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Abstract

Proportional navigation has long been an active area of research in the guidance and control
community. It is easy to implement and effective in most applications. However, propor-
tional navigation leads to poor observability problems when using bearings-only measure-
ments. Bearings-only measurement systems are common in guidance and target tracking, as
they are low-cost and free from jam noise. Proportional navigation guidance systems with
bearings-only measurements are not only practically important, but also theoretically inter-
esting and nontrivial, due to their time-varying dynamics, highly nonlinear measurements,
and complex engagement geometry when the target is maneuverable.

This thesis is concerned with observability enhancement and performance analysis of
proportional navigation guidance systems. To tackle the low observability problem involved
in proportional navigation systems with angle-only information, observability analysis is
rigorously performed in order to grasp a better understanding of the essence of the prob-
lem. Necessary and sufficient conditions for system observability are firmly established,
and are general enough to encompass most previous results. Extensions of these condi-
tions are readily applicable to observability checks with practical guidance laws in closed
loop. The observability analysis paves the way for improvement of system performance and
development of new guidance laws.

Among existing guidance laws proposed to improve system observability as well as inter-
ception performance, additive proportional navigation is a class of guidance that preserves
the simplicity in design and realization, while enhancing system observability by incorpo-
rating a measure of information content. Based on the thermal noise model, a new form of

additive observable proportional navigation is presented in this thesis. Analysis undertaken
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demonstrates that this new guidance law outperforms true proportional navigation, which is
the most accepted guidance law, by offering a better possibility of observable systems and a
larger region of interception. The effectiveness of this new control law is also confirmed by
simulations. Bounds of system navigation constants to ensure interception are provided as
guidelines for system design.

To account for the finite acceleration capability of real-world guidance systems due to
physical limitations, effects of acceleration saturation constraint are investigated. In con-
trast to the ideal system with infinite acceleration capability, more stringent requirements on
system initial launch conditions and different bounds of design parameters must be met to
achieve interception, using more total control effort. The degradation of system performance

due to saturation constraint is verified by extensive simulations.
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Chapter 1. Introduction

Chapter 1

Introduction

The background of navigation guidance and control systems is first introduced by ex-
plaining the block diagram of a guidance system. Some issues worthy of research are
pointed out. The objectives of research on guidance systems with bearings-only measure-

ments are highlighted after a literature survey.
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Chapter 1. Introducti&ﬂ

1.1 Background

Since the 1940’s, classical control theory has been used effectively in improving perfor-
mance of guidance systems [1]. However, advancement in aircraft and anti-missile tech-
nologies has presented more stringent requirements for guidance systems. Consequently, re-
search towards advanced theory and technology facing these challenges must be conducted.

One of the most challenging problems in modern guidance systems is that of a tactile
missile in pursuit of a highly maneuverable target [2]. The problem involves estimation of
uncertain dynamics of the target, guidance of the missile in a complex engagement geom-
etry, and control of the nonlinear missile. All these three areas, i.e., estimation, guidance,
and control, are nontrivial because the dynamics of guidance systems are inherently time-
varying and nonlinear. The nontriviality of guidance systems has attracted considerable
research attention [3].

Bearings-only measurement systems are very common in modern flight guidance. The
system is low-cost because it relies solely on a simple passive seeker, which provides only
bearing measurements. One added advantage of the system is that it is not subject to jam-
ming interference imposed by an intelligent target during the engagement. Besides being
practically significant, the system is theoretically interesting due to its time-varying dynam-
ics and nonlinear measurements. Therefore, the guidance system with bearings-only mea-
surements has attracted a great deal of interest in the literature [4]. This research focuses on
bearings-only guidance systems, aiming to improve the effectiveness of advanced guidance.

A typical flight guidance system can be represented as given in Figure 1.1. The functions
of each block are explained in the following paragraphs.

Seeker

The dynamics of the pursuer and the target are measured by on-board sensors in the seeker.
The sensored data are sent to a filter for processing. When a low-cost passive seeker is used
as in the case of bearings-only measurement systems, only angle information of the pursuer
and the target is available from its sensors.

Filter and Estimator

A filter provides state estimates that must be consistent and reliable. In dealing with the

ALRA
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| Pursuer PO Target
Dynamics \I) Dynamics

Seeker
(Sensors)

!

Filter
Estimator

Target
Acceleration
model

Advanced
Guidance

l

Autopilot

!

Actuator

Figure 1.1: Block diagram of a guidance system

problem of a maneuverable target, a target acceleration model is required for the purpose of
target maneuver detection and target tracking. With an assumed target acceleration model,
the filter processes the sensor information obtained by the seeker to provide such state esti-
mates as relative pursuer-target position, relative velocity, and relative acceleration.
Advanced Guidance

The role played by an advanced guidance law is to use the state estimates to generate com-
manded acceleration in an effort to guide the pursuer toward its target. In designing a guid-
ance law, there are several requirements to consider. These include terminal interception
accuracy, insensitivity toward parameter variation, and robustness against uncertainty in tar-
get maneuver. Because of the target’s high agility, the ever changing target-pursuer geom-
etry, and the actuator constraints, the guidance law design is a nonlinear, time-varying, and
multi-objective problem. The presence of bearings-only measurements makes the design
even more complicated. For the angle-only measurement case, the well-known guidance
law, true proporlional navigation (TPN) guidance law, shows poor interception performance

due to the lack of system observability. Therefore, in addition to the general design re-
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Chapter 1. Introduction

quirements, observability enhancement becomes one of the major concerns in the design
of guidance for bearings-only measurement systems. When all the requirements are com-
bined, the guidance law design for bearings-only guidance systems becomes a challenging
task, and the main task of this thesis.

Autopilot

The commanded outputs from the guidance law are translated by an autopilot into fin com-
mands that steer the pursuer towards the target. For the purpose of guidance law design in
this study, the autopilot is regarded as an ideal autopilot that has unity gain with no dynam-
ics. Such an autopilot has an immediate command response, and is able to drive the missile
precisely according to the commands of a guidance law.

Actuator

An actuator changes the electronic signals from the autopilot into mechanical forces which
physically drive the missile. In practice, an actuator is always subject to acceleration satu-
ration constraint. The effects of acceleration saturation constraint are studied in this work.
Pursuer and Target Dynamics

The engagement geometry of a missile in pursuit of a target is illustrated in Figure 1.2.

reference line

Figure 1.2: Two-dimensional geometry of pursuer-target engagement

A pursuer traveling at the velocity Vp with heading angle 6 is aiming to intercept a target

evading at the velocity Vr with heading angle ¢. It is well-known that the speed of a tactical
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missile is determined mainly by the propulsion system, and is not significantly changed by
the operation and control systems [5]. This physical characteristic justifies the assumption
that the pursuer’s speed is a known time function, and is taken as constant for design purpose.
Experience also suggests that the missile and the target can be treated as point mass for the
purpose of steering [5]. In this thesis, we consider a two-dimensional, point mass missile-
target engagement with constant speeds.

Two most frequently used terms in this thesis are introduced here.

Definition 1 line-of-sight angle: The line-of-sight (LOS) is defined as the imaginary line
connecting the pursuer and the target. The orientation of the line-of-sight with respect to

the fixed reference line is known as line-of-sight angle.

The line-of-sight (LOS) angle is shown as o in Figure 1.2 .

Definition 2 miss distance: The miss distance defined at time t, is the relative distance that

would result if guidance were terminated at a particular time t.

In this thesis, the closest approach of the missile and the target at the final point of pursuit is
referred to as the miss distance.
With the background of guidance systems presented, we are now ready to identify some

research problems in this area.

1.2 Motivation and Significance

Utilizing only bearing angle measurements for guidance and target tracking is common in
homing missiles with passive sensors and in underwater passive target tracking. Their con-
trol and estimation problems are theoretically interesting and practically significant. These
problems are nontrivial due to the time varying system dynamics, the nonlinear measure-
ments, and the complex target-pursuit geometry when the target is maneuverable.

When considering the homing missile guidance with bearings-only measurements, pro-
portional navigation guidance is the most popular [6, 7]. The law generates the command

acceleration proportional to the line-of-sight angular rate in an effort to turn the missile in

5



Chapter 1. Introduction

the direction needed to reduce the line-of-sight angular rate to zero, and to form a collision
course. To achieve effective target interception, good sensor measurements on the range
rate and the line-of-sight angular rate are needed. This may not be possible because the
sensor measurement available in this case gives bearing angle only. Even if an active sensor
is available, the range and the range rate can be jammed by an intelligent target, and con-
sequently, only angle information is reliable. State estimation errors can however become
large especially towards the end of the missile-target interception. This is undesirable since
accurate control action during this time is essential to accomplish the mission. Investiga-
tion in [8] shows that unsatisfactory terminal performance is due to the lack of observability
in the range and the range rate. The problem of low observability has been approached in
two research directions. One is to analyze observability characteristic of guidance systems
for the purpose of a better understanding of the essence of the problem, the other is to de-
sign new guidance algorithms with the aim of enhancing observability and ensuring final

interception.

1.2.1 Observability Analysis

The mathematical observability analysis of guidance systems and target tracking systems
that use bearings-only measurements has received considerable attention. In general, estab-
lishing solution uniqueness requirements for such systems is difficult because the pertinent
system models are nonlinear. By setting up the problem in a linear framework, necessary
observability conditions for non-maneuvering targets in naval applications are reported in
[9] for a two-dimensional model, and in [10] for a three-dimensional case. A necessary and
sufficient condition for an Nth-order dynamic target model is established in [11], where a
different problem formulation from [9, 10] is employed. Since the missile-target pursuit is
nonlinear in measurement, two approaches have been proposed to tackle the observability
analysis problem. Linearization is used in [12, 13] to derive sufficient conditions for the sys-
tem to be unobservable and the conditions provide insights into the relationship between the
system observability and the system state. The second approach is to recast the intrinsically

nonlinear measurement in a linear framework via the construction of a pseudo-measurement
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[14, 15]. Necessary and sufficient conditions for system observability for bearings-only tar-
get motion analysis are then derived based on this measurement model.

Although it is known that a guidance law has some effects on the system observability
[16], few studies on the linkage between practical guidance laws and system observability
have been reported. In most cases, only mathematical derivations on the observability crite-
ria without guidance laws in the loop have been presented. One exception is in [15], where
the effect of the true proportional navigation (TPN) law on system observability is analyzed,
yet there is no work done on examining more advanced guidance laws on the basis of the
obtained observability criteria.

An aim of this research is to investigate the observability characteristics and require-
ments of a two-dimensional bearings-only missile-target system under practical guidance
laws. Prior to studying how guidance laws affect system observability, necessary and suffi-
cient conditions for observability of guidance systems, incorporating a general target model,
are rigorously established in Chapter 2. The criteria are sufficiently general, and readily ap-

plicable to observability analysis in a closed loop environment.

1.2.2 Observability-Enhanced Guidance Laws

There have been numerous studies dealing with observability-enhanced guidance control
laws in homing missiles [8], [16]-[19]. Investigation [8] reveals that when the missile and
the target are in a collision course, the information content of the bearings-only measure-
ments may not be sufficient to excite the Kalman filter under the proportional navigation
strategy of nullifying the line-of-sight angular rate. It follows that a more effective guidance
system should aim not only to nullify the angular rate, but also to enhance the information
content of the measurements in order to offer the filter sufficient information to generate
consistent estimates. One approach to obtain observability-enhanced guidance [16, 18] is to
formulate the guidance as an optimal quadratic control problem and to incorporate the Fisher
information matrix [20] as an index to modulate the trajectory in an information-enhanced
way. This control law is fairly effective but complex to implement.

A simple control scheme using a scalar variable which is computed from the trace of the
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observability matrix, in conjunction with proportional navigation control, is first proposed
in [19]. This scheme is motivated by meeting the two design aims of (i) retaining the simple
design and implementation feature of conventional proportional navigation, and (ii) offering
better observability in the homing phase of the mission. The guidance law is referred to
as the additive observable proportional navigation (AOPN) control law. Simulation studies
given in [21] show that the control enhances the observability of the system in both non-
maneuvering and maneuvering target engagements, and helps in overcoming the Kalman
filter divergence problem. Rudimentary guidelines are presented in [19] and [21] on how to
select the navigation constant of the added term. It is clear that the AOPN guidance control
is well-suited for low-cost homing missiles with bearings-only measurements, although re-
finement on the guidelines to ensure effective interception and further investi gation into the
effect of the new term on the interception must be carried out.

Another AOPN guidance law based on a different noise model is proposed in this thesis.
The AOPN guidance law in [19] is referred to as AOPN-I, while the new law is termed
AOPN-II. The new control law also aims to offer better observability as well as to preserve
the simplicity in design and implementation. The investigation into AOPN-II and further
exploration into AOPN-I are conducted in Chapter 3.

Although observability-enhancement of all the proposed guidance laws have been ver-
ified by simulations, confirmation by rigorous analytical means for general cases has not
been conducted. The observability characteristics of the AOPN based guidance systems are

studied by applying the derived observability criteria to these systems in Chapter 3.

1.2.3 Acceleration Saturation Constraints

In the preceding discussion, it is implicitly assumed that the pursuer has adequate accelera-
tion capability in order to guide and hit the target. In fact, most studies on missile guidance
systems are carried out under the assumption that the pursuer could always provide suffi-
cient acceleration. In real-world applications, this assumption is impractical, as the pursuer’s
acceleration is subject to saturation constraints.

Nonideal operating conditions under acceleration saturation constraints are quite com-
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mon. However, it has received very little treatment in the literature, except in [22], [23] and
[6]. In [22] and [23], the influence of acceleration saturation on system interception is stud-
ied mainly via simulation for sinusoidal target models. It shows that the saturation tends to
enlarge the miss distance. In [6], the effects of saturation constraints on total control effort,
as well as on terminal performance, are investigated. The simulation in [6] reveals that sat-
uration constraints can result in more fuel consumption. All the findings are significant, but
there is no analytical justification to confirm the generality and accuracy of these findings.
The effects of the saturation constraints on system performance will be studied on a firm

analytical basis in Chapter 4.

1.3 Objectives and Research Methods

There are four main aims in this research.
Aim One Explore the characteristics of classical proportional navigation guidance laws.
Aim Two Establish observability criteria with guidance laws in closed loop.

Aim Three Develop effective guidance laws suitable for missiles with angle-only measure-

ments.
Aim Four Investigate the effects of acceleration constraints on system performance.

To fulfill these research aims, research methods used in the study are briefly described
here. In view of the mathematical analysis as a basis of studying the general case, all the
identified problems are first theoretically analyzed. Results drawn from the mathematical
analysis will be verified by simulations, which are conducted by two approaches. One is the
deterministic approach, in which the system is not subject to disturbance and all measure-
ments are assumed noise-free. In the deterministic approach, no state estimator is used, so
that the estimation errors need not be considered when studying the effect of guidance con-
trol. The second is the stochastic approach. The system and the measurements are subject to
noise and uncerlainty, and a state estimator is nceded. Since the process is stochastic, Monte

Carlo simulation is used to obtain results, which are statistically analyzed.
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1.4 Thesis Outline

There are five chapters in this thesis. In Chapter 2, true proportional navigation (TPN), being
one of most widely used guidance laws, is thoroughly studied. The target-pursuit motion
equations under the TPN guidance law are solved, the conditions to ensure interception
are derived, and total control effort is calculated. Observability conditions for systems with
bearings-only measurements are firmly established, and are applied to observability analysis
for both non-maneuvering and maneuvering target cases. The analysis reveals one major
limitation of TPN based systems.

In Chapter 3, a new proportional navigation guidance law is proposed to enhance sys-
tem observability by augmenting TPN with an additive information-enhanced term. This
guidance method is termed additive observable proportional navigation (AOPN). In inves-
tigating this guidance law, closed-form solutions to the pursuit problem are obtained. Con-
straints on system initial value and navigation constants for interception, and the optimal
value of the navigation constant of the additive term are derived, thus providing guidelines
for the design of the guidance systems. Analysis and simulation are carried out to confirm
the observability-enhancement behavior of the AOPN guidance laws. Comparative studies
of three guidance laws are conducted to provide a better understanding of their strength and
limitations.

In Chapter 4, the problem of acceleration saturation constraint is addressed. Four differ-
ent operating modes are discussed under the TPN and the AOPN guidance laws, and inter-
ception conditions for these operating modes are considered. Total control efforts consumed
in different modes are compared to stress the unfavorable effects of saturation constraints
on system performance.

In Chapter 5, all the major conclusions made in the thesis are summarized, and future

work is suggested.

1.5 Major Contributions

Contributions made in this research are now listed.

10
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Establishing necessary and sufficient observability conditions for guidance systems

engaging a maneuvering target when using bearings-only measurements;

Applying the derived observability criteria to guidance systems under practical control
Jaws to gain insights into the linkage between systems observability and guidance

laws;

Developing a new form of additive observable proportional navigation (AOPN) as
a guidance law to enhance system observability as well as to maintain simplicity in

implementation and effectiveness in interception;

Deriving complete closed-form solutions to target-pursuit equations and interception

requirements on system initial launch conditions under two AOPN guidance laws;

Providing guidelines on choosing design coefficients of two AOPN laws in terms of

the bounds and the optimal value of navigation constants;

Investigating rigorously the effects of acceleration saturation constraints on system

performance.
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Chapter 2. True Proportional Navigation

Chapter 2

True Proportional Navigation

As a major class of traditional guidance, true proportional navigation (TPN) has been
very popular both in theoretical research and in practical applications. In analyzing the
performance of TPN based guidance systems, the closed-form solution to pursuer-target
motion equations is derived, and constraints on system parameters and initial conditions
to ensure effective interception are determined. Investigation shows that target maneuver
causes deterioration in the system capturability. Based on the derived necessary and suffi-
cient conditions, observability characteristics of bearings-only pursuer-target motion under
TPN are investigated. Analysis reveals that the TPN based system suffers from the problem

of poor observability when using bearings-only measurements.
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Proportional navigation is most widely used in short range guidance. It probably had
its origins among the mariners who realized that a collision was ensured if two constant
velocity vessels maintained a constant relative bearing while closing in range [24]. The first
application of proportional navigation in modern air-to-air and surface-to-air missile systems
can be dated back to the 1940s [25]. Since then, proportional navigation has been most
commonly used as an empirical guidance law, due to its simplicity, effectiveness, and ease
of implementation. It also has attracted a considerable amount of interest in the literature.

Proportional navigation schemes can be categorized into two major classes [26] as the
interceptor/pursuer velocity referenced class, and the line-of-sight referenced class. Pure
proportional navigation [27] belongs to the former, while true proportional navigation be-
longs to the latter. This research is focused on true proportional navigation, because it is
mathematically more tractable than pure proportional navigation. Rigorous analysis on true
proportional navigation provides insights into various important aspects of proportional nav-
igation systems.

The structure of this chapter is as follows. The definition of true proportional navigation
is first introduced, followed by establishment of the system equations describing a target-
pursuit motion. Based on the closed-form solutions to the system motion equations, several
important properties of the guidance systems are studied, including capturability and total
control effort. Finally, the observability of the TPN based systems with bearings-only mea-
surements is analyzed by applying the derived observability criteria for general guidance

systems to a specific TPN system.

2.1 What Is True Proportional Navigation?

True proportional navigation (TPN) issues the commanded acceleration which is perpendic-
ular to the instantaneous pursuer-target line-of-sight (LOS) and is proportional to the line-
of-sight angular rate and closing velocity. The TPN guidance law can be mathematically
stated as

Ap = NVo (2.1)
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where A, is the commanded pursuer’s acceleration; N; is a positive navigation constant
which is a design gain; (the subscript “1” here is to make it distinguishable from other
navigation constants in the following chapters;) & is the line-of-sight (LOS) angular rate; V.
is the closing velocity, which is defined as the negative rate of change of the distance from
the pursuer to the target, i.e.,

V,=-R. 2.2)

A pursuer employing TPN aims not at the target but at the expected interception point
Jeading the target. From the expression of TPN given in (2.1), it implies that this true
proportional navigation drives the LOS angle from the pursuer to target to a constant value,
so that the pursuer and the target are on a “collision course”, and an interception can be
accomplished without further guidance. This fact underpins the rationale of TPN. That is, if
the LOS angle is constant, with faster speed of the pursuer over the target, the pursuer will
eventually intercept the target. Note that & = 0 is only one sufficient condition for being on
a collision course. The intuitively simple, operating principle of TPN is one reason which
contributes to its durability as a favorable guidance scheme.

In addition, the ease of design and implementation of TPN adds greatly to its popular-
ity. Vi is a navigation constant, and the range of 3 — 6 for N; normally gives satisfactory
performance, even when the target follows a curved trajectory. When implementing TPN,
measurements of the LOS angular rate and the closing velocity are provided by a seeker, or
are estimated by a filter. Compared with many other sophisticated guidance laws, TPN only
requires low levels of information input, and thus simplifies onboard sensor requirements.

However, the mathematical description of a TPN based guidance system for the simplest
two dimensional engagement involving only a non-maneuvering target can be highly nonlin-
ear. The inherent nonlinearity of the guidance system on one hand, renders system analysis
difficult and complex; on the other hand, has opened an exciting research area and thus has
received considerable attention. In the following sections, several aspects of TPN based
guidance systems are discussed in detail, including closed-form solution, capturability, total

control effort, and observability.
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2.2 System Equation

Consider the geometry of a guidance engagement shown in Figure 2.1, where a pursuer P

reference line

Figure 2.1: Two-dimensional guidance engagement with pursuer heading angle

6 and target heading angle ¢ in polar coordinate

and a target T are points on a plane, moving with constant velocities Vp and Vr, respectively.
When developing system equations, the gravitational effects have been simply neglected in
hope of gaining more understanding. The relative motion between the pursuer and the target

can be described in terms of the range R and LOS angular rate ¢ as [6, 12]
R—Ro*> = Argp— Apr (2.3)
R6 +2R6 = Ars — Aps (2.4)

where R is the relative range with initial value Ro; & is the line-of-sight (LOS) angular rate
with initial value dy; Arg (respectively, Ar,) is the target acceleration component along
LOS (respectively, normal to LOS); Apr (respectively, Ap,) is the pursuer acceleration
component along LOS (respectively, normal to LOS).

When using the TPN guidance law, which is applied normal to the pursuer-target line-
of-sight (LOS) with the magnitude proportional to the LOS angular rate o, the pursuer

acceleration Ap is given, according to (2.1), as

Apr=0; Ap, = =N Ro (2.5)
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where N is a positive navigation constant.

In developing the system governing equations, a maneuvering target is modeled. There
are numerous target maneuver models proposed in the literature for three purposes: (i) de-
signing better guidance laws, as in augmented proportional navigation [28]; (ii) forming
effective filters in conjunction with those assumed models, as in [29]; (iii) obtaining the
performance of guidance laws against maneuvering targets, as in [30]. For the purpose of
performance analysis, we adopt the target model proposed in [31], as it is mathematically
tractable as well as practically reasonable.

The acceleration of a maneuvering target is assumed to be proportional to the range rate

R and normal to LOS. The target maneuver acceleration takes the form as in [31],
Arr=0;  Ap, = —cooR (2.6)

where ¢ is a non-negative constant of the target maneuver acceleration, and represents the
maneuverability of the target. That is, the larger the ¢, the more maneuverable the target.
When ¢ = 0, the target model reduces to a non-maneuvering target case, i.e., the target is
not accelerating. With &, being the system initial LOS angular rate, the target model (2.6)
is therefore scenario-related. Comparing (2.5) and (2.6), we observe that the target still
maintains maneuverability when the pursuer is on a conducive condition for interception
(i.e. when & = 0). The evasion from the pursuer in the final phase is exactly what an
intelligent target is expected to do.

From (2.3) to (2.6), the governing equations of the target-pursuit motion under the TPN

guidance law are obtained as

R—Rs? = 0 2.7)

R6 +2Rs = N,R6 —cooR (2.8)

After establishing the system equations describing the target-pursuit motion, we are ready

to derive the solution to these nonlinear differential equations.
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2.3 Closed-Form Solution

A closed-form solution plays an important role in analysis of system performance, and pro-
vides insights into many important design parameters. Despite its importance, an analytical
solution is not easy to derive, due to the high nonlinearity of the pursuer-target motion equa-
tions under TPN guidance laws. Since the first solution was reported for a non-maneuvering
target in [32], many attempts have been made to solve nonlinear differential equations for
maneuvering targets [33]-[37].

For the motion equations of TPN base systems established in (2.7) and (2.8), Yuan and
Chern derived the closed-form solution which yields comprehensible interpretation [31].
The approach and solution are summarized here with a modification which is explained in

the remarks.

Theorem 2.1 A closed-form solution to the differential equations (2.7) and (2.8), which
represent an interceptor in pursuit of a maneuvering target under the TPN guidance law,
consists of two parts.

(i) The LOS angular rate ¢ is

RN\M? cGo R\M2
5 = &g — (= - 2.
o a(@) e -@) e

(ii) The relative velocity Ris

: R\? (1-n)?2/R\*™% 4n(l—n) R\™
. [" Re) TN -1 \R, TN \R
. 2 _ (1-n)? 4n(l—n)
— R262 |n? 2.10
where
o @2.11)
TN -2 '

which is directly proportional to the target maneuver constant c.

Proof. Multiplying (2.8) by % and using the unit mass angular momentum of the pursuer

(defined by R?0) and initial conditions, the LOS angular rate o can be obtained as (2.9).
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Note the LOS angular rate & given in (2.9) is also derived by imposing N; > 3 which is a
necessary condition for interception.

Substituting & in (2.9) into (2.7), and using RIR =d (%3), the solution of the range rate
can be written as (2.10). 1

Remarks.

e The constraint N; > 3 will be shown to be necessary for effective interception in

Theorem 2.2, hence the solution obtained for case N; = 2 in [31] is discarded.

e The solution given in (2.9) and (2.10) reduces to that for a non-maneuvering target

when ¢ = 0. For a non-maneuvering target, the solution also consists of two parts.

(i) The LOS angular rate ¢ is

R N1—2
5 = %(EJ 2.12)
0
(i1) The relative velocity Ris
. R2é.2 R 2N, -2 . R2(5'2
R2 — 00 (_) 2 0~ 0 213
N —1\Rq TR N @13)

e For a non-maneuvering target, i.e., when ¢ = 0, the LOS angular rate ¢ approaches
zero provided the range R approaches zero at the end of the engagement. That is, the
TPN law attempts to nullify the LOS angular rate. It follows that the pursuer and the
target are on a collision course at the end of pursuit and the interception is assured.

This confirms that TPN is very effective against a non-maneuvering target.

e The final LOS angular rate ¢ is given from (2.9) as
_ Cé’o
N -2

of (2.14)
when R — 0. The expression (2.14) indicates the final LOS angular rate is propor-

tional to the target maneuver constant c.

e The expression of the range rate R, given in (2.10) for a maneuvering target case, or
in (2.13) for a non-maneuvering target case, consists of two parts. The first part is
linked to the pursuit motion and the rest is determined by the system initial conditions

and the navigation constant V.
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e To illustrate how the target maneuver affects the closing speed, (2.10) is plotted in
Figure 2.2. It is observed that the closing speed is the fastest for a non-maneuvering
target case, as shown in the solid line. Figure 2.2 demonstrates that the target maneu-
ver causes the slowing down of the closing speed, and thus implies a longer time to

intercept a target.
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Figure 2.2: ;% versus R% for three different target maneuvers under TPN

e The final closing speed, denoted as Rf, is obtained by substituting R = 0 into (2.10)

as

' 2652 1 2 4 ¢
ﬁ:\jp‘q‘)“"[ Lok A (2.15)

: = =
Ry R% N, —1 I\‘rl(f\ﬁ — l)

2.4 Capture Area

The ability of a pursuer to capture a target, which is referred to as capturability, is determined
not only by guidance laws and target dynamics, but also by the initial launch conditions of
pursuer-target engagements. To understand how initial conditions affect capturability, we

introduce the term capture area.
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When a pursuer employing TPN is to intercept a target, the capture is restricted to those
systems whose initial conditions fall within a determined area, known as capture area [38].
If the region formed by the system initial conditions is laying outside the capture area, an
interception is not achievable.

For the pursuer-target dynamics modeled by (2.7) and (2.8), the capture area and the
constraint on the navigation constant N, to ensure effective interception are given in Theo-

rem 2.2.

Theorem 2.2 To effectively intercept a maneuvering target modeled by ( 2.6) when the true

proportional navigation guidance is used, the following conditions must be satisfied

Ny, > 3 (2.16)
1 2 4 2¢
C? 2.17
Z M1 M=) @.17)
where _

Ry
C = ) 2.18
Ryoo ( )

Proof. To guarantee effective capture, the pursuer should intercept the target with a finite
acceleration and within a finite time [33]. From (2.9), N, should be larger than two to
prevent & from becoming infinity when R approaches zero at the final course of pursuit.
Otherwise, an infinite control force Ny R& is required in the final engagement.

Differentiating (2.9) leads to

R\ 7 (R

From (2.19), it follows that N; > 3 can prevent the LOS angular acceleration ¢ from
approaching infinity as R — 0. Therefore, N1 > 3 should hold to avoid an infinite torque
on the seeker, and hence to obtain good measurements.

From the final closing speed R ¢ given in (2.15), we observe that condition (2.17) must

be satisfied in order to obtain a real R £ | |
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Remarks.

e The inequality (2.17) determines the ranges of gy, Ry, and Ro. If these initial condi-
tions with a given N; cannot satisfy the inequality, an interception (or capture) will

not be achieved. Thus the inequality defines the capture area for TPN based systems.
e Conditions (2.16) and (2.17) are necessary conditions for effective interception.
e Condition (2.16) provides a guideline for choosing IV in the system design.

e In real applications, the navigation constant [V, is chosen between 3 and 6. The con-
straint N; > 3 obtained in Theorem 2.2 substantiates the empirical rule. As to the

upper limit N; < 6, it prevents the pursuer from being too sensitive in response.

e For the case engaging a non-maneuvering target, i.e., when ¢ = 0, the capture area

becomes
1

N, -1

Note the smaller the lower bound of C? means the less stringent the constraints on

Cc? > (2.20)
system initial conditions for effective interception, and thus the larger the capture area.
Comparing (2.17) and (2.20) reveals that under the TPN guidance law, the capture
area decreases with an increase in target maneuverability. The guidance system has
the largest capture area when pursuing a non-maneuvering target, as shown in the
solid line in Figure 2.3, which is constructed from (2.16) and (2.17). The effect of the

target maneuver in causing the capture area to shrink is illustrated in Figure 2.3.

2.5 Total Control Effort

Total control effort, which is determined by cumulative velocity increment, represents the
total fuel requirement on an interceptor in the entire pursuit. Therefore, total control effort

is an important factor when evaluating system performance.
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Figure 2.3: Capture area when pursuing non-maneuvering and maneuvering

targets under TPN

The cumulative velocity increment necessary for interception is defined for any pursuer
trajectory as [39]
i
AV = / | Ap|dt @.21)
0

where ¢ is the final time when interception occurs, and Ap is the pursuer acceleration.

Theorem 2.3 Given a TPN based interceptor engaging a maneuvering target, as described
in (2.7) and (2.8), the cumulative velocity increment which defined the total control effort
during the entire engagement is given as [40]

_ RoNi(1+¢)

= . 2
AV N1 1 lO'o‘ (2 2)

Proof. To make the best use of the obtained solutions in terms of the range, the cumulative
velocity increment AV in (2.21) can be rewritten as

0| Ap

R

AV =

Ro

dR (2.23)
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Substituting the definition of TPN in (2.1) into (2.23) and normalizing the resultant integral,
we obtain AV as
) R
AV =R, [ |Nild (—) (2.24)
0 R()
Without loss of generality, it is assumed here that the interceptor can provide the acceleration
called for. That is, the system has sufficient acceleration capability to avoid saturation. The
saturation problem will be investigated in detail in Chapter 4. Substituting the expression
of & given in (2.9) into (2.24), the AV required on a TPN based interceptor in pursuit of a

maneuvering target is obtained as (2.22). il

Remarks.

e From (2.22), it follows that the total control effort required to intercept a target is
proportional to the target maneuverability represented by the constant c. The more
maneuverable the target, the more control effort needed. This is understandable as
more control effort is consumed to counteract the target maneuver. The total control
effort reaches its minimum as AV = %% |60 when ¢ = 0, which represents engaging

a non-maneuvering target.

e The term 5 in (2.22) can be equivalently rewritten as (1 + ﬁ) It suggests that
the larger navigation constant N, the less total control effort needed. This is not
obvious. It can be explained as a larger navigation constant enabling the pursuer to

reduce initial error more rapidly, resulting in using less propellant.

2.6 Observability Analysis

Systems with bearings-only measurements, provided by passive low-cost seekers, are very
common in modern guidance and target tracking. Unfortunately, when TPN is utilized for
such guidance systems with limited information via angle measurements, its closed loop
may show unsatisfactory performance near the end of the interception [8, 19]. The problem
is caused by the lack of observability in the range and the range rate when the pursuer
and the target are in a collision course. As a resull, (he estimates may diverge, and the

implementation of the TPN guidance law during the critical end game can be problematic.
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To better understand the problem of the poor observability associated with bearings-only
pursuer-target systems under the TPN guidance scheme, the observability characteristics
and requirements are investigated in this section. Firstly, necessary and sufficient observ-
ability criteria for general target-pursuit systems are rigorously established. To illustrate the
approach used to derive necessary and sufficient observability conditions for the bearings-
only measurement models, a non-maneuvering target model is first considered due to its
simpler geometry. We present the observability grammian for the model and investigate the
linear dependency test of the grammian. Building on the results of the non-maneuvering
target, a maneuvering target characterized by a first-order lag target acceleration model with
a first-order dynamic acceleration input is considered. Then, a set of observability require-
ments suitable for practical applications involving commonly used proportional navigation
guidance is derived. We show that the observability conditions obtained are general ones,
which cover results of previous work. Finally, we study the observability of the bearings-
only measurement guidance systems incorporating TPN in closed loop with the aid of the

established observability criteria.

2.6.1 Non-maneuvering Target Engagement

In studying system observability, it is convenient to use Cartesian coordinate because the
system model recast in the Cartesian coordinate yields a set of linear state equations. The
two-dimensional pursuer-target engagement geometry in the Cartesian coordinate is re-
drawn as Figure 2.4. Consider the geometry of the pursuer-target system with bearings-
only measurements in the two-dimensional Cartesian coordinate shown in Fig 2.4. For an
interceptor with a constant forward velocity Vp pursuing a target with a constant forward

velocity Vi, the dynamical equations can be expressed in terms of the relative range vector

R(t) = [R4(t), Ry(t)]” and the relative velocity vector V (t) = [V5(t), V, ()T as

R(t) = V() R(ty) = Ry = [Ruo,Ryl”

. (2.25)
V() = —Ap(t); Vi) = W = [Vzo, Vyol©

where Ap(t) = [Aps(t), Apy(t)]T is the control command acceleration.
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[ V.[.

Figure 2.4: Two-dimensional guidance engagement with pursuer heading angle

6 and target heading angle ¢ in Cartesian coordinate

With the system state vector X (t) = [Ra(t), Ry(t), Va(t), Vy(t)]", the system motion

(2.25) written in the state equation form is

X(t) = FX(t) + GAp(t) (2.26)
0 I 0
F = and G =

with I, being a 2 X 2 identity matrix.
t
X(t) = ®(t, to) X (to) + / o(t, )G Ap(s)ds 2.27)
to

where

The solution to the state equation (2.26) is

where @ is the state transition matrix, taking the form

I, At
Ot te) = | 2| with At =1t—t, (2.28)
0 I

For a two-dimensional bearings-only spatial guidance system, only the line-of-sight (LOS)

angle o (t) can be measured, and it is expressed as

=y

(1)
X0 (2.29)

o(t) = tan™!

=y
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The presence of nonlinear measurement poses considerable difficulties in analyzing the
system observability. The usual approach to handle such a nonlinear problem is via lin-
earization, which is used in [12] and [13]. Insights into the relationship between the state
variables and the system observability after linearization are provided in these papers. How-
ever, only sufficient conditions for unobservability of the system are derived. In order to
benefit from the equivalent linear form of real measurement (2.29) without involving lin-

earization, we write the measurement equation as
Y(t) = [tano(t) —1 0 0]X(?)
= M@)X(t) = 0 (2.30)
which is called the pseudo-measurement equation. Now the issue of interest is whether
or not the system described by (2.26) with the measurement (2.30) is observable, that is,

whether a unigue state trajectory at to is constructible from the observation of o(t) over a

finite time (%, t].

Theorem 2.4 A necessary and sufficient observability condition for the pursuer guidance

system engaged in a non-maneuvering target described by ( 2.26) and (2.30) is

R (t) £ () a1 + a2t 231)
Ry (t) a1 + angt
or its equivalence
ftto (t — S)Apm(S)dS # R:vO — auf(t) + (on — G,lzf(t)) At (232)
ftfi) (t — S)Apy(s)ds Ry() — azlf(t) + (Vyo - ang(t)) At

where f(t) is an arbitrary scalar function, not excluding zero, and a;;s are arbitrary con-

stants but not all zeros.

Proof. According to the observability theorem [41], the system model described by (2.26)
and (2.30) at time t, is observable over the interval (to,t], if and only if, the grammian

matrix

D(t,t0) = [ L BT (r, 1) MT () M (r)® (7, to)dr (2.33)
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is positive definite for some ¢t > t;. Note that the positive definiteness of D(t,1o), the
non-singularity of D(t, o), and the linear independence of the columns of M (t)®(t, to) are
equivalent to one another. In our study, linear independence of the columns of M(t)®(t, to)
is examined to derive a necessary and sufficient condition for system observability.

The system is observable at time o over the interval (to, t] if and only if the columns of
M (t)®(t, to) are linearly independent [41]. It follows that the observability condition for

the system described by (2.26) and (2.30) is that, for any 4 X 1 nonzero constant vector o,
M(t)®(t,tp)a # 0 for some t > 1o (2.34)

The column vector o = [a11, ap1, @12, As2]*, Where a;;s are arbitrary constants, not all zero.
Substituting the transition matrix (2.28) into (2.34), and using the expression of the pseudo-

measurement in (2.30), we obtain the condition for the system observability
(a11 =+ alet) tan O'(t) . (a21 =+ (lngt) 7& 0 (235)

Replacing o (t) in (2.35) with (2.29) yields the observability criterion in relation to the rela-
tive position [R,, R,]” given in (2.31).
In addition, because of (2.27) and (2.28), we can obtain

R,(t R0 + VyoAt L (t— s)Apgd
() | | Boo+ VaolAt || Jiglt = ) Apats (2.36)

R, () Ryo + VAt Ji (¢t — s)Apyds

Substituting (2.36) into (2.31), a necessary and sufficient condition for the system to be
observable involving the pursuer command acceleration is given in (2.32). |
To demonstrate that the observability condition (2.32) is a general one, we apply it to

some particular cases which appear in [9, 11].
e Let o = [Ruo, Ryo, Vao, Vyol and f(t) = 1in (2.32), we have

t
/ (t—s)Ap(s)ds #0 (2.37)
to

as a necessary condition for the system to be observable. This condition implies that

in the absence of a pursuer acceleration, the motion of pursuer-target represented by

[R., Ry)T remains unobservable.
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e Replacing a with [Ry0, Ryo, Vzo, Vyo! in (2.32) and then using (2.29) and (2.36), the

condition can be rearranged as

/ “(t = 8)[Apa(s) tano(s) — Apy(s)]ds # 0 (2.38)

to
This condition is in essence the criterion of Nardone and Aidala [9]. Itis only a neces-
sary observability condition, as Fogel and Gavish pointed out [11], since the arbitrary
constants a;;s are substituted with the values of the system state variables at the du-
ration when observability is of interest. Note that ¢, is the time when observability is
examined. The expression in (2.38) also reveals that there exists a constraint such that
Apy(t)/Ap,(t) # tano(t). This constraint means that the command acceleration of
the pursuer cannot always be lateral to the line-of-sight (LOS) throughout the whole

engagement if observability is to be maintained.

e Although only a two-dimensional case is treated here, the approach to derive the ob-
servability condition is applicable to a three-dimensional pursuer-target engagement.
This can be done by introducing Z-axis components to the system model (2.26) and

the pseudo-measurement (2.30).

Necessary observability conditions (2.37) and (2.38) can be converted into sufficient un-
observability conditions for the system. These sufficient conditions are particularly useful
in identifying those control laws which may have the undesirable effect of introducing un-
observability to the system. The use of the sufficient conditions is discussed further in

section 2.6.3.

2.6.2 Maneuvering Target Engagement

The criteria obtained for the non-maneuvering target engagement have served to illustrate
some essential observability concepts in bearings-only guidance systems. To be practically
useful, we need additional criteria to handle observability with maneuverable targets. We
now extend the results in the previous section to maneuvering target models.

The system motion of the maneuvering target engagement can be described by (2.26).

The system state vector consists of not only the relative range and the relative velocity, but
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also the maneuvering target acceleration [Ar;, ATy]T, ie.,
X(t) . [Ry’ Ry; Vm ‘/y) AT&:; ATy]T-

The maneuvering target acceleration can take different forms, such as constant accelera-
tion [13, 15], first-order lag target model with zero input [16, 42], and first-order lag target
model with constant acceleration input [15]. A first-order lag target model with a first-order
dynamic input is used in the derivation.

The maneuvering target acceleration model is
Ar + MAgp = Ur (2.39)

where Uz = [Ur,, Ur,]T represents the target acceleration input vector, and A is a constant.

The associated target acceleration input Ur is modeled as
Ur+ BUr = p (2.40)

where (3 is a constant, and 4 is a constant variable. This first-order dynamic input models
the inertia due to the actuator and the pilot response.

The target acceleration model (2.39) with input model (2.40) is a more general one since
it encompasses the constant target acceleration model as well as the first-order lag target
acceleration model with constant input. The observability criteria are derived for this target
model.

With (2.39) and (2.40), the system state model is
X(t) = FX(t) + GAp(t) (2.41)

where X = [Ra, Ry, Va, Vi, Ara, A1y, Ure, Ury, o, ]

(0, o o0 0] 0
0 0 I, 0 0 —1
F=l00 -2, Ib O and G=1| 0
00 0 -BL I 0
00 0 0 0] 0|
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The pseudo-measurement takes the form, which is similar to (2.30), as
Y(t) = [tana(t) —1 018X (t) = M(1)X(¢) (2.42)

where 0; s denotes a 1 x 8 zero vector here.

The observability criteria for the maneuvering target engagement is as follows.

Theorem 2.5 A necessary and sufficient observability condition for the pursuer guidance
system described by (2.41) and (2.42), engaging a maneuvering target characterized by

(2.39) with a first-order dynamic target acceleration input (2.40), is

Ry ()
R,(1)

a11 -+ algAt + a13<1>13(At) + a14<I>14(At) + a15<I>15(At)

# (1) (2.43)

o1 —+ aggAt + 0,23@13(At) —+ 024(1)14(At) + a25<I>15(At)
or its equivalence
fti) (t — S)API(S)dS 71: Rzo - auf(t) + (on S algf(t)) At
ftz (t — s)Apy(s)ds Ryo — ag1 f(t) + (Vyo — a2/ (t)) At

+ (Azgo — a13f (1)) @13(A) 4+ (Urzo — a14f (1)) 14 (AL)
+ (ATyO - a23f(t)) (1)13 (At) + (UTy() — a24f(t)) @14(At)

+ (s — a15f (t)) P15(At)
+ (py — ag5f (1)) @15(At)

(2.44)

where f(t) is an arbitrary scalar function, not excluding zero, a;;s are arbitrary constants

but not all zeros, and

Bua(Al) = %(e‘AM +AAE—1) (2.45)
P (AL) = Ei—)\ [%(e—*“ +MAt —1) — %(e—ﬂm + BAL — 1)] (2.46)
1 At? AL AAE -1
B15(At) 5 {[ e (e ) )]
A2 (e PP+ BAL—1)
_ [ T 7 ]} (2.47)
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Proof. Similar to the non-maneuvering target engagement, a necessary and sufficient ob-
servability condition for the system given by (2.41) and (2.42) can be established by study-
ing the linear independence of the columns of the measurement matrix times the transition
matrix.

With the pseudo-measurement (2.42), the measurement matrix M (t) is given as
M(t) = [tano(t) —1 Oqxs]-

The transition matrix is obtained as

(b(ta tO) =
Iz At]2 (I)lS(At)I2 @14(At)12 @15 (At)IZ
0 I, 5 (1 = G_AN) I, Doy (AL) 2 25 (At) 2
00 e ML - (e—)\At _ e—ﬁAt) I P35(AL) 1, (2.48)
0 0 0 e PALL, % (1 - e‘ﬂAt) I,
0 0 0 0 I

where @13, ®14, and $15 are given in (2.45), (2.46), and (2.47), respectively, and

1 (1—e A 1 —eP?
Doy (AL) = ﬂ_A< S ) (2.49)

Dps(At) = P1u(Al) (2.50)

<I>35 (At) = (1324(At)

The system described by (2.41) with the measurement (2.42) is observable, if and only
if,
M(t)®(t,to)a # 0 for some t > tg (2.51)

where « is any 10 x 1 nonzero constant vector, written as

T
o= [a11, Qo1, 412, G422, 413, A23, A14, G424, A15, 025] (2.52)

Substituting (2.42) and (2.48) into (2.51) leads to the observability condition (2.43), which

is expressed with respect to [Ry, R,]”.
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From (2.27) and (2.48), part of the solution to (2.41) is

R, (t) Ryo + VoAt + Apgo®13(At) + Urgo®1a(At) + pr P15 (AL)
R, (1) Ry + VoAt + Apyo®is(At) + Uryo®1a(At) + py ®15(At)

f{? (t — 5)Apgds 2.53)
i, (t — 5)Apyds
Combining (2.43) and (2.53), the observability criterion in terms of pursuer command ac-
celeration is given in (2.44).
To illustrate the generality of (2.44) as an observability requirement, we will show how

the different choices of the components of « in (2.52), and the different values of § and p,

give different observability conditions in which results of some previous work are covered.

e If o defined in (2.52) equals

[Rz0, Ryos Vao, Vyos Arzo, ATy, Urzo, Uryo, Has )"

and f(t) = 1, then (2.44) becomes

/ “(t = 5)Ap(s)ds £ 0 (2.54)

to
This necessary observability condition requires that the pursuer acceleration cannot
be absent. This condition is the same as the condition for the non-maneuvering target
case shown in (2.37). It thus follows that the pursuer acceleration must present for the
system to be observable in both a non-maneuvering engagement and a maneuvering

engagement.
e If the components of o are such that
o= [Rz07 Ryo, Vo, Vyo, A1y, ATyOa Urzo, UTyOa 22 Ny]T

then a necessary condition for system to be observable is

/t(t — 5) {[Aps(s) — Arz(s)] tano(s) — [Apy(s) — Ary(s)]}ds #0  (2.55)

to
which is one of the main results in [13]. This condition indicates that the target ma-

neuvering acceleration cannot be the mirror image of the pursuer acceleration for an
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observable engagement. It also implies that the command acceleration of the pur-
suer Ap and the target acceleration Az cannot be both along the line-of-sight (LOS)
throughout the whole pursuit if the system is to be observable.

If some components of « are fixed, viz,

]T

T _
[a13, A3, G14, G24, Q15, Q5] = [AT00, ATy0, Urs0, Uryo, Has Hy

then the observability condition is

ﬂi) (t — S)[Apm(s) . ATx(S)]dS R:a:O - allf(t) i (V:r‘ﬂ - a-lféf(f')) At
Ji (t = s)[Apy(s) — Ary(s)]ds Ryo — a1 f(t) + (Vyo — azaf(t)) At
(2.56)

Note that (2.32) and (2.56) are very similar, except that the former is a necessary
and sufficient condition for a non-maneuvering target case, while the latter is only a
necessary observability condition for a maneuvering target case.

Although the derivation of (2.56) is based on a target model with first-order dynamic
input, the result can indeed be extended to any target acceleration model. The pursuer-

target engagement for any target acceleration model can be represented as:
R(t) = V()

V() = Ar(t) — Ap(t) (2.57)

Following the same approach as in section 2.6.1, the condition same as (2.56) can be

derived for the range and the velocity to be observable.

When 8 = u = 0, the target becomes a first-order lag target acceleration model with
constant acceleration input. This is the model studied by Song [15]. As p is zero, it is

excluded from the state vector, i.e., the state vector X becomes
T
[Rw) Rya Vma V;;a ATm; ATy; UTxa UTy] .

Meanwhile, F', G in (2.41), and the transition matrix (2.48) reduce to an 8 x 8 matrix,

an 8 x 2 matrix, and an 8 x 8 matrix, respectively. Correspondingly, ®5(At) in
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transition matrix (2.48) vanishes. The observability condition can still be represented

by (2.43) and (2.44), but ®14 and ;5 take simpler forms, as

By (At) = ca L( ML AAL - 1) (2.58)
PP '

This result matches the observability criteria developed in [15].

It is informative to compare the observability characteristics of the first-order lag tar-
get acceleration model with constant input, against the same target acceleration model
with first-order input. For the former, the related equations are (2.43), (2.44), (2.45),
(2.58), and (2.59), while for the latter, the equations are (2.43), (2.44), (2.45), (2.46),
and (2.47). We observe that the more complicated the target acceleration input is,
the more variables need to be estimated. Consequently, in order for the system to be
observable, more stringent conditions need to be satisfied. In other words, it is more
difficult to find observable trajectories, and harder to select a control law to guarantee

the observability, when the acceleration input of the maneuverer is more sophisticated.

2.6.3 Observability with TPN

Observability during the final stage of pursuit is a major part of this study. Sufficient un-

observability conditions will be utilized in the performance analysis of the control laws, as

sufficient conditions allow us to check observability with a greater degree of certainty.

Sufficiency of unobservability is equivalent to necessity of observability. The equivalence

comes from the fact that all the necessary observability conditions in (2.37), (2.38), (2.54),

(2.55) and (2.56) can be changed into sufficient conditions for the system to be unobservable

if each unequal sign is replaced by an equal sign.

For a non-maneuvering target case, sufficient unobservability conditions at ¢, over the

duration (t, t] can be obtained from (2.37) and (2.38), respectively, as

/ “(t— $)Ap(s)ds = 0 (2.60)

to

and /t(t — 5)[Apz(s) tano(s) — Apy(s)lds = 0 (2.61)

to
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Note that sufficient condition (2.60) is less stringent than (2.61), since (2.60) covers less
unobservable cases than those in (2.61). However, (2.60) is easier to utilize in observability
analysis due to its simple expression.

For a maneuvering target case, sufficient unobservability conditions at t over the dura-

tion (to, t] derived from (2.54), (2.55), and (2.56), respectively, are

tt(t _ $)Ap(s)ds = 0 (2.62)

/ (= ) {[Apa(s) — Ara(s)] tano(s) — [Apy(s) — Ary(s)]}ds =0 (2.63)

to
and

ftto (t— 8)[Apz(s) — Arg(s)]ds
ftto (t— 5)[APy(3) - ATy(s)]dS

Rao — an f(t) + (Voo — araf(t)) At
Ryo — a1 f(t) + (Vyo — aze f(2)) At

(2.64)

From (2.62) to (2.64), the stringency of these three sufficient conditions increases. In other
words, the constraint (2.64) covers the most unobservability engagements among them.

In the following discussion, both the command acceleration Ap and the target accelera-
tion Ap are assumed to be perpendicular to LOS. For notational convenience, we define the
range observability index 14(to,t) as

Inlto,t) = | ‘(6 — 5) [Ap(s) — Ap(s)) ds. (2.65)

to

This index plays an important role in observability check.

Non-maneuvering Target with TPN

When the pursuer guidance system engages in a non-maneuvering target, we have Ap = 0.

The range observability index I(to, t) reduces to [} (¢ — s) Ap(s)ds, which agrees with the

left-hand side of (2.60). |
When t approaches the final interception time ¢y, from the solutions given in section 2.3,

the LOS angular rate & approaches zero, and range rate R approaches a constant.
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Under TPN, the range observability index is
tf
IA(to,tf) S /t (tf —S)Ap(s)ds
0

= "ty s)(MioR)ds

to

Q

/t’(tf — (N -0-R) =0 (2.66)

to
As the LOS angular rate ¢ is nullified by the TPN control scheme, the integral vanishes for
any value of the navigation constant /N;. Based on the sufficient unobservability condition
in (2.60), we find that if the TPN guidance law is used in a non-maneuvering target en-
gagement, the system is most likely to become unobservable near the final course. A direct
consequence is that the Kalman filter of the TPN based guidance system will suffer from the
divergence problem in the final phase of the engagement, when it estimates the system state
variables. When no reliable estimates are available to be fed back to the guidance laws, it is
highly likely that the pursuer will be misled from the target, and will fail in accomplishing

the interception mission.

Maneuvering Target with TPN

For the maneuvering target case, the target acceleration is assumed to take the form
Ar = coyR (2.67)

where ¢ is the target maneuver constant. The target model is obtained by the application of
composition Ar = \/m to (2.6). From (2.67), we see that Ap ~ coo(Ar — Ap).
Therefore, the target model (2.67) represents approximately a first-order lag target model
and matches well with the target model (2.39) used in section 2.6.2.

When ¢ approaches t, the LOS angular rate approaches cdo /(N — 2). This constant is
very small since &, is usually small in practice. The final closing speed R 7 also approaches
a constant.

Since none of the conditions (2.62)—(2.64) is obviously satisfied for maneuvering engage-

ments with TPN, condition (2.64), being the most stringent, is chosen to check observability.
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With TPN, we have the range observability index

Inltorty) = [ (b = 5)[Ap(s) — Ar(s))ds

to

t 4 2
= / "t — $)(Nio R — cooR)ds

Q

(t; —to)? (2.68)
The left-hand side of the sufficient unobservability condition (2.64) becomes

% (t; —t)* - sina(t) Crq(At)?

c_]i‘i)_iizi . (tf — t0)2 + COS O'(t) CTy(At)2

(2.69)

Q

where At = t; — 1o is the duration of observation, since the the system observability is
examined at ty; Cr, and Cr,, are constants, as o(t) is approximately a constant since & (t) is

very small. According to the condition (2.64), the system is unobservable only if

Cro(At)? _ | Beo—on f() + (Voo — ar2f(t)) At 2.70)

Cry(At)? Ryo — ao1 f(t) + (Vyo — ana f(2)) At
Comparing (2.66) with (2.68), the range observability index indicates that for the TPN
guidance systems with angle-only measurements engaging a maneuvering target, the range
R is more likely to be observable than those engaging a non-maneuvering target. It can be

interpreted as the maneuvering target may follow a curved trajectory which provides more

information about itself than a straight-line trajectory of a non-maneuvering target does.

2.7 Concluding Remarks

In this chapter, the characteristics of true proportional navigation have been explored, and
the observability criteria with guidance laws in closed loop have been established.

In analyzing the interception performance of TPN based systems, the exact and closed-
form solution to the TPN guidance problem has been derived for a maneuvering target en-
gagement in (2.9) and (2.10) with a non-maneuvering target engagement as a special case.
Based on Theorem 2.2 that gives constraints on the system initial conditions and the naviga-

tion constant to ensure interception, predications of the occurrence of target interception can
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be made. Capture area has been obtained in (2.17), which provides guidelines for launching
favorable initial conditions. Total control effort of a TPN based system has been derived, as
given in (2.22). Analysis indicates that a target maneuver can degrade system interception
performance by slowing down the closing speed, reducing the capture area, and causing
more propellant to be consumed.

To study the observability of TPN based systems with bearing-only measurements, nec-
essary and sufficient observability conditions are first established for bearings-only guid-
ance systems engaged in non-maneuvering targets and maneuvering targets. The constraints
(2.32) and (2.44) have been shown to be general ones, which cover main results of some pre-
vious work. Using the observability criteria (2.60) and (2.64) with the range observability
index (2.65), the observability of TPN based systems has been analyzed. Analysis reveals
that TPN fails to offer observability when pursuing a non-maneuvering target towards the

end of an engagement.
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Chapter 3

Observability-Enhanced Proportional

Navigation

A new observability-enhanced control law, as one of additive observable proportional
navigation (AOPN) guidance laws suitable for bearings-only guidance systems, is proposed.
It builds on the well established true proportional navigation (TPN) with an information en-
hanced term added to improve observability. Analytical studies on AOPN guidance systems
are presented. A comparative study on three guidance laws is conducted to compare their
observability, capturability, and sensitivity to uncertainty in initial conditions. The AOPN
guidance laws are found to have favorable features in terms of offering the potential of ob-

servability enhancement and covering a larger capture area.
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In short range homing missiles with angle-only measurements, true proportional naviga-
tion (TPN) is commonly used. However, the Kalman filter within the TPN guidance system
has shown a deficiency in providing consistent estimation of those variables required to im-
plement proportional guidance laws towards the end of an engagement. The degradation
of the filter performance is due mainly to the fact that when the pursuer and the target are
in a homing collision course in which LOS rates are nullified by proportional navigation
controller, the target position and the relative velocity are unobservable from bearings-only
measurements. It follows that an effective guidance law should seek to achieve not only
terminal accuracy, but also information content enhancement of essential measurements, in
order to excite the filter with sufficient information to generate consistent estimates.

In selecting an information measure for enhancing filter performance, a suitable candi-
date is the Fisher information matrix which is a commonly used measure of accuracy in
determining unknown parameters from a sequence of measurements [20]. The matrix can
be related to the pursuer-target interception problem through a local observability matrix
when the measurement is subject to Gaussian white noise [8]. As itis easier to handle scalar
quality in mathematical derivation and practical implementation, the trace or the determi-
nant of the information matrix is used instead. Indeed, Speyer et al [8] and Hull ez al [16]
use the trace of the matrix as the performance index to derive numerous LQ based guidance
control laws. The LQ based guidance control is effective but fairly complex to implement.

Motivated by keeping the simplicity of the true proportional navigation law, and offering
better observability at the same time, a new control scheme is proposed by Hassoun and
Lim [19]. It builds on the concept of TPN with an information-enhanced term added. This
term is chosen to be proportional to the trace of the Fisher information matrix. The guidance
laws following this control scheme are termed additive observable proportional navigation
(AOPN). Simulation [19] shows that this guidance law helps in overcoming the problem
of divergent estimation of the Kalman filter associated with TPN based systems, and thus
is well-suited for low-cost bearing-only measurement systems. Although some preliminary
work on properties of this guidance law has been carried out in [19] and [21], rigorous

analysis of observability and capturability is yet to be provided.
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Based on different noise models of measurements, different additive observable propor-
tional navigation laws can be derived. A new AOPN guidance law, which is easy to realize,
is proposed and analyzed in this chapter.

There are four objectives in this chapter. Firstly, complete closed-form solutions of the
pursuer-target engagement under AOPN are derived. Secondly, necessary conditions for
forming a collision course are established, thus providing guidelines for choosing naviga-
tion constants. We show that in terms of the best capture ability and the fastest final closing
speed, AOPN guidance laws have an optimal value for their navigation constant related to
the additive information term. Thirdly, the ability of AOPN laws to enhance system observ-
ability is analyzed and confirmed. Finally, system robustness performance is investigated
by means of sensitivity function. The results reveal that the new AOPN law is practical be-
cause it is easy to realize, and the pertinent system is robust when subject to uncertain initial
conditions. To gain further insights, we carry out comparative studies of the performance
of AOPN, against that of TPN. Simulation studies are conducted to confirm the analytical

findings.

3.1 System Model and Control Laws

The motion equations describing target-pursuit dynamics, which are given in (2.3) and (2.4)

in section 2.2 are, for completeness, rewritten here.

R—R6? = Arg— Apr (3.1)

R6 +2R6 = Ary — Apg (3.2)

where R is the relative range with initial value Ry; & is the line-of-sight (LOS) angular rate
with initial value dg; Argp (respectively, Ar,) is the target acceleration component along
LOS (respectively, normal to LOS); Apg (respectively, Ap,) is the pursuer acceleration
component along LOS (respectively, normal to LOS).

True proportional navigation, among the guidance laws, is the most popular in short range
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homing missiles [6, 7]. The control law is written as
Apr=0;  Apy=—-NR& (3.3)

where N; is the navigation constant. TPN, however, is not always satisfactory for homing
missiles with bearings-only measurements. This is because of the poor observability of the
relative range and of the range rate caused by the TPN law attempting to nullify the LOS
angle rate at the final pursuit [8].

To enhance the observability of the system, Hassoun and Lim [19] propose to augment
TPN with an information enhanced term. The principle of the proposed guidance law is
to maintain not only a constant line-of-sight angle to ensure interception, but also system
observability via an additional term proportional to the range rate and the trace of Fisher

information matrix [20]. The guidance law takes the form

Apr=0;  Apy=—NRo — kR (3.4)
where k is a constant, and ju is the trace of the rate of the Fisher information matrix. This

guidance is referred to as additive observable proportional navigation (AOPN). The infor-

mation related variable 1 is expressed as [8]
t t
p=uw [ eTHTV ' Hodt = / " wHTW HOTV 1 ®dt (3.5)
1o to

where ® represents the system transition matrix, H is the linearization result of the mea-
surement equation, V' is a weighting matrix taken to be the power spectral density of the
measurement noise, and W is a weighting matrix. Under certain fairly general assumptions
[16], jx can be simplified as the reciprocal of the power spectral density of the measurement
noise, i.e., &t = V1. For the seeker that provides bearings-only measurements, the thermal
noise is modeled as a random process with a constant spectral density, while the glint noise
is modeled as a random noise whose spectral density is inversely proportional to R

Based on the noise models, a class of guidance laws, which offer enhanced observability
and are applied in the direction of LOS, can be derived. When the glint noise is taken into

account, the additive observable proportional navigation (AOPN) law becomes

Apgr =0; Ap, = —N,R& — N, RR? (3.6)
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where N; and N, are navigation constants. The guidance law in (3.6) is discussed in [21],
and we should refer the law as AOPN-I.
When the thermal noise is taken into consideration, the additive observable proportional

navigation is obtained as
APR s 0; APO’ = —NlRé' - N3R (37)

where Nj is the navigation constant related to the additive observable term. This guidance
law is called AOPN-IL

Although some rudimentary study on AOPN-I is performed in [21], insights into the
effects of the the new term on system interception performance and observability are needed.
In this chapter, we will focus on analyzing newly proposed AOPN-II, further investigating
AOPN-1, and comparing their performance with TPN, which has been studied in Chapter 2.

In analyzing the performance of the guidance system under AOPN-1and AOPN-II, closed-
form solutions are first derived because the solutions constitute a tool in the analysis of sys-
tem performance. Based on the solutions, the constraints required for effective interception
are established. Then, observability analysis is carried out to verify that the AOPN guidance
laws have provided enhanced system observability. The robustness of the AOPN and TPN

guidance laws are evaluated.

3.2 Closed-Form Solution

To make our analysis practically useful, we incorporate a maneuvering target into a pursuer-

target engagement. The target acceleration is chosen to take the form, as [3 1],
ATR B O; ATO’ = —Cé’oR (38)

where ¢ is a non-negative constant. When ¢ = 0, it corresponds to a non-maneuvering
target engagement. When ¢ > 0, the maneuvering target has the effect of reducing the
effectiveness of guidance laws. The expression Arg = 0 implies that Ar is normal to the

line-of-sight (LOS).
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3.2.1 AOPN-I Guidance Law

When the AOPN-I guidance law is employed, the governing equations of the pursuer-target
motion are obtained by substituting the expression of AOPN-I in (3.6) and the maneuvering

target acceleration model in (3.8) into (3.1) and (3.2), as

R—Rs? = 0 (3.9)

Ré +2R6 = NiRs+ NoRR? — c6oR (3.10)

While a closed-form solution to (3.9) and (3.10) is given in [19], it does not include the
solution for the N; = 4 case. A complete solution with an expression for the special case

N; = 4 is now derived.

Theorem 3.1 A closed-form solution to the target-pursuit motion equations in (3.9) and
(3.10), which represent a maneuvering target engagement using the additive observable
proportional navigation law AOPN-I, consists of two parts.

(i) The LOS angular rate,

when Ny #4 and N; >3, is

: . R ono Ny 2[ R N—4]
=0o(—=)"! — R 1— (=)™
¢ =olg) Ty, (%)
1—(=—)" ' 3.11
+N1—2[ (7)) 31D
when Ny =4, s
. — NoR* In(— —(=)7. 3.12
o =0(g )+ MBI+ =5 |1 (%, (3.12)
(ii) The relative velocity R,
when Ny #4 and Ny >3, 1is
: e R R R 1-n—-m)® R
R — R25? M- all g EARY P Y RARY A oN -2
e e S
4m(1~11—ﬂ'a)(£)N1+2+4n(1—n—m)(_]i)Nl
Ny +2 Ry Ny Ry
2 : 2
2 .o M s  (1—n—m)

44



Chapter 3. Observability-Enhanced Proportional Navigation

dm(l—n—m) 4n(l —n—m)
: 3.13
Nxz T N, : (3.13)
when N; =4, s
: NoR2\[1, R R. 1R R, 1,R
R2 :R2'2 2% [__612_____61___ T {776
a{( ) B )~ ) ) + 5t
2N, R3(1 —n) [1 R ¢ R 1. R 6]
S0 2 Ip (=) — —(—
4 o 35, (g~ 3R
Nzﬂﬁn[ R, ,R., 1R 4}
20T (Y In( =) - (=
+ =5, (Ro) n(RO) 4(R0)
(1_'”')2 R ¢ R4 2 B 1o 52
= = 1 = n)(— —
3 (RO) +n( n)(RO) +n(R0) + Ry
11 (NeR2\? Bn+4 (NoRE\  (1—mn)?
2«2 244 244
— R%6% | = = 3.14
ROUU[M(&O) 36 (au)+ 3 " (3.14)
where
N>R
n=-—-2 _ 3.15
™= = M)do 55
and
c
n = . 1
v (3.16)

Proof. The same method as that used in the solution derivation under TPN in Chapter 2 is
used here. Multiplying % on both sides of (3.10), and rearranging the equations with respect
to the unit mass angular momentum of the pursuer (defined by R*0), yields the LOS angular
rate & as (3.11) and (3.12). Note that & is obtained by imposing the constraint N; > 3, which
will be shown to be necessary for effective interception in Theorem 3.3.

Substituting & in (3.11) and (3.12) into (3.9), and noting that RIR=d (%), the solution
in terms of the range rate can be expressed as in (3.13) and (3.14). il

Remarks.

e The solution given in (3.11)—(3.14) is fairly general and is directly applicable to a

non-maneuvering target case as follows.

(i) The LOS angular rate ¢ 1s,

when N;#4 and N; > 3,
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: i Ni—2 N2 2 [ R N —4]
c=0y(=)"" '+ —=R|1-(5)" | 3.17
O(RO) (4__N1) (R[)) ( )
when N; =4,
.. R R
g = Uo(R—O)2+N2R2 ID(R_O) (318)

(ii) The relative velocity Ris,

when N;#4 and N; >3,

R? = Ry} [%2(%)6 %(%)Nrw n (1]\5—_7”32(]%)21\11—2]
VB R [m?? 4m]\([11;;1) (;V:nﬂ ; (3.19)
when N; =4,
L (S oy
Bt )
- Rgfg [1 - -]\;2?}?% - %(N;fé)z ; (3.20)

where m is defined in (3.15).

e The system performance at the terminal stage is of particular research interest, es-
pecially when studying observability. To facilitate the observability analysis in sec-

tion 3.5, the system behaviors at the final engagement are summarized here.

For non-maneuvering target engagements, as limp_,o R ln(}%) = 0, it can be con-
cluded from (3.17) and (3.18) that the final LOS angular rate & ¢ approaches zero; and
the final range rate Rf approaches a constant, which can be obtained by substituting

R = 0into (3.19) and (3.20), as

when N;#4 and N; > 3,

Ry 1 [m2 4m(l—-m) (1—m)?
Ro J 02{3 M+2 o N1 62D
when N; =4,
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R; 1 [ 1 (NR2\®> N,R2
Rq C? [18( & 360 |’ (322)
where _
Ry
= 3.23
Rota’ (3.23)

which is determined by system initial conditions.

For maneuvering target engagements, according to (3.11) and (3.12), the LOS angular
rate & will approach céy/(N; — 2) rather than zero, as in a non-maneuvering target
case at the end of a pursuit. The final closing speed Rf can be obtained from (3.13)
and (3.14) to give

when Ny #4 and N; > 3,

Ry 1 [m? s (1—=n—m)?
bt AP S U i adamuilioR i R
Ry { 02[3+mn+n+ N, —1
1
4m(l—n—m) 4n(l—-n—m)||?
; 3.24
N +2 + N : (3.24)
when N; =4,
Ry _ 1|1 (MRS * bnt4 (MR}
Eq C? |54\ 4 36\ oo
1
1— 2 2
+(—§Q+n]} (3.25)

where m and n are defined in (3.15) and (3.16), respectively.

The final LOS angular rate, given as ¢do/(N1 — 2), is proportional to the target ma-
neuver constant ¢. This means that the angular rate will increase with the increase of

the target maneuver constant.

The solutions (3.11)—(3.20) for AOPN-I are readily applicable to TPN, by having
N, = 0.

47



Chapter 3. Observability-Enhanced Proportional Navigation

3.2.2 AOPN-II Guidance Law

The differential equations describing the pursuer-target dynamics under the AOPN-II guid-
ance law is written, from (3.1), (3.2), (3.7) and (3.8), as

R-Rs> = 0 (3.26)

R6+2R6 = N,Ro+ N3R— cooR (3.27)

It is shown in Theorem 3.4 that N; should be larger than 3 for effective capture under

AOPN-II. When N; > 3, a solution to (3.26) and (3.27) is obtained in Theorem 3.2.

Theorem 3.2 A closed-form solution to the target-pursuit motion equations under AOPN-II
consists of two parts.

(i) The LOS angular rate ¢ is

o=@ sl @)

- @)

(ii) The relative velocity R is

. 1 N. & 2/ RN\ 2
R* = Ri’dy’ 1 2 - (—)
U= {N1—1[+(N1—2)d0 N —2| \R
4coy — Ny - Nj o ( R ) M
doNl(Nl — 2) (IV] — 2)00 Ny —2 RO

L R 1 Ny
2 0 Y0 3
- 1= (14— 28) —1f. 3.29
+ H N1—1{+N1[< e 0'0) ]} (329)

Proof. Because of the similarity between AOPN-I and AOPN-II, the proof is identical to

that of Theorem 3.1, and thus is omitted. W
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Remarks.

e Given the solution to the target-pursuit problem under AOPN-II in (3.28) and (3.29), a
solution for a non-maneuvering target engagement, as a special case of maneuvering

engagements when ¢ = 0, is readily obtained as follows.

(i) The LOS angular rate ¢ is

g = 0p (%)Nr? - (—N1N+2) [1 — (—R%)NI_Q] ; (3.30)

(ii) The relative velocity Ris

: 1 N 2R\
B2 = R.25,2 1 3 (_)
s {Nl—l[ T =25 \Rq
[ ) (R) vy (7).
GoN1 (N; — 2) (N — 2)ds | \Ro Go%(Ny — 2)% \ Ry

. R02d02 1 N3 2
RZ — 14+ — (1——) —1] 4. 3.31
thRoy Iy, P 331

e It can be seen from (3.28) that the final LOS angular rate 6 is C(—‘I’VD—Q} when the range

R is zero at the final point of pursuit. For the non-maneuvering target case (i.e., ¢ = 0),

the final LOS angular rate is 35 o 2), rather than zero when using TPN or AOPN-1.

e At the final stage of pursuit when the range approaches zero, the final closing speed

R; is obtained from (3.29) to give

. . 2 -2 N.
Rf2:R02—R° %0 {1+—1—[<1+c——§) —1]} (3.32)
N1 (on))

e The expressions for & in (3.28) consist of three parts. The first is caused by TPN, the
second is due to the additive term to enhance observability, and the last part is due to

the target maneuver.

e The solutions (3.28)—(3.29) for AOPN-II reduce to those of TPN with N3 = 0.

49



Chapter 3. Observability-Enhanced Proportional Navigation

3.3 Capture Area

Capture area is defined in section 2.4 as the region formed by the constraints which should
be imposed on the initial conditions of a system to guarantee the interception. Now we

derive these constraints for effective capture when using AOPN guidance.

3.3.1 AOPN-I Guidance Law

Theorem 3.3 For effective interception of a maneuvering target, the following constraints

must be satisfied when using the additive observable proportional navigation guidance law

AOPN-I given by (3.6):

N, > 3 (3.33)
, 1 (c? — 4¢) Ny + 3¢*
¢ = 3.34
N, +2 T ANZ(N: + 2) (3-34)
o
Ny < SN, [3(cNy + 2Ny +¢) +¢€] (3.35)
where

e = \/3(Ny — 1) [4C2N} + (8C2 — 4)N? + (4c — )Ny — 3¢2, (3.36)

and C is defined in (3.23).

Proof. According to [33], a finite pursuer acceleration is a necessary condition for effective
capture. This requires that & should be finite during the entire engagement. We first consider
the cases when N; # 4. From (3.11), N; should be larger than 2 to achieve a finite & when
R approaches zero at the final course of pursuit.

We also know that a finite LOS angular acceleration & is necessary to obtain a finite
torque on the seeker in order to ensure good measurements. Differentiating (3.11), & can be
expressed as

R\M* (R N>R i
= 6o(Mq c) (R()) (Ro> + =N [2R (N1 —2) R (3.37)

Equation (3.37) shows that only when N; > 3 can we obtain a finite & to ensure interception.
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To obtain a real final closing speed R 7 in (3.24), the following constraint must be satisfied

m? (1-n-m)> 4m(l—n—m)
c? > — i
g TNt TN T T T N 2
4n(l —n —m)
3.38
N, (3.38)

Inequality (3.38) defines the ranges of oy, Fo, and R,. If these initial conditions with
given N; and N, fall outside the ranges, the pursuer cannot hit the target. Therefore, the
inequality defines the capture area for AOPN-I based systems. Rewriting (3.38) with m in
(3.15) and n in (3.16), we obtain

(R—) Nl] N - {2 e+ v

0o

+3(N1 +2) [N + (e +2)c = Ni(N1 — 1)C?| (3.39)

Solving the inequality, the upper bound of NN, in (3.35) is obtained. If and only if e, given

by (3.36), is real, then the bound of NN, is real. Thus, we have the constraint
(N — 1) {ANE(Ny +2)C? — [4N} + (¢ — 4e) Ny + 3c%]} >0 (3.40)

Note that N; > 1 because of (3.33), therefore, (3.40) leads to the bound of C? in (3.34).
Repeating the same derivation for the special case IN; = 4, we can prove that conditions
(3.33)—(3.35) are general to cover the N; = 4 case. B

Remarks.

e The constraints (3.33), (3.34), and (3.35) are necessary conditions for effective cap-

ture.

e Inequalities (3.33) and (3.35) provide guidelines for choosing N and N, and hence

help in guidance law design.

e Because of the mathematical simplicity of the non-maneuvering target engagement,
the more specific requirement with both the lower and upper bounds of the navi-
gation constant N, can be obtained. The conditions for effective interception of a

non-maneuvering target are now stated.
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Corollary 1 For an AOPN-I based pursuer to intercept a non-maneuvering target,

the constraints that must be satisfied to ensure interception are

Ny >3 (3.41)
1
C? > N3 (3.42)
1
f 2
or C*> N1
o
ﬁ(3+ 6) > N2 >0
0
1
f > C?
T N-1=Y "N, +2
0o 0o
F%(3+€) > Ny > F%(3 - 6) (3.43)

where e is defined in (3.36).

e Comparing (3.35) with (3.43), the upper bound of N, for a maneuvering target is
larger than that for a non-maneuvering target. This is because greater pursuer maneu-

verability is required when the target is maneuvering.

e Comparing (3.34) with (3.42), the lower bound for C? involved in a maneuvering
target engagement given by (3.34) can be separated into two parts. The first is equal
to that of a non-maneuvering target as in (3.42), and the second is caused by the target

maneuver.

e When N; > 3 and 0 < ¢ < 2, the lower bound of C? for maneuvering target cases
(3.34) is less than that for non-maneuvering targets (3.42). This means that for a pur-
suer to intercept a maneuvering target under AOPN-I, a larger capture area than that
of a non-maneuvering target is more likely. This is a major advantage of AOPN-I over
TPN. Under TPN, the capture area decreases with an increase in target maneuverabil-
ity [31]; while under AOPN-I the capture area in the presence of a target maneuver

will be larger than that of a non-maneuvering case, provided N; > 3 and 0 < ¢ < 2.
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3.3.2 AOPN-II Guidance Law

Theorem 3.4 To effectively intercept a maneuvering target under the AOPN-II guidance
law (3.7), the system must satisfy the following requirements on navigation constants and

launch conditions

Ny, > 3 (3.44)
l+c—d)< 2 <(1+c+d) (3.45)
c? > 1/N; (3.46)
where C is defined in (3.23), and
d= /(N - 1)(M,C% - 1) (3.47)

Proof. The proof follows the same strategy as in Theorem 3.3. It is included here for ease
of reference in Chapter 4 (Theorem 4.6).

To ensure a finite acceleration, from (3.28), N; should be larger than 2 to prevent ¢ from
becoming infinity when R approaches zero at the final course of pursuit.

The LOS angular acceleration is obtained by differentiating (3.28) as

N1—3 5
0 0 0

According to (3.48), N; > 3 should hold to prevent the LOS angular acceleration & from
approaching infinity as R — 0, so as to obtain a finite torque on the seeker to ensure good

measurements.

With C defined by (3.23), the final closing speed R f given in (3.32) can be rewritten as

s 1 il N3\*

Therefore, the following condition should be satisfied to obtain a real final closing speed,

) il 1 ( N3)2
EEL 3.50
Crmatmoom (U TG 550
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Inequality (3.50) defines the capture area for AOPN-II based systems with two constants
N and Nj given.

Solving (3.50) with respect to N3 leads to the lower and upper bounds on [V, as given in
(3.45). The constraint in (3.46) is necessary in order to obtain from (3.47) a real d, which is
part of the bounds of N;. W

Remarks.

e Constraints (3.44) and (3.45) provide guidelines for choosing V; and Ns.

e According to (3.35) the upper bound of N, of AOPN-I in (3.6) is proportional to
1/Ry?, and thus the typical value of N, is very small when the initial range Ry is
large. The small acceptable value of N, poses some difficulty in the realization of
the AOPN-I guidance law. When AOPN-II is used, it can be seen from (3.45) that the
range of the effective value of N; is much larger than that of N,. This should facilitate

the practical implementation of the AOPN-II control law.

34 Optimal AOPN

Compared to true proportional navigation (TPN), additive observable proportional naviga-
tion (AOPN) offers the choice of an additional navigation constant when designing the con-
trol laws. This additional constant provides one more degree of freedom, and thus offering
the possibility of performance improvement over TPN by properly selecting the constant.

We can now derive the optimal value of this second navigation constant.

Theorem 3.5 N, of the AOPN-I guidance law has an optimal value, denoted as Nogpt, in

terms of the largest capture area and the fastest final closing speed.:

30 c
Noopt = 2—1%% ( +2+ E) (3.51)
Proof Rearranging the inequality (3.38) and replacing m with (3.15) and n with (3.16), we
Y g
have
2 , ,
[({;:}) Nl} N3 — {35](c+2)N1 + ¢} Ny + 3(Ny + 2) (M + 2+ )
C? > (3.52)

3Ny (Ny + 2)(N, — 1)
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When Ny = Nogyt, the lower bound of C? is found to be minimum, i.e.,

1 N (¢ — 4¢) Ny + 3c?
N +2  4NZ(MN: +2)

This means that the system has the largest capture area for a given NV, and a given target
maneuver acceleration ¢. At the same time, the absolute final closing speed Rf in (3.24)

reaches its maximum given by

; 2 __ "2
1 [ 1 (c2 — 4¢) Ny + 3¢ o

R max:R  —o—
| B1 mas=] °|\j C: N, x2 T aANE(, + 2)

Following the same approach, it is shown that Ny given in (3.51) remains an optimal

value of N, for the N; = 4 case in terms of the fastest speed and the largest capture area. i

Theorem 3.6 The optimal AOPN-II guidance law in terms of the best capture ability and

the fastest final closing speed is obtained when N3 is at its optimal value, i.e.,

N3opt = 0'0(1 + C) (354)

Proof. See the proof of Theorem 3.5. I

Remarks.

e When N3 = Nj,p, the lower bound of C? is found to be minimum, i.e., Nll' This

means that the system with Nj,,; has the largest capture area for a given V.

e When N3, is used, the absolute final closing speed R 7 in (3.32) becomes

: . / 1
' Rf lmax = | Ry l 1- W (3.55)
1

e Comparing the largest capture area attainable by AOPN-I given in (3.34) with that

which is the maximum.

by AOPN-II in (3.46), it is found that the largest capture area under AOPN-I is de-
termined by both navigation constant N7 and target maneuver constant ¢; while the

largest capture area offered by AOPN-II is only dependent on /V;.
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e From (3.23), we notice that C represents the ratio of relative initial speed along LOS
to the initial speed normal to LOS. The smaller the lower bound of C?, the less string
requirement on system launch conditions; that is, the larger the capture area the system

can achieve.

According to (2.17), The capture area attainable by TPN is

S 1 n 2+ 2c
Ni—1 N (N —-1)

C? (3.56)

Comparing (3.34), (3.46), and (3.56), among these three guidance laws, AOPN-I can
achieve the largest capture area, followed by AOPN-II, and the capture area attainable
by TPN is the smallest. The superior performance characteristic of the two AOPN

guidance laws over the TPN law is therefore clear.

e When the TPN guidance law is used, from (2.15), the final closing speed is given as

1 1 ¢+ 2¢
3.57
[N (3.57)

R mar R 1l —— =+ .

I fl i 0|J C/\‘z ['_'1 Nj(Nl_l)
Using AOPN-I with the optimal value of N5, the fastest closing speed is given (3.53)
Comparison of (3.53), (3.55), and (3.57) reveals that AOPN-I is able to achieve the
fastest final closing speed, while TPN offers the slowest. In terms of capture area and

closing speed, AOPN-I exhibits some advantages over AOPN-IL

3.5 Observability Analysis

Both AOPN-I and AOPN-II are proposed with the motivation to enhance system observabil-
ity by adopting an information-augmented term. The question on whether AOPN guidance
laws have the ability to offer the potential of observability enhancement must be answered.
Aiming to answer this question, we investigate the observability of AOPN based systems,
and this is done by checking the range observability index. This index is introduced in
section 2.6.3, and is defined as

In(to,) = | ‘(6 — 5) [Ap(s) = An(s)] ds, (3.58)

to
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where t, is the time when observability is of interest. The range observability index is useful
and important in observability checks. For a non-maneuvering target case, it reduces to
t
Ta(to,t) = / (t — 5)Ap(s)ds. (3.59)
to
The observability criteria, which are established in Chapter 2 and will be utilized in the
performance analysis in this section, are summarized here. Sufficient conditions for the

pursuer-target guidance system to be unobservable at ¢, are given as follows.

e For a non-maneuvering target engagement, one sufficient condition for an unobserv-
able system with the observation over (%o, t] is

/ “(t = 5)Ap(s)ds = 0 (3.60)
i

0

Note that the left-hand side of (3.60) matches the range observability index with
Ar = 01in (3.59), i.e., the target is not accelerating (or, non-maneuvering). The

condition in (3.60) is easy to apply.

e For a maneuvering target engagement, one sufficient unobservable condition is

Jio(t = 9)[Aps(s) = Aru(s))ds | _ | Rao — anf(t) + (Reo — araf (1)) At
JE(t = )[Apy(s) — Ary(s)]ds Ryo — anf(t) + (Ryo — anf(t)) At
(3.61)

where subscript z (respectively, y) denotes the decomposition component along -
axis (respectively, y-axis); f(t) is an arbitrary scalar function, including zero; a;;s are
arbitrary constants, but not all zeros; and At =t — t, is the duration of observation.
This condition, being the most stringent among the sufficient unobservable conditions
derived in section 2.6, is chosen to be used, because no sufficient conditions are ap-

parently satisfied for maneuvering target engagements.

After presenting the observability criteria, we are now ready to analyze the system ob-
servability under AOPN laws toward the end game, which is essential for terminal intercep-

tion.
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3.5.1 Non-maneuvering Target with AOPN

For a non-maneuvering target engagement, we know from section 2.6.3 that under TPN,

the range observability index is approximately zero. Based on the sufficient unobservability

condition in (3.60), this indicates that if the TPN guidance law is used in a non-maneuvering

target engagement, the system is most likely to become unobservable near the final pursuit.
Under AOPN-I, the range observability index becomes

t . :
Ia(to,ty) = /f(tf—s)(NldR+N2RR2)ds

to

Q

t . . 5
/’(tf — [Ny -0+ Rp + Ny - Ry - B2(ty — 5)%]ds

to

3
= — L(t; — to)* (3.62)

where Rf is given in (3.24) and (3.25), but with their n set to zero for a non-maneuvering
target.
Under AOPN-II, we have

t . .
Lu(to,t;) = /f(tf — $)(Ni6R + NsR)ds

to

tr _N3 . s
~ /to (ts — s) [Nl-Nl_Q-Rf—!—Ng-Rf]ds

(ts — to)” (3.63)

where R is given in (3.32) with ¢ = 0 for a non-maneuvering case.

We can see from (3.62) and (3.63) that for both AOPN guidance laws, due to the additive
term to enhance the information content, i.e., NQRR2 for AOPN-I, or NgR for AOPN-II,
the range observability index will not be zero towards the end of the engagement until inter-
ception does occur, i.e., when tg = t;. Note that o here is the time at which observability
is of interest. According to the condition given in (3.60), we observe that both AOPN laws
enhance observablitiy in the non-maneuvering target engagement by providing the system

state with a better opportunity to be observable.
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3.5.2 Maneuvering Target with AOPN

For a maneuvering target engagement, the range observability index under TPN is shown in

section 2.6.3 to be )

Cé’oRf
Ny -2
With AOPN-I, the range observability index I4(to, t5) is

IA(tO, tf) ~ (tf - t0)2 (364)

1.
(ty — to)” + ZRj‘cNQ(tf =) (3.65)

For AOPN-II, we have the range observability index as

_( ¢  Ns : PRY:
Inttort9) ~ (2 = 37 og) Bty =10 (3.66)

Since the LOS angular rate is very small near the end game, o is taken as a constant for
analytical simplicity. On the basis of (3.61), the condition for an unobservable system under

TPN, AOPN-I, or AOPN-II is

La(to,ty) -sino(t) | | Rao—anf()+ (Reo — ar2f (1)) At .

Ia(to, ty) - cos a(t) Ryo — anf(t) + (Ryo — anf (1)) At
Observing from (3.67) with the three range observability indices (3.64), (3.65) and (3.66),
it is clear that via the second navigation constant, i.e., No in AOPN-I, or N3 in AOPN-II,
both AOPN guidance laws provide one additional degree of freedom to achieve observabil-
ity than TPN. In other words, for some cases in which TPN renders the system unobservable,
the guidance system under AOPN-I or AOPN-II still offer possibilities to be observable by
choosing the appropriate second navigation constant. In terms of enhancing system observ-

ability in both non-maneuvering and maneuvering target engagements, the AOPN based

systems perform better than their TPN based counterparts.

3.6 Sensitivity and Robustness Analysis

Guidance systems, as in all real-world applications, are subject to uncertainty in initial state
conditions, system parameters, and measurements. It is of practical and theorctical interest

to examine the robust performance of the TPN, AOPN-I, and AOPN-II guidance laws.
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Firstly, we investigate how the availability of the variables influences the realization of
the control laws. We find that the realizations of AOPN-II and TPN do not require the range
information R, therefore, it is simpler to implement AOPN-II and TPN than to implement
AOPN-I, especially when the range measurement is not readily available. It is clear that
TPN and AOPN-II are more robust than AOPN-I because they have much less dependency
on the information of the range than AOPN-I does, thus enhancing reliability.

Secondly, we are concerned about how uncertainty in the initial conditions affects the fi-
nal interception. To study the system’s robustness in terms of initial conditions, we consider
the relative sensitivity function of the final relative speed R f to the initial relative speed Ry.
To avoid unnecessary complexity, we calculate the relative sensitivity function of Rfc to R%
rather than R; to Ry.

Based on the expression of the final closing speed for TPN in (2.15), for AOPN-I in
(3.24) and (3.25), and for AOPN-I in (3.32), the relative sensitivity functions of R to F§
have the same expression as

Rg_aR}_Rg_Rg

- 2 — — e — = T (3 .68
B~ 9R: R? R )
Under different control strategies, however, there are different R . It has been shown in the

remarks of Theorem 3.6 that:
|R3:PN |<| R?OPN—II |mam<| R?OPN—I o (369)

where the superscripts denote the control law used.

Combining (3.68) and (3.69), we see that the relative sensitivity of R 7 to RO, when using
TPN, AOPN-II with N3,p;, and AOPN-I with No,, decreases in that order. In other word,
the optimal AOPN-I based system is most robust with respect to variation of initial condi-
tions, followed by the optimal AOPN-II based system, and then the TPN-based system. This
result closely matches the result on the capture area shown in the remarks of Theorem 3.6.

It follows that the larger the capture area, the better the system’s robustness performance.
This can be interpreted as the less stringent conditions imposed on the initial system values
to cnsure interception, the less sensitive the interception with respect to initial conditions.

Finally, we examine the system performance in the presence of variations in system pa-
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rameters. For AOPN-I, the sensitivity function of & given in (3.17) with respect to Ny is

oo R2 R Ny—-4
N, N, —4 [1 - (R;) ] =

With AOPN-IJ, the sensitivity function of & given by (3.28) to IN3 becomes

o5 1 RA\M?
dNs Ny —2 [1 - (R—()) ] S

As the sensitivity function of & to Ny under the AOPN-I control law is proportional to

R2, it follows that the LOS angular rate ¢ is less sensitive to the second navigation constant

under AOPN-II than under AOPN-I. This is a desirable feature of AOPN-II over AOPN-I.

3.7 Simulation

In order to evaluate the performance of the additive observable proportional navigation laws
AOPN-T and AOPN-II, and to confirm the results derived in this chapter, simulation studies
with different scenarios are conducted.

All the simulations use the following data,

velocity of the pursuer, Var = 600m/s;
velocity of the target, Vr = 300m/s;
initial heading angle of the pursuer, 6, = 0°%

initial heading angle of the target,  ¢o = 30%;
initial LOS angle, oo = 0°;

initial relative range, Ry = 1000m.

The initial conditions RO and ¢, are computed by

Vrsin(go — 00) — Vmsin(fo — o)
Ry
Ry = Vycos(¢o — o) — Varcos(p — 00).

oy =

Figure 3.1, Figure 3.2, Figure 3.3 show the trajectories of the maneuvering target modeled

by (3.8) and the pursuer using the TPN law, the AOPN-I law with Ny, and the AOPN-II
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law with N, respectively. Compared with that under TPN, the pursuer guided by AOPN-
I in Figure 3.2 or AOPN-II in Figure 3.3 swings its way during the pursuit course so as to
obtain more information about the relative range and the range rate. In this way, the aim to

enhance the observability of the system can be fulfilled.
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—- Target
600 |- — Pursuer|

500}~

400+

Y(m)

300}

200

100}~

L i i i ! i 1
0 200 400 600 800 1000 1200 1400 1600 1800
X(m)

Figure 3.1: Pursuer and target trajectories using TPN for Ny = 4 and ¢ = 1;

target initial acceleration Apo = 5.1g.

Figure 3.4 is derived from (3.11). We can see from Figure 3.4 that the LOS angular rate
& under AOPN-I approaches zero for a non-maneuvering target (i.e., c = 0) towards the end
of pursuit, i.e., when R% — 0. For the maneuvering target, the final angular rate increases
with increase in target maneuverability, as discussed in Theorem 3.1.

Using (3.29), which is the expression for the range rate R under AOPN-II, we obtain
Figure 3.5. This figure confirms that the final range rate, which occurred at R% = (, is the
largest with optimal N; as discussed in Theorem 3.6.

The regions defined by the constraints (3.33), (3.34), and (3.35) are plotted in Figure 3.6.
It demonstrates that when using AOPN-I as the guidance law, the system has the largest
capture area when Ny = Ny, Note that the smaller the lower bound of C?, the larger the

capture area, cf. (3.34).
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Figure 3.2: Pursuer and target trajectories using AOPN-I for Ny = 4,

Ny = Ny and ¢ = 1; target initial acceleration Agg = 5.1g.
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Figure 3.3: Pursuer and target trajectories using AOPN-II for Ny = 4,

N3 — Njup and ¢ = 1; target initial acceleration Arg = 5.1g.
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Figure 3.6: Capture area for AOPN-I with four different N, values when ¢ = 1.
Note that N; must be larger than 3, and that a small C? represents less favorable

initial engagement conditions needed to achieve interception.

The capture areas achieved by TPN, AOPN-I, and AOPN-II are compared in Figure 3.7.
The comparison confirms that AOPN-I covers the largest capture area among these three
guidance laws, and the capture area attainable by TPN is the smallest. From Figure 3.7, it
is suggested that the AOPN guidance laws perform better than TPN when C? is small. A
small value of C? represents a small initial range rate, or a large initial LOS angular rate. In
other words, the pursuer is under less favorable initial engagement conditions. Under these
circumstances, the AOPN laws with optimal values have a larger capture area than those
under TPN.

The upper bounds of N, and the optimal values of N, for AOPN-I with different target
maneuver acceleration ¢, and those of N3 are compared in Table 3.1, where subscript upb
denotes the upper bound. From the table, we find that the upper bound of Nj is much larger
than that of N,. The larger range of acceptable value of Nj facilitates the realization of the
AQOPNH-II guidance law.

To confirm the findings that AOPN improves system observability compared with TPN

65



Chapter 3. Observability-Enhanced Proportional Navigation

2 T T
)
'N>3

1.8} 1 N>
|
I — 7PN

181 | - AOPN-I
i -—. AOPN-II
]

145 i
]
|

1.2} |
I
]

O 1

1

08f |

: |
|
]

0.6} |
]

04 'l
i —

0.2} ! T e e
pl . -
]

0 L i i i 1 L L

25 3 35 4 45 5 5.5 6 6.5

Figure 3.7: Largest attainable capture areas by TPN, AOPN-I, and AOPN-II

€ | Nogpt(1078) | Noyps(107%) | Naopt | Naups
0 0.63 3.39 0.15 | 1.30
1 1.03 3.80 0.30 | 1.45
2 1.42 4.18 045 | 1.60

Table 3.1: Optimal values and upper bounds of N, and N; with different ¢

values when N; = 4
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as discussed in section 3.5, Monte Carlo simulations are carried out. The modified gain
extended Kalman filter, due to its consistent performance [42, 43], is used to estimate the
system state variables. Tests are conducted with the control law fed with true state variables
so as to study effects of the control law on system observability. Meanwhile, the Kalman
filter is incorporated to estimate state variables.

In order to demonstrate the ability of the AOPN guidance laws in enhancing system
observability, comparison between those results obtained under AOPN with those under
TPN is made in every simulation run. The performances of the AOPN-I, AOPN-II, and TPN
are measured in terms of tracking error which is defined as the magnitude of the difference
between the true vector and the estimated vector.

As N; = 4 is a typical value used in proportional navigation, it is used in all three
guidance laws when conducting simulations. The second navigation constant N, in the
AOPN-I law and N in the AOPN-II law are set to their optimal values, i.e., N = 1 X 107,
and N3 = 0.15. The sampling is taken every 0.02 second, and the noisy measurement is
modeled by subjecting the actual LOS angle measurements to zero-mean additive Gaussian
noise with the variance of 1 m2rad®.

The estimation errors of the relative range, the relative velocity, and the target accelera-
tion are plotted in Figure 3.8—Figure 3.10 for non-maneuvering target engagement, and in
Figure 3.11-Figure 3.13 for maneuvering target engagement. All the results presented are
the averages of 20 Monte Carlo runs.

For the non-maneuvering target, the estimates with TPN in Figure 3.8—Figure 3.10 demon-
strate divergent behavior in the end game phase, as shown by the solid line. These results
confirm that TPN does have difficulty in providing the guidance system with observable data
near the end course when the range observability index defined in (2.65) is nearly zero. On
the other hand, the trajectories generated by AOPN laws enable the Kalman filter to produce
a much better estimation performance.

The maneuvering target is assumed to be the first-order lag model as [16], i.e.,
Ap + XAAr =0 (3.72)

with A = 0.1 and the initial target acceleration Azy = 5g. This target model gives a sim-
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Figure 3.8: Position estimation error for non-maneuvering target engagement

ilar dynamic characteristic to the one modeled by (3.8) in simulations. From Figure 3.11-
Figure 3.13, it appears that the filters with AOPN laws outperform their TPN counterpart
near the end of pursuit. It should be pointed out that the tests are conducted in such a way
that the filters are not within the control loop, hence the accuracy of the estimates generated
by the filters does not affect the trajectory generated by the guidance law. The results in
Figure 3.11-3.13 confirm our analytical finding that AOPN guidance has the effect of en-
hancing the observability, and thus offers an advantage in improving the filter performance.

In practical applications, the estimates must be used to implement the control laws. To
investigate whether the interception can actually occur when the estimates from the modified
gain extended Kalman filter are fed to the control law, the state estimates take the place of the
actual state variables in realizing the control law. Figure 3.14 presents the trajectories of the
maneuvering target and the pursuer using TPN, while Figure 3.15 and Figure 3.16 show the
trajectories under AOPN-I and AOPN-II, respectively. When comparing with that of TPN,
the pursuer under AOPN laws tends to be more oscillatory during the pursuit course, so that
more information about the relative range and the range rate is generated for observation in

the process.
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engagement
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Figure 3.12: Velocity estimation error for maneuvering target engagement
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Figure 3.13: Target acceleration estimation error for maneuvering target en-

gagement

The final miss distance, which is a measure of how far the target is from the pursuer at the
end of an engagement, is measured. Under the scenarios of Figure 3.14, Figure 3.15, and
Figure 3.16, the final average miss distance from 20 Monte Carlo simulation runs is 6.0m
when TPN is used, 2.1m with AOPN-I, and 2.9m with AOPN-IL The result indicates that
AOPN laws are better than TPN. Additional scenarios are simulated, and the results on the

miss distance and the filter performance have been consistent.

3.8 Summary

A new additive observable proportional navigation law, AOPN-II, which is well-suited for
systems with bearings-only measurements, has been developed through this study. Fur-
ther investigation on AOPN-I based guidance systems has also been conducted. Based on
the closed-form solutions to pursuer-target motion equations under AOPN guidance laws,
guidelines on how to select navigation constants have been presented. The optimal value

of N, for AOPN-I and that of N3 for AOPN-II have been given in (3.51) and in (3.54)

71



Chapter 3. Observability-Enhanced Proportional Navigation

1200 T T T T

i +=+ Target e
oo

800

Y (m)
N
3

400 -

200

1 1
0 500 1000 1500 2000 2500

Figure 3.14: Pursuer and target trajectories using TPN with N; = 4 when
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Figure 3.15: Pursuer and target trajectories under AOPN-I with N; = 4 and

N, = 1 x 107% when subject to noise
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Figure 3.16: Pursuer and target trajectories using AOPN-II with N; = 4 and

N; = 0.15 when subject to noise

respectively, in terms of the fastest closing speed and the largest capture area.

In analyzing system observability, both AOPN guidance laws have been shown to pro-
vide a better possibility for the system to be observable than TPN does, due to the additive
information-enhanced term. This finding has also been confirmed by simulation studies.

Analytical comparison between TPN, AOPN-I, and AOPN-II shows that AOPN based
guidance systems perform better than TPN based systems. AOPN guidance laws offer a
larger capture area, a better possibility of observable systems, and less sensitivity to uncer-
tainty in initial conditions. Between AOPN-I and AOPN-II, on one hand, the capture area
achievable by AOPN-I with the optimal N, is larger than that by AOPN-II with the optimal
Nj; on the other hand, the AOPN-II control law, without demanding the range information
to realize, is simpler in form. As the upper bound of the effective second navigation constant

of AOPN-II is larger, AOPN-II is therefore easier to implement in practical applications.
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Chapter 4

Saturation Constraint Problems

The effects of saturation constraints on the performance of guidance systems under true
proportional navigation, and additive observable proportional navigation are studied via rig-
orous analysis and extensive simulations. For each guidance law, saturation constraints are
modeled when establishing pursuer-target motion equations. Conditions to achieve effec-
tive interception are derived for both unsaturated and saturated modes. Then, the impacts of
saturation constrains on total control effort and observability are mathematically analyzed.

Finally, the generality and accuracy of the derived conditions are confirmed by simulations.
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4.1 Introduction

We have studied several important characteristics of guidance systems, such as interception
performance, observability, and total control effort. All the analyses are carried out under
the assumption that the pursuer is able to provide adequate acceleration without saturation
constraints. In reality, an achievable pursuer acceleration is limited by angle-of-attack con-
straints at high altitudes, by the pursuer’s structure at low altitudes in endoatmospheric in-
terceptors, and by lateral engine thrust-to-weight ratio in exoatmospheric interceptors [25].

While the acceleration saturation of guidance systems is an interesting and important
issue, it has not been fully addressed, except in some studies mainly via simulations [6],
[22] and [23]. Simulation results [6] show that interception with zero miss distance can be
achieved when acceleration saturation occurs only during the initial part of the pursuit; if the
saturation persists throughout the entire engagement, it will result in a finite miss distance.
The effects of acceleration saturation on miss distance are also considered for sinusoidal
target models [22, 23]. Rigorous analytical study on the influence of acceleration saturation
on system performance has not, however, been reported in the literature.

In this chapter, an analytical study of the impacts of acceleration saturation on system
performance is presented. In section 4.2, a mathematical model is firstly established for a
pursuer with acceleration constraints under TPN guidance to intercept a maneuvering tar-
get. Conditions for effective interception are derived for both non-saturation and saturation
acceleration modes. These conditions are usable in computing the most favorable pursuer’s
launch conditions, and in predicting the occurrence of target interception. Analysis reveals
that interception can be accomplished under saturation mode if the derived interception con-
ditions are satisfied, but at the expense of greater total control effort than that when acceler-
ation is not saturated. Numerical simulations are conducted to confirm that the interception
conditions are sufficiently general to cater for a range of maneuvering target models.

In section 4.3, approaches used in analyzing TPN based systems are extended to additive
observable proportional navigation II (AOPN-II) based systems. System equations are set
up to describe a pursuer-target engagement with pursuer acceleration constraints under the

AOPN-II guidance law. Based on the established system equations, interception conditions
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are then derived for different operating modes. Finally, simulations verify the generality of

these interception conditions to accommodate variation of maneuvering target models.

4.2 TPN Based Systems

4.2.1 System Equations and Problem Formulation

The governing equations describing the pursuer-target motion take the form [6, 12]
R—R6®* = Arp— Apg (4.1)
R6 +2R6 = Ary — Aps (4.2)

where R is the relative range with initial value Ry; ¢ is the LOS angular rate with initial
value dy; Arg and Ar, are the target acceleration components along LOS and normal to
LOS, respectively; Apg and Ap, are the pursuer acceleration components along LOS and
normal to LOS, respectively.

With TPN, the pursuer acceleration Ap is given as
Apr=0; Ap, = —N1R& 4.3)

where V] is a positive navigation constant.

To account for the finite acceleration capability of the pursuer due to its structure, angle-
of-attack constraints, actuator, etc [25], the maximum acceleration that a pursuer can provide
must be incorporated when analyzing the performance. Figure 4.1 shows the simplified
block diagram of a TPN based guidance system. The actuator is taken as unity gain with no
dynamics for simplicity. However, saturation constraints represented by a nonlinear function
are included.

The pursuer acceleration under TPN with saturation constraints is expressed as

—N,Ro when | N1 R6 |< Apas
Apr=0;  Aps= o . (4.4)
—sign(Ro) - Amaz otherwise
where A, is the pursuer acceleration saturation constraint. We will discuss in section 4.2.2
how this nonlinearity affects the interception performance, the total control effort, and the

observability.
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Figure 4.1: Block diagram of TPN based guidance system with acceleration

saturation constraint A,,,;

In modeling pursuer target dynamics, the maneuvering target is assumed to have acceler-
ation proportional to the range rate R and normal to LOS. The target maneuver acceleration
takes the form, as [31],

Arr=0;  Ap, = —cooR (4.5)

where ¢ is a non-negative constant of the target maneuver acceleration, and is directly pro-
portional to the maneuverability of the target. The model (4.5) reduces to a non-maneuvering
target case when ¢ = 0.

From (4.1) to (4.5), the governing equations of the target-pursuit motion are obtained as

R—Rs* = 0 (4.6)
e N Ré — cooR when | N1 R6 |< Aoz
R6+2Roc = i ] 4.7)
sign(Ro) - Apmar — coo R otherwise
which represent a pursuer tracking a maneuvering target under TPN, with the pursuer accel-

eration subjcct to saturation constraint Apq;.

The problem of the acceleration saturation constraint is studied by first deriving condi-
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tions for the occurrence of target interception based on (4.6) and (4.7). Then, these condi-
tions are used to find the pursuer’s total control effort over the entire interval [0, 7], where ¢;
is the time when the interception occurs. Furthermore, the influence of saturation constraints

on system observability is considered.

4.2.2 System Analysis

When pursuer acceleration is subject to saturation nonlinearity as given in Figure 4.1, the
actual acceleration may operate in a normal, partial saturation, or saturation mode. The
operations can be classified according to operating regions into four cases as shown in Fig-

ure 4.2a—4.2d. Target interception is analyzed for these cases.

Interception Conditions
Case I: Non-saturation with TPN

Consider Figure 4.2a when the pursuer operates in an unsaturated mode. That is, the pursuer
under TPN guidance with commanded acceleration never exceeds the saturation constraint

Aimaz throughout the entire engagement.

Theorem 4.1 A necessary and sufficient condition for a non-saturated pursuer acceleration
under TPN throughout the entire engagement, when the pursuer acceleration is subject to

saturation constraint Apgz, IS

Nlc
N, ———)<b 4.8
max( 17N1_2)_ ( )
where
A
g T 4.9)
| Rodo

Proof. Because there is no acceleration component along the LOS under the TPN guidance
strategy, the relative velocity vector remains closely aligned with LOS, and thus the range
rate R is approximately a negative constant during the entire pursuit [6].

Since the magnitude of TPN guidance law is given as |V} Rd], the variable & determines

whether the commanded acceleration exceeds the saturation constraints.

78



Chapter 4. Saturation Constraint Problems

A

4 $Yactual

max [

Figure 4.2a: Case I. Non-

saturation mode

[-A max

Figure 4.2c: Case III: Non-
saturation followed by satura-

tion mode

A

A Factual
A b —
”, A p
-A max

Figure 4.2b: Case II: Sat-
uration followed by non-

saturation mode

A

A Y actual

max [ 2 >

[-A max

Figure 4.2d: Case IV: Satu-

ration mode throughout

79



Chapter 4. Saturation Constraint Problems

When TPN is to guide a pursuer to intercept a maneuvering target described in (4.5), the

LOS angular rate is obtained as [31]

. Ni—-2—-c¢c /(R N-2 c
et . 4.10
7 "0[ Ny, -2 (RO) +N1—2] (10
Differentiating (4.10) yields
R\M (R
5 = 0o(N1 — 2 — (—) — 4.11
6= G0l N e (RO> Gt

Because R% > 0, ﬂo < 0, &y is the system initial value, and (N; — 2 — ¢) is the system
constant, it is clear from (4.11) that the sign of & remains the same throughout the entire
engagement, that is, & monotonically increases, decreases, or remains the same. In others
words, & will not oscillate during the pursuit. It follows that the maximum value of |7
occurs either at the beginning, or at the end of the engagement, i.e.,
max|o| = |d¢| or,
c

Ny —2

where &; is the LOS angular rate at the final interception, and is obtained by substituting

max|o| = |67 = |60l

R% — () into (4.10). The maximum pursuer acceleration commanded by TPN is either at the
beginning of the pursuit, i.e., Ny |R060|, or atthe end, i.e., N’YLCQ IRde |, where Rf is the final

range rate.

Note that with R approximately remaining as a negative constant, we have Ry~ R i
Then, if
Nlc
N, —2
the acceleration issued by TPN is not greater than the saturation constraints. It follows that

max (N1 |Rodol, |Rod0|) < Amas = b|Rodol,
if inequality (4.8) is satisfied, then saturation will not occur. Conversely, if saturation does

not occur, then condition (4.8) should be satisfied.

Theorem 4.2 For a pursuer with normal (i.e., unsaturated) acceleration throughout the
entire engagement under TPN, the following conditions must be satisfied for effective inter-
ception of a maneuvering target,

N, > 3 (4.12)

1 ¢+ 2¢

C? %
N, —1 i IV;(;N[ —1)

(4.13)
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where _
=

Ryap

(4.14)
is defined by the system initial conditions.
Proof. See the proof of Theorem 2.2. i
Remarks.

This theorem is identical to Theorem 2.2 in Chapter 2, except that we explicitly state here
that the constraints obtained are specifically applicable to a pursuer operating in normal (i.e.,

unsaturated) mode, which is implicitly assumed in Chapter 2. Theorem 4.2 is included here

for completeness.

Case II: A,,,, first, followed by TPN

This mode of operation is illustrated in Figure 4.2b where a maximum thrust is applied
during the initial phase of the course due to insufficient available acceleration. The target-

pursuit motion equations (4.6) and (4.7) under this scenario are
R-Rs* = 0 (4.15)
Ré +2R6 = sign(R6) - Amas — oo R (4.16)

For a saturated mode to become unsaturated under TPN, |N1Rd| must decrease, so the

commanded acceleration becomes an attainable value. Then, the motion equations are
R-Rs* = 0 (4.17)
R +2Rs = Nio6R—cooR (4.18)
The acceleration saturated at the beginning of the engagement implies that
Ny |RoGo| > Amaz = b|Rodol,

that is,
N; > b. (4.19)

The interception conditions for this case are summarized as follows.
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Theorem 4.3 To effectively intercept a maneuvering target under TPN, the following con-

ditions must be satisfied for a guidance system with initial pursuer acceleration saturation,

b > ¢+ 2 4.20)

N, > 3 (4.21)
b2k? + 2¢bk? + 2k* N,

c? 4.22

N2 — 1) (G20

where b and C are given in (4.9) and (4.14), respectively, and

[ M@p-c-2)
k= J Nolb—c) —2b° (4.23)

Proof. To make (4.16) more tractable, we simplify the formulation by using the fact that
the range rate R is approximately a negative constant during the course as there is no accel-
eration component along the LOS.

At the beginning, a maximum acceleration A, is applied because of the saturation,

Sign(Rd)Amam = Sign(ROO.'O) b |R000|
—  —sign(6o)|d0|b(—Ro)

~ bRay (4.24)

Substituting (4.24) into (4.16), and solving (4.15) and (4.16) yields the LOS angular rate

P [("Lz‘_b) (}%) o (—b—;i)] (4.25)

From (4.25), an important fact emerges: interception with zero miss distance is not attain-
able if acceleration saturation persists throughout the entire pursuit. This is because &
approaches infinity when R approaches zero near the end of the engagement.

Differentiating (4.25) gives

-0-cn(8)(2)

Since R% > 0 and Rﬂo < 0,if b > ¢ + 2, then a"—o < 0. This means that if ¢y > 0, then & < 0,
i.e., & decreases; or if 6y < 0, then & > 0, i.e., ¢ increases. Both cases give (he same result,

that is, || decreases from the very beginning.
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When || reduces to a point at which Ay, = |N1Rc'7|, then the saturated mode switches

to an unsaturated mode. At the transition,

; b .
b = EJO (4.26)
R = kR, (4.27)

where k is given in (4.23), and k € (0,1) C R under the interception condition (4.20)
and the implied condition (4.19), i.e., when N; > b > ¢+ 2. (4.26) is derived because of
lNlRo'rl = Aoz = IdobR|, and (4.27) is obtained by substituting (4.26) into the left-hand
side of (4.25).

Note that after transition from a saturated mode to a normal (i.e., unsaturated) mode, we
must have new system initial values for the unsaturated TPN based system. The new initial
relative range, given in (4.27), is denoted as K. The new initial LOS angular rate, given in
(4.26), is denoted as &;. The pursuit motion is given in (4.17) and (4.18).

Solving (4.17) and (4.18) yields

R\ Nycot R\
y=o* | — _N%% 1y 2 428
o=ai () iy [ (7 429

We can check the sign of 2 to determine the trend of |51, as
0

. N1-3 J

G R R
ion [ 2} = sign | (0N, — 2b — Nic) | — il
Ve (de:) Ve [( 1 i (Ra) (Rz;)

The last equal sign is because of conditions (4.19) and (4.20). (4.29) shows that lo| will

— -1 (4.29)

decrease from ¢ = o;. It follows that the commanded acceleration reduces after TPN is
applied, and thus will not exceed the saturation constraints again.

Following the approach in the proof of Theorem 2.2, when TPN guidance law is used
to direct the pursuer, condition (4.21) should hold for an effective interception within the
capture area which is given in inequality (4.22). 1
Remarks.

The interception condition (4.20) can be rewritten as

Az > (€ + 2)|Rooo (4.30)
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by using the definition of b given in (4.9).

From the engagement geometry, we can obtain

A Vi sin (¢ — 00)}; Vpsin (6 — 0o) (4.31)
0

Ry = Vycos (¢ — ag) — Vpcos (8o — o). (4.32)

Condition (4.30), which gives the lower bound of the pursuer saturation constraints to

ensure interception, can be equivalently written as

Anee > 2 [Visin (60 — 00) = Vi sin (o — o)
[Vir cos (¢o — 09) — Vi cos (6o — 00)]| (4.33)

Inequality (4.33) shows that the minimal acceleration, which the pursuer should provide
to intercept a maneuvering target, is proportional to the target maneuverability. It reveals
that the larger the target maneuver constant ¢, the greater the pursuer acceleration capability
required for effective interception.

Note further that the minimal pursuer acceleration required is inversely proportional to
the initial range between the pursuer and the target. It can be explained as the longer the
initial distance, the more time to adjust the pursuer, and the less strict requirement on the
saturation constraints. The result can be used to derive a more favorable launch condition

for target interception.

Case III: TPN first, followed by A,

In this case, a normal (unsaturated) mode commanded by TPN is maintained until & in-
creases to such a value that the pursuer acceleration becomes saturated, as shown in Fig-

ure 4.2¢. For this mode, interception with zero miss distance is not achievable.

Theorem 4.4 The conditions for a TPN based pursuer to operate in an initial unsaturated

mode followed by a saturated mode are

Nlc
b 4.34
N, —2 (4.34)
N;i < min (c + 2, b). (4.35)
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In such a pursuer-target engagement, the pursuer cannot intercept a target modeled by (4.5).

Proof. If Ny < b, ie., N1|R0c'fo| < b|R0do| = A,..0, TPN is attainable during the first por-
tion of the pursuit. The LOS angular rate under the TPN guidance law is given as in (4.10).
If ¢ + 2 > N;, we then have from (4.11) that aio > 0, which shows || will monotonically

increase. Condition (4.34) implies that

c = .
— 2|R00| = N1 |Raoy| (4.36)

Amaz N
<N N,

Inequality (4.36) suggests that before an interception can occur, acceleration becomes satu-
rated. This is because as || has increased to such a value that Ny |RG| = Amaz < N1|Royl,
the acceleration commanded by TPN is no longer attainable, and hence Ay, is used.

When A, . is applied, the LOS angular rate is derived as

f(R) L) e

where R* and &* denote the range and the LOS angular rate at the transition, respectively.
With condition (4.34), we have Jl > 0. This result indicates that || increases monotonically
after the transition, and will lead to an acceleration saturation for the rest of the pursuit.
Consequently, the pursuer cannot hit the target because |¢| will approach infinity at the

closing moment of the engagement when R — 0.l

Case IV: A,,.. throughout

The occurrence for saturation throughout the entire engagement can be expressed as
b < min (Ny, ¢+ 2). (4.38)

Since b < N; implies that pursuer acceleration is saturated at the beginning, while b <
¢ + 2 implies that commanded acceleration must increase, hence saturation is maintained
throughout the engagement. As we have pointed out in the proof of Theorem 4.3, zero miss

distance is not achievable for this case.
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Total Control Effort

The effects of saturation constraints on total control effort are studied. Only Case I and Case
IL, i.e., non-saturation with TPN and A, followed by TPN, are considered here. Case III
and Case IV are discarded because there is no finite time for an interception to occur.
The total control effort is determined by cumulative velocity increment, which is defined
as [39]
AV = /0 | Apldt (4.39)

where ¢ is the final time when interception occurs, and Ap is the pursuer acceleration.
For a non-saturated TPN command (i.e., Case I), the total control effort is given as [40]

. R0N1(1 + C)

A
v N -1

|60 (4.40)

For Case II in which A, is followed by TPN, it is proved that even when the pursuer
acceleration is not sufficient at the beginning, an interception is still achievable provided
conditions (4.20)—(4.22) are satisfied. It appears likely that the interception achieved by this
saturated mode is at the expense of greater total control effort than that necessary for an
unsaturated mode with TPN. It can now be shown that this is indeed the case.

The total control effort for Case II consists of two parts, the first part is that when A,z

is used because of the saturation, and the second part is when TPN can be applied. That is,
T t .
AV :/ |Amm|dt+/f Ny Ro|dt @.41)
0 T

where 7 denotes the time at the transition. By using the approximation of Ay, given in

(4.24), the cumulative velocity increment can be rewritten as the integral with respect to %,

AV = R, [/kl b6 |d (%) + /Ok N6 d (%)} (4.42)

where £ is the ratio R% at the transition and is given in (4.23). Further mathematical manip-

ie.,

ulation obtains the analytical solution as

(4.43)

b+ cN
AV = |60| R [(1—k)b+ e lk]

N, -1
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which admits the following interpretation. (i) When b = Ny, i.e., k = 1, from (4.42), we
can see that this corresponds to one scenario of Case I, and the control effort computed by
(4.43) agrees with that by (4.40). (ii) When b = ¢+ 2, then k = 0, it represents one scenario
of Case IV. (iii) When N; > b > ¢+ 2,i.e.,1 > k > 0, it corresponds to Case II.

Partial differentiating (4.43) with respect to b leads to

0 (2%) k Ni—c—2
|0’0|R0 . _ B 1 C
) g N1—1<N1 2+—b_c_2)<0 (4.44)

Note that k is also the function of b, and conditions (4.19)—(4.22) must be satisfied. Inequal-
ity (4.44) shows that (i) for Case I, i.e., Ny > b > ¢ + 2, the total control effort monoton-
ically reduces with the increase of saturation constraints A4, Which is represented by b,
and (ii) the total control effort reaches its minimum at b = Njy; this implies, cf (4.8), one
scenario of Case I. Thus the propellant required in Case II is greater than that necessary in

Case L

Observability with Saturation Constraints

As observability is the central theme of this thesis, the question on whether and how satura-
tion constraints influence the system observability will be naturally raised. We analyze the
observability of the guidance systems subject to acceleration saturation constraints in four
operating modes.

The observability issue in Case I, when the systems is under a normal non-saturated TPN
control throughout, has been discussed in section 2.6.3.

For Case II in which A, is followed by TPN, the range observability index defined in
(2.65) is

Lutturts) = [ :(t — ) (Apas — Ar)ds + [ Y= s)(NiBo — Ap)ds  (445)

where 7 denotes the time at transition. Note that ¢, represents the time when observability is
of particular interest. When analyzing the observability near the end game, which is critical
to achieve the interception, the range observability index (4.45) reduces to

Inlto,ty) = [ Yt = s)(N1Ré — Ag)ds, (4.46)

to
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which is the same as the index for a non-saturation with TPN, i.e., Case 1. Evidently, the
results obtained on system observability toward the end of the engagement under a normal
TPN command are applicable to Case II, even though saturation occurs initially.
For Case III and Case IV in which A,,,, takes effect in the final stage of an engagement,
the index is
ty

Lato,ty) = / (t — 8)(Amas — Ar)ds, (4.47)

to

Since A, is a constant, the index obtained in (4.47) is not equal to zero when the system
is engaging a non-maneuvering target, i.e., when Ay = 0. It follows that when acceleration
is operating in the Case III and Case VI regions, an observable system in pursuit of a non-
maneuvering target is still feasible. This result differs from that of Case 1. However, the
overriding condition that an interception cannot occur in Case III and Case IV diminishes
the potential observability advantage.

In summary, for those cases in which an interception is achievable, the saturation con-
straints do not affect the system’s observability significantly. This is simply because TPN

eventually takes its place as the guidance law.

4.2.3 Simulation Results

To confirm the results derived in section 4.2.2 and to check the generality of the interception
conditions, simulation studies with different scenarios are conducted.

All the simulations use the following data,

Velocity of the pursuer, Vp = 600m/s;
Velocity of the target, Vi = 300m/s;
Initial heading angle of the pursuer, 6y = 0°;

Initial heading angle of the target,  ¢o = 30°%;
Initial LOS angle, oo = 0°,

which are the same as those used in section 3.7 except the initial relative range Ry. The ini-
tial range R is fixed to 1000/m in most simulations in this section, expect that Ry is variable

in producing Figure 4.5. The initial conditions R, and &, are computed from (4.31) and
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(4.32). In realizing the guidance law (4.4), N; = 4, a typical value of the TPN navigation
constant, is used throughout the simulation.

In order to verify the derived interception conditions for different cases, the trajectories
of a maneuvering target and a pursuer with acceleration constraints under TPN are plotted
in Figure 4.3. The target model is given in (4.5) with the maneuver constant ¢ = 1. Three

different acceleration constraints selected are 21g, 16g and 13g.

700 T T T T T T T T T

»  target ’
— missile: Amax=21g, non-saturation 4
600} missile: Amax=186g, partically saturation !

— - missile: Amax=13g, saturation throughoul

500 -

400

Y(m)

300 -

200

100}

- i 1 i ' 1 L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000
X(m)

Figure 4.3: Trajectories of a maneuvering target and a pursuer under TPN with

acceleration saturation constraints

When A,,.; = 21g, we have, based on inequality (4.8), a scenario representing an un-
saturated TPN mode for the entire engagement. As the given system initial values and the
navigation constant N, satisfy the Case I interception conditions (4.12) and (4.13), an in-
terception can occur. This is confirmed by the trajectory of the pursuer in solid line in
Figure 4.3. When A,,,,, = 13g, a Case IV scenario occurs, according to inequality (4.38). It
is observed from Figure 4.3 that the pursuer with A,,,, = 13g is unable to turn sufficiently
fast to accomplish the interception task, which confirms the remark in section 4.2.2 that an
interception is not achievable for Casc VI. Interception conditions (4.20)~(4.22) allow us to

predict that only when the saturation constraint A, is larger than 15.6g for this scenario
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then can the pursuer successfully hit the target. This predication is confirmed by the ability
of the pursuer with A,,.; = 16¢ to capture the target, in spite of the saturation at the first
stage of pursuit. We thus see that the derived interception conditions are practically useful
for predicting the occurrence of target interception.

The effects of acceleration saturation constraints on the pursuer system performance are
now investigated.

Figure 4.4 shows how the pursuer acceleration saturation constraints A, are linked to
the maximum maneuver constant ¢ of the target: A,,,, attainable is proportional to c. Note
that the larger the target maneuver constant, the more maneuverable the target. It appears
from Figure 4.4 that the smaller the pursuer saturation constraints, the less maneuverable

the target with which the interception is achievable.

25 T T T T T T T

— simulalion
2r -~ theoretical

Target Maneuver Constant: ¢

o L ) 1 i i L
11 12 13 14 15 16 17 18 19 20
Amax (g)

Figure 4.4: Pursuer acceleration constraint A,,,; versus target maneuver con-

stant ¢ under TPN

Figure 4.5 demonstrates that the initial range R is inversely proportional to Ayg.. That
is, the smaller initial range Ry, the larger A, needed to hit the target. Note that a small
Ity represents a less favorable initial condition because of the lack of sufficient time to

maneuver. This confirms the discussion in section 4.2.2.
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Figure 4.5: Pursuer acceleration constraint A, versus initial relative range

Ry under TPN

Both solid lines in Figure 4.4 and Figure 4.5 are obtained from simulations, while the
dotted lines are computed analytically from (4.33). They show that the simulation results,
where A,,q5 is actually used instead of the model Ap,q ~ |bRc'70 |, are identical to their the-
oretical counterparts. Therefore, the model A,y ~ Ideol established in (4.24) is adequate
for investigating the saturation effects.

Total control efforts are given in Figure 4.6 under different acceleration saturation con-
straints, for both simulation and theoretical computation obtained from (4.43). When Az
is adequate for interception to occur, the total control effort decreases with the A,,.; in-
creases. It reaches its minimum when the pursuer acceleration capability is sufficient for an
unsaturated TPN to be maintained throughout the entire game, i.e., Case L. This is because
more propellant is needed for correcting the pursuit error due to the saturation. Figure 4.6
confirms that interception for an unsaturated mode can be achieved by less total control ef-
fort than that for a saturated mode, as discussed in section 4.2.2. Simulation and theoretical
results shown in Figure 4.6 validate the model A,,,; ~ |bR(’70\ once again.

All the interception conditions are derived based on the target model in (4.5), which
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Figure 4.6: Total control efforts of pursuers with different acceleration satura-

tion constraints under TPN

represents a near constant target acceleration with respect to the pursuer. To evaluate how
general are the interception conditions when the target model varies, we use six target mod-
els in the simulation. They are: near constant acceleration target [31], (i.e., the model used
in our analytical study), constant acceleration target [23], modified smart target [44], TPN
based target [45], first order lag target [16], and sinusoidal target [23].

Table 4.1 gives the mathematical models and simulation results on the proximity between
the pursuer and the target. In column two of Table 4.1, Ar denotes the constant of the
target models. All target constants are determined by assuming targets to have the same
initial acceleration as the near constant acceleration target with ¢ = 1. That is, the initial
target acceleration Apg equals 5.2¢, which is derived from |Ar| = cRy6o. This allows
the same interception conditions to be used for all target models. In the simulation study,
the pursuer is assumed to have A,q; = 17g, which gives a Case 11 scenario. Based on the
Case II interception conditions (4.20)-(4.22), the pursuer is capable of intercepting the near
constant acceleration target with ¢ = 1.

All the final miss distances shown in Table 4.1 for different target models are well within
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Target type Model Miss
with respect to pursuer distance
near constant acceleration Argr = 0; A, = c(foR 1.2m

constant acceleration Arp = 0; Apy = Ar 2.0m
modified smart Arg = 0; Ar, = A/ (Rd) 1.5m
TPN based Arg = 0; Ap, = ARG 1.5m

first order lag Argr = Apy = Apexp (—0.1¢) 3.6m
sinusoidal Arp = Aty = Apcosot 4.0m

Table 4.1: Miss distance for different target models with initial acceleration

Aro = 5.2g when the saturation constraint A,,,; = 17g under TPN

5m, which is sufficient to cause damage to the target in practice. The results indicate that the
interception conditions (4.20)—(4.22) are sufficiently general to cater for variations in target

models.

4.3 AOPN Based Systems

4.3.1 System Equations

The pursuer acceleration Ap with AOPN-II given in (3.7) is expressed as
Apr=0;  Ap,=—NiRo— NsR (4.48)

where Apg and Ap, are components of the pursuer’s acceleration along the LOS and normal
to LOS, respectively; N; and /N3 are navigation constants.

The pursuer acceleration under AOPN-II with saturation constraints is given as

~NR6 — N;R when | NyR& + N3R |< Aoy
Apr=0; Aps = . (4.49)
—sign(Ro) - Amer otherwise

where A,,qz is the pursuer acceleration saturation limit.
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Substituting the pursuer acceleration in (4.49) and the target acceleration model in (4.5)
into the general equations of the target-pursuit motion given in (4.1) and (4.2), the governing

equations become

R—Rs? = 0 (4.50)
N.Ré + N3R — c6oR when | N.Ré + N3R |< Anas

R6 +2Rs = _ _ (4.51)
sign(R&) + Apmax — cOoR  otherwise

which represent a maneuvering target engagement under AOPN-II with the pursuer acceler-
ation subject to saturation constraint A,qz.
We will analyze how the saturation nonlinearity affects the interception performance by

deriving conditions for the occurrence of target interception based on (4.50) and (4.51).

4.3.2 System Analysis

Similar to the analysis of TPN based systems, there are four different cases to consider since
the actual pursuer acceleration commanded by AOPN-II may operate in a normal, partial

saturation, or saturation mode. Target interception conditions for these cases are analyzed.

Case I: Non-saturation with AOPN

Theorem 4.5 A necessary and sufficient condition for a AOPN-II based pursuer to operate
in a normal (i.e., unsaturated) mode throughout the entire engagement, when the pursuer

acceleration is subject to saturation constraint Apmqg, is

N3 Nlcd'() — 2N3
N =1 <5b 4.52
max( 1—|—d0 , do(Nl—Q) >_ ( )
where
e Amaw (4.53)
| Roo

Proof. The derivation is identical to that for TPN based systems in the proof of Theorem 4.1,

and thus is omitted here. W
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Remarks.
When N3 = 0, condition (4.52) reduces to (4.8), which is a necessary and sufficient
condition for TPN based systems. The difference between (4.52) and (4.8) is caused by the

additive term of the AOPN-II guidance law to enhance system observability.

Theorem 4.6 For an effective interception of a maneuvering target, a pursuer with nor-
mal (i.e., unsaturated) acceleration throughout the entire engagement under AOPN-II must

satisfy the following conditions

N, > 3 (4.54)
(I+c+d)> &2 >(1+c—d (4.55)
1

2 £ 4.56
c* > N (4.56)

where )

Ry
= 4.57
C Rty (4.57)
and

d= /(N — 1)(V,C? — 1). (4.58)

Proof. See the proof of Theorem 3.4. I
Remarks.
Theorem 4.6 is the same as Theorem 3.4, except the explicit statement of operating in

unsaturated regions in Theorem 4.6.

Case II: A,,,, first, followed by AOPN-11

In this case, a thrust at its maximum limit is applied in the initial phase of the pursuit due
to insufficient available acceleration. The target-pursuit motion equations (4.50) and (4.51)

under such an operation are

R—Ré*> = 0 (4.59)

Ré +2R6 = sign(R6) - Ames — cOok (4.60)
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For a saturated mode to become unsaturated, the magnitude of the acceleration commanded

by AOPN-II must reduce sufficiently. Then, the motion equations become
R—Rs* = 0 (4.61)
R5 + 2R = NigR+ N3R— coolRt (4.62)
The acceleration saturated at the beginning of the engagement implies that
|N1Ro6o + N3Ro| > Amas = b|Rodol,

that is,

N
Pw+.3

o]

> b. (4.63)

The interception conditions for Case II are summarized as follows.

Theorem 4.7 The conditions for a pursuer with initial acceleration saturation to be able to

intercept a maneuvering target under AOPN-II are

b > c+2 (4.64)
N > 3 (4.65)
(l+c+d) >82> (1+c-d (4.66)
|

) — 4.67
C > N (4.67)

Nicoy — 2Ny
Zo (N, —2) (+69)

where b, C, and d are defined in (4.53), (4.57), and (4.58), respectively.

Proof. Following the approach used in section 4.2.2, the approximation A,,.; ~ bRay is
adopted to make (4.60) more tractable. The LOS angular rate, when A, is applied at the
beginning, is obtained as
.. [e+2-10) (R)‘2 (b—c)
. LS = 4.69
7 GO[ 2 R T2 ()
Note that (4.69) is same as (4.25). This is because TPN and AOPN-II based systems have

the same system equations when the commanded acceleration is saturated at the beginning.
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Differentiating (4.69) gives

2o (R (8)

Since R% > 0 and R% < 0,if b > c+ 2, then Jio < 0. This means that |5| decreases from the
start of the engagement.

When || reduces to a point at which Ay,,; = [Nle + N3R|, the mode switches from
saturated to unsaturated. Such transition will incur new system initial values which must be
used in the subsequent unsaturated AOPN-II based system. The new initial relative range is

denoted as R}, and the new initial LOS angular rate as d. At the transition,
oy = log (4.70)

where [ < 1 is used to account for the fact that || reduces from the beginning when A,
is used.
When the acceleration commanded by AOPN-II is inside the non-saturation range, solv-

ing (4.61) and (4.62) yields
N1—2 . Ni—2
. . R COqg — N3 R
—or [ 22 S B2 P 471
o (Ra) A [ (Rs) } S
To determine the trend of ||, we check the sign of £
0

& R\“" (R
sign (d—6> = sign{ [(N, — 2)65 + N3 — ¢y (R—E) (R_3> 4.72)

R
Ry

R

Because e > 0, r < 0, and [(N; — 2)6% + N3 — cdy) is determined by the system’s

initial values and constants, the sign of & remains the same for the rest of the engagement. It
follows that maximum value of |&| occurs either at the transition, or at the end of the pursuit.

That is,

max |6| = |65] o,
Cé’o—Ng
(N1 —2)

max |6] = |of| =

If the condition in (4.68) is satisfied, it then ensures that the pursuer acceleration is not
saturated at the end of the engagement. It follows that the acceleration by AOPN-II remains

unsaturated after the transition.
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Following the approach used in the proof of Theorem 3.4, when AOPN-II guidance law
is used to direct the pursuer, the two conditions (4.65) and (4.66) should hold for an effective
interception within the capture area which is defined by the new system initial values. We
now derive condition (4.67).

According to (4.56), when AOPN-II is applied after the transition, the system’s new

. 2
B 1
> —, 4,73
(R3<'76‘> N 473)

initial values should satisfy

where R;} denotes the range rate at the transition. Because R remains approximately a
negative constant, we have: (i) R(’; ~ Ry, and (ii) 0 < R} < R, because R < 0. The latter

suggests that R must decrease. From these two relationships and (4.70), we have

. 2 . 2 - 2
R} Ry Ry
474
(R;;dg) ><R0-ldo> > <R0d0> (4.74)

If the system initial values RO, Ry, and &, satisfy (4.67), then from (4.74), inequality (4.73)

is valid. Therefore, (4.67) is a sufficient condition for (4.73) in regard to the capture area for
Case I1.
Remarks.

Whatever guidance strategy is used, A, Will be used as long as the commanded ac-
celeration exceeds the available acceleration. As TPN based systems and AOPN-II based
systems have the same dynamics when A, is applied during the first stage of pursuit, the
interception condition (4.64) and its equivalent form (4.33), which define the lower bound
of the pursuer acceleration capability, are equally applicable to both TPN and AOPN-II

systems. For ease of reference, the condition (4.33) is repeated below.

2
Anmas Cgo [Virsin (o — o0) — Vi sin (6 — o))
[V cos (¢o — o) — Vi cos (6 — 00)]|- 4.75)

Further investigation shows that no matter which guidance law is used after initial acceler-
ation saturation, condition (4.75) is necessary to ensure interception. Therefore, condition
(4.75) is a general condition for interception when the initial pursuer acccleration is reach-

ing its saturation limit. According to (4.75), we obtain that the minimal acceleration to

98



Chapter 4. Saturation Constraint Problems

intercept a maneuvering target is proportional to the target maneuverability, and inversely

proportional to the initial range between the pursuer and the target.

Case II1: AOPN-II first, followed by A,,,.

In Case III, a normal acceleration commanded by AOPN-II is applied until the pursuer
acceleration increases to such a value that it exceeds the saturation constraints, and then
A,z 18 used.

We analyze only a set of scenarios in Case III, namely, those scenarios with Ny + % >0
because they are mathematically tractable. For this set of scenarios, the interception with

zero miss distance is not achievable.

Theorem 4.8 When the pursuer-target engagement satisfies

Nlcé'o - 2N3
b =" 4.76
G0 (N, — 2) (4.76)
N3 )
0< N, +— < min(c+2,b) 4.77)
Oo

which represent a normal AOPN-II mode first followed thereafter by Ayoq, the pursuer

cannot intercept a target modeled by (4.5).

Proof. If0 < Ny + ¥ < b, ie., [NyRobo + NyRo| < b|Rodo| = Amac, AOPN-IL is

attainable at the beginning. The LOS angular rate is obtained as in (3.28)

. . Cd’o—Ng <R>N1_2 Cd’o—Ng }
6=004 [l - ——| (5 L e (4.78)
O{I: 0’0(N1 —2)] R() Uo(Nl —Z)
and the LOS angular acceleration is given by differentiating (4.78) as
. Ns\ (R\"* (R
=09 | N1 —2— — ) | = — . 4.79
7 U"( ! s c'fo) (RO) <R0> *-79)

If Ny + % < ¢+ 2, from (4.79), we have ;’—0 > 0; this shows that || will monotonically
increase, and implies that & will not change its sign. Therefore, we obtain % > 1. From

(4.76), we have

Nlc(j'o - 2N3

Amaz%blRfd-Ol < ‘Rfaoim

- gr N
:|Rf00|<N18—£+d—3) (4.80)

0
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As

y N. N.
(Nl-ol-F—S) >N1+_—3>0,
0o o] Op

inequality (4.80) can be rearranged as
Amaz < |N1R;&; + N3Ry| (4.81)

Inequality (4.81) implies that before an interception can occur, the acceleration becomes
saturated. This is because |¢| has increased to such a value that |N1Rd + N3R| = Az <

|N\R;6; + N3 R

, the acceleration commanded by AOPN-II is no longer within the attain-
able limit, and hence A, 4. is used.
At the transition, from |N1Rd + NgRl = (Nl&io + %) |R0d0| = Aoz, the LOS angular

rate is derived as

. bog— N
e v 4.82
o N, (4.82)
When A,,.. is applied, the LOS angular rate is obtained as
, 26* +(c—b)oo| f R\ > (c—b)do
= — — 4.83
’ [ 2 GJ T (483)

where R* denotes the range at the transition, and ¢* denotes the LOS angular rate at the
transition. The value of ¢* is given in (4.82).

The trend of |¢| is examinable from the sign of .

sign (£) = —sign{[“(“”)g%] (7%)_3 (1%)}

2+@—mb?@} (4.84)

= sign

Condition (4.76) yields (¢ — b)N; + 2b — % > 0, while (4.77) gives % < b; hence,
from (4.84), we have sign (Ui) = 1. This result indicates that |5| increases monotonically
after the transition, and will give rise to an acceleration saturation for the rest of the course.

As a result, the pursuer cannot hit the target due to the fact |¢| will approach infinity when

R—-0.1
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Case IV: A,,,. throughout

The condition for the pursuer acceleration to be saturated throughout the entire engagement
is
) N.
b < min (’Nl +

)
00

,C+ 2>. (4.85)

b < lNl + %’ﬂ suggests that the pursuer acceleration is saturated during the first portion of
the pursuit, and b < ¢ + 2 implies that the commanded acceleration must increase. There-
fore, the saturation is maintained throughout the engagement, and zero miss distance is not

achievable for this case.

4.3.3 Simulation and Discussion

All the simulations use the same initial values as those in section 4.2.3. In realizing the
AOPN-II guidance law (4.49), N; = 4 and N5 = 0.1 are used throughout the simulation,
unless otherwise stated.

To verify the derived interception conditions for different cases, the trajectories of a ma-
neuvering target modeled by (4.5) with ¢ = 1 and a pursuer with acceleration constraints
under AOPN-II are displayed in Figure 4.7. Three different acceleration constraints selected
are 21¢g, 16¢, and 13g.

Interception conditions (4.64)—(4.68) allow us to predict that only when A4, is larger
than 15.6¢ can the pursuer hit the target. With A,,,, = 16g, although the commanded ac-
celeration by AOPN-II is not attainable at the first stage of pursuit, an interception is still
achievable, i.e., a scenario of Case II. With A,,,, > 25¢, according to condition (4.52),
it corresponds to a scenario of Case I, i.e., non-saturation with AOPN-IIL. Figure 4.7 con-
firms that an interception can occur for this scenario of Case I, since interception conditions
(4.54)—(4.56) are satisfied. A pursuer with A,,,, = 13¢, a scenario of Case IV based on
(4.85), is unable to turn sufficiently fast to capture the target, due to inadequate available
acceleration throughout the entire engagement.

To illustrate a scenario of Case III, the trajectory of a pursuer with A,,,, = 16g and

navigation constant N3 = —0.3 is also plotted in Figure 4.7. The simulation result verifies
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Figure 4.7: Trajectories of a maneuvering target and a pursuer under AOPN-II

with acceleration saturation constraints

the analytical finding that the interception is not attainable if the pursuer-target engagement
satisfies conditions (4.76)—(4.77), as discussed in Theorem 4.8. We observe that in this
Case III scenario, the pursuer is subject to the same acceleration constraint A,,,; = 169 as
that in the previous Case II scenario, but with different Ns. That is, N3 = —0.3 in Case III
and N3 = 0.1 in Case II are used. Comparing the pursuer’s trajectories in these two cases,
we further observe that with a given acceleration saturation constraint, a scenario of Case
I1I under AOPN-II can be converted into a scenario of Case II by adjusting V3, and hence
accomplishing the pursuit mission. Simulation studies show that the derived interception
conditions are practically useful in predicting the occurrence of target interception.

Based on the results from simulations, total control efforts under different acceleration
saturation constraints are depicted in Figure 4.8. Interpretation of Figure 4.8 admits the
following: (i) for those cases in which A,,,, is adequate for an interception to occur, total
control effort monotonically reduces with the increase of saturation constraints; and (ii) total
control effort reaches its minimum when the pursuer acceleration capability is sufficient for

an unsaturated AOPN-II to be maintained throughout the entire engagement, i.e., Case I. We
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can see from Figure 4.8 that an interception achieved in a partial saturation mode consumes
more control effort than in a non-saturation mode, because more propellant is needed for

removing the error caused by saturation.
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Figure 4.8: Total control efforts of pursuers with different acceleration satura-

tion constraints under AOPN-I1

The interception conditions for different operating modes under AOPN-II are derived
based on the target model in (4.5), which gives a near constant target acceleration. To inves-
tigate how general these interception conditions are with variation in target models, the six
target models used in the performance evaluation of the TPN based systems in section 4.2.3
are employed here. Table 4.2 gives their mathematical models and simulation results on the
miss distance between the missile and the target.

In this part of simulation study, A, = 16g is used. This gives a Case Il scenario.
The simulation results confirm that even with initial saturation, the missile is still capable
of intercepting the near constant acceleration target with ¢ = 1. In order to allow the same
interception conditions to be used for all target models, the target constant, denoted as Ar in
Table 4.2, is determined by assuming all target modcls to have the same initial value as the

chosen near constant acceleration target. That is, A7y = 5.2g is used for all models. This
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numerical value is derived from |Ary| = cRo6o.

From the results in Table 4.2, we observe that all the miss distances are well within
5m, which in practice is regarded as sufficiently close to cause damage to the target. The
results serve to confirm the generality of interception conditions (4.64)—(4.67) in catering

for considerable different target models.

Target type Model Miss

with respect to missile distance
near constant acceleration Arp =0; Ar, = chR 1.3m
constant acceleration [23] Arr = 0; Ary = A7 2.8m
modified smart [44] Arg = 0; Arg = M/ (R0) 1.5m
TPN based [45] Arg = 0; Apy = ARG 2.0m
first order lag [16] Arp = Apy = Mrexp (—0.1t) | 3.6m
sinusoidal [23] Arp = Ary = Apcosat 1.6m

Table 4.2: Miss distance for target models with initial acceleration A7g = 5.2g

when A,,.. = 16g under AOPN-II

4.4 Concluding Remarks

The effects of acceleration saturation constraints on system performance have been inves-
tigated. Analysis of TPN based and AOPN-II based guidance systems with acceleration
saturation constraints demonstrates that saturation constraints do degrade the system’s inter-
ception performance and cause more total control efforts to be consumed.

Four different operating modes have been considered when deriving the interception con-
ditions. These conditions are useful to predicate the occurrence of target interception. In
particular, conditions (4.20)-(4.22) for TPN and conditions (4.64)—(4.68) for AOPN-II are
significant. Analysis indicates that even thought the commanded acceleration cannot always
be provided, if condition (4.20)—(4.22) are met for TPN based systems, an interception with

zero miss distance can be accomplished. Similarly, for an initially saturated AOPN-II com-
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mand, conditions (4.64)-(4.68) must be satisfied in order to achieve a zero miss distance
interception. Otherwise, a finite possible large miss distance will result, due to inadequate
pursuer’s acceleration capability.

Condition (4.33), which is equally applicable to both TPN based systems and AOPN-II
based systems, defines the minimal acceleration capability a pursuer should provide with re-
spect to its system initial conditions. In practical terms, it allows one to compute a favorable
launch condition for target interception.

Both analytical study and simulation have proved that more total control efforts are
needed to achieve an interception with a saturated TPN command than that with a normal
TPN command. Similar results are registered in AOPN-II commanded systems.

To complete the work on observability analysis, the impacts of saturation constraints
on the observability of TPN based systems have been studied. For those cases in which
target interception can occur, the saturation constraints impose no influence at all on system
observability near the end of pursuit.

Finally, simulations demonstrate that the derived interception conditions are sufficiently

general to cater for significant variations in target models.
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Chapter 5

Conclusion

5.1 Summary

Motivated by poor observability problems suffered by bearings-only measurement systems
under conventional proportional navigation guidance s-trategy, this research is primarily con-
cerned with the performance improvement and observability enhancement of proportional
navigation based guidance systems.

To achieve the Aim One of this research, that is to explore the characteristics of classical
proportional navigation guidance laws, a study of true proportional navigation (TPN), the
foundation for more advanced guidance techniques, was chosen. Analysis of TPN based
systems has been performed by deriving closed-form solution, developing necessary condi-
tions for interception, determining total control effort, and examining system observability.
It has been shown that the target maneuver affects interception unfavorably in terms of
slowing down the closing speed, tightening the interception conditions, and utilizing more
control energy.

Necessary and sufficient observability conditions have been established in Theorem 2.4
for non-maneuvering target cases and in Theorem 2.5 for maneuvering targets, and thus Aim
Two of this research is fulfilled. The generality of these derived conditions has been sub-
stantiated by identifying most previous results as covered by these conditions. Extensions of

the conditions obtained in (2.60) and (2.64) are particularly useful in observability analysis
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with guidance laws in closed loop. With the range observability index defined in (2.65),
application of the extensions to TPN based systems has revealed that the lack of range ob-
servability problem suffered by TPN based systems is due to the very strategy of nullifying
the LOS angular rate in TPN.

In working toward achieving Aim Three, a new form of additive observable proportional
navigation, AOPN-II, has been proposed in Chapter 3, to improve observability as well as
to ensure effective interception. Another version of AOPN guidance law, AOPN-I, has also
been investigated in Chapter 3. This study has demonstrated that both AOPN laws with
their optimal navigation constants perform far better than TPN does in terms of covering a
larger capture area. Theorem 3.3 and Theorem 3.4 provide bounds on navigation constants
of AOPN laws to ensure interception, and can serve as design aids. Both analytical and
simulation studies have confirmed that system observability under AOPN laws is enhanced
when compared with the TPN counterpart. Therefore, AOPN guidance laws are well-suited
for angle-only measurement syslemns.

To achieve Aim Four, investigation into the influence of saturation constraints on sys-
tem performance has been conducted and the findings are presented in Chapter 4. Analysis
has shown that despite initial saturation, an interception is still achievable if more strin-
gent constraints on systems initial launch conditions are satisfied. However, the mission
of intercepting a target is accomplished at the expense of using more control effort. Con-
straint (4.33), which defines the minimum acceleration capability to ensure interception, is
particular useful in computing favorable launch conditions. Simulation runs with different
maneuver models have confirmed the validity of the derived conditions in predicting the

interception of targets.

5.2 Future Work

Despite the progress made in guidance and control systems during the past decades, there
will always be demand for performance enhancement in guidance systems, due to the con-

tinual advances in aircraft and related technologies. Considerable progress in enhancing
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performance and observability of bearings-only measurement systems have been reported
in this thesis. An extension of this research project in a more specific way could center on the
area of target acceleration modeling. When deriving the solutions to system motion equa-
tions engaging a maneuvering target, the target acceleration model is taken as (2.6), because
it is mathematically solvable. While the model does provide insights into how target ma-
neuver influences system performance, it becomes intractable in state equation form set up
in Cartesian coordinate. There is clearly a need to derive a general target model that is real-
istic in practice, tractable in analysis, and suitable for many purposes. Recently a new target
model, regarded as realistic, has been presented [44]. Difficulty exists however in solving
the motion equations incorporating this target model, and thus increasing the complexity of
further system investigation. Despite this major drawback, the new model still constitutes a
good starting point. Indeed, modeling the acceleration of a highly maneuverable target has
always been an active research area. Different specific-purpose target acceleration models
have been proposed, including target models for guidance design [28, 16], and for target
state estimation [29, 47]. To date, a sufficiently general target model is still an open research
topic. The gains from incorporating a good target model in the design of control laws are nu-
merous, including enhancement of robustness of guidance systems in terms of their ability

in coping with unpredictable target dynamics.
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