays a key role in

3 miss distance results. Breuer 12:2-1731 gives the equation for

proportional navigation commands as

A B = C IlTI T (n/180) m/s2  (4.1)

where A B is the acceleration of the missile perpendicular to the vector from

the missile to the target and e is the navigational constant used by Breuer.

I The AB acceleration will maintain a constant angle between the target and

the missile (Q ) by maintaining I at zero. The value chosen for r isT "T

related to how tightly the missilp will turn to achieve a new desired

I head ing.

An acceleration normal to the missile velocity vector would have the

I Vllowinn commponent of acceleration in the AB direction

SA B = A cos( M)(9.8) m/s2  (4.2)B nU
Substituting into Equation (4.1) and solving for A yieldsIn

A = /cos(X ) I;TI Q (n/180)/9.8 g's (4.3)I
I Frm Fig"re 2.1 it can be seen that

I
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X T =PT - YT deg (4.4)

Therefore

I :T - T -
1T deg/s (4.5)

I Substituting this result into Equation (4.3) yeilds

I
A = t/cos(lM) T1 ((T - YT)(n/180)/9.8 g's (4.6)!n

The variables of Equation (4.6) must now be transformed into quantities

which the missile can measure. Acceleration normal to the missile velocity

3 vector can be approximated by accelerometer readings normal to the missile

b()(% axis for small missile angles of attack. In this model it is assumed

that thf, accelerometer readings from the missile are the same as the

acceleration normal to the missile velocity vector, orI
A P A (4.7)
n nm

During perfect target tracking

I Em + 9s = 'IT (4.8)

.so it the seeker is tracking well T can be approximated with 0 and s

which are measureable with rate gyros.

I
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m + 6 s fT (4.9)

T he term ), is the lead angle which you want to give the target. This angle

will depend on the type of targets you are engaging. It can be incorporated

into the navigational constant called Kg.

Kg = c/cos(X M  (4.10)

Closure rate, JIRTI, is measured by the seeker radar. This missile is unable

to measure the target turn rate so target turn rate will be approximated by

I O

IT 0 (4.11)

Substituting Equations (4.9) through (4.11) into Equation (4.6) yeilds the

form of the guidance commands used in the simulation.

I A =K IRT! (6m + 0) (n/180)/9.8 g'sncom g I mT s

I RT + S /561.5 g's (4.12)I: g IRT I 0 (

I This can also be put into the form of a missile heading command using the

relat ionshi p

9.8(I0 (A n / VM) = IM = (6m - C) deg/s (4.13)

I (omining Eqiations (4.12) and (4.13) using the nominal value for VM of 1100

I
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m/s and again saying angle of attack of the missile and its rate are small

I yi e cis

mcom= K RTI (6 + 6s) / 1100 deg/s (4.14)

This is the guidance command used by Capt Riddle.

A navigational constant, Kg, equal to 3.3 was used for this study.

The guidance law was tested by running the simulation with no missile

dynamics; that, is, a 1100 m/s point moving in space at a 0.02 second

3 simulation time step. Target miss distances were only a few centimeters

caused by the time steping. To add realism the simulation limits guidance

I gain updates to once every 0.3 second and commands straight ahead flight

5 near end game when RT/IRTI <= 0.6. With these limitations the simulation

with no missile dynamics still came within 2 meters of the target for the

engagement chosen for this study, Figure 4.1. This gave confidence that the

miss distance which resulted would be due almost entirely to the response

I lag caused by the missile and seeker dynamics and not due to the limitations

of the guidaice command block.

When the simulation was run with a point mass responding with a 0.9

second lag to the guidance commands miss distances corresponded surprisingly

well with those resulting from the simulation run with full missile and

I seeker dynamics, Figure 4.2. The relationship between guidance command

execution lag and resulting miss distance for the chosen engagement can be

seen in Figure 4.3. How the navigational constant, Kg, effects miss

distances for q no execution lag flyout in the same engagement is also shown

in Figurp 4.3.

I
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When running the simulations with full missile dynamics it was found

that for a given engagement a value of the navigational c . . ould be

chosen to increase the missile turn rate just enough to offset the guidance

command execution lag at the point of end game, resulting *., ocar zero miss

distance. That was equivalent to flying a timed pattern to point in space

where the target would be when the missile arrived. It is entirely scenario

dependent. and not something which could be could practically applied but it

doe,; point out that using miss distance for a measure of merit in judging

comptein, controller performance can sometimes be misleading. That is why

othe.r techniques to evaluate controller performance were used along with

mi:,, di stance.
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V Refining the Model and SimulationI
Three areas of model and simulation refinment were investigated.

Simulations were run with a smaller time step, the missile parameter

3 variations were checked, and high frequency unmodeled dynamics were aaded to

the missile model.

Capt Riddle ran his simulations with a 0.02 second time step. To

incr(aspe the fidelity of the simulation a selection of Capt Riddle's runs

were made with a 0.02 and a 0.001 second time step. Runs were made with and

3 without noise and parameter variations. The results showed there was no

significant difference in flycx,, and miss distance results. Average miss

3 distances w -e within a meter of each other for the two time steps.

Capt Riddle's simulation runs with the nominal missile performed worse

Uthan with tho missile run with parameter variations. Though this seems

unri ur'ai it pr,,vedt to be resonable. The 6co m to An and 6 to & transfer

tiictio, are shown with Eq ations (5.1) and (5.2) and in Table 5.1. The

3 nominal system, which is roughly the system at 4 seconds of flyout, has the

nflmiIimum phase ze o and the unstable pole closest together making it the

I most difficult control problem to solve. Thus, even though this is the

p
-77 0 0 77

n M 0 -M 0 (5.1)

com
-N/V I -N(I/V M 0

[ 0 2 0

I
* 5-1
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I -77 ( ( 77

m M 1 M 0 (5.2)

I-N 6/V m -N U/V 0

__ _ .5. 1 CO 1, A IIandi 6L C t) o I Tranisfer Fiirct~ions

(h]' (t 'Iralost '' I'iict 10115

Ii ( )~ A (') t o )

I(n 11C_
u7(+2. 3103)-,-2.4003) 77(-2.79)(s+l.017)

I 77(-+. 036i 1(s+0. 0 39)) (s+7 7T)(-+ I. of;I) (s+U. 0139)

7( 6+.(91) (s-2. 5872 ) 77 (-3. 06 s1 .2263)1

(,+-7 + I .1'~) M -- . r:Y. (s+ 771 6209)(s-O. 5323)

7 7( +2. 2 513 1(s - I.5363: 7 7(2. 316(s+ I. 0073 1

3 wet.A (+7 7 ) ( s+0. 5525+0).9)292-7 i) s+U. 5525 -0. 9292 7

nmuH 77(s+.5278)(s;-2.5278) 77(-2. 74 )(s+ .1891)
+-vs ( 7 + 1s l59 1) 0s. .57 12) {+ 7 7 + I ..5 T17)'F (f. 5 712)

,I)t ri I Ir (1it i LllII 1 itut , it i s tnt tuneasotab I e thatl var iat i ons wh ich arc

'aI ,cIen o -(-()Itt r()eI po -rtuurmo he et t er. Duiring this invest igatiot it was toidl

h:0i ( iqpt T~dlI' aylIor series appro i mat ionus For -N /VA andt -N A/V we4 re,

ne(t vu gonul '( sue lm Ser ies apjerox imit ions were replatced'u wit hi the 2ict ija

II (I I t~~li~ 11 u iti le (( (I 101111i cs- WoE -( dde d h1( t III (l ie 5 111i71t il It1( t tie'
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missile for analysis purposes. They are not included for controller design.

Through their addition it was hoped that the H2 and H controllers

3 robustness advantages could be seen. Based on a plot of measured data,

Reichert, in reference 13:2371-23721, adds high frequency unmodeled missile

dynamics to An using

Iud lO0(s+lO) 3  53
A 10(s+10) -3 (5.3)

(S+1000)3I
This was adapted for this study's missile model. The high frequency

I unmodeled dynamics were added to A and A as
•n m

I ud 6.4(s+10) 3  (54)

6 (s+400)3

Equation (5.4) adequately characterized the measured data and the smaller

pole value, -400 versus -1000, makes the (sl-A) - I matrix inversion

computationally easier. The state space form transfer function used is

shown in Equation (5.5).I
[-400 0 0 -390

ud -390 -400 0 -390-390 -390 -400 -390 (5.5)
.... : .... -.. T ------ ..... : .I

Appendix A shows how this was integrated into the plant state space

matrices. Chapter 8 shows the effects the high frequency unmodeled

I dynamics had on the simulations.
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VI Controller Analysisi
Because Capt Riddle's simulation miss distance results did not clearly

differentiate desirability of the three controllers, other analysis

techniques to supplement miss distances were deemed necessary. The

controllers were evaluated by evaluating the closed loop missile in three

i areas: performance, noise attenuation, and robustness.

6.1 Performance Analysis

The missile's ability to carry out commanded inputs with minimal lag

3 was evaluated by taking the guidance command block derived in Chapter 6

I ncom = Kg IRTI T / 561.5 g's (6.1)

converting A to turn rate
nCOM

i = Kg rT 'T / 1100 deg/s (6.2)

and input inog a step command for (T using the nominal values for 1R TI' VM and

K .sh, -n in 1able 6.1.U
Table 6.1 Nominal Values Used in Performance Evaluation

ST = 10 deg/s

3 IRTI = 1500 m/s

K =3.3
g

V = 1100 m/s

U 6-1
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The value of 10 deg/s for 4T was chosen after running some simulated

engagements to fInd the upper limit which CT reached outside of the endgame.

The result is a commanded acceleration normal to the missile velocity vector

of 88 g's or & turn rate of 45 deg/s. The ir to YM transfer function was

found for the nominal missile system. The 1M time response was examined for

a (PT step input of 10 deg/s. This was compared to the commanded turn rate

of 45 deg/s as a measure of controller performance. Singular value plots

for this transfer function were also examined.

To find the (P, to jM transfer function, first calculate the closed loop

transfer function for the nominal missile, G. Figure 6.1 shows the block

diarani and Equation (6.3) shows the transfer function in state space form

of G
m

OT p Plan V v

p

u v ln

Figure 6.1 Simplified Closed Loop Missile Block Diagram

(A -B D TFC ) -B C B
p p11 c p p1 1 c p 1 2

G B TFC A 0 (6.3)m c p c
............................... -------..................- i-............

C 0 0L p

Next, an integrator is put in front of the input and R = 1.51 0 0 0 0 0)

6-2



U
I

is multiplied by the output to obtain the transfer function for tT to YM

I G . The block diagram for G is shown in Figure 6.2 and its state space

3 transfer function is shown in Equation (6.4).

G R

s m

II
Figure 6.2 G System Block Diagram*s

3 (A -B DTFC ) -B C B 0ppll c p plc p12

G B TFC A 0 0 (6.4)3 s c p c

0 0 0 1
.............................................................--....... .

RC 0 0 0

U The results of this analysis is shown in Figures 6.3 through 6.6. It

3 is dnie with and without the unmodeled dynamics added.

The closed loop missile time responses with the the H2 and H

coTitrollors are better damped than the conventional controller but without a

reduction in lag time. The only difference in time responses when the high

freiency unmodeled dynamics are added is that the H controlled missile

goes unstahle. This is contrary to H optimization theory indicating that

this is an improperly formulated H controller.

The closed loop missile singular value plots should have a flat gain of

4.5 (121 dR) at low frequencies with a gain drop off at high frequencies.

Tt,- sinK, ar xalu plts of the closed loop missile with the H2 and H
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System Response to Phidot-T Step Input of 10, RTdot =1500, nodyn

50Desired Gammnadot' II II

3 30-

I 10~
E

3 0~ Compensator:

Riddle Cony
10or Riddle H-2

URiddle H-inf ..

0 0.5 1 1.5 2 2.5 3 3.5 4 '45 5

Time (see)

Fiizure 6.3 Missile Turn Rate Timne Responses without Unmodelled Dynamics

6-4



Singular Value Plots of System, RTdot = 1500, nodyn

-20-

~-40

3 ~ -60

Compensator:
Riddle H-2v

-100- Riddle Cony --

URiddle H-inf ..
-120 L -. -1_1________11_______II______I.__I I1.1- 1 1310-3 10-2 10-1 100 101 102 103

Frequency (rad/sec)

Figure 6.4 G Siniular V'alue Plots without LUnmodelled Dynamics
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System Response to Phidot-T Step Input of 10, RTdot = 1500, undyn

Desired Gammadot

1 40-

30-

S 20

V{

I 10'- /

Compensator:
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Figure 6.5 Missile Turn Rate Time Responses with Unmodelled Dynamics
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controllers are better than those with the conventional controller at high

frequencies but are lacking in gain at the lower frequencies. This

indicates the need for some filter shifting during the H2 and H controller

design process. Adding high frequency unmodelled dynamics only slightly

effected the singular value plots at high frequencies.

6.2 Noise Attenuation Analysis

For this analysis the same nominal system is used as in the performance

analysis except this time the rl to TM and C to yM transfer functions are

found. Singular value plots of the transfer functions are analyzed to see

how well noise inputs are attenuated. Again cases with and without high

frequency unmodeled dynmics are examined.

The block diagram for the rj to I transfer function is shown in Figure

6.7.

IM
Figure 6.7 q to M Block Diagram, G

N is a matrix which removes 93 and r'6 inputs since thcrc are none in the

I similation. N is given in Equation (6.5).

1 0 0 0
N= 0 1 0 0 (6.5)

0 0 0 0
0 0 1 0
0 0 0 1

0 0 0 0

6-8



I
I

The state space transfer function for r, to TM is shown in Equation (6.6).

Ic (A -B D TFC -B C -B DcTFN

p p11 c P 11 c p11

BTFC A B TFN (6.6)~~~.. ........... ...... _ ..................... ................................

RC 0 0
IP

The block diagram for the to jM transfer function is shown in Figure

*6.8.

p- I p ant (2) + y R

plant(ll) -I

Figure 6.8 C to 1M Block Diagram, GI
The state space transfer function for C to IM is shown in Equation (6.7).

1 A 0 0 Bp .p
2

GC -B D TFC (A -B D TFC ) C B D TFD (6.7)
p11 c p p p11 c p p11 c p c p2

B TFC B TFC A B TFD--------- Ic ...p ............... .... .. c....... p. ................. .... _ _............... ---....... .. ........

RC RC
p p 0 RDp2

The noise analysis results are shown in Figures 6.9 through 6.12. Again 13

I dB would be zero attenuation. In general both the r7 and C attenuation are

I 6-9
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better with the conventional controller than with the H2 and H controllers

indicating a need to change the filters used during H2 and H design.

6.3 p Robustness Analysis

The p robustness analysis was performed as described in reference [4].

The code from this reference is also used. The first step in the p analysis

is to construct an M matrix. The form of the M matrix is shown in Figures

1 6.13 and 6.14.

I

SNOM
u p] T F yp' I .................... .................................. .

I igurp 6.13 Formation of M Transfer Function for p -Analysis

Figure 6. 14 M Transfer Function for p-Analysis

I

A ri( miral systcm is chosen with state space values set at the midpoint
. til, th,. r ,, of' th ir variations. The nomir al syst em is shown in Equation

6-14
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[A B with state space valuesSNOM ...... P selected at the midpoint (6.8)

TFCp D1 of their range

Then a scale value is chosen to indicate the extent of the variation. Plant

variations considered are those due to aerodynamic changes with altitude and

missile weight changes as described in Chapter 2. Variations in the

guidance law, gain are also considered. The guidance law is allowed to vary

I by changing IRTI from 0 to 2000 m/s. Again a nominal value at the midpoint

ot the range is chosen with scaling inputs indicating the extent of the

variation. The scaling information is contained in a matrix called PSCAL

sho ri in Table 6.2.

U Table 6.2 Plant Scaling Matrix Used in pj Analysis

3f SNOM

index row column scale center value notes

1 2 1 0.4 -2.70 M

1 2 4 -1.0 -0.15 -M

0.1885 -0.382 -N/V M

PSAI 1 4 4 -0.0272 -1.0778 -NVVM

1 11 1 0.35 0.75 N

1 11 4 0.2 2.10 N

2 16 2 3.0 3.0 guidance gain on 0

umm12 16 6 3.0 3.0 guidance gain on 6

-- 6-15
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If A is used instead of i the 3.0 scaling for the guidance law must
ncom mcom3 he changed to 5.88, since Equation (4.12) is used instead of Equation

(4.14). The sign of the scale value indicates its slope with respect to the

other varying parameters. The aerodynamic changes are considered to be a

3 function of the same parameters, therefore they have the same index, one.

Likewise all the guidance law variations also have the same index, two.

This information was input into the mrform.m and mureal.m functions

described in reference 14] to obtain the p robustness analysis results seen

in Figures 6.15 and 6.16. The functions don't give the exact p solution but

3 an upper limit of its value. The true value of p could be as much as 20%

SOwer.

All the controllers maintain a value of preal below one for the case

without high frequency unmodelled dynamics, indicating the closed-loop

- systems are stable. When high frequency unmodelled dynamics are added, only

3 the system with the H2 controller remains stable for high frequency inputs.

"ht, pt-rfrmanin (f the H controller is worse than expected again indicating

an errcr was made during the formulation of the H.-, controller design.

I

I
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VII H2 and H Controller Design

Due to lack of time an improved controller design was not completed.

However, a brief background of the design process used will be described in

this chapter.

The appeal of H2 and H, controller designs is that they minimize

I disturbance effects, w, on outputs, z. This is shown in block diagram form

I in F1iL re 7,1.

I z

t-i-ure 7.1 Plant Block Diaigram for H2 and Hl Construction1 2

The ,ar i at, it del in i t ions as applied to the problem in this study are given

i ri T h 7. I

3 lTh, i. design objective is to minimize the 2-norm shown in Equation

(7.1).I
I [ zw [ + It trace G z (j ) G (.j W) d w 1/ (7.1 )

Iht 2-norm is related to the area under a singular value plot. H2

otpt imiat ion is good for minimizing the effect of random noise type

3d (,li Irhalicfs.

I 7-1
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Table 7.1 Variable Definitions for H2 and H Designs* 2 T

external inputs outputs to be minimized

W [T Z r -uv

I)-
5 commanded inputs plant outputs v F v"p

AA
ncom n

I 0s

r= con M~~

scom

controller output controller input

or plant inputi

I Y= = -V

IOM

Th'. H, do.is)n ob.)ective is to mininmize the .- norm shown in Equation

Sli su: cp (Gz (j() (7.2)

IIzw 1 (0) max z

The '-norm is the peak value of a singular value plot. H optimization is

host for minimizing the effect of bounded energy disturbances and for

3ta I it., rchizd np-ss.

' or mlt iple ,-input./multiple-output designs weighting filters are used
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to tailor the relative importance and frequency ranges of different inputs

i and outputs in the controller design. Input weighting filters are chosen to

look like expected disturbance or command inputs. Output weighting filters

or penalty functions are chosen with a frequency band to match the desired

3 output. The higher the magnitude of a penalty function for a commanded

input the harder the controller will try to obtain that commanded input

I relative to the other inputs.

-- The block diaaram form of the transfer function G, shown in Figure 7.1,

for this problem with the required weighting filters is shown in Figure 7.2.

_I2 w3

1+~ C.

,TG plant - M-

I

I Figure 7.2
Block Diagram Showing Welghting Filters Used In

Construction of H and H Controllers

3 The co mpfnsator in Figure 7.2 is considered open. The weighting filters arp

sh',n in Equations (7.3) through (7.7)

IA B
wI  w

WL D (7.3)
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SW2 = C (7.4)

2 D

w3  w(

I [A B ]
w3  w3

w  w
3 3

zI ~ z 1

Z . j (7.6)
w :w

Pl 0 no

W52= ] states (7.7)

The statle space form of G is shown in Equations (7.8) through (7.16).

x = A x + B w + B2 u (7.8)

z CI x + Dll w + D 12u (7.9)

y C2 x + D21 w + D 22u (7.10)

A B1I B 2

1 Dl 12 (7.11)32 21 22
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i z G w (7.12)

y u

where

A 0 [B 2 B] C 0 0

o A 0 0 0

A1 - 0 0 A ~ 0 0 (7.13)

0 0 0 A 0w 
3

-B F C B C -B F D p2 C -B F C Aw z 1 w z I wz p2 ]Cw 2 wzl Wz3 wzlzI 1 z1

I
BB00B

0 B 0 0 (7.14)

0 0 B 0
* w3

DwI -B r F Dp 2 Dp2 Dw -B F Dw -B FzDp 1I

-D F C D C -D F [Dp 12  p2 ] Cw -D F C C
w p w w w w w3 w2

i z1 z1

3'K 0 0 0 0 0 (7.15)

F -C c DD c -FC0
I [I12 02] C 2 3

7-



rD 1 D DD -D F [Dpl 2  Dp2] D -D F D w -D F D p11

[D Dz i z1 2 z 1 (7.16)D21 D22000D

. . . . . . . . . . . . . . . . . . . . . . . .z2 .

Dwl -F [ Dp 2  Dp2] Dw -F Dw -F D
[2 p

The derivation of these matrices is similar to the derivation of the missile

state space transfer function found in Appendix A.

The Bode magnitude plots of the weighting filters chosen are shown in

Figures 7.3 through 7.7. The magnitudes of these filters were then scaled

to produce the desired affect. Once the filters were chosen, automated H2

and H design routines were employed to get the controllers. The

information to write the H2 and H design routines can be found in [5].

Finally, the controllers were multiplied by a -H matrix to convert y

oitputs of the gkuidance block into the (r-v) inputs expected by the

controller and to convert the controller from one designed for positive

feedback to one that uses negative feedback, as shown in Figure 7.8.

The values chosen for H are shown in Equation (7.17).

- 0 0 0 0 1 Ancom -An)

H 0 -1 0 0 0 0.51 (e mcom (7.17)

0 0 -1 0 0 0 (0-,)

0 -1 2 -1 0 0 (scom- sJ

Thp rc.suItin compens;ator is run through the analysis described in

Chaptf.r 6 and then the scaling on the filters is adjusted to get the desired
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I- H or H
2

controller

Figure 7.8 H2 and HN, Controller Adaptation

improvemcnt.. The process is difficult because there are many filters

invcIved and a chanae in one can often have unexpected effects on the

oth,r-. A working controller is achieved.
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VIII Simulation Runs

One scenario is selected for the simulation runs to eliminate scenario

dependent variations in miss distance and bring out variations due to +he

missile controller performance. A turning tail chase scenario is selected

with the target pulling 8.4 g's at Mach 1.5. It was hoped that the added

missile flyout time of a tail chase would better differentiate controller

performance. The 8.4 9 target turn is chosen because the navigational

constant (K ) of 3.3 used in this study and Capt Riddle's is best suited forg

highly maneuverable targets. The run matrix chosen is shown in Table 8.1.

8.1 Ideal Flvout

First the simulation is run with no missile dynamics to confirm the

efffectixeness of the guidance command block, Run 1, Figure 5.1. Next, the

simulation is run again with no missile dynamics but with a 0.9 second lag

ini carrvinz out the guidance commands as a point of comparison for the lags

caused by the actual missile dynamics, Run 2, Figure 4.2.

8.2 Pa., I i n, Runs

A baseline run is made for each controller with the nominal plant, no

hii frequency- unmodelled missile dynamics, and no disturbances (noise), Run

3 through Run 5.

8.3 Plart Variation Effects

The e-ffects of plant variations alone are examined for each controller

with Runs 6 through 8. Again the miss distances shown in Table 8.1 are

imrro-(,d with the plant variations compared to the nominal plant as was

e\jdp ainod in C-hapter 5.
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Table 8.1 Simulation Run Selection

Run Controller Features Time Step Miss Distance

Number C(seconds) (meters)

1 guide no lag 0.02 1.56

2 guide 0.9 sec lag 35.04

3 cony. Baseline 49.00

4 H2  pnom nodyn nodis 0.02 47.35

5 H 102.30

3 cony. Plant Variations 40.90

7 H2  pvar nodyn nodis 0.02 36.67

8 H 72.49

9 cony. Unmodelled 48.81
Dynamics

10 H) pnom undyn nodis 0.001 47.56

11 H 185.50

1 13N s 48.89, 48.89cony. No ise
14 48.89

15.!f; 46.84, 47.2617 H pnom nodyn noise 0.001 46.84

18, ](4 110.40,111.40
_ H_ 110.40

C1o2 m nv. ined Effcts 40.85, 40.61

',4 H1) pvar undvn noise 0.001 37.45, .35.79

"-,'. t48.02.646.30

H) 2h F requonry I nmde I lled Dynam erF, Fffect s

Sh., " f -i s ()t' high frequency unmodelled dynamics alone were examined

fr (.- t r-r,n1roller in Runs 9 through 11 The step size of 0.001 second was

us,, th makf sure the simulation captured these effects. As predicted by

th. ,,-ai.'i r. in ('tapter 6, the missile with the "psuedo H " controller can

8-2



hardly be called stable, Figure 8.1. The p-analysis also predicted the

missile with the conventional controller would be unstable with unmodelled

dynamics. The commanded inputs achieved in this engagement may not have

been high enough or of the right frequency to bring out the predicted

instability. Each time the fin of the missile is jerked quickly the missile

rings from the high frequency unmodelled dynamics shown in Figure 8.2 taken

from Run 9 and Fiaure 8.3 taken from Run 10.

8.5 No i se F ffec t s

The effe(ts of noise added to the baseline runs are examined with Runs

1'' hrough 20. The noise simulations are run more than once to see how much

tli, s imi l:t ion resi Its change each time due to the randomness of the noise

inputs. -Aian a 0.001 second time step is chosen to ensure high frequency

nis. teff-' t can be seen.

Th, miss distances with the conventional and H2 controller change vary

little fr,,m their baseline values with added noise. Miss distance values

ith the 11 controller increase somewhat over its baseline values. The

nis:., atternuat ,ion ability of the controllers is shown in Figures 8.4

tlri,-,h 8.F. The missile with the H controller has the least noise in

,-.mmarn,,.d turn rato tracking followed closely by the missile with the

IcrI\.'lt io, wl controller. The missile with the H controller has about three

tim,! the. variations in commanded turt, rate as the other two. Actual turn

rat, variations arf. about t-qual for the three controllers in high

freij,,ncies but in low frequency deviations, the conventional controiler

clearl.y does btter followed by the H2 and the H controllers.

8. ( ,omb i Tid Effects

i,iatlv the combined effects of plant variations, high frequency
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unmodelled dynamics, and noise inputs are examined for each simulation with

U Runs 21 through 26. The miss distances with the convent ional and H 2

controllers are similar to their baseline runs with plant variations. Again

the missile with the H controller goes unstable though it still manages to

3 get near the target in Run 25 but not Run 26.

Comparing Figures 8.7 an 8.8 it can be seen that commanded turn rate

I has less variations with the H2 controller than with the conventional

controller. It can also be seen that the conventional controller has less

low frequency turn rate deviations and slightly more high frequecy

3 deviations than with the H2 controller. Both match the 0.9 second lag

approximation fairly well.

3 Adding noise brought out more of the high frequency unmodelled dynmics

with all the controllers. This effect can be seen in Figure 8.9 with the

corventional controller and Figure 8.10 with the H2 controller.

8
I
I
I
I
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IX Conclusions And Recommendations

9.1 Conclusions

Care must be taken when judging missile controllers based on target

miss distances obtained from missile flyout simulations even though low miss

distance is the desired real world end result. This is due to the fact that

the chosen engagement scenario and navigational constant also drive miss

distance values. Reducing command execution lag time caused by the missile

dynamics has the greatest impact on reducing miss distances. This lag is

the combination o the seeker tracking lag and lag in pointing the missile

velocity vector. A plot of desired, commanded, actual, and desired with lag

I missile turn rates obtained during the missile flyout simulation proved very

useful in evaluating controller performance. The controller can compensate

for the missile dynamics, but there is a physical limit to what the missile

seeker combination can do as is well shown by Nesline, William and Nesline

in reference [61.

The results of the controller analyses correlated well with the

simulation runs. The H controller did not perform as it should have and

must have been incorrectly formulated by Capt Riddle. The H2 controller

passed the robustness tests, but other analyses showed its noise attenuation

and time response could be improved. A redesign of these controllers was

initiatod, but time limitations prohibited the completion of an improved

controller design. Correlating the choice of weighting filters in the

controller design with a given controller performance result was more

difficu lt than anticipated.
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9.2 Recommendations

I This study was a follow on to Capt Riddle's 1989 thesis work. The

model and simulation used is therefore in its second generation. Because of

this, the documentation is much improved and the computer code, despite its

added features, is more readable. There are still more benefits to be

gained by continuing this study. It is suggested that the H2 and H

controllers be redesigned based on the information gained from the

controller analyses. An iterative design technique using p-analysis could

ensure the full potential of the controllers would be reached. Simulation

runs would then determine whether or not reduced miss distances could be

acheived with this missile. p-synthesis is another option for designing the

controllers 17).

Another suggested area for follow-on work is to improve the controller

analysis by using p-analysis for noise attenuation and performance as well

as robustness. The performance, noise attenuation, and robustness analyses

could then be combined into one p-analysis. The p-analysis computer code

141 used in this study was unable to handle performance and noise analysis,

which is why time responses and singular value plots of nominal transfer

I functions were used instead. The p robustnes, performance, and noise

anaylsis block diagrams are shown in Figures 9.1 through 9.3 respectively.

The combined performance, noise attenuation, and robustness p analysis is

shown in Figure 9.4.

I
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Figure 9.4 p Combined Performance, Noise, And Robustness Analysis
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Appendix A: Missile Transfer Functions to State SpaceI
Converting the missile transfer functions to state space in Chapter 2,

Iforming the transfer function for the missile simulation in Chapter 3, and

~forming the transfer functions for the controller analysis in Chapter 6 all

make use of the following equations. "Transfer function to state space

operation" is shown with Equations (A.1) through (A.4).

I-den(2:N)
A = (A.1)
A I(N-2,N-I)

I B = I(N-1,l) (A.2)

C = num(:,2:N) - num(:,l) den(2:N) (A.3)

I D = num(:,l) MA.4)
where

wnun matrix of the numerator coefficients of the

transfer function

den = vector of the transfer fuction's denominator
coefficients

Hmn) =identity matrix with dimensions m rows by n
columns

N= power of transfer function's characteristic
equation (denominator) plus one

: through or all

Transfer function multiplication or series operation is shown in Figure A.l

and Equations (A.5) through (A.7). These equations may not yield a transfer

function with minimal states.

A-1
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Figure A.1 Series Operation

G = GIG 2  (A.5)

A BIC B1D
1 1 2 1 2

G= 0 A B (A.6)

C D1C D1D
1 12 1 2j

A 0 B2*22

G= BC A B1D (A.7)
1 2 1 1 2

DC C D
IC2 C1 1D2

Transfer function addition or parallel operation is shown in Equations (A.8)

through (A.9) and in Figure A.2. Again a transfer function with minimal

states may not be produced with these equations.

G = G1 + G2  (A.8)
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A 0 B

G= 0 A2  B (A.9)
22

C1 C2  D1+D2

Ip

IG

Figure A.2 Parallel Operation

Since the transfer functions used all started as single input single output

I P(1euations, the transpose relationship in Equation (A.1O) can also be used.

I T T BT

A !B A BA B

G = ------ ..... ......... = ......... (A .10 )C D C D CT  D

Equations (A.ll) through (A.17) briefly go through the formation of the

missile state space transfer function formation from Figure 2.11 to Equation

(2.20).

6com-77!77
s + -,- T.. 2 6 (A.11)
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series with the integrator

Foil-77 0 0 77]
[o -2.74 0 .91 0 01

I,-.51 1 -1.02 0L o ---------. i ...... -- ...-----

o o 1 0 0
/ 0 -77 0 0 :77

corn 0 -2.74 0 .91: 0 (A.13)

0 -.51 1 -1.02: 0L ._o- ~....... ..... :..... ---- .... *:-.-. o 2 o
L1 0 0 0 :o

I
. 2 .91. 1

5 -. 51s-2.74 - [ 0 O]
2

s2+1.02s-.91 5--... 0

3 series with fin servo

7:77 : [-1.02 .91 1* L7-7. / 1  0 0
L ..- -..- ... . .. -: 2 : 7 , ---

* 0

0o-1.02 .91: 1
0* 0 7401

I0
[-77 0 0 :77-
/-.51 -1.02 1 O|I/-2.74 .91 0 0/
L - -............ . . . . .- i -
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6 -77 0 0 .77'
corn -2.74 0 .91 0 ax (A. 14)

-.51 1 -1.02 0

IPT 19T0 -0 S 20. [-5-26::20.7
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0 m P S0 T (.-20.7 -5.26 -20.7 !20.7 'P(. )

4 0s 10 40

I ~s+104 - -14 4

series with intreg-rator

I :) 0 [.10

0..... ly--104 :94 (A.16)U 00

I ~4o:~ 00:ud
6.4~~ s+009OJ{00 Is40039
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6 -400 0 :-390 -400>390= ud

I_ .4 -390 -400 -30 - ::-91------------ ....... 1.

3,0 0 '0

-400 0 0 !-390"
390 -400 0 390 ud

-390 -390 -400 i-390
....f.......... i ...........f ....f

I
series with fin servo

6-400 0 0 -390'
corn -77::6.4" -390 -400 0 :-390 u

7"0 - 390 -390 -400 -390..... . ---.... .... i ........... i ....... .-r

-77 6.4 6.4 6.4 6.4
0 -400 0 0 -390 ud

corn 0 -390 -400 0 -390
0 -390 -390 -400 :-390
-770--- -- -- . .---..... ......

-77 0 0 0 77'
6 6.4 -400 -390 -390 0 udIcorn- 6.4 0 -400 -390 0 (A.17)

6.4 0 0 -400 0IL6.4 -390 -390 -390 0.

3 Equations (A.11) through (A.17) are combined to form the plant state space

transfor function seen in Equation (2.20).
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Appendix B: Description of Code Created For Study

3 Pro-Matlab, a control design program, was used for this study.

Programming can be done within Pro-Matlab using m files. Capt Riddle's code

3 was used as a starting point since it performed some of the same functions

needed for this study. The code was entirely rewritten in an attempt to

make it easy to understand, to identify errors, and to modify it. It is

3 heavily commented. Much of this document was taken directly from the

commented code. The computer code consists of five "m" files, four used in

3 controller design and evaluation shown in Figure B.1 and the fifth used to

study tile missile's navigational command block. Though the code is readable

I an.! self explanitory, some of its features will be described here.

3~Missile.m is a function which contains all the missile state space
information described in Chapter 2. It also has the equations needed to

3 compute the transfer functions used in the controller analysis. Mrform.m is

called by missilp.m to form the M matrix for p analysis.

3 Thp weighting filters are chosen by the designer in build.m. Build.m

call, missile.m to get plant state space information. Using the transfer

finct ion G rom Chapter 7 and the chosen weighting filters, the automated H2

3 and H, design functions, h2opt2.m and hinf3.m, are called to form the

controllers. If requested, Bode plots of the filters as seen in Chapter 7

3 are also provided.

Analyze.m calls missile.m to get needed transfer functions and then

produces the requested plots. The plots, which can be seen in Chapter 6,

3 include y time response and singular value plots, noise attenuatuation

I B-I
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1

designer
inputs

I I
H H2 & H

controller s
• state space

I missileml variables

transfer

functions

i analyze.m I I simulate.m

weighting controller |missile flyouts

filter plots analysis plots miss distances

Figure B.1 Computer Codes Used In Controller Design And Evaluation

3 singular value plots, and p analysis plots. Mureal.m is called to produce

the p analysis plots. Analyze3.m is similar to analyze.m except it performs

I the analysis for three controllers at once for comparison.

Simulate.m calls missile.m to get missile state space information. It

uses Equation (3.7) to calculate the missile simulation transfer function

3 and then performs the simulation as shown in Figure 3.1. If the user

doesn't input simulation initial conditions, defaults will be used. The

I 0.001 second time step simulations could take up to four hours Vax CPU time

to run so they were run in batch mode. Simulate.m also has options to

provide many plots in addition to missile flyout for use in diagnosing

3 errors and confirming reasonable simulations.

I B-2
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Since the navigational command block plays an important role in

resulting missile miss distances, guide.m was written to study the effects

of changes in navigational constants and differences in execution lag time

independent of the missile dynamics. Guide.m is basically simulate.m with

all missile dynamics stripped out. A missile g limiter can be used to keep

the flyouts realistic.
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