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SUMMARY

Utilizing the universal approximation property of neural networks, we develop
several novel approaches to neural network-based adaptive output feedback control of
nonlinear systems, and illustrate these approaches for several flight control applica-
tions. In particular, we address the problem of non-affine systems and eliminate the
fixed point assumption present in earlier work. All of the stability proofs are carried
out in a form that eliminates an algebraic loop in the neural network implementa-
tion. An approximate input/output feedback linearizing controller is augmented with
a neural network using input/output sequences of the uncertain system. These ap-
proaches permit adaptation to both parametric uncertainty and unmodeled dynamics.
All physical systems also have control position and rate limits, which may either de-
teriorate performance or cause instability for a sufficiently high control bandwidth.
Here we apply a method for protecting an adaptive process from the effects of input
saturation and time delays, known as “pseudo control hedging”. This method was
originally developed for the state feedback case, and we provide a stability analysis
that extends its domain of applicability to the case of output feedback. The approach
is illustrated by the design of a pitch-attitude flight control system for a linearized
model of an R-50 experimental helicopter, and by the design of a pitch-rate control
system for a 58-state model of a flexible aircraft consisting of rigid body dynamics
coupled with actuator and flexible modes.

A new approach to augmentation of an existing linear controller is introduced.
It is especially useful when there is limited information concerning the plant model,
and the existing controller. The approach is applied to the design of an adaptive
autopilot for a guided munition. Design of a neural network adaptive control that

ensures asymptotically stable tracking performance is also addressed.

Xiv



CHAPTER 1

INTRODUCTION

1.1 Nonlinear Adaptive Control

Historically, linear control design has dominated flight control applications and is
thus well established. Linear controllers are designed to achieve desired stability and
performance requirements for a linearized model of the system dynamics at selected
operating points. As modern high-performance aircraft are required to be ever more
maneuverable, they encounter complex nonlinear dynamics that cannot be easily
approximated by linear models. Thus the use of nonlinear control theory is motivated
to meet the stability and performance requirements in the presence of highly nonlinear
dynamics.

Recently, a systematic approach to nonlinear control called “feedback lineariza-
tion” [1, 2] has gained popularity and has been applied to flight control [3, 4, 5]. It
utilizes a smooth nonlinear coordinate transformation to transform an original nonlin-
ear plant into an equivalent linear time-invariant form, and then uses well-known and
powerful linear control design techniques to complete the control design. Limitations
of the method of feedback linearization are that it is applicable only to minimum
phase systems, and that it requires an accurate nonlinear model. Thus robustness
to uncertainties is not guaranteed. Unfortunately, uncertainties are common in real-
world systems. Such uncertainties include parametric uncertainty and unmodeled
dynamics. Systems with uncertainties can be dealt with by robust control. Given up-
per bounds on the modeling error, one designs a feedback control law that guarantees
stability and performance specifications for all uncertainties within the given bounds.

The design process requires both a nominal model and some characterization of the



model uncertainties.

An alternative to robust control is adaptive control. Adaptive control offers the
advantage that the bounds on uncertainty are not necessarily required to be known
since the uncertainty is adaptively cancelled online. In an adaptive control setting,
the controller parameters are updated online using signals that are available within
the system. Gain scheduling can be categorized as an adaptive control within the
context of this broad definition. It alters linear controller gains according to the
environmental properties at different operating points. Adaptive control has been
most successful for plants in which the unknown parameters appear linearly. Standard
adaptive control design methods are limited by the assumption that there exists a
linear parametrization of the plant uncertainty. The difficulty lies in finding the
correct parametrization to use. Neural networks (NNs) offer the potential to overcome
the difficulties associated with applying adaptive control to highly uncertain nonlinear
systems, for which a linear parametrization of the uncertainty is not known.

NNs are universal approximators [6, 7, 8] and provide a convenient way to pa-
rameterize uncertainty. NNs provide a way to approximate a continuous nonlinear
function to any degree of accuracy on a compact set. We can leave the burden of
parameterizing an unknown nonlinear function to the NN and use nonlinear stability
theory to derive adaptation laws for updating the NN weights. NNs are nonlinear
functions whose parameters are the weights and biases of the network. Adaptation of
the NN parameters (weights) is typically obtained by gradient algorithms using the
tracking error, which in turn is a filtered difference between the output of the NN and
the unknown function to be approximated by the NN. There are other approximator
structures such as conventional polynomials and fuzzy systems [9, 10, 11].

Early results in adaptive control suffered from lack of robustness (i.e. parameter
drift) to bounded disturbances and unmodeled dynamics. This led many researchers

to study the instabilities arising from the lack of robustness which led to a body of



research known as robust adaptive control. Several techniques and alterations were
proposed to assure boundedness of all signals in the presence of system uncertainties.
These include o-modification [12, 13], e-modification [14, 15|, parameter projection
[16, 17] and dead-zone [18, 19]. The idea is to modify the adaptive law so that the
time derivative of the Lyapunov function used to analyze the adaptive scheme be-
comes negative when the adaptive parameters go beyond certain bounds. Although
o-modification was introduced to avoid parameter drift, it has a disadvantage that
even in the ideal case when there is perfect NN reconstruction without other distur-
bances, o-modification does not drive the errors to zero. This shortcoming motivated
another variation called e-modification, which eliminates the main drawback of o-
modification by multiplying the norm of error signal with the o-modification term
in the adaptive law. Parameter projection keeps the NN weights inside a prescribed
convex set that contains the unknown optimal weights. This approach requires a
known norm bound for the NN weights, while both ¢ and e-modifications require no
a priori information about the NN weights. A comprehensive treatment of robust

adaptive control can be found in Ioannou and Sun [20] and in Ortega and Tang [21].

1.2 NN Augmented Feedback Linearization

NN adaptive control combined with feedback linearization [22, 23, 24] is a popular
method for control of nonlinear systems. This method takes advantage of feedback
linearization and assigns the NN to deal with uncertainty in the system. In [22]
linearly-parameterized NNs have been used in combination with feedback lineariza-
tion to compensate online for the error introduced by using an approximate inverting
transformation. Stability analysis pertaining to control of affine discrete-time non-
linear systems using nonlinearly-parameterized NNs first appeared in [25]. The first
analysis of nonlinearly-parameterized NNs for continuous-time systems appeared in

[26]. Applications in robotics are described in [27, 28, 29]. Extensions to non-affine



systems together with applications in flight control can be found in [22, 30, 23, 31, 24].
Comprehensive overviews of NNs for control systems are provided in survey papers
(32, 33, 34].

Extensions of the methods described above to observer-based output feedback
controls are treated in [35, 36]. However, these results are limited to systems with
full relative degree (vector relative degree = degree of the system) with the added
constraint that the relative degree of each output is less than or equal to two [37]. In
the SISO (single-input single-output) case, this implies that observer-based adaptive
output feedback control is limited to second order systems with position measurement.
Moreover, since state observers are employed, the dimension of the plant must be
known. Therefore, methods that rely on a state observer are vulnerable to unmodeled
dynamics. In [38] a direct adaptive approach is developed that removes the limitations
inherent in state observer-based design. In [39] these same limitations are overcome
by employing an error observer, in place of a state observer. The only requirement
in the latter two approaches is that the relative degree of the regulated output be
known. These works have been limited to the use of og-modification. This thesis
provides proof of boundedness for e-modification and parameter projection, thereby
allowing more latitude in choosing an adaptive algorithm for output feedback control.

Adaptive systems are known to be sensitive to control limits. All physical sys-
tems have control position and rate limits. These limits are potentially destabilizing,
particularly under high-bandwidth control. In [40, 41] a novel approach for treat-
ing control limits within an adaptive control setting called “pseudo-control hedging”
(PCH) was introduced and developed for the state feedback case. A PCH signal is
first calculated by taking the difference between the pseudo control and an estimate
of the achievable pseudo control, and then the PCH signal is used to modify the
reference model. The PCH method removes selected plant input characteristics (dis-

crepancies between commanded and actual plant input) from tracking error dynamics



and prevents adaptation to these characteristics.

Both classical and modern control design methods are fundamentally limited by
the presence of unmodeled high frequency effects. The same is particularly true in
adaptive methods that attempt to learn and interact with these effects. One goal of
this thesis has been to develop an approach to flight control design that is inspired by
the performance levels that pilots are able to attain through long hours of training.
This implies that we explicitly account for and adapt to the presence of unmodeled
and potentially nonlinear dynamics in an output feedback setting, even if all the
states of the modeled portion of the system are available for feedback. Adaptation
to unmodeled dynamics is achieved by recognizing the effect that these dynamics
have; both in terms of degree and relative degree of the system. This implies that, in
the context of controlling the system with unmodeled dynamics, we must treat the
design like an output feedback problem. Our main assumptions are that the system
is minimum phase, stabilizable and observable, and that the relative degree of the

regulated output variable is known. The dimension of the plant need not be known.

1.3 NN Augmentation of Existing Controllers

The main idea of NN augmentation of an existing controller is to combine the use
of a NN adaptive element, which can accommodate for model errors online, and the
simplicity of a linear fixed-gain control, such as a PID controller. Several attempts
to develop a method for adding an adaptive element to an existing linear controller
architecture have appeared in the literature [42, 43, 44]. These methods are limited
to state feedback, and matched uncertainty [43, 44]. In [42], dynamic systems that
are particular to robots are considered. In [45, 46] output feedback adaptive control
approaches for augmenting an existing linear controller are developed, and applied to
control of uncertain flexible systems. These approaches are limited to minimum phase

systems. An extension to control of non-minimum phase systems can be found in [47].



In all of these approaches, a reference model is chosen by making use of an existing
controller that guarantees performance requirements when applied to a known plant
model. Knowledge of the plant model and the existing controller is assumed. However,
there are many situations in which the plant model is unknown (or only its structure
is known), and the controller is designed by tuning its parameters. Consequently, the
controller design (often gain scheduled) is not directly linked to a known plant model,
and the plant model is not available to define a reference model for adaptive control
design purposes. Here we develop an approach that makes use of a simple reference
model which has the same relative degree as the true plant. The advantage here is
that the designer is free to specify the reference model without requiring information
on how the existing linear controller was designed. The reference model can be chosen

freely as long as it is stable and of the same relative degree as the true plant.

1.4 Assumption on Sign of Control Effectiveness

Knowledge of the sign of control effectiveness is a common assumption in adaptive
control. For an affine system with constant control effectiveness it is not difficult to
show that knowledge of the sign of control effectiveness is needed to obtain a reason-
able adaptive law. For an affine system with state-dependent control effectiveness or
for a non-affine system, the requirement for knowledge of the sign of control effective-
ness has not been adequately addressed in the existing literature. In [38, 48, 39] this
issue is addressed by introducing a fixed point assumption. In the NN-augmented
feedback linearization approach, the modeling error is a function of the output of the
NN, which is in turn designed to cancel the modeling error. This approach requires
existence of a fixed point solution to the equation relating the output of the NN and
the modeling error. In [38], it has been pointed out that applying the condition for
a contraction mapping to the modeling error leads to the conclusion that control

effectiveness for an approximate model has the same sign as the plant. Thus the



requirement for knowledge of the sign of the control effectiveness is implicit in the
overall approach, but does not appear explicitly in the stability analysis. However,
it can be shown that applying the contraction mapping to an equivalent condition
leads to the opposite conclusion, that the estimate for the control effectiveness has
the opposite sign of the true control effectiveness. This suggests that knowledge of
the sign of the control effectiveness is not relevant to the issue of existence of a fixed
point solution. Here we employ the mean value theorem to avoid the assumption of
a fixed point solution, and elucidate the role of the sign of control effectiveness both
in the boundedness analysis and in the adaptive law.

In [49] signal boundedness was proven by using the mean value theorem in a
non-affine system. The mean value theorem was utilized to represent the non-affine
system in an affine form. This proof was limited to state feedback control without
internal dynamics. Here we adopt the method in [49] to reformulate the modeling
error such that it is not an explicit function of the NN output, thus eliminating the
issue of a fixed point solution. A new adaptive law is developed in which knowledge
of the sign of the control effectiveness is explicitly needed to prove that the response
is bounded. We also extend the stability analysis so that it is applied to an output

feedback setting with internal dynamics as well.

1.5 Contributions of this Thesis

The main contributions of this thesis include:

* Elimination of the so-called “fixed point problem” in adaptive control of non-
affine systems, and clarification on the role that knowledge of the sign of control

effectiveness plays in adaptive control of non-affine systems.

A novel approach to approximate input/output feedback linearization that em-

ploys a pole shifting idea.



* Boundedness analysis of PCH with NN adaptive control in an output feedback

setting.
* Boundedness proof of NN adaptive output feedback control with e-modification.

* Boundedness proof of NN adaptive output feedback control with parameter

projection.

* Implementations of NN adaptive control for high-bandwidth helicopter pitch

attitude control and flexible aircraft pitch rate control.

» Extension of the direct adaptive output feedback control method in [38] to

include nonlinearly-parameterized NNs.

* Development of a method to augment an existing controller with a NN when
there is limited information of the plant and existing controller. Demonstration

of the efficacy of the adaptive scheme in a JDAM munition autopilot design.

* Extension of the augmentation of existing controllers to multi-input multi-

output (MIMO) systems.

* A technique of command limiting so as to avoid an excessive excursion in a

selected state variable.

* A design of a NN adaptive control which ensures asymptotic tracking perfor-
mance. This work is done with nonlinearly-parameterized NN and parameter

projection.

1.6 Thests Outline

Chapter 2 eliminates the requirement that there exists a fixed-point solution for the

output of NN to cancel the modeling error. The need of knowledge of the sign



of control effectiveness is shown both in new NN adaptive laws and the proof of
boundedness. The NN universal approximation property is briefly explained.

Chapter 3 presents an approach combining NN-based adaptive control and in-
put/output feedback linearization in an output feedback setting. Designs of the
adaptive controller and an observer for the error dynamics are described. Ultimate
boundedness of all the signals is proven in three adaptive schemes. The approach is
illustrated by the design of a pitch-angle flight control system for a linearized model
of an R-50 experimental helicopter and a pitch-rate command system design of a
58-state model of a flexible aircraft. A direct adaptive approach with a nonlinearly-
parameterized NN, without the use of the error observer, is presented and a numerical
example is included to demonstrate the efficiency of the approach.

Chapter 4 describes an approach to augment an existing controller with a NN-
based adaptive element. The augmenting architecture developed offers two choices in
the output feedback setting: the error observer approach and the direct approach. An
application to a JDAM munition autopilot design is treated. These results include
command limiting in the case of excessive angle of attack. The augmenting archi-
tecture is extended to MIMO systems with the error observer approach in Section
4.2.

Chapter 5 introduces an adaptive scheme which achieves asymptotic convergence
of the tracking error to zero while guaranteeing boundedness of other signals. The
method utilized parameter projection, adaptive bounding and Barbalat’s lemma.

The results of the research effort are summarized in Chapter 6, where conclu-
sions are presented along with directions for future research. The main proofs of

boundedness are given in Appendices A.1 - A.8.



CHAPTER 11

SIGN OF CONTROL EFFECTIVENESS

Experience in simulation has shown that an unknown reversal in the sign of the control
effectiveness invariably leads to an unstable response. Nevertheless, knowledge of the
sign of control effectiveness is not incorporated explicitly in the proof of stability
(38, 39, 48]. A fixed point of f(x) is defined as a point z € D satisfying f(z) =
x where f(x) is a function with domain D [50]. In the NN-augmented feedback
linearization approach, the modeling error, A, is a function of the output of NN, vy,
which is designed to cancel A(-,v,4) and obtain stable error dynamics. This raises
the question of existence of a fixed point solution to the equation v,g = A(-,v4q). In
[38] a contraction mapping assumption is imposed on A(-, v,4) With respect to vgq to
guarantee the existence of a fixed point solution to v, = A(+,v4q). The contraction
mapping condition on A(-, veg) requires that sgn(dh, (x, v)/0u) = sgn(dh, (z,u)/du),
where h, is the r** derivative of output and h, is an approximate model of h,. This
implies knowledge of the sign of the control effectiveness. However, it can be argued
that a solution to v,y = A(:,v.g) exists if and only if there exists a solution to
v = hy (2, 1) — Vaq, where u = h L (2, v) is the inverting solution for the control. It can
be shown that applying the condition for a contraction to h,(x, u) — v.q with respect
to v leads to the condition sgn(dh,(x,u)/0u) = —sgn(dh,(z,u)/du). This suggests
that the sign of control effectiveness is not relevant to the existence of a fixed point
solution to v,g = A(-,v44). Note that in general, the contraction mapping condition is
overly restrictive because it is a sufficient condition for existence of a unique solution,
which is more than what may be required. Regardless of this apparent contradiction,

knowledge of the sign of the control effectiveness is not explicit in the proofs of

10



boundedness in [38, 39, 48]. Thus we are inclined to develop an alternate approach
to the proof in which the knowledge of the sign of the control effectiveness is explicit.

This chapter will show that knowledge of the control effectiveness appears as an
explicit requirement in the adaptation law, and that it is essential for boundedness
analysis in the adaptive control setting. This is done by eliminating the issue of a
fixed point solution with the use of the mean value theorem so that a reformulated
modeling error, A, is not an explicit function of v,g. We apply this method to aug-

mentation of an existing controller in Chapter 4 as well.

2.1 Problem Formulation

For simplicity of presentation of the main idea we consider a SISO nonlinear system

of the following form:

:ti:xi-‘rl? 221727 an_]-

(2.1.1)

Ty = f (:13, u)
where & € D, C R", and u € R is the control input. The function f(x,u) may be
unknown. The control objective is to synthesize a state-feedback control law such that
x(t) tracks a smooth reference trajectory x,,(t) asymptotically. Let f (x,u) denote

an approximate model for f(x,u) so that

fle,u) = f(z,u) + A (2.1.2)

where the modelling error is A(z,u) = f(x,u) — f(:l:,u) The model f(:c,u) should
be chosen to be invertible with respect to its second argument. The invertibility is

warranted by the following assumption.

Assumption 2.1.1. df(x,u)/du is continuous and non-zero for every (z, u) € D, x

R.

11



Let the approximate function be recast as
v = f(z,u) (2.1.3)

where v is called pseudo-control. Then the control law can be defined directly from

(2.1.3)

~

u=f(z,v) (2.1.4)

The pseudo-control is composed of three signals:

vE xﬁ,’f) + Vo — Vgg (2.1.5)

where 2 is the n'® time derivative of xm(t), ve is the output of a linear controller,

and v,q is an adaptive term designed to cancel A(x,u).

The reference model can be expressed in state space form as:

Ty = An@y + bz, (2.1.6)
- T

- T T P

0 1 0 0 0

0 0 1 0 0
A, = om =101,

0 0 0 0 1

—a; —ay —az - —a a

where x,, € R" are the state vector of the reference model, z. € R is a bounded
external command signal, and A,, is Hurwitz.

Let e £ x,, — z;. Then

e = —p, + Vg — A (2.1.7)
For simplicity, the linear controller is defined as:
Ve = kye + koé + - + k™Y (2.1.8)

12



where the gains k; are chosen such that the dynamics in (2.1.7) are asymptotically

stable when v,y — A = 0. In state space form:

E = AE + b(vag — Az, u)) (2.1.9)
T
where E = [@ R e(n—l)} , and
0 1 0 0 0
0 0 1 0 0
A= b=10

—kv —ke —ks -+ —k, 1

Remark 2.1.1. Reference [38] points out that A depends on v, through (2.1.4)

and (2.1.5) and that v, is designed to cancel A. The contraction assumption was
introduced to guarantee the existence and uniqueness of a solution for v,q to v,y =

A(+,v44). The contraction is satisfied by the following condition:

A
Do <1 (2.1.10)
This implies:
OA A(f — f)Ou dv A(f — f) du
_ gu B e VA el B | 2.1.11
OVqq ‘ ou  O0v vy ou  9f <5 ( )

which can be rewritten in the following way:

ofjou
of |ou

< 1. (2.1.12)

Condition (2.1.12) is satisfied if and only if the two following conditions hold:

sgn (%) = sgn (%) ) (2.1.13)

1|of] |of

13



This leads to the conclusion that one of the sufficient conditions that ensures exis-
tence of a solution to the equality vag = A(-,vqq) is that the sgn(df(z,u)/0u) =
sgn(0f(x,u)/0u). Thus, knowledge of the sign of the control effectiveness is im-
plicit in the approach to guarantee existence of a solution. However, a solution to
Vad = A(+, U4q) exists if and only if there exists a solution to v = f(x, u) — v4q. It can
be shown that applying the condition for a contraction mapping to v = f(@,u) — vVgq
leads to the condition sgn(df(x,u)/du) = —sgn(df(x,u)/Ou). Examining the con-

traction mapping condition we are led to:

Of  vaa| |0f
ov v | |Ov +1'
af /o
_ |2 f0u ) oy (2.1.15)
of/ou
—2< 8{/8u <0
of/ou
which is equivalent to:
of\ _ of
sgn <%> = —sgn (%> (2.1.16)
1|of] |of

Since both (2.1.13) and (2.1.16) are sufficient for existence of a fixed point solution

to v,q = A, it follows that

A

of

ou

1|8f

- | = 2.1.1
O<2 5| < < 00 ( 8)

alone is sufficient for existence of a fixed point solution. This suggests that knowledge
of the sign of the control effectiveness is not relevant to the issue of existence of a

fixed point solution to veg = A(+, Vgq)-

2.2 NN Approximation of the Inversion Error

The term “artificial NN” has come to mean any architecture that has massively

parallel interconnections of simple “neural” processors [51]. Given & € D C R™, a

14



nonlinearly-parameterized (three layer) NN has an output given by

n2 ni
Y; = Z [wﬁ- 0j (Z Vi Tk + ij)

j=1 k=1

+ wa

(2.2.1)
1=1,...,n3

where o(-) is activation function, wvy; are the first-to-second layer interconnection

weights, w;; are the second-to-third layer interconnection weights, and 6,;,0,,; are

bias terms.

Definition 2.2.1. A function ¢ : & — R is a squashing function if it is an activation

function, lim, . o(x) = 0, and lim,_,., o(z) = 1.

The NN structure is depicted in Figure 1. Such an architecture is known to be

a universal approximator of continuous nonlinearities with “squashing” activation

functions [6, 7, 8]. This implies that a continuous function g(x) with & € D C ™
can be written as

glx)=Wre(Viz) + e(x) (2.2.2)

where D is a compact set and €(x) is the function reconstruction error (also called

representation error or approximation error). In general, given a constant real number

€* > 0, g(x) is within €* range of the NN, if there exist constant weights V, W, such

that for all @ € D C R™, (2.2.2) holds with |l€|| < ¢*. W and V are the optimal

weights defined as:

(V.V} = arg in {glggl\g(w) - WTa(VTw)H} (2.2.3)

2.3 Modeling Error Reformulation

Define the following signals,
v 2zl 4 v,

m

v E f, f (@)

(2.3.1)
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Assumption 2.3.1. 0f(x,u)/0u is continuous and non-zero for every (x,u) € D, xR

and its sign is known.

Invertibility of f(a,u) with respect to its second argument is guaranteed by As-

sumption 2.3.1. From (2.3.1), it follows that v; can be written as

v = f(x, [ (z,v")) (2.3.2)
and,
Vad — A(@, 1) = g — f(@,0) + f(a,u)
— Vaq — [, [ (@, 0)) + 01 — Vad (2.3.3)

= —f(w,f_l(m,v)) +u

Applying the mean value theorem to f(x, fﬁl(m, v))

(2.34)
=+ fo(v—0")
where
s Of Ou _ .
& 7J 77 — — < < 0.
fa Judn| . v=~0v+ (1—-0)v*, and 0<6(v) <1 (2.3.5)
Using (2.3.1) and (2.3.4) in (2.3.3),
Vad — A= fﬂ[vad —u+ f($7f_1<m7vl)>]
(2.3.6)

= fo[vaa — Az, v1)]

where A = v — f(x, f~'(2,v,)). By Assumption 2.3.1 and 2.1.1, it follows that

fo = % / g—£|v:@ is either strictly positive or strictly negative. Using (2.3.6), we have

the following error dynamics.

E = AE + bfy(vaa — A(z, 1)) (2:3.7)

Since A is not a function of v,q, there is no need of solving a fixed point solution for

Vaq tO cancel A.
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The adaptive element is defined as:

Voa = WTa (VT 1)

T

o(z) = {1 o1(z1) o Ony(zmy)| € R (2.3.8)
1 .

Ui(zi)zm7 t=1,2,--+ ,ny

T
The NN input is p = {1 xT Ul} . The NN weights are updated by the following

adaptation law.

W= Tw [sgu( )5 BT Pb + k| E||VV |
| (2.3.9)
V=-Ty [Sgn( FUETPEWTS + ke||E||V]

where 'y, 'y > 0 and k. > 0 is the e-modification gain. & = U(VT/J,) and ¢’ is the

Jacobian of &

0 0
doy
o' = é\z:w“ = | € Rlnzthxm: (2.3.10)
don
BUNEEE dznj_
and has the following property.
|zioi(z)] <6 =0.224, (2.3.11)

The equality in (2.3.11) holds when a;z; = 1.543 [52].
Since A is Hurwitz, then for any ) > 0, there exists a unique P > 0 that solves

the Lyapunov equation:

ATP+ PA=-Q (2.3.12)

Introduce the vec operator for a matrix M € R**™

coly (M)

coly(M
veerr 2 | 2D o (2.3.13)

| coly, (M)
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which is a vector of dimension nm x 1 obtained by stacking the columns of M where

col;(M) is the " column vector of M.

Assumption 2.3.2. The NN approximation A(x,v;) = WT¢(x,v;) + € with ||e]| < €*

holds on a compact set D and the compact set D is sufficiently large such that

T
E € Bp 2 {¢ : |[¢|| < R} ensures @ € D, where ¢ = |[ET W7 (vecV)T
Assumption 2.3.2 requires D to encompass a ball of radius ||z,,| + R.
[ < [l@mll + Bl < llznm| + R (2.3.14)

Assumption 2.3.3. f; and % <fi> are continuous functions in D.

Any continuous function has a maximum on a compact set. Define

% (%)’ (2.3.15)

We assume that there exist a compact set D inside which the NN approximation and

B A : A
J7 = maxl|fsl, F'= max

(2.3.15) are valid as long as « stays in D. We will show that if the initial error E(0)
starts in a compact set €, C Bg, then the feedback law (2.1.4) and the adaptive law
(2.3.9) guarantee that E(t) is ultimately bounded inside €23 C €, so that € D for
all time.

Using the Taylor series expansion of o(z) at z = 2z, one gets:

og=6-VTu+0O(|V|? (2.3.16)

where O(||V||2) represents the higher order terms and z = V', 2 = V. Then

vad—A:WT&—WTO'—e
— WTe — W7 (a— VTt 0(||V||2)) i
(2.3.17)
=Wre+WTs'Vip —WTO(||V|?) — e
—WTe+ W'V p + w

where @ = — W76’V — WTO(||V]]?) —e.
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Theorem 2.3.1. Let Assumptions 2.3.1, 2.1.1, 2.3.2 and 2.3.3 hold. Then there exists
a positive invariant set D¢ in the space of the error variables ¢ wherein the control
law given by (2.1.4), (2.1.5) and the adaptive law (2.3.9) ensure, for all ¢(0) € Q,,

that E, W,V are ultimately bounded.
Proof. Choose the following Lyapunov function candidate

L= E"PE + WIT}'W + tr(VIT'V) (2.3.18)

1
f
Differentiating with respect to time,

d
dt

1
fs

+2WTTHIW + 260(VITV)

L= E"PE +

—| (—E"QE + 2E" Pbfy(vaa — A))

v

(2.3.19)

Applying the adaptive law (2.3.9) and the representation of (2.3.17),

d
dt

1 1
fs fs
— 2| E|(WTW + tx(VTV))

L
mln E 2
jo i QI (2.3.20)

+ 2| ||| Pbl|(m | Z]* + €) — 2k | B[l (12| - 2" 2]))

1
fB mzn

L= ETPE + (-E"QE + 2E" Pbf,w)

< Fhnao(P)| E|* -

< Fhnao(P)| E|* — (@IE]*
+ 2| E || Pbl|(n ]| Z]* + €) = kN Bl IZIF - 2 — | Z])

We combine the terms to obtain

i<—|B||{ J}B Min(Q) = Fhaa(P)Y| B

+ (ke —20) PO ZI — (ko2 +2¢' | PB])|  (233.21)
The above inequality requires that

ke > 271, imL(QP; > FfB (2.3.22)

max (
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Figure 2: Geometric representation of the sets in the error space

Either of the following two conditions renders L < 0.

(k.Z** + 2¢*|| Pb)|)

1E| >
_)\mzn - F)\max P
~ (ke Z*" + 2¢*|| PB]|)
12 > S T2
(ke — 271)[| PY]|
Therefore E, Z are ultimately bounded inside (13 in Figure 2. O]

Remark 2.3.1. 222(9 i related to the convergence rate of (2.3.7) when v,y = A
Amaz (P)

and the second inequality in (2.3.22) demands a sufficiently stable error dynamics in

(2.3.7).

2.4 Extension to Output Feedback Control

Consider the following observable and stabilizable nonlinear SISO system:
x = f(x,u)

y = h(z)

where x is the state of the system on a domain D, C R", and u,y € R are the

(2.4.1)

control and regulated output variables, respectively. The functions f and h may be

unknown.
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Assumption 2.4.1. The functions f : D, x 8 — R” and h : D, — R are in-
put/output feedback linearizable [2], and the output y has relative degree r for all
(x,u) € D, x R.

Based on this assumption, the system (2.4.1) can be transformed into normal form

1]
X = f0(£7 X)
é:i:é.i-i-l izl,"',T—l
(2.4.2)
Sr = hr(€> X U)
y==&
where € = [ ¢ ... & |", h(&x,u) = Ljh,and x is the state vector associated
with the internal dynamics
x = fo(&, %) (2.4.3)

Assumption 2.4.2. The internal dynamics in (2.4.3), with & viewed as input, are

input-to-state stable. [53]

Assumption 2.4.3. 0h,(x,u)/du is continuous and non-zero for every (x,u) € D, X

R and its sign is known.

The control objective is to synthesize an output feedback control law such that
y(t) tracks a smooth reference model trajectory y,.,(t) within bounded error. Let

A~

h.(y,u) denote an approximate model for h,(x,u) so that:

he(x,u) = h,(y,u) + A (2.4.4)

where the modelling error is A(x, u) = h, (2, u) — h,(y, w). The model h,(y, u) should
be chosen to be invertible with respect to its second argument so as to be consistent

with the following assumption.
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Assumption 2.4.4. dh,(y,u)/du is continuous and non-zero for every (y,u) € D, x

R.

Let the approximate function be recast as
v = hy(y, u) (2.4.5)

where v is called pseudo-control. Then the control law can be defined directly from

(2.4.5)

~

u=ht(y,v) (2.4.6)

The pseudo-control is composed of three signals:

v 2y 4 U4 — Vaa (2.4.7)
where yﬁ% is the 7" time derivative of Yrm (1), Ve is the output of a linear controller,

and v, is an adaptive term designed to cancel A(x,u).

The reference model can be expressed in state space form as:

"-trm = Armwrm + brmyc

(2.4.8)
Yrm = Crm@rm
r T
Tom = |2y Dy oo a2 D)
0o 1 0 0 0
0o 0 1 0 0
Apn = brm =101,
o 0 0 0 1
—a; —ay —asg -+ —a aq
Com=1100 - 00

where x,,, € R is the state vector of the reference model, y. € R is a bounded

external command signal, and A,.,, is Hurwitz.
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Let € £ 4, — y. Then

For the case r > 1, the following linear dynamic compensator is introduced to stabilize

the dynamics in (2.4.9):

n=Amn+be neR"™
(2.4.10)

Ude = C:M + dc6

where n,. is the order of the compensator. The vector e = [ ¢ ¢ ... =D |

together with the compensator state n will obey the following error dynamics:

77 Ac bcc ’l’] Oncxl
é —be., A —bd.c e b
- ~ - —— v
] A g b (2.4.11)
Inp Oncxr n n
z = e
01xn, c e e
&
where
010 - 0 0
0 01 0 0
A= €§Rr><r7 b = Eg}jerxl’
2.4.12
00 1 0 ( )
000 --- 0 1
c=[100 - 0|€eR,

and z is a vector of available signals. With these definitions, the tracking error

dynamics in (2.4.11) can be rewritten in a compact form:
E = AE + B(Uad - A)
(2.4.13)
z=CFE
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where A, b., c., d, should be designed such that A is Hurwitz. The same argument
as in Remark 2.1.1 can be applied here.

Define the following signals

lI>

v =y 4+ vge

(2.4.14)
v S hr(y7 h_l(m7 UZ))

.
Invertibility of h,(x, u) with respect to its second argument is guaranteed by Assump-

tion 2.4.3. From (2.4.14), it follows that v, can be written as

~

v, = h,(z, b (y,v")) (2.4.15)

and,

A~

Vad — A(x, ) = Vgq — he(x,w) + h(y, u)
= Vad — hr(fl/', il;l(y, ’U)) + UV — VUgq (2416)
= —he(a, b (y,0)) + ho (2, B (g, 0%))

Applying the mean value theorem to (2.4.16),
Vad — A = hyz(v* — v)

= hg[ﬁr(y, hf(% v1)) — U F Vg (2.4.17)

= hg[vag — Az, vr)]

where A = v, — h,(y, b, (z,v)) and

T

» Oh, u

s = ou Ov

, 0=0v+ (1—0)v*", and 0<6(v) <1 (2.4.18)

v=v

By Assumption 2.4.3 and 2.4.4, it follows that h; = %}Z a;jj v—5 18 either strictly

positive or strictly negative.

Assumption 2.4.5. h; and % <%> are continuous functions in D.
d (1
— | — 2.4.19
i (i) (419

With this assumption we can define

A A
h® & max|h;|, H £ max
xz,ueD x,ucD
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Now we have the following error dynamics.

E = AE + bhy(veqg — Az, v))) (2.4.20)

Since A is Hurwitz, then for any @ > 0, there exists a unique P > 0 that solves the

Lyapunov equation:

ATP+PA=-Q (2.4.21)

For an adaptive law in the output feedback setting, we adopt the error observer
approach. Consider the following full-order linear observer for the tracking error
dynamic system in (2.4.13):

E=AE+K(z—3)

=(A-KC)E + Kz (2.4.22)

2=CE
where K should be chosen in a way to make A — K C asymptotically stable.
Remark 2.4.1. Notice that (2.4.22) provides estimates only for the error of states

that are feedback linearized, and not for the error of states that are associated with

the zero dynamics.

Let

A2 A-KC, ELAE-E (2.4.23)
Then the observer error dynamics can be written:
E = AE — bhy(vea — A). (2.4.24)

and there exists a positive definite matrix P solving the Lyapunov equation for arbi-
trary Q > 0:

ATP+ PA=-Q (2.4.25)

The following theorem extends the results found in [6, 7, 8] to map the unknown

dynamics of an observable plant from available input/output history.
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Theorem 2.4.1. [54] Given €¢* > 0 and the compact set D C D, x R, there exists a
set of bounded weights V, W and ny sufficiently large such that a continuous function

A(x,v;) can be approximated by a nonlinearly-parameterized NN

Alx,v) = WrTa(VT ) + e(p, d),

(2.4.26)
Wlr <W= VI <V le(p,d)]| <€
using the input vector
WO = |1 ) yin| € Rl < (2.427)
where
vy(t) = |:U(t) v(it—d) -+ vt—(Ny—r— 1)d)}
., (2.4.28)
vt = [y(t) st -yt - (Vi - 1))

with Ny > n and d > 0.

The input/output history of the original nonlinear plant is needed to map A in
systems with zero dynamics, because for such systems the unobservable subspace is
not estimated by (2.4.22) but can be accounted for by the input/output history, as
noted in Remark 2.4.1. If the system has full relative degree (r = n), the observer
in (2.4.22) provides all the estimates needed for the reconstruction of A, and no past
input/output history is required [55].

The adaptive element is defined as:

Vg = Wl (VT )
1

oi(2) = 1T e-am’ t=1,2,--- ,n9

(2.4.29)

where N1 > n and d > 0.

Remark 2.4.2. In the case of full relative degree (r = n), the input to the NN need

not include the pseudo control signal since the states can be reconstructed without
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the use of control input and A is not dependent on v. It should be noted that for
the case of r < n, although there is no need to solve a fixed point solution for v,q to
cancel A, there exists a fixed point solution problem for the NN output since v is used
to reconstruct state . This problem can be avoided by removing the current time
step pseudo control signal at the expense of increased NN approximation error bound.
A NN approximation bound can be derived when p = |1 y, vg(t —d) yg(t) is

used as an input to the NN. Define

APu(t) £ o(t)

_ _ 2.4.30)
APy — Ayt — a) (
AB ) & Zd d
a v(t) d
Using
L[ e L )
7 V(1) drodm = 7 v (1) — v (t) dry
t—2d Jt t—2d
1 —d
= 5 [ =m0
1
g[ o(t —d) — vt —2d) — dvM(t)]
= ADu(t — d) — oD (1)

APyt —d) = / / )(15) dradr (2.4.31)
t

The following can be shown:

Wt — ) — 3d (2)
APt = d) =V < 5 max ()

34 (2.4.32)
A= d) oI < Tk max o ()

2 t—(k+1)d<r<t
which can be made arbitrarily small by using a sufficiently small value of d. Using
the bounds in (2.4.32), the NN approximation upper bound becomes

_ L 20— d
1Az, v) — WTa (V)| < Cry )22 7"+02§M (2.4.33)

U
where M = (2n — r — 1)2 max;so{maxi<p<p_1 |[y* ™ (¢)], maxy<pen_r_1 |30E(@)]}.
See [54] for definitions of C},Cy and detailed derivations of the bounds. Note that

the only disadvantage of using vy(t — d) in p is that M is increased.
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The NN weights are updated by the following adaptation law.

W= —Tw [sgn(ha)&ETPb + ke||E||W}
| ; (2.4.34)
V= =Ty [sgn(ho) B POW' 3 + k| BI|V|

where I'y,, 'y, > 0 and k. > 0 is the e-modification gain.

Assumption 2.4.6. The NN approximation A(x,v;) = WT¢(x,v;) + € holds on a

compact set D and the compact set D is sufficiently large such that E € Bp £
T

{¢ : |I€]| £ R} ensures & € D with an error vector ¢ = {ET E wWT (vecV)T

Assumption 2.4.7. Assume

)\max (T)

R>C o (1)

>C (2.4.35)

where A4 (T) and Ay (7)) are the maximum and minimum eigenvalues of the fol-

lowing matrix:

PO 0 O

.|l0o P 0 o0
T4 1 (2.4.36)

0 0 Ty 0

00 0 Iy

which will be used in a Lyapunov function candidate as L = ¢*T¢, and

s 2 0, 0 2.4.37
C’—max<aT, 2(k_§+k‘_e > (2.4.37)

is a radius of a ball B¢ containing ', where
0, = (m +6+ az*v*u*> | Pb)|,
0y = %Z + || Pb|[ W (5 - “Z*v*u*) ,
2 = ]| PBl| + o (| B[R + || PB]) (24.38)
ks = 272 Pb|| + 2a(|| PB||B” + || Pb|) + k. Z*

A2
T = K5+ K3
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Let a be the minimum value of the Lyapunov function L on the boundary of Bp:

a = min L = R\ (T). (2.4.39)
I¢ll=R
Define the compact set:
Qy={Ce€eBr|L<a}. (2.4.40)

Theorem 2.4.2. Let Assumptions 2.4.1—2.4.7 hold. If the initial errors belong to the
compact set €2, defined in (2.4.40), then the feedback control law given by (2.4.6) and
the adaptation law (2.4.34) ensure that the signals E, E,W and V in the closed-loop

system are ultimately bounded with the ultimate bound C'y/ /\’”“7“”((%)
Proof. See Appendix A.1. O

Remark 2.4.3. This design approach can be also applied to o-modification and

projection approaches as presented in Chapter 3.
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CHAPTER III

NEURAL NETWORK AUGMENTED
INPUT/OUTPUT FEEDBACK

LINEARIZATION

This chapter presents an approach for augmenting a nonlinear controller designed via
input/output feedback linearization with a NN-based adaptive element, similar to
that described in [39, 56]. We suggest a method which transforms a nonlinear system
to a linear system which does not have to be a chain of integrators. This added
design flexibility enables the use of lower order dynamic compensation in the linear
part of the design. The usefulness in design increases with the relative degree (r) of
the regulated output variable. It is particularly useful in fixed structure compensator
design, when the structure specified is not able to stabilize a chain of r integrators.
We first state what is assumed to be known about the system dynamics, followed by a
statement of the design objective. Next, a summary of the main results on NN-based
adaptive output feedback control via the approach in [56] is given. Three variations
of adaptive laws with proofs of boundedness are given, followed by a description
of the control architecture including PCH. Two numerical examples are presented
to demonstrate the efficacy of the adaptive output feedback control methods. The
first illustrates the main ideas by considering high-bandwidth pitch-attitude tracking
control design for a linearized representation of the R-50 dynamics in hover, in which
there are control limits, actuator dynamics, time delay, and significant coupling with
control rotor dynamics. Results obtained using a full nonlinear model and flight

test results on the R-50 model helicopter are reported in [57]. The second example
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considers a 58 state model of a flexible aircraft consisting of rigid body dynamics
coupled with actuator and flexible modes. A pitch-rate command system design is
treated providing a smooth response in the presence of flexible modes, without the use
of structural mode filters. Finally, we consider the approach in [38], which eliminates
the need for an error observer, but is limited to the use of linearly-parameterized NNs,
and extend these results to the case of nonlinearly-parameterized NNs. A numerical

example of Van der Pol is presented and compared with the approach found in [38].

3.1 Plant Description

Consider the following observable and stabilizable nonlinear SISO system:
(3.1.1)

where « is the state of the system on a domain D, C R", u € R is the control
input, and y € R is the regulated output variable. The functions f and h have origin
as equilibrium point £(0,0) = 0 and h(0) = 0, but may be unknown. In practice,
however, some information about f and h will generally be known, and it is best to
use whatever information is available. The signals available for feedback are y along
with any additional measurements that may be available, but that are not regulated.

We will denote these additional measurements by .

Assumption 3.1.1. The output y has a known relative degree r for all (z,u) €

D, x R.
This assumption implies that Oh,.(x,u)/0u is non-zero for every (x,u) € D, x R.
Assumption 3.1.2. The sign of Oh,(x,u)/0u is known.

Assumption 3.1.3. The system (3.1.1) is input/output feedback linearizable [2].
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Based on Assumption 3.1.3, the mapping ®(x) where

xi(z)

(3.1.2)

_L;‘lh(az)

with L}h,z’ =1,...,r—1 being the Lie derivatives, transforms the system (3.1.1) into

normal form:

X = fO(éu X)

éi:é-i-i-l Z.Zla"'vr_l

- (3.1.3)

gr - hr<€7 X U)

y==5&
where £ = [ ¢ ... &, 17 he(€x,u) = L%h, and x is the state vector associated
with the internal dynamics

x = fo(&,x) (3.1.4)

Assumption 3.1.4. The internal dynamics in (3.1.4), with & viewed as input, are

input-to-state stable. [53]

3.2 Controller Design and Tracking Error Dy-
namics

The control objective is to synthesize an output feedback control law such that y(¢)
tracks a smooth bounded reference trajectory y,,,(t) with bounded error using the
available signals. Since the system is not exactly known, and only y and 7 are available

for feedback, input/output feedback linearization is approximated by introducing the
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following control input signal

r—1

U= i”;l(:% Y, blv - Z ai+1ﬁi<y7 g)) (321)

i=0
where v is commonly referred to as a pseudo control, and b; and a;’s are constants.
The continuous function h, (y, Y, u), which is required to be invertible with respect to
its third argument, represents any available approximation of h,(x,u) = L':h, and
the continuous functions ﬁi(y,gj)’s are approximations of h;(x) = L’]}h’s. Constants
a;’s and by are determined later in the process of controller design.

With the available knowledge of the system dynamics, start by choosing approxi-

mate expressions for every derivative of the output up to r** derivative:

~

y=hi(z) =h(y,9) + 2
§ = ho(x) = 52(%5) + Ay

(3.2.2)

y(Pl) =h,1(x) = il?“fl(ya y) + Ay

~

y(r) = hr(wyu) = hr<y7g7 U) + AT

where A;’s are model errors defined as A; = h;(x) — fL,(y, y)fori=1,2,--- ;r—1and

~

A, = h(x,u) — h.(y,7y,u). The following assumption guarantees the invertibility of

~

h-(y,y,u) with respect to u.

Assumption 3.2.1. 8?@(3;, y,u)/Ou is continuous and non-zero for every (y,y,u) €

D, x R.
If a linear model is used, then

y(Z) :Czy+62g+sz 1= ]-7 ,7’—].
(3.2.3)
Y =y + g+ dou+ A,

In the absence of any modelling information, we may select the approximation as

iLl(yv g) = ﬁ?(ya g) == ﬁr—l(?J»@) =0 and ﬁr(yaga U) = dru-
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Figure 3: Control system architecture without PCH

To design the linear dynamic compensator we need to specify the desired linearized

system from v to y when A =0, G4(s) in Figure 3, where

(3.2.4)
Dy(s) = 8" 4+ aps"  + -+ azs +a; (3.2.5)

Ga(s) should be considered together with the form of the dynamic compensator used
to achieve a desired closed-loop level of performance.

Consider the model reference adaptive control architecture of Figure 3. A dynamic
compensator is designed to ensure that the resulting error dynamics, for A = 0, are

asymptotically stable. Combining (3.2.4) and (3.2.5) for A # 0 (See Figure 3),

bi(v+A) =y +ay" D+ + g+ ary

= ﬁr(Q? Y, u) + Ar + ar(ﬁr—l(y7 Zj) + A7“—1)

. 3.2.6
4 ax(hi(y, §) + AL +ary (3.26)
r—1 r
= h(y,9,u) + Z air1hi(y, y) + Z ai+14;
i=0 i=1
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where ho(y) = vy, it can be seen that

r—1

1 (- R

U= b_l (hr(y7ya U) + Z a’i-i—lhi(yvy)) (327)
=0

1
A Z ai+1Ai (328)

T
Lz

The control law in (3.2.1) follows directly from (3.2.7). Applying the linear expressions
in (3.2.3), we have

1 r o
w= (b= aey+&y)) (3.2.9)

r =0

where a,.1 = 1,¢9g = 1 and ¢y = 0.

The model inversion errors A;’s can be regarded as continuous functions of  and v.

Al(m>:hz(a")_hl(y7g) fori:1’2a"' 7T_1

r—1
o B N B 3.2.10
== hr (.’B, hr 1{y7 Y, b1U - Z ai+1hi(y7 y)}> ( )

=0

r—1
- hr (3/7 gv h;l{y7 gv blv - Z ai+1hi(y7 g>}>

=0

Thus, the total model inversion error is a continuous function of & and v.

Az, v) = bl (Ar(w,v) s ai+1Ai(m)> (3.2.11)

! i=1
The pseudo control in (3.2.1) is chosen to have the form:

UV = Upm, + Vge — Vad (3.2.12)

where v,.,,, is a reference model output, vy, is the output of a linear dynamic compen-
sator, and v,y is the adaptive control signal. With the choice of pseudo control in

(3.2.12), the dynamics in (3.2.6) reduce to

> i1y = by (Ve + Vae — Vaa + A) (3.2.13)

1=0
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Define the reference model pseudo control v,.,,:

1 Dd(S)
Urm = Yrm = Yrm
Cals) 1 (3.2.14)
_ 1o (r—1) .
- b (yrm + ArYpm ++ A2Yrm + alyrm)
1
Then the dynamics in (3.2.13) can be rewritten:
Z Cbz‘+1€(i) + b1 (Vge — Vg + A) =0 (3.2.15)

=0

where € = ¢, —y. When v,q = A = 0, the error dynamics in (3.2.15) reduces to:
Dy(s)e + byvg. =0 (3.2.16)

For the case r > 1, the following linear dynamic compensator is introduced to stabilize

the dynamics in (3.2.16):

n=Amn+be, mneR"

(3.2.17)
Vge = €M + dee
where n. is the order of the compensator.
Returning to (3.2.15), the vector e = [¢ ¢ ... =D ] together with the

compensator state m will obey the following dynamics, hereafter referred to as the

tracking error dynamics:

; A, b.c 0y,
77 _ 77 4 x1 bl(vad _ A)
é —bibe. A —b(bid.c+ a) e b
! (3.2.18)

n

[I>

e
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where

010 --- 0 0
0 01 0 0
A= 1 ERT, b=|: | eR,
0 0 . . (3.2.19)
0 00 0 1
c=1100 ... 0leR>™, a= a ay - a c RIxT

and z is a vector of available error signals. For ease of notation, define the following:

A, b.c

/_1 L c §R(nc+7’)><(”C"‘T)7
—blbcc A— b(bldcc + a)
- (3.2.20)
l_) é Oncxl ’ C’ é InC Oncxr 7 E é 77 c §Rnc+7“
b Oanc C e

where I, is an n. X n. identity matrix. With these definitions, the tracking error

dynamics in (3.2.18) can be rewritten as

E = AE + bby(vag — A)
(3.2.21)
z=CFE
where it has already been noted that A, b,, ¢, d. should be designed such that A is

Hurwitz.

Define the following signals

) - (3.2.22)
vt 2 ey, G, by (e, b — Z air1hi(x)))

=0
where ho(x) = h(x). The invertibility of h,(x,u) with respect to u is guaranteed by

Assumption 3.1.1. From (3.2.22), it follows that v; can be written as

r—1
1 o

- he(@, by (4, 5,07) + ) aiahi() (3.2.23)
1 i=0

v =
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1 i ~ A~
Vad — A(x, 1) = v4g — by he (@, w) = he(y, 9, u) + Z aiv1(h — hi(y, Z/))]
1 - r—1
= Vad = 3 he(x,u) + Z aiv1hi(x)) | +v
L i=0

— b_ll [hr( Ny, g, 0%)) + Z Qi1 hi( ]
— bl [hr(a:, u) + Z az‘+1hi(93))]

1 . . A _
= 5 [ b (0. 5.0%) = o, b (0.5,0)
(3.2.24)
Applying the mean value theorem to (3.2.24),
1
Vad — A = —hz(v" — )
b
1 .
— b—lh [h <y 7, h (@, byv, — Z i1 hi(x ) — U + Vag (3.2.25)
1 _
= b_hf)[vad - A(:B,UZ)]
1
_ R r—1
where A = v, — h, (97 g, by (@, byoy — 3o ai+1hz‘(33))) and
i=0
Oh, Ou
2 90U - A < < 2.
A v=~0v+ (1—-0)v", and 0<6(v) <1 (3.2.26)

By Assumptions 3.1.2 and 3.2.1, it follows that h; = ahr/ ahT|U —y is either strictly

positive or strictly negative. Now we have the following error dynamics.

E = AE + bhy(veqg — Az, v))) (3.2.27)
As in Section 2.4, define
= max|h |, H% max 4 (L (3.2.28)
x,ucD xueD | dt h{, L.
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3.3 Design of an Observer for the Error Dynam-
ics

In the case of full state feedback [28, 31, 24], Lyapunov-like stability analysis of the
error dynamics in (3.2.21) results in update laws for the adaptive control parameters
in terms of the error vector E. In [42, 36, 37] an adaptive state observer is developed
for the nonlinear plant to provide state estimates needed in the adaptation laws.
However, the stability analysis was limited to second order systems with position
measurements. To relax these assumptions, we make use of a simple linear observer
for the tracking error dynamics in (3.2.21) [39, 55]. This observer provides estimates
of the unavailable error signals for the update laws of the adaptive parameters that
will be presented in (3.4.20).

Consider the following full-order linear observer for the tracking error dynamic

system in (3.2.21):
(3.3.1)

where K should be chosen in a way to make A — KC asymptotically stable. The

following remarks will be useful in the sequel.

Remark 3.3.1. One can also design a minimal order optimal estimator that treats

the n component of z as a noiseless measurement [58].

Remark 3.3.2. Additional measurements contained in ¥ may also be used both in
the compensator design and in the observer design. This idea is employed in the

application treated in Section 3.6.

The error observer design ignores nonlinearities that enter the tracking error dy-
namics (3.2.21) as a forcing function. This is suggested by the fact that the original
nonlinear system with adaptation is approximately feedback linearized, or that wv,q

nearly cancels A.
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The stability of the closed-loop system should be considered along with the ob-

server error dynamics. Let

A2 A-KC, E2AE-E. (3.3.2)

E = AE — bhy [vag — A] | (3.3.3)

ATP + PA=—-Q (3.3.4)

for arbitrary Q > 0.

The adaptive term in (3.2.12) is designed as:
Ve = Wa (VT ), (3.3.5)

where W and V are the NN weights to be updated online in accordance with one of
the weight adaptation laws presented in Section 3.4. These are modified backprop-
agation algorithms, which are commonly used to train a nonlinearly-parameterized
NN [59]. The variations which distinguish these laws from standard backpropagation
algorithms are due to methods employed to compensate for the NN reconstruction

error, and the Taylor series expansion higher order terms in the error dynamics.

3.4 Adaptive Laws and Boundedness Analysis

We will give three different adaptive laws utilizing the error observer introduced in
Section 3.3. Proofs of boundedness for each adaptive law are given by using direct

Lyapunov analysis. Consider the following vector

T
¢=|g" E" W (vecV)T| € D¢ (3.4.1)
Introduce the largest convex compact set which is contained in D, such that

Br£{¢ : [[KI <R}, R>0 (3.4.2)
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We want to ensure that a Lyapunov function level set 23 is a positive invariant set
for the error ¢ in D¢ by showing that the level set {13 inside B contains a compact
set I' outside which a time derivative of the Lyapunov function candidate is negative
as in Figure 2. A Lyapunov function level set €2, is introduced to ensure that {3 is
contained in Bp, and a ball B¢ is introduced to provide that €23 contains I'. Before

we state theorems, we give assumptions that will be used in proofs of the theorems.
3.4.1 NN Adaptation with o-modification

The update law which we use in this section is a modification of backpropagation.
The algorithm was first proposed by Lewis et.al. [28] in state feedback setting with
e-modification. Here the error observer is implemented to generate the estimated

error vector used as a teaching signal to the NN when r > 2.

Define
. . 5 W 0
WEW-W, V2V -V, zZ% ) (3.4.3)
0 Vv
and note that:
Wlr < IWllr+W*, |[VIe<|V]p+V* (3.4.4)

where W*, V* are the upper bounds for the weights in (2.4.26). For the stability proof

we will need the following representation:
Vaa — A =WTa(VTp) = Wla(Vip) — e
—WTe — W (& b (Vi — V) + 02> -
—WTe — W'V + (WT6’VTu - W%’VM)
(3.4.5)

+ (WTﬁ’VTp, — WT6/VT;L) F W VT —WTO? — ¢

=W (& — &’VTM> +WIe'VIiu+ Wre'Vvip —wro? — ¢

— T (& - a—’f/Tu) F WV +

where 0 = o(VT ), 6 = o(V ), the disturbance term @ = W76’V p—WTO? —¢

and 02 = O(—=VTu)2 = o — 6 + 6'VT . This representation is achieved via Taylor

42



series expansion of o (VT ) around the estimates VT [28]. The following bounds

are useful to prove the stability of adaptive schemes.

Wel|| < vny + 1|W], (3.4.6)
IWTe' VT || < 6v/ng + 1| W] (3.4.7)

where § = 0.224 according to (2.3.11). Using the above bounds, a bound for w over

the compact set D, can be expressed:

lo] = [W'e = W'V p+W'6'Viu—e|

< /my + IW* + 6v/ny + IW™* + \|W||azv*u* b (3.4.8)
<l Z|F + 12

where v; = %Z*u*, Y2 = ((2+9)vna+1+)W* 4 €. v,g — A can be shown to be

bounded by:
[vaa = All = W' = W'o — ]
) (3.4.9)
< ol Z] + az
where a; = v/ny + 1 and ay = 2y/ng + 1W* 4 €¢*
Assumption 3.4.1. Assume
)\mam(T)
R>C >C 3.4.10

where A4 (T) and Ay (7)) are the maximum and minimum eigenvalues of the fol-

lowing matrix:

PO 0 0

.|l0o P 0 o0
T2 1 (3.4.11)

0 0 I'y' o

00 o TV
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which will be used in a Lyapunov function candidate as L = ¢7T'¢ with an error
vector ( = |:ET ET WwT (vec\N/)T}T7 and
T
Vi Amin(@) = Haa(P)} = (1 + 1) PRI
T T ) )
Vwin(@) — (i + rz) VE= 1= ][O

is a radius of a ball Bo containing I'. The ball B¢ is introduced to quantity 3 of (g

C’émax<

(3.4.12)

in (3.4.16), where
Z =W =Wollz + IV = Voll7
/{?g > K1 +’YlHPl_)H
K1 = @Oq + ||PB||’}/1
) (3.4.13)
Ko = Oay + || Pbl|2

© = || Pb]| + 1| Pb]|

T = \/ 2l Pb + ks + kZ
The above quantities are used to show negativeness of the time derivative of the

Lyapunov function candidate in I', and P, P>0 satisfy:

ATP+ PA=—Q,

(3.4.14)
A"P+ PA=-Q,
for some @, Q > 0 with minimum eigenvalues
Amin(Q) > hBH)‘maX(P) + hB(’Yl + VZ)HPBH
(3.4.15)

)\min(Q) > (Iil + /12).
Let 8 be the maximum value of the Lyapunov function L on the edge of B¢:
= mmax L= C?\pau(T) . (3.4.16)

Introduce the set as depicted in Figure 2:
Qs ={¢ | L<p3}. (3.4.17)
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Let a be the minimum value of the Lyapunov function L on the edge of Bp:

a = min L = R\ (T). (3.4.18)
I¢ll=R
Define the compact set:
Qy={C€Br|L<a}. (3.4.19)

Theorem 3.4.1. Let Assumptions 3.1.1, 3.1.2, 3.1.3, 3.1.4, 3.2.1 and 3.4.1 hold.
Consider the following weight adaptation laws:
W= Ty [sen(ha)(& — &'V ) B' Pb+ ki (W — W)
. . (3.4.20)
V=-TIy, [sgn(h;,)uE POWT6 + ky(V — VO)]
where 'y, I'y, > 0. If the initial errors belong to the compact set €2, defined in
(3.4.19), then the feedback control law given by (3.2.1), (3.2.12) and (3.3.5) ensures
that the signals E,E,W and V in the closed-loop system are ultimately bounded

with the ultimate bound C'y /32220

Proof. See Appendix A.2. O

Remark 3.4.1. Knowledge of the sign of the control effectiveness has been made

explicit in the adaptive law. It is also used in the proof of boundedness in Appendix

A2.

Remark 3.4.2. For fixed values of R and C, the inequality in (3.4.10) implies upper
and lower bounds for the adaptation gains I'yy and TI'y in (3.4.20). For example,
for Ty = w1, and vy large, so that the minimum eigenvalue of 7" in (3.4.11) is
determined by 1/yw, we have vy < R?/(C*Apnaz(T)) as an upper bound. Likewise,
for small 7y, so that the maximum eigenvalue of T' is determined by the value of

1/9w, we have vy > C?/(R*X\nin(T)) as a lower bound.
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3.4.2 NN Adaptation with e-modification

The drawback of o-modification is that the origin of the error signal i.e. E =0, W =
0,V = 0 is not an equilibrium point of (3.2.21) and (3.4.20) even if @ = 0 in (3.4.5).
This implies that when the tracking error becomes small, VV, V are dominated by the
o-modification term in (3.4.20) and W,V are driven towards Wy, V, which may not
be a good guess of the optimal weights. Therefore, even if the NN reconstruction
error and Taylor series expansion higher order terms are eliminated, the errors do not
converge to the origin. This drawback motivates the use of another variation called
e-modification, which was suggested by Narendra and Annaswamy [14, 15]. The idea
is to multiply the tracking error component to the o-modification term so that it
tends to zero with the tracking error. The adaptive law with e-modification is given
by:

W= —Tw [sgn(h@)&ETPB + ke||E||W}
(3.4.21)

‘L/

Ty [sgn(ho) B POWT5' + k| B|V |

where I'y,,I'yy > 0 and k. > 0. Note that the contribution from the e-modification
term is reduced as || E|| becomes small.

For the boundedness proof we need the Taylor series expansion of W a (VT ) at

W=WandV ="V.
Wl =WT6 -W'e —WT6'Viu+ O(|Z)?) (3.4.22)
where the higher order terms O(||Z||2) = =W (6 — o) + WT6'VT . Then

Voa — A =WT6 —W'e —¢
=Wl +W's'Viu—0O(|Z)%) — ¢ (3.4.23)
=Wl + Wie'Vip + @

where w = —O(||Z||?) —e = WT (6 — o) —WT6'VT u—e. Utilizing (3.4.6) and (3.4.7),
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w is bounded by:
@] < 2vng + IW* + W& (Vip — Vi) +
< 2y FIW* + (|W| + W) (6vng + 1 + 2 V* pw) + € (3.4.24)
<l 2l +

where 7, = %V*,u*%—d\/ng + 1,99 = 2¢/ny + 1IW* 4+~ +¢* and § is defined in (2.3.11).

Assumption 3.4.2. Assume

)\max (T)

R>C o (1)

> C (3.4.25)

where A\paz(T) and Ay (T') are the maximum and minimum eigenvalues of the fol-

lowing matrix:

PO 0 0

L|l0o P 0 o0

T2 o (3.4.26)
0 0 I'y! o
00 o Ty

which will be used in a Lyapunov function candidate as L = ¢'T¢ with an error

T
vector ¢ = [E B W (Uecw} and

2 3
C’émax< T, 2 (122 ZQ) ) (3.4.27)

is a radius of a ball B¢ containing ', where

<\/n2+ +5+ V* ) | Pb],

ke -
0 = =27 + || PB]| W~ (5 + %vm*) :
= ~ = = == 3.4.28
© = ||Pb|| + hBHPbH, K9 = oy || Pb + Pb||, ( )
K10 = 20[2HP5+ PEH, K12 = 2||Pl_)||’}/2,li14 = HPEH’}/l

T2 (Ko + 1614)2 + (K10 + K12)
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Define the Lyapunov function level sets €, and Qs *

Qu=1{¢€Br|L<a = miglRL}
Iel= (3.4.29)

Qp={CeBr|L<p é”rglagéL}

Theorem 3.4.2. Let Assumptions 3.1.1, 3.1.2, 3.1.3, 3.1.4, 3.2.1 and 3.4.2 hold. If
the initial errors belong to the compact set €2, defined in (3.4.29), then the feedback
control law given by (3.2.1), (3.2.12), (3.3.5) and the adaptation law (3.4.21) ensure

that the signals E,E, W and V in the closed-loop system are ultimately bounded

with the ultimate bound Cy/ :\\:j—f((;))

Proof. See Appendix A.3. O
3.4.3 NN Adaptation with Projection

A projection operator [17] is employed to constrain the weight estimates to lie inside
a known convex bounded set in the weight space that contains the unknown optimal

weights. Let us start with a convex set having a smooth boundary defined by

M2 {WeR" | gW)<c}, 0<c<1 (3.4.30)

where g : " — R is a smooth known function:

L WIW — W2
g(W) = e (3.4.31)

ew
where W4, is known bound on the weight vector W and ey > 0 denotes the projec-

tion tolerance. Define the projection operator:

(

A

3 if g(W) <0,

Proj(W,&) £ { ¢ if g(W) > 0 and Vg'¢ <0, (34.32)

Vgl

£ — YL LG(W) it g(W) < 0 and VgT€ > 0
\

'Since R and C are defined differently from Section 3.4.1, we should have different sets Q, and
Q3 when we state a new theorem.
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where Vg is defined as a column vector.

T
, 2 .
Vy(z) & [dag_iﬂf) 8897(42)] = 5W (3.4.33)

The projection operator concept is illustrated in Figure 4. Projection streamlines &
toward Ily so that we get a smooth transformation from the original vector field &
to a less outward vector for 0 < ¢ < 1 or to a tangent to the boundary vector field
for ¢ = 1. It follows from (3.4.32) that when g(W) = 1 and £ points outward, we
have VgTProj(W,g) = 0, which implies that the projection operator points along
the tangent plane of II; so that once W(O) e Iy, W will never leave IT;. The vector
Vg evaluated at a boundary point of the convex set Il. is pointed away from the
set. Proj(W,€) does not alter the vector & if W belongs to the convex set IIy or &
points inward. In the set {0 < (W) < 1}, the projection operator subtracts a vector
parallel to Vg and weighted by ¢ from £ in a way that it still points outward but
with reduced magnitude. & — Proj(W,€) has the same direction as Vg(W) and its

magnitude is less than cl[£]|.

_ IVallve'e]
oz 9

1€ = Proj(W, )|l = (W)

IVall® (3.4.34)
< c[[&]l

If we consider the function WTF;VI W, its time derivative has the following additional

term due to the projection operator.

/

~

0 if g(W) <0,
W (Proj(W,&) =€) = {0 if g(W) > 0 and V'€ < 0,

PTG 1) i g(1F) < 0 and VgTE > 0

\

<0
(3.4.35)
This additional term can only make the time derivative of the function more negative.

The above property will be used in Lyapunov stability analysis.
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Figure 4: Projection operator

For a weight matrix, we can define the projection operator

PT‘Oj(V,E) < |:P7”Oj<f/1,§1) o PTOj(VnQ,an):| (3436)
where V = {Vl Vm} € Rm+)xn2 gnd = = {51 gm] € Rm+Dxn2 - Then,

the matrix projection has the following property similar to (3.4.35).
ng
V7 (Proj(V,2) —E) = Y V" (Proj(Vi,&) — &) <0 (3.4.37)
i=1

Using (3.4.32) and (3.4.36), the NN weight update law can be given by:

A

W= Cw Proj(W, —sgn(hz—,)&ETPb)
(3.4.38)

~

V =Ty Proj(V, —sgn(he)pE' POIWTE!)
where 'y, 'y, are positive definite matrices.
Alternatively, we can introduce the vec operator as defined in (2.3.13), and use
the projection operator defined for a vector in (3.4.32). In that case, the NN weights

are updated by the following adaptation laws.

A

W = Ty Proj(W, —sgn(h,)6 E' Pb)
(3.4.39)

~

V = Tyvec ' ProjlvecV, —vec(sgn(hﬁ)uETPbWT(f')]
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We are going to show boundedness of the signals E,E, W, V. First, the NN
weights W,V will be shown to be bounded in a prescribed set by using the projection
operator. Using the boundedness of the NN weights, we will show the derivative of

a Lyapunov function is negative outside a compact set to guarantee the boundedness

of E,E.

Assumption 3.4.3. Assume

R>C > C (3.4.40)

where A42(T) and Ay (T) are the maximum and minimum eigenvalues of the fol-

lowing matrix:

PO 0 0

.|l0o P 0 o0
T2 1 (3.4.41)

0 0 I'y! o

00 o Ty

which will be used in a Lyapunov function candidate as L = ¢?T¢ with an error

T
vector ¢ = [ET B OwWr (vecV) ] , and

Cﬁgnmx / / (3.4.42)

is a radius of a ball B¢ containing I', where

c1 =w"||Pb,
¢y = ||Pb + Pb||6*, (3.4.43)
v c N 3 ]

Amin(Q) Amin(@)
Define the Lyapunov function level sets €2, and €23

Qu={CE€Br|L<a = mmRL}
Iel (3.4.44)

QBI{CGBR|L§5 é”ICIl”aXL}
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Theorem 3.4.3. Let Assumptions 3.1.1, 3.1.2, 3.1.3, 3.1.4, 3.2.1 and 3.4.3 hold. Then
there exists a positive invariant set D in the space of the error variables ¢ wherein the
control law given by (3.2.1), (3.2.12) and (3.3.5) ensures, for all {(0) € Q, in (3.4.44),
that E, E, W,V are ultimately bounded with the ultimate bound C'y/ ﬁzg))

Proof. See Appendix A.4. l

3.5 Pseudo Control Hedging

Adaptive controllers are sensitive to input nonlinearities such as actuator position
limits, actuator rate limits, actuator dynamics and time delay. The concept of hedging
the reference model to prevent an adaptive law from seeing (attempting to adapt
to) these unfavorable system-input characteristics was introduced in [40, 41]. This
approach permits adaption even during finite periods of control saturation. When
the nonlinear actuator characteristics include time delay, the relative degree is not
well-defined since the 7" derivative of the output does not have a current time control
input. In the presence of time delay, the relative degree is redefined as the number of
differentiations of the output y(t) required for the delayed input u(t — Tp) to appear
in the derivative explicitly. A pseudo control hedge, vy, is obtained by first estimating
the actuator position, %, using a model for the actuator characteristics. This estimate
is then used to compute the difference between commanded pseudo control, v, and
the estimated achievable pseudo control. The process is illustrated in Figure 5 for
an actuator model that has position limits, rate limits, actuator dynamics and time
delay. Using (3.2.7) the PCH signal, v, can be expressed as
1 . - _
Uh = U — a{hr(y,%u) t, air1hi(y, §)}
i=0 (3.5.1)
- bil{flr(y,y, Uema) — e (y, 7,)}

where tep,g 18 commanded control input from (3.2.1) and @ is the estimated control

input as depicted in Figure 5. The PCH signal is then subtracted from the reference
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Time Position Rate
Delay  Limit Limit

] T 1 1

Figure 5: Computation of the PCH signal

model dynamics as described by the following equation

xgv)l = frm(xrmy jzrma to 7371(];;1)7 ycom) - blvh (352)

where Y., is the unfiltered command signal. The manner in which it is incorporated
in a linear reference model is shown in Figure 6. Notice that the PCH signal is
integrated before it is introduced as the reference model pseudo control component
so there is no algebraic loop. The n'’-order linear reference model augmented with

the PCH signal can be expressed in the following state space form:

Trm 0 0 1 0 Trm 00
M1Ycom
= +
—byvp
a Y 0 0 1| |2 00
N 052
L _ L - 4 L _ L _
AT‘TVL B7'77L
Yrm = Trm
1 1
Urm = 7" |lag ag -+ Q| Trm + —(IS«QL + blvh)
bl bl
1 my
= a (al - ml) (a2 - m2) c (CLT — mT) Lrm + Eycom
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(r)
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e

Yim

a /bl a,_, /bl a, /bl
(r=1) :
1_ yfm L yrm
)
m.—
m,

Figure 6: The n'"-order reference model with PCH signal
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where mq, msy, - -+ ,m, are the reference model gains chosen such that A,,, is Hurwitz.

There exists P,,, > 0 satisfying the following Lyapunov equation
Agmprm + PrmArm = _Qrm (354>
for all @,,,, > 0. It is reasonable to introduce the following assumption.

Assumption 3.5.1. The command Yo, (t) is uniformly bounded so that

”ycom(t)H S y:om7 y:om Z O

In [39], in the absence of input nonlinearity, ultimate boundedness of error signals
has been shown in an output feedback setting using Lyapunov’s direct method for
the case of unbounded actuation. In the presence of input nonlinearity, it is not
obvious how to guarantee boundedness of reference model states since the PCH signal
is fed back to the reference model, hence boundedness of the tracking error signal
e(t) does not automatically imply boundedness of the system output y(¢) unlike the
case without PCH. We first show boundedness of the errors in plant states, error
observer states and NN weights via Lyapunov analysis regardless of boundedness
of the reference model states, and then ensure that the reference model states are
bounded using the proven boundedness property of the errors in plant states and
NN weights, which is done without assuming boundedness of the reference model.
Boundedness analysis is given both for a static actuator with position limits and time
delay, and for a dynamic actuator with position/rate limits including time delay.
Boundedness of the errors in plant states, error observer states and NN weights can
be ensured by one of adaptive laws given in Section 3.4.1 - 3.4.3. Lemmas in this
section complete the proofs of boundedness by ensuring that the reference model

states are bounded.
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Using the mean value theorem, the PCH signal is bounded by

1 - _ A N
H'UhH - |b—1|”hr(y7yaucmd) — hr<yay7U)H

(3.5.5)
< g — ]
>~ ‘bl‘ cmd
where h, = max‘ % , % = %’AZ‘ u=ii, & = OUemg + (1 — 0)u and 6 € [0,1]. In the

presence of time delay, utilizing the Lipschitz continuity of the bounded function u(t),

~

ha X
lonll < mﬂumd(t) —a(t = Tp)]|

< ‘Z—f’ (|ttema(t) — @(t)|| + ||a(t) — a(t — Tp)]|) (3.5.6)
< P atnat) — 2D + 12T)

S

1]
where [3 is Lipschitz constant for @(t), and Tp > 0 is a time delay used in the actuator

model.

Remark 3.5.1. Recall that v,(t) in (2.4.27) is used only to reconstruct the state
x(t). In the case of time delay of T in the actuator, vy(t — Tp) should be used

instead of vy(t).
3.5.1 Static Actuation

For the proof of boundedness we choose linear approximations as stated in the fol-

lowing assumption.

Assumption 3.5.2. Linear models are used for approximate expressions for every

derivative of the output up to r* derivative:

ili(y,g):Ciy, Z:]v 7T_1

A~

he(y,g,u) = ¢,y + dyu

Then h, in (3.5.5) boils down to d,.
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Assumption 3.5.3. When the true actuator nonlinearity is static, the actuator

model satisfies the following property
W(Uema) = SN (Uema) - min(||wemall, M), M >0
Utilizing Assumption 3.5.2, the commanded control input can be expressed as:

1 T
Uemd = d—T(blv — ; ai+16:Y)

) (3.5.7)
1
= d_r <¢Tmrm + M1Ycom + bl(vdc - Uad) + z; ai+lci(e - xrm))
T
where ¢ = {(al —my) - (a, — mr)] , and
1 B r
Uemd = d_r <¢Twrm + M1Ycom + bl (Udc - Uad) + ZO ai—l—lcie) (358)
where ¢ = {(al —mi =3 @i16) (a2 —ma) - (ar — mr)} :

Assumption 3.5.4. The actuator model @ follows the input command w4 closely

enough such that

[tema — 1] < dal| @[]

where 0 < §4/d,| < 1.

Assumption 3.5.4 can be satisfied if the following condition holds.

- M
1M1 Yeom + b1(Vae — vaa) + Y aiprciel] < — (3.5.9)
i=0 0d

where M is the limit value of actuator introduced in Assumption 3.5.3. From (3.2.17)

and (3.3.5), vge. and v, can be bounded by:

1
lvacll < [llecll” + ] | E]

[vaall < Vo +1(|Z]| + Z7)

(3.5.10)
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The ultimate boundedness of tracking error signal and NN weights error signal are
ensured by one of Theorems 3.4.1, 3.4.2 and 3.4.3. The ultimate bounds can be used

to impose a restriction on the magnitude of command signal ¥, in Assumption 3.5.4.

)

(3.5.11)

M 1 ~ *
sl < 5 = by (llecl? + BN + Vi +T012] + 2) -

T

g Aj+1C;

=0

)\maX<T)
Aumin(T)

M
< —b
<5 —hC

<[|| 2+ )2+ Vg 1+

— bl\/ng —|— IZ*

where C' is defined in (3.4.12), (3.4.27), or (3.4.42). Applying Assumptions 3.5.2 and
3.5.4 to (3.5.6),

lnll < 7= (Gald [ @Il |rmll + 15TD) (3.5.12)

!b |
Utilizing the above assumptions, the following Lemma ensures the boundedness of

reference model states.

Lemma 3.5.1. Let Assumptions 3.5.1, 3.5.2, 3.5.3, and 3.5.4 hold. If E and Z are

bounded, then the reference model state, x,.,, is bounded.

Proof. Introduce a Lyapunov function candidate to show boundedness of x,,,,

Lom = 2. Py (3.5.13)
Its time derivative becomes,
Lo = —@", Quntom + 227 PonBoms | "
—byy,
< = Nuain( Qe 1 1* + 2l 1| Pron Bra | (10152, + 0al i | @Il || + 15T)
< i (Qrin) | T || + ks || @ * + Kol|21m |
< —l[@rml [(Amin (Qrm) — ks)[|@rm]| — K]

(3.5.14)
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where ks = 204|d,| ||| P Brml|s ks = 2(1sTp + 4%, )| Prm Brml|. Choose Q. so that
Amin(Qrm) > ks. Then, Ly, < 0 when

ke
>\min (Qrm) - k5

Hence the reference model state ., is ultimately bounded. The bound on x,,, can

1€ rml| > Yom = (3.5.15)

be calculated as:

)\min<Prm>ermH2 S er S )\max(Prm)Ha:rm’P S )\max(Prm)%?m

)\max (Prm)
~ 5 Jrm
>\min (Prm>

(3.5.16)
||| <

Remark 3.5.2. This lemma is applied to the following linear scalar system.
&(t) = ax(t) + bu(t) (3.5.17)

Consider the following approximate model.

(t) = c,x(t) + dyu(t) + A

1
Uemd = d—(v — 1) (3.5.18)

r

Vge = kpe
The PCH signal is
Up = dr(ucmd - @)

The reference model with PCH is expressed as:
i'rm = —MTpm + MYcom — Vp, M > 0 (3519)

The inequality (3.5.9) becomes

M Amax (1)
< - _
|my€0m| B 5d C )\min<T)

(ler = kpl + Vo +1) — Vng + 127 (3.5.20)

Assumption 3.5.4 becomes

[tema — 0] < Sgm || (3.5.21)
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In case that the values of a and b are known, (3.5.9) boils down to

[MYeom| < — (3.5.22)
dd
Consider the following Lyapunov function candidate:
L,
Ly, = ixrm (3.5.23)
The time derivative of L,,, is
er - xrm(_mmrm + MYcom — b(ucmd - ﬂ))
< —ma? |+ MYeomTrm + mdg|b|z?, (3.5.24)

< _m’xrm‘[(l - 5d|b‘)|xrm| - ycom]

L'rm < 0 when |z,,| > (1%5);71)\)' Hence, z,., is ultimately bounded.

3.5.2 Dynamic Actuation

For a dynamic actuator we have the following assumption.

Assumption 3.5.5. The 1%*-order dynamic actuator model with position/rate satu-

rations and time delay is expressed in the following form:

Tq(t) = satp (—%xa@) + isatpwc(t)))

(3.5.25)
U(t) = xq(t —Tp)
The position/rate saturation functions are defined as:
satp(r) £ sgn(z) - min(fp, |2|)
(3.5.26)
satp(r) = sgn(z) - min(Ag, |z|)
where 0p and 0i denote the position bound and rate bound respectively.
Using (3.5.5), the reference model can be rewritten as:
Oh, ,
Tpp = Armwrm + b(mlycom - F <u0<t> - U(t)))
8;5 (3.5.27)
= Arm@rm + (M1 Yeom — 8_1{ (ue(t) — x4(t) + 2o(t — 0Tp)Tp))
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T
where b = {() o0 1} € R and 0 € [0, 1]. The augmented reference model can

be given by:
d‘:rm . Arm %_%b Lrm X b Orxl mi1Ycom — %}}{ (uc + j:a(t - 9TD>TD)
Tq Otxr —= Tq 0 1 satg(w) — w + Lsatp(u,)
Arm Lrm Brm
(3.5.28)
where w = —2z,(t) + Lsatp(uc(t)). There exists a unique P, > 0 that solves the
following Lyapunov equation
Afmprm + prm;lrm = _Qrm (3529)

for arbitrary Q,, > 0.

Lemma 3.5.2. Let Assumptions 3.5.1 and 3.5.5 hold. If E and Z are bounded, the

reference model state, x,,,, is bounded.

Proof. Consider the following Lyapunov function,

L'r’m - :izmprmirm (3530)
Differentiating L,.,, with respect to time,

oh .
) _ _ M1Yeom — 22 (Ue + To(t — 0Tp)T
er - _iZmQrmjrm + 2jszTmBrm W ou ( ( D) D>
satg(w) — w + Lsatp(u,) (3.5.31)

S _>\m2n<Qrm>ermH2 + HizrmH<QI||wrmH + q2H$a|l + Q3>
where ¢1 = 2||Prp Brn|lhuli (k1 + 1), @2 = 2| PonBrm ||, 3 = 2] Bron Brnl {1y +

~

hy(li(E* + k) + l2) + 0rTp) + 0r}. Utilizing the following inequality,

z
<zl + Iyl < v2 (3.5.32)
Yy Yy
Lym < —Oomin(Qrm) — V2q0)||Zrm ||> + ¢5/|Zrm | (3.5.33)
where g4 = max(q1,q2). Ly is negative when ||Z,,,| > ——=%——=—. Hence x,,

)\min (Qrm)f\/ﬁq4

and z, are bounded. O
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Figure 7: R-50 unmanned helicopter

3.6 Design and Performance Results of R-50 He-
licopter Model

To demonstrate that the developed approach is adaptive to both parametric uncer-
tainty and unmodeled dynamics (including time delay), we illustrate a design and
performance evaluation using a simplified model for the longitudinal dynamics of an
R-50 experimental helicopter shown in Figure 7. A linear model is used both for
design and simulation so as not to obscure the effects due to unmodeled dynamics
and actuation limits. Figure 8 presents the implementation block diagram.

The pitch channel equations of motion of the R-50 helicopter can be expressed as

a single-input multi-output system:

&= f(z,9), = (3.6.1)
Y 0

where © = [u, q,0, 3, w]T is the state vector , u being the forward velocity, ¢ the pitch
rate, 6 the pitch angle, # control rotor longitudinal tilt angle, w vertical velocity, d

longitudinal cyclic input (deflection angle of swashplate in radian), g is an additional
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Figure 8: Generic block diagram of single channel of adaptive attitude command
system with pseudo control hedging

measurement and y is the controlled output. Note that since only pitch angle and

pitch rate are used in the inversion process, the main sources of unmodeled dynamics

are the control rotor dynamics and time delay.

The following linearized model was obtained based on flight test data:

& . Q.

X, X,
M, M,
0 1
. —1
Z, Z,

Xo
0
0
0

Zp

X5 X,
Ms M,
0 0
By 0
Zy  Zu
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where the actual coefficient values are:
X, = —0.0553, X, = 1.413, Xy = —32.1731,
Xg = —19.9033, X,, = 0.0039, M,, = 0.2373,
M, = —6.9424, Mz = 68.2896, M,, = 0.002,
B, = 0.0101, By = —2.1633, Z, = —0.0027, (3.6.3)
Zy = —0.0236, Zy = —0.2358, Z3 = —0.1233,
Zy = —0.5727, X5 = 11.2579, M5 = —38.6267,
Bs = —4.2184, Zs = 0.0698.

In Assumption 3.1.3 we have assumed the relative degree of the output is known.
If we assume that the actuator responds to the commanded input according to the
1%t-order dynamics

70(t) = —6(t) + 0u(t — Tp) (3.6.4)

then 0 has relative degree 3. The time delay Tp will be dealt with by PCH.
We choose the desired linearized system in (3.2.4) so that we can stabilize the
closed-loop system with the PD (proportional 4+ derivative) controller depicted in

Figure 8.

o b
Gil9) = 3017 (3.6.5)

This corresponds to a; = p,as = 0,a3 = 0 and by = p in (3.2.4), and the error

dynamics with vg. = (Kps+ Kp)e in (3.2.16) become
(5% + ps? + pKps + pKp)e =0 (3.6.6)

The PD controller is designed to place the closed-loop poles at —20, —8 & 64, which
corresponds to that p = 36, Kp = 55.56 and Kp = 11.67. From (3.2.6), the relation-

ship between pseudo control v and the controlled output y is given by:
p(v+ A) =Y + pi (3.6.7)
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In order to get the inversion law we are considering only ¢ and € as in (3.6.8) leaving

other states (u, 3, w) as unmodeled dynamics.

q M, 0 q M
= w7 s (3.6.8)

'3;: qu
s (3.6.9)
T

where Mq and M; are introduced to account for parametric uncertainty in M, and

Ms, respectively. Utilizing the above approximation, (3.6.7) becomes

~

~ M A
p(v+A) = Mqu + Téécmd + pM,q + As + pAs (3.6.10)

where Az = ¥ — ¥ and A, = ij — §j. Using (3.6.10), the approximate inversion law

(3.2.1) becomes

T ~ ~
Sema = ——(pv — My(My + p)q) (3.6.11)
M

and from (3.2.11), the model inversion error A can be expressed as

A = —(Az + pAy)

(3.6.12)

{5 =9+ p5— )}

"V =B

The eigenvalues of A in (3.3.2) have been placed to be 4 times faster than those of
A'in (3.2.21). The weight update laws for the application were chosen to be (3.4.20).
The adaptation gains have been set to I'y, = 201, I'yy = 1001. The following sigmoidal

function
1

- 3.6.13
1+ e (3.6.13)

o(z)

was implemented in the NN design with five hidden neurons, with activation po-

tentials chosen to be [2, 1.6, 1.2, 0.8, 0.2]. The o-modification gain k, in the NN
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update laws (3.4.20) was selected to be 2.5. The o-modification initial matrices Wy
and Vj are set to zero since no a priori knowledge for estimates of the weight matri-
ces is available. The number of neurons was chosen experimentally by starting with
a large number and gradually reducing until a degradation in performance became
non-negligible.

As shown in Figure 8, the commanded pitch attitude is processed through a linear

3r%-order reference model,

2w3

s+ 2w)(s? + 2¢ws + w?

Yrm = ( ) Ycom (3614)

The reference model is incorporated with PCH in state space form.

jfrm 0 1 0 Lrm 0 0
ycom
G | = | 0 0 1 Trm | T 0
Uh,
T | =200 (1440w 201+ Qu| |Epm| [20° —p
Lyrm
1 2w
Urm = ]_9 —2w3 —(1 + 4<)w2 p— 2(1 + C)w i‘rm + Tycom

Ly
where w = 10, and ¢ = 0.8. Pseudo-control hedging signal vy, is generated as in (3.5.1)
o= (5§ (3.6.15)
P
and is multiplied by p and subtracted from the reference model, which becomes the
reference model state update (%) as in (3.5.2).

Figures 9-11 provide simulated performance results of the adaptive controller using
the helicopter model in (3.6.2). The simulation includes the control rotor dynamics,
actuator dynamics (7 = 0.04 sec), time delay (7p = 0.03 sec) and control limits (7.8°
in position and 78°/sec in rate). The command to the reference model is a sequence of
positive, zero and negative steps. The parameter estimates used in (3.6.11) are M;s =

0.7Ms and Mq = 2M,. Figure 9 presents the pitch tracking performance without NN
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Figure 9: Pitch tracking performance without NN controller

augmentation. The upper plot gives a comparison of the un-hedged reference model
output (dash-dotted line), and the hedged reference model output (dashed line), which
includes the effect of pseudo-control hedging, with the pitch attitude response of the
airframe (solid line). The inversion error causes an unstable attitude response and
commands control input (de,q) beyond the capacity of the actuator. The pseudo-
control hedging modifies the reference model output so that the airframe response
appears to follow the hedged reference model within the capacity of the actuator.
Note that the actuator response is either position or rate limited throughout the
entire time interval. The airframe response without hedging is similar. The main
sources of the limit cycle behavior observed here are the unmodeled dynamics and

the actuation limits.
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Figure 10: Pitch tracking performance with NN controller and o-modification
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Figure 12: Pitch tracking performance with e-modification
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Figure 10 repeats the plots presented in Figure 9 with NN augmentation. Accept-
able tracking of the filtered hedged command is obtained even during brief periods
where the position and rate limits are encountered. The results demonstrate the
ability of the high-bandwidth flight control system to operate at the physical lim-
its of the aircraft hardware while delivering acceptable tracking performance. This
is made possible by the introduction of hedging, that permits correct adaptation to
continue while not in control. Note that the un-hedged reference model outputs in
Figures 9 and 10 are identical and the airframe response appears to lag the un-hedged
command for a period of time, but lead the hedged command. This behavior is a
consequence of the feedforward term from the reference model, v,,, in Figure 8. Fig-
ure 11 shows the NN weights time history W (Output layer) in the top and 1% (Input
layer) in the middle. The weights have a tendency to return to zero after each step
in command due to the o-modification term in (3.4.20). The bottom plot in Fig-
ure 11 shows the inversion error (A) and the output of the NN (v,4). The adaptive
signal v,y approximates A except when the command is initiated. This inability of
the NN to immediately adapt causes slight overshoots in the pitch attitude response
in Figure 10. This demonstrates the effectiveness of PCH in allowing adaptation to
continue during periods of control saturation.

Figures 12 and 13 are the simulation result with e-modification as presented in
Section 3.4.2. It has the same simulation conditions as the o-modification except
the adaptation gains I'y = I, 'y = 2.51, the e-modification gain k., = 10, and the
activation potentials [1,2,4,8,16]. Figure 12 shows a better tracking performance
than Figure 10 when the command is initiated. Figure 13 shows that the NN weights
are not driven to zero in the steady state.

Figure 14 shows the pitch tracking performance with the projection operator as
presented in Section 3.4.3. The adaptation gains are I'y = 0.051,'yy = 41 and

the activation potentials are [13,13.5,14,14.5,15]. The estimated bounds on the NN
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weights are chosen to be Wiux = 5, Vi = 0.5. The projection tolerances are set

to be ey = 0.1W?2

max?

€y = 01V2

max-*

Although it takes more time to adapt to the
uncertainties, it shows better tracking performance after the initial adaptation phase.
Figure 15 shows the NN weights history (W, V) are well behaved without the use
of o-modification or e-modification and the output of the NN adapts and cancels
approximately the inversion error.

Figures 16 and 17 present the flight test results of attitude command tracking
for the pitch channel using the error observer-based design at design bandwidth of
10 rad/sec without NN and with NN, respectively. Sinusoidal type pitch attitude
commands are generated directly by a remote pilot. Figure 17 shows that reasonably
good tracking of the command is accomplished for the NN. The adaptive control

design parameters used for the flight test are I'y, = 70, I'yy = 30 and &k, = 1.3.

3.7 Application to High Bandwidth Longitudinal
Flight Control

In this section we consider a 58 state model of a flexible aircraft consisting of rigid
body dynamics (short period model) coupled with actuator and flexible modes.? The

truncated short period dynamics can be expressed as

o' ZoJUy 1+ Z,/U o' Zs U A,
_ | Z/% o/ Uo RN P (3.7.1)
q Ma Mq q M6 A1

where « is the angle of attack, ¢ is the pitch rate, § is the control perturbation input,
A,,A; are approximation errors (representing the functional dependence on states

associated with the actuator and flexible dynamics).

2For information of the model, refer to James M. Buffington, Ph.D. Branch Specialist Flight
Control/Vehicle Management Systems, Lockheed Martin Aeronautics Company PO Box 748 Ft.
Worth TX 76101 Mail Zone 9338
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3.7.1 Relative Degree = 1 Design

For the relative degree = 1 design, we assume the simplest feedback-linearized system
as in (3.2.4)

Gd(s) =

% (3.7.2)

From the feedback-linearized system in (3.7.2) the pseudo control/output dependence

can be given:

v+ A=y
(3.7.3)
=y+4

where y is the controlled output which is the pitch rate ¢. Utilizing the short period

approximation in (3.7.1) the above equation becomes
v+ A= Moo+ Myq+ Msd + Ay (3.7.4)

From (3.7.4) we can acquire the inversion law and the inversion error as following.

§= ML(U — Mya — Myq)
s (3.7.5)
A=Ar=y—j

A PI (proportional and integral) controller is designed for the feedback-linearized
system to have the both closed-loop poles at —*¢. The PI controller gains are Kp =
w. and K; = %z. To construct the reference model pseudo control signal v,,,, a

1%t-order reference model is introduced as:

5 7 Yeom (3.7.6)
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where y,.,, is the output of the reference model and .., is the pre-filtered command.

The error dynamics can be presented as in (3.7.7)

y=v+A

:Udc—i_lvrm_vad—i_A

= Km+ Kpy + Yrm — Vaa + A (3.7.7)
J —Kp —-K; || 7§ 1

= -+ (Uad — A)
1 1 0 n 0

where § £ y,., — v and 7 is the state of the PI controller.
The adaptation gains have been set to I'y = 51, T'yy = 0.051/. The following

sigmoidal function
B 1
14 e w

o(z;) (3.7.8)

has been implemented in the NN design with nine hidden neurons, activation poten-
tials chosen to be a = [1,2,3,4,5,6,7,8,9]. The o-modification coefficient k, in the
NN update laws (3.4.20) is selected to be 10. The o-modification initial matrices W
and Vj are set to zero since no a priori knowledge for estimates of the weight matrices
is available. Figure 18 presents the implementation block diagram.

The adaptive output feedback approach assumes that the relative degree (r) of
the regulated variable is known. What is important is not the theoretical relative
degree, but the relative degree over the bandwidth of the design. That is, high
frequency poles and zeros can be disregarded. Another way to view this is in terms
of the roll-off and phase shift in the vicinity of the gain crossover frequency in a Bode
plot. In general, the relative degree may be determined from modeling equations,
or it can be experimentally estimated. Taking ¢ as the regulated output variable,
and considering only the rigid body dynamics, then » = 1. For an r = 1 design,
the error observer described in the last section is not needed, since E in (3.2.21)

involves only the regulated output and the compensator states. In a sense, the output
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Figure 18: Generic block diagram of single channel of an adaptive rate command
system

feedback approach becomes nearly equivalent to the case of state feedback, except that
it retains the potential for adaptation to unmodeled dynamics, if these unmodeled
dynamics do not significantly affect the assumed relative degree (and therefore become
the zero dynamics). The essential difference between this approach and adaptive
approaches using full state feedback lies in the use of delayed values at the input side

of the adaptive element, as defined in (2.4.27).
3.7.2 Relative Degree = 2 Design

For the relative degree = 2 design, we assume the feedback-linearized system as in

(3.2.4)
N
Ga(s) = GrpE (3.7.9)

where ay = 2p, a; = p* and b; = p?. The reason we have two shifted poles from the
origin in (3.7.9) is to keep a PI controller structure. We cannot stabilize S% by using

a PI controller. For the approximation of the second derivative of the output (y), a
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1%t-order actuator model is introduced

1
0= Ocemn 3.7.10
7s+1 d ( )

where ¢ is a state of the actuator dynamics, d.,,4 is the control input and 7 is the time
constant. From the feedback-linearized system in (3.7.9) the pseudo control/output

dependence can be given:

P*(v+A) = §+2py +p’y
(3.7.11)
=y +2py + pPy + Do+ 2pA
where y is the controlled output which is the pitch rate ¢q. Utilizing the short period

approximation in (3.7.1) and the actuator model in (3.7.10), the approximation of

the second derivative of the output is given by

= Mo(Zoa + Zyq + Ms6) + My(M,a
(3.7.12)

1 1
+ Myq + Msd) + M(;(—;é + ;50md)
Substituting (3.7.12) into (3.7.11), we obtain the following expression for the inversion

law and the inversion error:

.
5cmd = E(pQU - Caa - qu>

1
A= (804 2pA) (3.7.13)

— 30— G+ 2005~ )
where C, = My (Z, + M, + 2p) and C, = M,Z, + ]\4q2 + 2pM, + p*.

The PI controller is designed for the feedback-linearized system to have the both
closed-loop poles at —w.. The value of p in (3.7.9) is chosen to be 2w, and the
PI controller gains are Kp = w?/p? and K; = pKp. Note that the shifted pole (p)
cancels the zero of the PI controller so that the closed-loop system remains second
order. To construct the reference model pseudo control signal v,,,, a second order

reference model is introduced as:

w?/4
82 4+ wes + w§/4ycom
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where 1,.,,, is the output of the reference model, ¥, is the pre-filtered command. The

error dynamics can be represented as in (3.7.15)

i 0 1 0 n
gl = 0 0 1 7
y —p’K; —p*(1+Kp) —2p y
(3.7.15)
0

where § £ y,.,, —y and 1 is the state of the PI controller. The error observer poles have
been placed to be 4 times faster than those of the error dynamics (3.7.15). The adap-
tation gains have been set to I'y, = 201, I'yy = 10/. The sigmoidal function in (3.7.8)
is used with activation potentials 100 x [1,2,3,4,5,6,7,8,9]. The o-modification co-
efficient &, in the NN update laws (3.4.20) is selected to be 4. The o-modification

initial matrices W, and V} are set to zero.
3.7.3 Numerical Results

Figure 19 depicts and quantifies to some degree the effect of the flexible modes in
this model. Two responses are shown. The solid line shows the response in pitch rate
to a step command for a baseline controller without a structural model filter. The
baseline design is a «, ¢ feedback inverting design with PI compensation. The effect
of unmodeled dynamics is apparent from the response. To verify that this is due to a
structural mode interaction (rather than an interaction with the actuator mode), the

following two structural compensation filters were placed in series in the pitch rate

feedback path:

s2+1.58s+1181.2 s2 + 4.87s + 2667.2
s2 4+ 6.87s + 1181.2" 52 + 20.665s + 2667.2

(3.7.16)
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Figure 19: Baseline design performance.

The dashed line in Figure 19 demonstrates that the structural mode interaction
is indeed eliminated with the introduction of these filters.

Figure 20 shows the result of the » = 1 adaptive design using w. = 7 rad/sec in
the reference model. Note that it exhibits even greater interaction with the flexible
modes, than does the baseline design of Figure 19. However, this design reaches the
command level much faster.

To examine why this design fails to suppress the effect of the flexible modes,
we considered the rigid body model and the full plant model by comparing their
respective Bode plots. The magnitude plot in Figure 21 shows that the rigid body
model is a good approximation over much of the frequency range of interest, but the
phase plot shows significant differences in the vicinity of the design bandwidth, as
set by the command model frequency. It appears that an additional phase shift of
90 degrees is introduced up to about 20 rad/sec, which lies beyond the bandwidth

of our design. A slight change in the slope is also evident in the magnitude plot at
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Figure 20: Relative degree = 1 design (w. = 7 rad/sec).
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Figure 21: Bode plots of the full model and the short period model.
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Figure 22: Relative degree = 2 design (w. = 7 rad/sec).

around 10 rad/sec. However, it is evident that the phase plot is a clearer indicator
of relative degree than is the magnitude plot. Therefore, we tried an r = 2 design,
which required the introduction of the error observer in (3.3.1). Figure 22 shows that
the r = 2 design does eliminate the structural mode interaction, without requiring

notch filtering, which was the main objective in this phase of the effort.

3.8 Nonlinearly-Parameterized NN with SPR Ap-
proach

As presented in the previous sections, Lyapunov stability analysis results in a NN
update law in terms of the error vector. When r > 2 and the derivatives of the output
signal are not available for feedback, we used an error observer in realizing the estimate
of the error vector for the use of the update law. Alternatively, we can use a direct
adaptive approach that employs a strictly positive real (SPR) filter [38]. It utilizes

a low-pass filter so that the error dynamics satisfy an SPR condition, and a scalar
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error signal can be directly used in the Lyapunov stability analysis in place of the
error vector. In [38] a linearly-parameterized NN controller with SPR, approach was
introduced by redefining the teaching signal so that the training signal is related to the
NN approximation error through an SPR transfer function. In this section, we develop
an adaptive law for nonlinearly-parameterized NNs using the SPR approach. This is
done by augmenting an auxiliary error signal with the tracking error signal so that
the augmented error is associated with the NN approximation error through an SPR
transfer function. The idea of augmenting an auxiliary error when r > 2 was proposed
by Sastry et.al. [60]. The performance of the adaptive scheme is demonstrated by
a numerical example of a modified Van der Pol oscillator and compared with the
approach found in [38]. Moreover, in contrast to the o-modification term used in [38],

we show that it is possible to incorporate an e-modification term in the adaptive law.
3.8.1 Controller Design

Consider the following error dynamics taken from (3.2.27)

E = AE + bhy(W'6 — W' —¢)

(3.8.1)
e=CE
where A is Hurwitz and r» > 2. It can be expressed in frequency domain.
e=G(s)hy(WTé —WTho —¢) (3.8.2)

Currently, the boundedness analysis with SPR approach is limited to the following

assumption.
Assumption 3.8.1. h; is a known constant.

Introduce an auxiliary error signal e, and a low-pass filter T'(s) such that G(s) =
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G(s)T~1(s) is SPR:

ea 2 G(s }%< @xWﬁ&»
= G(s ( %rwﬂq+w%ﬁ—GmMW%) (3.8.3)
=G(s ( Te;—W 0'f> + G(s)hs(WTea —WT6)

where o; = T(s)o, 6y = T(s)o and T'(s) is called an SPR filter. Note that e, can
be computed since the estimated weight W and the activation function & are both
available online and that e, goes to zero if W is replaced by the optimal weight W.
In the controller canonical form it is given by:

EW:AEa+bm(Wﬂ7ﬁW?—T@XWJ&D (3.8.4)

e,=CE,
Since G(s) is SPR, the following equations hold:

ATP + PA=-Q <0
. (3.8.5)
Pb=C

Oh,

Remark 3.8.1. Assumption 3.8.1 implies that %}Z' is known. Knowledge of T is

needed to generate e,. It can still be applied to a non-affine system as long as

Assumption 3.8.1 holds.

Define the augmented error signal as:

(3.8.6)

where €; = T'(s)e and is bounded by |[[ef|| < €}. For the stability proof we will need
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the following representation:
WT&f—WTO'f—Gf

:WT&f—WTO'f—WT&f+WT&f—WTG+WTU—€f

Wle, —Wre; —Wh(e —6Vip+O(|V|*) + Wlo — ¢
— W, — WT6'Vip+ <WT&’VTH . W%’VT“) (3.8.7)

+

VS

WGV i = WTo'VT ) + W'V — WTO(|V) -

=W (67 = &V ) + WV 4 WISV =~ WIO(V]?) -

S (&f - &’f/%) +WTs'VT o+ w
where 0 = o(VTp), 6 =a(VTp), 6/ = 4 VT O(|V|) =0 — 6 + &'V and
the disturbance term @ = W&, — WTo; + WT6'Viy — W'V — €4 is upper

bounded as:

|w|| < 2vng + 1W* 4 0v/ng + 1W* + ||W||“Zv*u*+e; : )
3.8.8

<alZle+e
where ¢; = 2%, ¢ = (24 6)Vna + 1+ o) W* + ¢t Using (3.8.7), the error
dynamics (3.8.6) can be expressed as:
& = G(s)hs <I7VT(& P VT )+ WV o+ u_)> (3.8.9)
and in the controller canonical form.

E = AE + bh, (WT(&f VT ) + WV + w)

(3.8.10)
e=CE
The filter T'(s) can be realized in a state space form
Zf = Afo + Bf&
(3.8.11)
op=Crzy
The signal ¢ is used in the NN adaptation law
W= Ty [sgn(ha)(&7 = &'V )e + kelelVV |
(3.8.12)

V= Ty [sgn(hg)uéWT6/ + ke|é\‘7]
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where 'y, I'yyy > 0 are the learning rate and k. > 0 is the e-modification gain.

Assumption 3.8.2. Assume

)\max (T)

R>C o (1)

> C (3.8.13)

where Aoz (1) and Ay (7)) are the maximum and minimum eigenvalues of the fol-

lowing matrix:

P 0 0
TZ |0 Ty 0 (3.8.14)
0 0 Iyl

which will be used in a Lyapunov function candidate as L = ¢?T'¢ with a redefined

T
error vector { = [ET wT (Uecf/)T} , and

a IC|I(c} + 2¢5 + ke Z*?) (¢ + 200 + ke Z*%) 3.8.15
C—max( o (Q) , 1 ) ( )

is the radius of a ball By containing I'.
Define the Lyapunov function level sets €2, and €23

Qu={C€Br|L<a = miElRL}
Iel= (3.8.16)

Qp={CeBr|L<p é”rg'ai)éL}
Theorem 3.8.1. Let Assumptions 3.1.1, 3.1.2, 3.1.3, 3.1.4, 3.2.1, 3.5.1, 3.8.1 and
3.8.2 hold. If the initial errors belong to the compact set €, defined in (3.8.16), then
the feedback control law given by (3.2.1) and the weight update law (3.8.12) ensure

that the signals E, W and V in the closed-loop system are ultimately bounded with

the ultimate bound C'y/ %

Proof. See Appendix A.5. O
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3.8.2 Numerical Example

The efficacy of the adaptive output feedback controller developed in Section 3.8 is

demonstrated using a modified Van der Pol oscillator model treated in [38].

T = Ta
By = —2(2 — 1oy — 21 +u
T3 = T4 (3.8.17)
T4 = —x3 — 0.204 + 21
Yy=2x1+23

The output has relative degree r = 2. We assume that we have an approximate model

as:

J=u (3.8.18)

The linear controller is designed such that the closed-loop poles of the approximate
model in (3.8.18) are placed at —3, —2 £ 2i.

20(s + 1.2) _
=" 8.1
Vg 7 (3.8.19)

Then the error dynamics becomes,
§=G(s)(vaa — A),
s+7
G =
)= ST 205 12
where A = —2(2? —1)zy—x3—0.2x4. We select an SPR filter T'(s) so that G(s)T*(s)

(3.8.20)

is SPR.
s+ 7
(s+1)(s+2)

Five hidden layer neurons are used and their activation potentials are

T(s) = (3.8.21)
1 09 0.8 0.7 0.6|- The learning rates for adaptation laws in (3.8.12) are I'yy =
30, 'y, = 40 and the e-modification coefficient is k., = 0.001. A second order reference

model is selected with a natural frequency of 1 rad/sec and damping ratio of 0.707.

The initial condition for the plant is x1(0) = 0.5, 25(0) = 2.5, x3(0) = 0, 24(0) = 0.
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The system response without NN augmentation in Figure 23 exhibits a limit-cycle-
like oscillation due to unmodeled dynamics. With NN augmentation as developed in
Section 3.8, the oscillation is removed after about a 3 second adaptation period as
shown in Figure 24. The performance obtained using a linearly-parameterized NN is
shown in Figure 25. Figure 24 takes more time to adapt but has better steady state
tracking performance than seen in Figure 25. Nonlinearly-parameterized NN weight
histories in Figures 27 and 28 show that NN weights approach nearly constant values
that are non-zero, in contrast to the linearly-parameterized NN weight histories that
tend to return to zero as shown in Figure 26. The control efforts are shown in Figures

29 and 30. Figures 31 and 32 show the degree to which the NN output approximates
A.
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Figure 24: System response with nonlinearly-parameterized NN
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Figure 25: System response with linearly-parameterized NN
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Figure 26: Weight history with linearly-parameterized NN
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Figure 27: Weight (W) history with nonlinearly-parameterized NN
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Figure 28: Weight (V) history with nonlinearly-parameterized NN
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Figure 29: Control position with nonlinearly-parameterized NN
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Figure 30: Control position with linearly-parameterized NN
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Figure 31: A vs. v,y with nonlinearly-parameterized NN
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Figure 32: A vs. v,g with linearly-parameterized NN
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CHAPTER IV

NN AUGMENTATION OF EXISTING

CONTROLLERS

This chapter presents an approach to augment existing controllers with a NN. Previ-
ous adaptive output feedback control approaches have been applied within a control
architecture that uses an inverting type of controller for the non-adaptive portion of
the control system. Considering that the vast majority of existing controllers are not
based on inversion, it is desirable to retrofit such systems with an adaptive element.
Generally, when a complete control system already exists for the nominal plant, one
can augment it with an adaptive process to gain the benefits provided by adapta-
tion. In the particular case of aviation applications, the aircraft industry would much
prefer to augment flight control architectures that are already certified, rather than
replace them with a totally new architecture. In [44] adaptive augmentation of a
linear controller is examined for the case of state feedback. References [45, 46, 47]
introduced several methods for linear controller augmentation in an output feedback
setting. Here we develop an approach for a simple reference model which has the
same relative degree as the true plant as depicted in Figure 33. The approach is use-
ful for situations in which one wishes to augment an existing linear controller without
knowledge of the process by which the controller was designed. For example, the
controller gains may have been obtained by a tuning process while in operation with
the true plant, and not obtained (in its operational form) via a model based design
approach. This situation is often the case in many practical industrial settings, such

as process control, automotive engine and transmission control, and many aircraft,
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missile and guided munition flight control applications as well.

First we describe the control system architecture and develop the error equation
needed to apply an existing approach to adaptive output feedback augmentation. A
reference model is constructed to represent the ideal response characteristics of the
closed-loop system. NN augmentation of an existing controller is used to force the
plant output to track the reference model trajectory. This approach involves formu-
lating an architecture for which the associated error equations have a form suitable
for applying the same NN and update laws as those given in Chapter 3. In addition
Section 4.1.2 develops an SPR filter approach for directly using the tracking error sig-
nal to update the NN weights. The augmentation methodology is extended to MIMO
systems in Section 4.2. The efficacy of the design is demonstrated via application
to autopilot design for a guided munition model. In Section 4.3.2, command limit-
ing is introduced to avoid an oscillatory response at high angle of attack in normal

acceleration tracking.

4.1 FExisting Controller Augmentation Scheme

Consider the following observable and stabilizable SISO nonlinear system:
(4.1.1)

where « is the state of the system on a domain D, C R", and u,y € R are the
control and regulated output variables, respectively. The functions f and h may be
unknown. The regulated output is available for feedback and its relative degree is

known to be 7.

Assumption 4.1.1. The output y has relative degree r for all (x,u) € D, x R.
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We assume that the system (4.1.1) can be transformed into a normal form,

X = fO(£7 X)
é:i:é.i-l-l 'L.:].,"',T_].
| (4.1.2)
fr = hr<€7 X 'LL)
y==&
where & = [ ¢ ... ¢ 1", he(§ x,u) = L}h, and x is the state vector associated

with the internal dynamics.

Assumption 4.1.2. The internal dynamics in (3.1.4), with & viewed as input, are

input-to-state stable. [53]
Assumption 4.1.3. The sign of 0h,/Ou is known.

It is assumed that there already exists a linear controller:

Cbc = Acwc + bc(yc - y)
(4.1.3)

Uee = chc + Dc(yc - y)
where y. € R is a command signal, . € R" is the state vector of the linear controller
and A. is Hurwitz. However, the process by which this controller was obtained in
its final form does not lend itself to a straightforward model-based design method.
Consequently, a linear plant model is not available which can be combined with the

controller in (4.1.3) to define the desired closed-loop performance.

We suggest using a simple linear performance model G(s) as a reference model

by
G(s) = 4.1.4
)= s it T (4.14)

as shown in Figure 33. The reference model should be designed to have relative degree
r and to satisfy performance requirement of closed-loop system. G(s) has r poles in

the open left half plane and can be expressed in state-space form as:
(4.1.5)
Ym = Y,
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A . r—
0 1 0 0 0
0 0 1 0
Am: 0 7bm: 0],
0 0 0 1
—a; —ay —asz ‘- —a 1
Cn=11000 --- 0

where A,, is Hurwitz.

Assumption 4.1.4. The command y.(t) is bounded so that

e (O < e

By Assumption 4.1.4, y,, is guaranteed to be bounded. Then the r** derivative
of y,, is
Yy = Cy, + Dy, (4.1.6)
where C, & CnAy, = |—-ay —as —az --- —a,| and D, = CnAT1b,,01 = by.
The feedback control law is designed as:

U= Upe — Ugyg (4.1.7)

y") in (4.1.2) can be put in the following form.

y(r) = _ary(ril) e a1y + bl(yc — Uad + A)
(4.1.8)
=0y + bl(yc — Uqad + A(yca Yy, u))
T
where y £ y g - yr Y| and A(y.,y,u) £ %(y(r) — Chy) — Yo + Uqq
Its state-space form is given by !
ZQ = Amy + bmbl (yc — Uqq + A(ym Y, U))

(4.1.9)

'If additional outputs are available for feedback, which are not regulated, they can easily be
incorporated into the design, similar to what was done in Chapter 3.
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Let the error be defined as e £ y,, —y. Then we have the following tracking error
dynamics.

e =C.E+ by (Ugqg — A)

(4.1.10)
= —(are +agé + -+ a,e" ) £ by (ugg — A)

T
where E = [@ é 6(7“—1)] . In state space form it can be represented as:

E = AmE + bmbl (Uad - A(ycv Yy, u))
(4.1.11)
z=C,FE

Define the following signal

u* & h (2, by + Cry)

(4.1.12)
From (4.1.12), the following equation is satisfied.
biy. + Cry = hy(x,u”) (4.1.13)
Uqq — A can be expressed as
1
Ugg — A = Ugqg — b—(y“) — CpY) + Yo — Uaa
1
1
—b—(hr(w, u) — Cry — biye) (4.1.14)
1
1
— (@, ) — o, )
by
Applying the mean value theorem,
Ugg — A = @(u* —u)
b1
ha ,, _
5 Y, biye + Cry) — tiee + Uaa) (4.1.15)
1
ha -
b (uad - A(ZU, Ye, uec))
1
where A = u., — hH(x, biy. + C,y) and
A 6h7‘ _ *
hg = 5 ,u=0u+(1—0)u", and 0<0(u) <1 (4.1.16)
u U=u
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Using the representation of (4.1.15), we have the following error dynamics.

E = ALE + bpha(ueg — A)
(4.1.17)
z=C,F

Define the bounds for h; and % (i) in a compact set,

% (hiu)‘ (4.1.18)

Ueg = Whe (VT ) (4.1.19)

A A
h® & max |hy|, H = max
x,uceD x,uceD

Now we design the adaptive term as

If the NN output signal u.q perfectly cancels A, then we have asymptotically stable
error dynamics. Since A,, is Hurwitz, there exists a unique P > 0 solving the following
Lyapunov equation

AT P+ PA,, = —Q (4.1.20)

for arbitrary @ > 0. Lyapunov stability analysis of the error dynamics results in
update laws for the adaptive element in terms of E. However, for r > 2 it is assumed
that FE is not available for feedback. We can deal with it by either using the error
observer approach [47] or the direct adaptive approach [45, 46], similar to what was

done in Chapter 3. These two approaches will be detailed in the sequel.

4.1.1 Error Observer Approach

Here we treat the problem using the error observer approach and the update law
with o-modification as presented in Section 3.4.1. Introducing a linear observer for

the tracking error dynamics as in Section 3.3, we have:

E=AE+K(z—2)
(4.1.21)
z=0C,E,
where K should be chosen in a way to make A,, — K, asymptotically stable. Let

~

A& A,-KC, E2E-E. (4.1.22)
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Then the observer error dynamics can be written:
E = AE — b, hy(teq — A). (4.1.23)

Since A is Hurwitz, there exists P > 0 satisfying the following Lyapunov equation

ATP + PA=—-Q, (4.1.24)
for an arbitrary positive definite matrix Q. In the same manner as (3.4.5), we have
the following representation.

Uag — A =TT (& . &'VT“,) LWV + @ (4.1.25)

where the disturbance term is bounded by:

loll < nl|Z]lr + 72 (4.1.26)
where v1 = ©Z*1*, 7o = (24 6)yv/na + L+ 71)W* + €* and § as defined in (2.3.11).
Assumption 4.1.5. Assumption 3.4.1 holds with b,, in place of b.

Theorem 4.1.1. Let assumptions 4.1.1, 4.1.2, 4.1.3, 4.1.4 and 4.1.5 hold. Let the

adaptation law be given by:

W= Iy [sgn(hﬁ)(c} —S'VTR)E Pby, + k(W — WO)]

_ . (4.1.27)
V= =Ty [sgn(ha)uB Pbu W75 + ko (V = V)]

where I'y,,I'yy > 0. Then there exists a positive invariant set, {2, such that if the

initial errors belong to €2, then the feedback control law given by (4.1.7) ensures that

the signals E, E, W and V in the closed-loop system are ultimately bounded with the

ultimate bound C'/ i:’::—:((g:))

Proof. The proof is the same as that of Theorem 3.4.1 with b,, in place of b. 0J

Remark 4.1.1. Theorem 4.1.1 can be applied to the e-modification as in (3.4.21) or

the projection operator as in (3.4.38).
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4.1.2 SPR Filter Approach

Reference [38] presents a direct adaptive output feedback design approach employing
feedback linearization and a linearly-parameterized NN to compensate for modeling
errors without using the error observer. It introduces an additional error signal for
training the NN by using a two-output dynamic compensator. The training signal
can be interpreted as a filtered tracking error signal. Here we will directly use the
tracking error signal to update weights in the linearly-parameterized NN. An exten-
sion to a nonlinearly-parameterized NN is given in Section 3.8. The control system is
augmented by a low-pass filter designed to meet a SPR condition of a transfer func-
tion of error dynamics. The SPR condition is used in the Lyapunov stability analysis
to construct the NN adaptation law using only available measurements.

Following [6, 7, 8], A can be represented by W%¢ + ¢, and with the adaptive

element of (4.1.19) the error dynamics in (4.1.11) can be expressed as:
e =G(s)ha(W ¢ —€) (4.1.28)
where G(s) is defined in (4.1.4) and ¢(p) is a radial basis function defined by:
b; = 6—(;1—cL')T(u—cL')/27 i=1,2,-,ny (4.1.29)

The centers ¢; are randomly chosen over a range of possible values of the input vector
p. The proof of ultimate boundedness requires (4.1.28) to be strictly positive real

(SPR). If r > 2, we introduce an (r — 1) order SPR filter T'(s) to meet the SPR

condition.

e=G(s)THs)T(s)ha(WTep — €
(4.1.30)

= G(S)T ' ()haWT s + 65 — €5)

where ¢, = T(s)¢, 6; = T(s)(WPp) — WT¢,, ¢; = T(s)e, and are bounded as:
164[1 < maIW e, (el < € (4.1.31)
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T(s) can be constructed by Kalman-Yakubovich-Popov (KYP) approach [61]. As-

sume that
S Ve 182+

G(s)T '(s) = 4.1.32
<S) (S) s+ CLTST_l +---+a ( )
The state space realization of the transfer function G(s)T'(s)™! is given by
= Az +bha( Wi, + 67 —¢p)
(4.1.33)
e=Cz
where
0 1 0 0
0 0 1
(4.1.34)
0 0 0 1
—a1 —a2 —Aas —Qy
O = |1 C2 Cr—1 Cp

G(s)T(s)"!is SPR if and only if it complies with KYP Lemma, i.e. there exists @ > 0
such that the solution P of

AP 4+ PA, = —Q (4.1.35)

is positive definite and

C=bP (4.1.36)

From the elements of C' which is the last row of P in this canonical form, we can

construct a stable low-pass filter T'(s) ensuring G(s)T(s)~! is SPR.

b

Ts) = 4.1.37
(8) Crsr_l + Cr_ls’"_Q + 40 ( )
The filter T'(s) can be realized in a state space form.
Zp= Afo + B
(4.1.38)

¢y =Crzy
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The signal ¢, is used in the NN adaptation law
W= —Tw[sgn(ha)ed; + koW (4.1.39)

where I'yy > 0 is the learning rate and k, > 0 is the o-modification gain. Since the

filter is stable, for any positive definite )y, there exists P, satisfying

AT P+ PrAp = —Qy (4.1.40)
Assumption 4.1.6. Assume
)\maz(T)
R>C >C 4.1.41

where A\paz(T) and A\ (T) are the maximum and minimum eigenvalues of the fol-

lowing matrix:

P 0 0
TZ |0 P 0 (4.1.42)
0 0 Iy

which will be used in a Lyapunov function candidate as L = ¢'T¢ with an error

T
vector ¢ = {zT z;{ I/T/T} , and

T T T
C £ max , Y 4.1.43

is a radius of a ball B¢ containing I" (See Figure 2), where

ke = (k1 + )ICN, w3 =P Bslll@ll, ka = ral|Cl| + kW™,
T = elICll + 15y Byl ]l + koW, (4.1.44)
)\mzn(Q) > h/B(H)\ma:c(P) — K,Q), Amzn(Qf) > K3, ko_ > Ky

Define the Lyapunov function level sets €2, and €23

Qu={CE€Bp|L<a 2 min L)
Iel= (4.1.45)

Q={CeBr|L<p éfﬁfi’é”
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Theorem 4.1.2. Let assumptions 4.1.1, 4.1.2, 4.1.3, 4.1.4 and 4.1.6 hold. If the initial
errors belong to the compact set €, defined in (4.1.45), then the feedback control law

given by (4.1.7) and the weight update law (4.1.39) ensure that the signals 2, z;, W in

the closed-loop system are ultimately bounded with the ultimate bound C' f\‘m"iz((g
Proof. See Appendix A.6. O

4.2 FExtension to MIMO Systems

Let the dynamics of an observable and stabilizable nonlinear MIMO system be given

by the following equations:

&= flz,u), y=gla) (4.2.1)

where & € Q C R" is the state of the system, u,y € R are the system input (con-
trol) and output (measurement) signals, respectively, and f(-,-),g(:) are unknown

functions. Moreover, n need not be known.

Assumption 4.2.1. The dynamic system in (4.2.1) has vector relative degree [ry,rg, - - -

Tyt e, <n[62).

Then there exists a mapping & = ®(x), where

- b1 - - 9i ]
O(z) = @ C ool =| 7 Polegew (4.2.2)
L ¢n3 | L L?_lgi i

with L?Egi being the Lie derivatives, g;’s the elements of the vector g in (4.2.1), that

104



transforms the system (4.2.1) into the so called normal form [62, 63]:

X = f0(€7X)
o= ¢

' = y, i=1,--- ,ng, 4.2.3
g Y ;

T T
wherehi@,x,u):L}igi,z:{g{ 523] ew,siz[g g;z-]  and

X € R"™" are the states associated with the internal dynamics.

Assumption 4.2.2. The internal dynamics in (4.2.3), with & viewed as input, are

input-to-state stable. [53]

The objective is to synthesize a feedback control law that utilizes the available
measurements y, so that y;(¢) track bounded reference trajectories y.,(t) within
bounded errors.

The reference model should be designed to have the same vector relative degree
as the plant dynamics and satisfy closed-loop performance requirements. Define a

r*"-order block-diagonal matrix reference model as:

Y = Cm',-cm

where y, € 2™ is a raw command, y,, € R" is the output of the reference model

and

mm,l

wm,Z .
xm - ) mm,z E §]:37.17 ?

1, ng (4.2.5)

wm7n3
- = rx1
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- - 0 1 0 0
A 0 0
0 0 1
0 A 0
Am = 5 Az = 0
0 0 0 1
: drne al @ —a} e -
b, 0 0 0
0 b --- 0 0
Bm - ) bz = )
0 0 b, b;
- - rxng L o, x1
Cq 0 0
0 C e 0
Cn = , Ci = [1 00 O}
1><7’i
0 e 0 Cns
- - nzxr

where every A; is Hurwitz and so is A,,. (4.2.4) can be decomposed of

Lo = AT + biYei

Ym,i = Cilm i

Ti XT;

(4.2.6)

(4.2.7)

Note that given Hurwitz A,,, for all Q > 0 there exist a positive definite matrix P

solving the following Lyapunov equation,

ATP 4 PA, = —Q

€' in (4.2.3) can be put in the following form:

(5:’ —a;&; + bi(Yei — Ugai + D)

where Az(sa X U’) = b%(glﬂ + aléz) — Yei — U + Uec,i and a;

1,2
|:ai a;
can be expressed in state space form:

& = A& +bi(Yei — Uaq; + D)

511 = ci§;
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Denote e; £ T, — &;, then error dynamics for each block can be represented as:

é, = Aie; + bi(uga; — A;)
(4.2.11)
Zi = C;€;

In the same manner as Section 4.1 we reformulate the modeling error such that a new

modeling error is not a function of u,y. Define the following signal

u; = hit (e, ug, - w1, bilei — @ik Wity -+ 5 Upy) (4.2.12)
From (4.2.12), the following equation is satisfied.

biYei — ai&; = hi(@, uy, -+ U1, UL Uiy 1, Uny) (4.2.13)

Uqd; — A; can be expressed as

1
Ugdi — A = —b—(hi(w, u) — a;&;) + Ye,i
. ! (4.2.14)
= b_ (hi(w7u17 s, Ug—a, u;'k7ui+17 e 7un3) - hz(wa ’U,))
1
Applying the mean value theorem with respect to u;,
ha,i
Ugdi — D = b, (uf — u;)
hﬂﬂ' -1 *
= b, (hz (CU, Uy s Ui—1, Uy s Ujg1y 0 7un3) — Uec,i + uad,i) (4215)
hi <
b (Uadi — Di(T, Yeis Uee,i))
where A; = tee — (b (@, ur, -+ Ui 1, U, Uit -+ 5 Up,) and
s Oh; _ .
ha; = 5 , U =0u; + (1 —0)u;, and 0<0(u;) <1 (4.2.16)
u Ui =U;

Using the representation of (4.2.15), the complete error dynamics are given by:

E = ALE + By Hy(ueg — A)
(4.2.17)
z=0C,FE
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where

€1

0

Uad,1

Uad,2
y UWUgd = 5

Uqd,nsg

= rXns

1

r;x1

and z represents the signals available for feedback.

Assumption 4.2.3. The signs of hy;’s are known for ¢ =1,---

Define the following matrices,

\ha1| 0 0
e | 0 el 0
0 0
0 0 |hﬁ,n3|
1 ;
] 0 0
1
|H'| & O T 0
0 0
1
0 0 sl
sgn(ha 1) 0
sgn(H) 2 0 sgn(hg2) 0
0
0 0
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0 hae O
o 0 . 0
0 0 hang
,N3.
(4.2.18)
0
0
sgn(hans) |




and the bounds for the use of boundedness analysis,

hB é )\max(‘HﬂD?

1
dt hg1

1
dt hg,2

max
x,ucD

} (4.2.19)

A
H = max | max
x,ueD

y ~..7 maX

Introduce the following linear error observer for the tracking error dynamic system

n (4.2.17):

(4.2.20)

where K should be chosen to ensure asymptotic stability of A,, — KC,,. The stability
of the closed-loop system should be considered along with the observer error dynamics.
Let

A~

A& A,-KC, E2E-E. (4.2.21)

Then the observer error dynamics can be written:

= AE — B, Hy(ueg — A). (4.2.22)

and there exists a positive definite matrix P solving the Lyapunov equation for arbi-
trary Q > 0:

ATP + PA=—-Q (4.2.23)
We design the adaptive element

~

Ugg = Wa(VTp),

where W € RM2tbxns | ¢ Ruthxnz are estimates of NN weights that will be
updated online. For the NN weight update law we can choose any of the three adaptive
schemes presented in Section 3.4.1-3.4.3. Here we will adopt the e-modification scheme
in Section 3.4.2 and show boundedness of all the error signals of the closed-loop

system.
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For the boundedness proof we need the Taylor series expansion of W a (VT ) at
W=WandV="V.
Wl =WTe —Wre —WTs'Viu+ O(|Z)?) (4.2.24)
where the higher order terms O(||Z||2) = =W (6 — o) + WT6'VT . Then
uad—A:WTA —W'lo —¢
=WTe + WIe'Viu—0(|Z|?) — ¢ (4.2.25)
= Wle +WTe'Vip+ o
where @ = —O(|| Z|)?) — e = WT(6 — o) — WTo'V T — € and it is bounded by:

* ar - T *) % *
lol] < 2v/ny +IW" + (V[ (W] + W*)u" + ¢

(4.2.26)
<l ZIP + 2l 21l + s
where v, = %,72 = %W*/,L*,’}/;g =2yng + 1W* 4 ¢
Assumption 4.2.4. Assumption 3.4.1 holds, where
. P 02 0,\2
C 2 max <5T, 2Bt E ) (4.2.27)
is a radius of a ball B¢ containing I', and
R e N L
ke *2 >, * CL* * ok
by = 527 +|PBu|W" {0+ V7 ),
ko = ar(hP||PBy |l + || PBul)), (4.2.28)
k1o = 205(hP|| PByl| + | PByl)),
ki = 2| PBullm, ki = (295]|PBpl| + keZ*),
ki = |PBpllv2, T £ (kg + k1a)? + (k1o + ki12)
Define the Lyapunov function level sets €2, and €23
Qu={¢C€Br|L<a £ min L}
I<l=R (4.2.29)

Qp={CeBr|L<p é”rg”ézxcL}
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Theorem 4.2.1. Let the assumption 4.2.1, 4.2.2, 4.2.3 and 4.2.4 hold. Consider the

following weight adaptation laws:

W= Ty [&ETPBmsgn(Ha) + keHEHVT/]
_ (4.2.30)

X ~T ST ~ A

V=-Ty [,u,E PB,sen(Hy)W7s' + keHEHv}

for 'y, 'y > 0. If the initial errors belong to the compact set €2,, the signals

E,E,W and V in the closed-loop system are ultimately bounded with the ultimate

bound C'y/3zee(Ey.

Proof. See Appendix A.7. O

4.3 Application to Guided Munitions

The Joint Direct Attack Munition (JDAM) is a guidance tail kit that converts ex-
isting unguided free-fall bombs into accurate munitions. The unit attaches directly
to the iron bomb, and directs it to the target through controlled tail fin movements.
With the addition of the tail section that contains an inertial navigational system
and a global positioning system guidance control unit, JDAM upgrades the existing
inventory of general purpose bombs. A schematic of a JDAM is shown in Figure 34.
The design challenge is to synthesize a single adaptive autopilot to provide adequate
control and performance for a family of guided munitions using only an approximate
aerodynamic data. Ideally, a single controller for these guided munitions would be de-
signed to handle several different configurations without compromising performance,
thereby reducing the time required for developing each new JDAM variant as well as
minimizing reliance on high-fidelity wind tunnel aerodynamic data for autopilot de-
sign. The ability of NN-based adaptive control to correct for parametric uncertainty
and unmodeled dynamics leads to the conclusion that it is a promising method for
achieving the design goals of the JDAM program. Since JDAM is a tail controlled
munition, its transfer function from fin deflection to normal acceleration has a non-

minimum phase zero. The approach in [64] was limited to feedback linearization
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Figure 34: A schematic diagram of JDAM

of the minimum phase inner loop. The non-minimum phase outer loop was closed
using a conventional PI controller. The previous work adapted uncertainty only in
the moment equation of the inner loop, but did not adapt the force equation of the
outer loop. Hence it required accurate knowledge of the force derivative coefficients
in the outer loop. Here we implement the controller scheme proposed in Figure 33
which can reduce the dependence on knowledge of force derivatives in the outer loop.
Since feedback linearization is not implemented, we can apply a simple control system
where the existing controller and the true plant can remain largely unknown; only
information required is knowledge of the relative degree of the true plant. Section
4.3.2 presents a method for limiting the command to compensate for poor tracking

when control authority is diminished due to high angles of attack flight.
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4.3.1 Numerical Results

Consider the following short-period approximation of the vehicle longitudinal dynam-

ics with acceleration at the c.g. as a measured output.

« Za/Uo 1 o Z(s/Uo
+
q M, Mq q Ms (4.3.1)
A, =Z,oa+ Zso

This yields the following transfer function from the fin deflection to acceleration.

o Z5S2 — Z(quS + Z Ms — M, Zs

GAzJ_ Zo M,
52—(5—‘;+Mq)5+ (;JO“—MQ

(4.3.2)

The zeros of this transfer function are determined by the properties of the stability
derivatives. In general all of the stability derivatives in (4.3.2) are negative and the
following holds

| Zo Ms| > | My Zs| (4.3.3)

Then (4.3.2) has one zero in the LHP and one zero in the RHP and is thus confirmed
to be non-minimum phase. The non-minimum phase zeros can be addressed by a
"virtual” acceleration sensor; the implementation of which allows us to place the non-
minimum zeros far enough from the origin so that they become ignorable in the design
[64]. Consider again the short-period approximation of the vehicle’s longitudinal
dynamics, but now with acceleration measured at a favorable location different from

the c.g.

& ZyJUy 1 « Zs/Ug
+

q Ma Mq q M5
(4.3.4)
Ao = Ax + 14

= (Lo + Moo+ L, Mg+ (Zs + 1, Ms)o
where [, represents the distance (xyp — 2¢y) i.e. I < 0 when the Inertial Mea-

surement Unit (IMU) is located forward of the c.g. The transfer function from fin
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deflection to acceleration is then given by

(Zs + LMy)s? + ({5 (MaZs — MsZa) = ZsMy) s+ ZaMs — MoZs

2=+ Mo T M,

(4.3.5)
By adjusting [, it is possible to ensure that the zeros are sufficiently far from the
origin to allow their effects to be neglected in the design. This condition facilitates the
use of a low frequency approximation to neglect the zeros entirely, thereby ensuring
a stable closed-loop system. Application of the low frequency approximation (s ~ 0

in the numerator) results in

é ZoMs — M, Zs
A 6 p—
§% — (£ + My)s + Zo2ls — M,

(4.3.6)

2IMU?

Now we have a relative degree 2 approximate system dynamics from fin deflection to

acceleration measured at the virtual IMU. In state space form, it can be expressed

as:
o Z, Uy 1 & 0
. = + 5
é Ma Mq Cj M5 (437)
Zs
= (2. — D50
g=( 77 )é

where & and ¢ represent approximate model states and ¢y denotes approximate model

output. For simplicity let y be A from now on and (4.3.7) will be used for

ZIMU
designing a reference model.

A 10%-t0-90% rise time criteria is used as the performance specification in this
application. This criteria removes the effect of the time delay and the initial curvature
characteristics of systems whose relative degree is greater than one [64]. The desired
performance is scheduled according to the dynamic pressure as in Figure 35. The
transient-response simulation is performed by commanding ramp inputs in normal

acceleration as in Figure 36 to avoid the actuator rate limits (100 deg/sec). The

existing controller gains of a representative guided munition [64] for a single flight
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Table 1: Flight Conditions for Simulation

Mach Number | Altitude (Kft) | Dynamic Pressure (psf)
0.8 30 281.6
0.8 20 435.7
0.8 10 652
1.0 30 439.9
1.0 20 680.8
1.0 10 1019
1.2 30 633.5
1.2 20 980.4
1.2 10 1467

condition (Mach 1.2 and 10 Kft) were used. Flight conditions where linear simulations
of a representative guided munition are performed are listed in Table 1. Thus this
study will illustrate that with adaptation it is possible to eliminate the need for gain
scheduling. Since r = 2 within the bandwidth of the control design in this application,

a simple 2"%-order linear system is used as a reference model.

Ym = G(3)ye
) (4.3.8)

w

where G(s) = T 2Cws T

G(s) has two poles at —Cw £ wy/1 — (2 and we used w = 9.9, = 0.8 when the
dynamic pressure is over 500 psf, and w = 3.3, ( = 0.8 when the dynamic pressure is

less than 500 psf. Then the 2"¢ derivative of 1,, can be represented as:

Ym = _QCwym - w2ym + w2yc (439)
Let the 2"? derivative of y be
j = =20wy — w*y + w(Ye — Uaa + A) (4.3.10)

where A(yca Y, ?)7 U, uec) = ﬁ(y + zcw?/ + U}2y) Y — U + Uec
With the definition of e £ y,, — v, we derive the following error dynamics.
€ = —2Cwé — w?e + w?(ugg — A)

(4.3.11)
e =G(8)(ugg — A)
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Reformulating the modeling error as detailed in Section 4.1,

e = G(8)hg(ugg — A) (4.3.12)

For the SPR filter approach suggested in Section 4.1.2, the 1%-order low-pass filter

T'(s) is chosen as:

1
T(s) = 4.3.1
(5= (4313)
It is not difficult to verify that G(s) = G(s)T~'(s) is SPR.
. w1+ j2)(w? — 2% — 2j¢w2)
RelG(jz)] = Re | —5—— : 3 .
(w? — 22+ 2jCwz) (w? — 22 — 2jCwz) (4.3.14)

, w2+ (2Cw — 1)22
(w? — 22)2 + 4(Cwz)?

>0 forall 2>0

Then the error dynamic system in (4.3.12) can be given in the form of (4.1.30).
e=G(s)ha(Wrp + 65 — €5) (4.3.15)

A Gaussian Radial Basis Function NN with seven neurons and a bias term is used
as the adaptive element. The input vector to the NN is composed of the current and
delayed values for y and v including a bias term. The learning rate F' = 2 and the o-
modification coefficient k, = 0.005 are used for the update law. Figure 37 shows one
of the simulation results at Mach 1 and 20 Kft. The dash-dotted line is the reference
model response to the ramp command in Figure 36, the response with NN (solid
line) shows almost the same rise time performance as the reference model while the
vehicle shows slow response without the NN. The rise time performance at several
flight conditions is summarized in Figure 38. “ECA NN” in the legend stands for
existing controller augmentation with NN. “w/o NN” in Figure 38 indicates results
of using the existing controller gains given at one flight condition (Mach 1.2 and 10
Kft), where it overlaps with the existing autopilot gain for that flight condition. The
NN controller exhibits superior rise time performance in comparison to the response
without NN. Figure 39 shows similar transient response using the error observer

approach suggested in Section 4.1.1.
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Figure 35: 10%-t0-90% rise time specification
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Figure 36: Transient-test commands
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Figure 37: Transient response at Mach 1 and 20 Kft with SPR filter approach
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Figure 38: 10%-t0-90% rise time comparison
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Figure 39: Transient response at Mach 1 and 20 Kft with error observer approach

4.3.2 Command Limiting Using Angle of Attack

Several research projects have demonstrated the necessity of PCH in the case of
actuator saturations [41, 40, 57]. As explained in Section 3.5, PCH estimates the
control discrepancy between the commanded control and the achievable control due
to the actuator limits, and modifies the reference model output so that it is performed
within the capacity of the actuator. Inspired by the idea of PCH, we propose to limit a
command when a state causes unfavorable output response. In the JDAM application
the pitching moment control sensitivity abruptly vanishes and lacks in control power
to control at high angle of attack (AoA). As the munition begins to depart, it cannot
recover due to this lack of control power. Hence it would be desirable to keep the
AoA below a certain level. The earlier work in [64] limited the guidance command to
avoid high AoA. This method requires knowledge of the force derivative to design the

command limit. In the approach adopted here, the AoA limiting signal is defined as
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the AoA excess beyond a prescribed maximum value, and is zero when it is below the
prescribed maximum. This signal is used to estimate the amount of output command
to be subtracted from the guidance command. The limiting action both reduces the
magnitude of the output response by decreasing the reference model output, and
ensures bounded response even in the presence of large guidance command inputs.
It reduces the dependence of the design on knowledge of the force derivative, Z,,
knowledge of which was required in the existing design. An alternative approach for
dealing with this problem can be found in [65, 66, 67].

A nonlinear model data table in the longitudinal channel at Mach 0.8 is considered.
It is parameterized by AoA (0 to 26 deg) and longitudinal control deflection angle
(-15 to 15 deg). Figure 40 shows results similar to those achieved with a linear model
both with and without NN. To simulate the high AoA phenomenon, we choose a
model for pitching moment at -20 deg of control surface deflection so that the control
power (M;) vanishes at high control surface deflection. The control actuator limits
are +£25 deg. A consequence of this choice of model is that the munition does not
have sufficient control power to trim at a high AoA flight condition. The objective is
to limit the command, y., by an amount corresponding to the AoA excess to avoid
the oscillatory phenomena due to lack of control power. The limiting signal () is

defined as

0 if o < gz,
= (4.3.16)

O — Qpaz I @ > appas
where ., = 22 deg. The command limiting signal ¥; is calculated using the plant
model (4.3.7) with parametric uncertainty in the aerodynamic coefficients.
. s o~
Y = (Zo — o2 M)y (4.3.17)
)

and is subtracted from . as depicted in Figure 41.
We will derive error dynamics incorporated with the command limiting signal.

Consider a SISO minimum-phase nonlinear system as in (4.1.1) with relative degree
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Figure 40: Nonlinear model at Mach 0.8 and 20 Kft

r and an existing controller:

e = Actte + be(ya — y) (4.3.18)

Uee = chc + Dc<ycl - y)

where yo = y. — y; and A, is Hurwitz. The system (4.1.1) can be transformed into a

normal form as (4.1.2). Let the r'"-order reference model be expressed as:

ym = Amym + bmblycl
(4.3.19)

Ynm = Un¥Y,,
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command limiting
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T
N . r—
ym = ym ym yﬁn 1)
0 1 0 0 0
0 0 1 0 0
Am - 7bm =101,
0 0 0 0 1
—a; —ay —asz ‘- —a 1
C,, = [1 00 --- 0]

where A,, is Hurwitz. Then the r** derivative of y,, is

& = Cotty + Dy (4.3.20)
where OT é CmA:n = |:_a1 —ay —asz - _a/T:| and DT = bl.
y") in (4.1.2) can be put in the following form.
g = —a,y Y = agy + b1 (Yer — Uaa + D)
(4.3.21)
=0y + bl (ycl — Ugq + A)
T
where y £ {y TR y“”l)] and A(Yer, Y, U, tee) = 3y — Cryy) = Yor + Uad
Its state-space form is given by
y = Amy + bmbl (ycl — Uqgq + A)
(4.3.22)

y=0Cny

Let the error be defined as e £ y,, — y, then we have the identical error dynamics as

in (4.1.11).
E = ALE + byby (ugg — A)
(4.3.23)
z=C,FE
T
where FE = [e & .- e(r—l)] . Boundedness of all the error signals can be shown

using the error observer approach in Section 4.1.1 or the SPR filter approach in

Section 4.1.2; and its proof is omitted here.
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A negative ramp command is used to produce a positive AoA, and its amplitude

2 so that a high AoA results in an oscillatory response.

is increased to 35 ft/sec
Figures 42 and 43 show the simulation results at Mach 0.8 and 20,000 ft (Q=435.7)
without NN or command limiting. Its response is slow and starts to depart at around
5 seconds. The response with NN augmentation, but without command limiting
is shown in Figures 44 and 45. With NN adaptation, the munition responds more
quickly to the command, but encounters the effect of high AoA at around 2.5 seconds.
Note the oscillatory response that ensues after 2.5 seconds. Figure 45 shows that the
control is saturated after 2.5 seconds. The danger here is that a disturbance can cause
a total loss of the munition at this flight condition. Figures 46 and 47 incorporate the
NN with command limiting. As the AoA hits its limit, the command is modified to
an amplitude of 32 ft/sec?, and it keeps the AoA at the limit value avoiding control
saturation to streamline command tracking within the allowed AoA range. Figures 48
and 49 show the results when parametric uncertainties are included in calculating v;.
Figures 48 and 49 show the acceptable tracking performance with 80% and 150% of
the true value of 7, — AZ4—‘;MQ in (4.3.17), respectively. However, beyond the range of
parametric uncertainty (80% - 150%), the munition falls into the region of oscillation.

Thus, a reasonable estimate of the parameter is needed for the method.
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Figure 42: Nonlinear model without command limiting or NN at Mach 0.8 and 20
Kft
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Figure 43: AoA and control effort without command limiting or NN at Mach 0.8
and 20 Kft
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Figure 44: Nonlinear model without command limiting and with NN at Mach 0.8
and 20 Kft
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Figure 45: AoA and control effort without command limiting and with NN at Mach
0.8 and 20 Kft
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Figure 46: Nonlinear model with command limiting and NN at Mach 0.8 and 20 Kft
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Figure 47: AoA and control effort with command limiting and NN at Mach 0.8 and
20 Kft
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Figure 48: Command limiting and NN at Mach 0.8 and 20 Kft with parametric
uncertainty in y; (80%)
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Figure 49: Command limiting and NN at Mach 0.8 and 20 Kft with parametric
uncertainty in y; (150%)
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CHAPTER V

NN ADAPTIVE CONTROL WITH

ASYMPTOTIC TRACKING

Early results on applications of NNs made use of linearly-parameterized networks to
cancel the effect of modeling error on tracking performance. Barbalat’s lemma can
show that when the NN reconstruction error is zero, the tracking error asymptotically
goes to zero. With nonlinearly-parameterized NNs the derivation of adaptive laws
entails Taylor series expansion, which necessitates bounding of higher order terms in
the derivative of the Lyapunov function [28]. Because of these higher order terms,
the limiting result on asymptotic convergence of the tracking error to zero has yet to
be obtained.
Here, using the Barbalat’s lemma [68], we show that with nonlinearly-parameterized

NNs, one can achieve asymptotic convergence of the tracking error to zero. For that
we employ a projection operator in the adaptive laws [17] and the notion of adaptive

bounding [69, 70].

5.1 System Description and Error Dynamaics

For simplicity of presentation, we consider a SISO nonlinear system of the following

form:

Zt'i:l'i+1, 1= 1,2,"' ,7’L—1
(5.1.1)

where € D, C R" are measured, and v € R is the control input. The function

f(x,u) may be unknown.
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Assumption 5.1.1. df(x, u)/0u is continuous and non-zero for every (x,u) € D, X

R, and its sign is known.

The control objective is to synthesize a state-feedback control law such that @(t)
tracks a smooth reference trajectory x,,(t) asymptotically. Let f (x,u) denote an

approximate model for f(ax,u) so that

fla,u) = fla,u) + A (5.1.2)

where the modelling error is Az, u) = f(x,u) — f(,u). The model f(x,u) should

be chosen to be invertible with respect to its second argument.

Assumption 5.1.2. df(x,u)/du is continuous and non-zero for every (z, u) € D, x

R.

Let the approximate function be recast as
v = f(z,u) (5.1.3)

where v is called pseudo-control. Then the control law can be defined directly from

(5.1.3)

A

u=fx,v) (5.1.4)
The pseudo-control is composed of four signals:
v éxﬁ,’;) + Vo — Vgg + Uy (5.1.5)

where 2 is the n'® time derivative of Zm(t), ve is the output of a linear controller,
and v,4 and v, are adaptive terms used to cancel A(x,u).

The reference model can be expressed in state space form as:

Ep = AT + bine (5.1.6)
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T, = T T gy
0 1 0 0
0 0 1 0
A, =

—ay —az —az -+ —an

a

where x,, € R" are the states of the reference model, x., € R is a bounded external

command signal, and A,, is Hurwitz.

Let e £ z,, — 1. Then

e™ = —y, + v, — v, — A

For simplicity, the linear controller is defined as:

Ve = kye + kpé + - - + kpe"

(5.1.7)

(5.1.8)

where the gains k; are chosen such that the dynamics in (5.1.8) are asymptotically

stable when v,y — v, — A = 0. In state space form:

E = AE + b(vag — vy — Az, 0))

T
where E = [e é e(n—l)} , and

Define the following signals

= ng) + v

vt 2 fla, 7 (@, )

i
I
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Ved — Uy — A can be expressed as:

Vad — Uy — A(@, 1) = Vaq — vy — f(@,u) + f(2, )

= —f(@, [} (@,v) + v
= —f(=, fH(z,0) + fx, [ (@, 0"))

Applying the mean value theorem,
Vad — Ur — A = fr(v" — )

= folVad — vr — v + f(l‘, f_l(wvvl>>]

= [5[Vaa — vr — Az, 1))

~

where A = v, — f(x, f~'(x,v;)), and

5 0f du

fT) - %av U:l—)’

v=0v+(1—-0)v", and 0<H0(v) <1
with the following bounds:

B A A
= max|f;|, F = max
f m,u€D| fv| ’ xz,uceD

d (1
i (7))

We have the following error dynamics.

E =AF + bqu('Uad — Up — A(mv 'Ul))

(5.1.11)

(5.1.12)

(5.1.13)

(5.1.14)

(5.1.15)

Since A is Hurwitz, then for any ) > 0, there exists a unique P > 0 that solves the

Lyapunov equation:
ATP + PA=—-Q

5.2 Adaptive Control Augmentation

The adaptive term is defined as:

Voa = Wl (V)
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where p is the input to the NN. The NN weights are updated using the following

parameter projection algorithm as in Section 3.4.3.

A

W = Ty Proj(W, —sgn(hs)6 E' Pb)
(5.2.2)

~

V =Ty Proj(V, —sgn(ho)uE' POWT6")
where 'y, 'y are positive definite matrices. Using Taylor series expansion of W7o
at W = W, V= \7, one gets:
Wle =Wre — WTs'V 4+ O(|| Z|]?) (5.2.3)
where O(|| Z||?) represents the higher order terms. Then
vad—A:WT&—WTU—e

Wre +Wre'Vip—O(|Z|*) — e (5.2.4)

=W +WTs'V p+ w
where w = —O(|Z|]2) —e = WT(6 — o) — WTo'VTp — €. From (3.4.6) and (3.4.7),
we can derive the following bound:
]l < 2v/ny +TW* + [Wo' (VI = V)| + ¢

. (5.2.5)
<OV T IW € |WIIav 1+ V17l

where a* is the maximum of activation potentials, and ¢ is defined in (2.3.11). This
implies that

@] < sTop (5.2.6)
T T
where s = |1 HW” ||NHHWH is a known vector signal and ¢ = [% o ¢2]

is an unknown constant vector. The following robustifying signal can be used to

compensate for w:

vy 2 sgn(ETPb)s” ¢ (5.2.7)

where (}5 is updated according to the following differential equation [71, 70]
¢ =T's|E"Pb|| (5.2.8)
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where I' > 0.

With definition of the Lyapunov function level sets,

Qu={CE€Br|L<a = mi_nRL}
I<li= (5.2.9)

Q={C€Br|L<p é”rg”éyé/l}

we can now state the following theorem.

Theorem 5.2.1. Let Assumptions 5.1.1 and 5.1.2 hold. Then there exists a positive
invariant set D, in the space of the error variables { = |ET W7 (@eCf/)T &ST '
wherein the control law given by (5.1.4), (5.1.5) and the adaptive laws (5.2.2) and
(5.2.8) ensure, for all ¢(0) € Q,, that W, V, ¢ are ultimately bounded, and that E

asymptotically approaches zero.

Proof. See Appendix A.8. O
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE RESEARCH

6.1 Conclusion

This thesis introduced several methods of NN-based adaptive output feedback control
of uncertain nonlinear systems. It discussed two approaches for augmenting NNs with
linear controllers: input/output feedback linearization and augmentation of an exist-
ing controller. The former included a novel approach to approximate input/output
feedback linearization that employs a pole shifting. The latter introduced a control
methodology of the NN augmentation of existing controllers using a simple reference
model and extended it to MIMO systems.

Lack of full state information was dealt with by either the error observer approach
or the SPR filter approach, with special attention given to improvements and exten-
sions of the adaptation laws that apply to these approaches. The weight adaptation
laws were categorized according to a method used to limit growth in the network
weights. The methods consisted of o-modification, e-modification and projection.
Any combination of approaches and modifications can be employed with guaranteed
ultimate boundedness of all the error signals in the presence of parametric uncertainty
and unmodeled dynamics.

One of common assumptions in adaptive control is knowledge of the sign of control
effectiveness. This work showed that the knowledge of the sign of control effectiveness
is not relevant to the issue of existence of a fixed point solution, which eliminated

the fixed point assumption in adaptive control of non-affine systems. It did, however,
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show that knowledge of the sign of control effectiveness is indispensable both in the
adaptive laws and the proof of boundedness with the use of mean value theorem.

Adaptive control systems are vulnerable to actuator limits. The applicability of
PCH, to address nonlinear characteristics of actuator, was extended to an output
feedback setting. The nonlinear characteristics of actuator included position limits,
rate limits, actuator dynamics, and time delays.

NN-augmented input/output feedback linearization with the error observer ap-
proach was used for pitch-attitude tracking control of a linearized representation of
R-50 helicopter dynamics along with each case of o-modification, e-modification, and
parameter projection. NN-augmented input/output feedback linearization with the
error observer approach and o-modification was used for pitch-rate tracking control of
a flexible aircraft dynamics. NN-augmented input/output feedback linearization with
the SPR filter approach was extended to include nonlinearly-parameterized NN and
e-modification, and was applied to a modified Van der Pol oscillator. For the guided
munition application, NN augmentation of an existing controller with o-modification
was used along with both the error observer approach and the SPR filter approach.
A method of command limiting to keep the munition AoA below a certain level was
introduced so that the oscillatory phenomena caused by lack of control power at high
AoA was avoided. Numerical results from various applications showed that these

methods are very promising.

6.2 Recommendations for Future Research
The following presents recommendations for future research.
6.2.1 Relaxation of Assumption 3.5.2

The proof of boundedness in NN adaptive control with PCH is shown using a linear

approximation condition placed on ﬁr(y, y,v). Consequently it puts a restriction on

136



selecting an approximate model fAL(y, y,u). Relaxation of Assumption 3.5.2 will enable
us to choose an approximate model from a wide class of functions but the proof of

boundedness will be more involved.

6.2.2 Relaxation of Assumption 3.8.1

Nonlinearly-parameterized NN with SPR approach has been developed under As-
sumption 3.8.1 which requires that the control effectiveness be known. The assump-
tion restricts the availability of this approach. It is desirable that one should remove
the assumption so that an unknown function h; with known sign can be used in the

boundedness proof.

6.2.3 Extension of Chapter 4 to Non-minimum Phase Systems

All the control methodologies treated in this thesis impose the assumption on input-
to-state stability of the internal dynamics, and thus are limited to minimum phase
systems. The control architecture in Chapter 4 has similar features as the one in
[45, 46, 47], thus an extension to non-minimum phase systems can directly follow

augmentation of an existing controller for non-minimum phase systems given in [47].

6.2.4 Extension of Chapter 5 to Output Feedback

Chapter 5 has been treated in a state feedback setting for ease of presentation. Thus,
the arguments are limited to the system which relies on full-state information. An
extension of these results to output feedback is recommended. For output feedback
control, one could use either the error observer approach or the SPR filter approach

presented in this thesis to update the NN weights.
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APPENDIX A

PROOFS OF BOUNDEDNESS ANALYSIS

A.1 Error Observer Approach with e-modification
(Theorem 2.4.2)

Proof. Boundedness of all the error signals is shown in two steps. First, boundedness
of weight error signals is shown employing a Lyapunov analysis, and then this result
is used to show boundedness of the tracking and observer error signals.

Choose the following Lyapunov function candidate for the weight error signals

1~ -1 - -
Ly, = §WTF;V1W + §tr(VTF(,1V) (A.1.1)

The time derivative of L, is
Ly=—WT [sgn(h@)o“ETPl_) + keHEHW}
— tr{V7 [sgn(hg)/J,ETPI_)WT6’ + k‘eHEHV] }
(A.1.2)
=— Sgn(h@)WT&ETPl_) — sgn(h@)ETPBWT&'(VTp, — V)
— k|| E{WTW + tr(VTV)}
Using (2.3.11) and —2tr(Z72) < —||Z||? + Z2*°,
r T T 7 T 7 T a* x %
Ly < Vg + 1|WI||E[/|| Pb]| + [ E||[| Pb][[|[W]] <5 + Vi )
=gz - 27
2 . (A.1.3)
< Al E[IW] ~ fHEHHZH2 + 05| E||
L ke oo~
< O|E|[Z] - EIIEIIHZH2 + 05| E||

where 6; = (vno + 1+ 6+ < V*u*) | Pb|| and 6, = %Z*z + |PB|W* (6 + &V ).
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> 0
Tz + 2

Using 64| Z]| < %
) , 0
<181 {1z - 3 - o
— (A.1.4)
. it 2
<0 if || Z] > 2 ﬁJrk_

Hence Z is bounded and its bound is denoted as: ||Z]| < Z*
Choose the following Lyapunov function candidate for the entire error system

E"PE + E' PE + 2L, (A.1.5)

IL=|—
Differentiating with respect to time
Cd 1] ’ . )
L= |5 | E"PE + 5| (~EQE + 28" Pbhy(ves — &)
~E'QE — 2E" Pbhy(va — A) (A.L1.6)
+2WTT W + 26e(VITV)
Applying the adaptive law (2.4.34) and the representation (2.3.17)
. d| 1| .+ T T
L= || E"PE+ |- (—E QF +2F th@w>
—E QE - ZETZSBh@(vad — A) — 2sgn(hy)E” Pb(vgg — A)
— 2k || E||[(WTW + tx(VTV
VBIOTY +x(777) i
< Hnaa (P EI* = 55 Amin @I E|” + 2/ EJ[| PBI[ (1 Z]] + 72)
Min( @ BN + 2/ E[[(hP || 2B + | Pb]) (| Z]] + a2)
— 2%k || E|tx(Z7 2)
< —||Z|P+ 2" < 27, and

H/\ma:c(P)a Amin(@)]’ _Qtr<ZTZ)

Using ¢ = mln[i’\“‘m(

1Z)| < Z*.
(IE|l + I E|)* + 262 (|| E|| + || E]])
(A.1.8)

l\DI‘QI

L<
+ ris (|| Il + || E]l)
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where k2 = 7| Pb|| + an (|| PBI[h” + [|PB]|), #5 = 27| PB]| + 205 (]| Pb||h” + || Pbl|) +

ko Z*. Combining terms to obtain

L<—(|E|l+|El)

ol

(IBI + | B]) - 2522 ~ s (A.19)
The following condition renders L < 0.
~ 2
IE] + 1B > 7T (A.1.10)

where T = 2r9Z* + k3. Therefore ¢ remains in Q4 after a finite time period. The

ultimate bound @/%C can be computed as (A.2.16). O
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A.2 Error Observer Approach with o-modification
(Theorem 3.4.1)

Proof. Consider the following Lyapunov function candidate:

L=|—|E"PE + E' PE+ (WTT,\W) + tr(VIT,'V), (A.2.1)

v

The derivative of L will be

_4d
o dt

1

hg
— E'QE — 2E" Pbhy(vas — A) (A.2.2)

L E"PE +

(—~E"QE + 2E" Pbhy(veq — A))

v

+OWTTHIW + 260(VITV)

With the definition of E = E — E and (3.4.5), this can be written:

.d1 1 T
L=—|—|E"PE—-|—|E"QE - E QE

ai | 7, R @

+ 2san(h) B P W (6 - 6'VTp) + W6V 4w (A.2.3)

_ ZET(h;,Pl_) + sgn(h;) Pb)(veq — A) + Q(WTF;VIVT/) n 2tr(\~/TF‘_/lf/).

Substituting the adaptive laws implies:

i=2 L ErpE- | L ETQE - B'QE
dt | hy -
+ 2sgn(h@)ETPl;w — 2E" (hyPb + sgn(hs) PB)(vaq — A) (A.2.4)

— 2k, [V = W) — 2kt [V (7 — 1)

Using upper bounds from (3.4.9) and (3.4.8), the derivative of the Lyapunov function
candidate can be upper bounded as:

. 1 .
L < HXpao(P)| E|? - h—BM’n(Q)HEII2 — Auin(Q)[| B

+ 2| PR B (1| 2]+ 2) + 201 Ell (| ZI| + 02)
] (A.2.5)
— ko [IW I3+ IV = Woll3 — [W = Woll3]

— ko [IVIE+ 1V = Vo2 = IV = Va2]
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where © = || Pb|| + hP||Pb|| and the following property for matrices has been used:

2t [WT(W = Wo)| = W3+ IW = Woll2 = [W = Wo[3. (A.2.6)
Further
b~ {0l @) — HhaslP) b IBIF = A QB
+ 2 PBI(IE| + |EI) (1l Z]lr +72) + 201 Ell(ail| Z]lp +a2)  (A2T)
— ko 2|+ ko Z.

Grouping terms, (A.2.7) can be written:

. 1 S
<~ {55 Amn(@ ~ B2} 1B ~ A Q)N BIP
+2||Pb|||| E [ Z|r+ ]
IPBINEN [l 21l + o
+ 20| |0 (aillZllr + az) + 1PB] (1l|Z]lr +72)]
— k|| Z|% + ko, Z,
and further put in the form:
. 1 S
<= {55 Amn(Q) — B (P} 1B ~ A Q)N BIP
+ 2 PBIIE| 1| Z]lr + 2| + 2B [l Z]15 + (A4.2.9)
— k|| Z||% + ko Z .
where k1 = Oay + || Pb||v1, ko = Oay + || Pb||7s.
Utilizing the following inequalities,
21| PBIIEINZ e < ]| PRI + 1211
2| PB] | EI| < /| PBI (I E| + 1)
(A.2.10)

2 ||| Z]|p < sa(| BN + 11 Z]1%)

26| || < ma(| B +1)
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Upon completion of squares, we get the following upper bound:
. 1 _
2= (Ggamnl@ = Hhmwa(P)} - G+ )P0 ) 1217

— (Mainl@) = 1+ 52)) | B

- (ko — R1 — 71||PBH) HZ”%

(A.2.11)

+ Y2||Pb|| + Ky + ko Z.

One of the following conditions

T

VA Amin(Q) = HAmaa(P)} = (31 +72)|[PB
T

V hain(@) = (51 + 52)
T
\/ka — K1 — ’VIHPE”

will render L < 0 outside a compact set, where Y2 = 7, ||Pb|| 4 rg + ko Z

B[] >

1 > (A.2.12)

1Z]lr >

To ensure that the conditions (A.2.12) define a compact set in the space of er-
ror variables, write (A.2.11) in the following way that the condition L < 0 is true
everywhere in the space of error variables E, E, Z, outside the ellipsoid:

({5 3n(Q) = EAas(P)} = G+ 50)1 P81 ) P

(A.2.13)
+ (i@ = (51 +12)) 1BIP + (ks — 51— L PBI) 121 = T2
Define a compact set in the space of the error variables:
Bo={¢ € Br|ll¢ll < C}, (A.2.14)

outside which L < 0. Note from (3.4.10) that Bo C Bg. Consider the Lyapunov

function candidate in (A.2.1) and write it as:

L(¢) =¢'T¢.
and it satisfies the following inequality.

Amin(T)ICI7 < L(C) < Amaa(T) IS (A.2.15)
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The condition in (3.4.10) ensures that B C 23 C €2, and thus ultimate bounded-
ness of (. The argument shows that (23 is an invariant set and all trajectories starting
in (2, enter {13 within a finite time. To calculate the ultimate bound on ¢, we use

the left inequality of (A.2.15) to show

Ain(DICI? < L) < B =€ < \/Amim = \/%C (A.2.16)

Once the trajectory enters {2, it never escapes from 23 and the ultimate bound can

be taken as ?\:j:((g(? Let |E|| < E* and ||Z|| < Z*. Boundedness of y,,, ensured

by Lemma 3.5.1 completes the proof. O
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A.3 Error Observer Approach with e-modification
(Theorem 3.4.2)

Proof. As presented in Section A.1, boundedness of weight error signals is shown first,
and this result is used to show boundedness of the tracking and observer error signals.
Consider the following Lyapunov function candidate for the weight error signals
1~ -1 - -
Ly = 5WTF;V1W + 5tr(vTr;W) (A.3.1)
The time derivative of L,, is
By =— W7 [sgn(h,;)&ETPl_) + ke||f5||vv}
e {VT [sgn(hﬁ)uETPl_)WTé/ + I<:6||E|\X7]}
(A.3.2)
~ ~T  _ ~T  — A~ ~
= —sen(hy)W'6E Pb—sgn(hy)E POW 6’ (Vip— V')
— k| [EJ{WTW + tx(VTV)}
Using (2.3.11) and —2tr(Z72) < —||Z|? + 2,
7 T T T T T T a* * ok
Ly < vy + 1[WI|[E||[|Pb]| + | E][|| P[] W] (5 + Vi )
ke . - - 42
- S IEI0Z)F = 27)
) (A.3.3)
<OEW] = FIEINZ]" + 6| B
S P
<O ElZ] = FIEIIZI" + 6] E|
where 6; = (Vo + 1+ 6 4+ < V*u*) | Pb|| and 6, = %Z*z + |PB|W* (6 + &V ).
Using 61]|Z]| < %1|Z]1* + .

I O
<11 {5z - - 0

0B 07 0
<0 if ||Z] > 2 ?Jrk_e

(A.3.4)

Hence Z is bounded and its bound is denoted as: ||Z|| < Z*.

Consider the following Lyapunov function candidate for the entire error system

L=|—|E"PE+E PE +2L, (A.3.5)

v
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The time derivative of L will be

d|1

:E—

E'PE
I +

L

(—~E"QE + 2E" Pbhy(vsq — A))
—E"OF — 2E" Pbhy(veq — A) (A.3.6)
+ 2 T W + 26r(VIT V)

Using (3.4.23), this can be written:

. 1 R
=2 Lprpp_ |1 E'QE - E'QE
dt | hy 5
+ 2sgn(ho) E' Pb [WTa S WV T+ w} (A.3.7)

— 2B (hgPb + sgn(ho) Pb) (vaa — &) + 20 T + 24:(VT T V).

Substituting the adaptive laws implies:

. d |1 T 1 - T
L = it |7 E° PE o E'QF - FE QF
+ 2Sgn(hg)ETPl_)1I) — ZET(h@pl_) + sgn(hy) Pb)(veq — A) (A.3.8)

— 2k, [VT/TWHEH} — kit [VTVHEH] .
Using upper bounds from (3.4.9) and (3.4.24), the derivative of the Lyapunov function

candidate can be upper bounded as:

. 1 .
L < H\pao(P)| E|* - h—BAmn(Q)HEI\2 — Auin(Q)[| B

+ 2 PO Bl Z ] +72) + 26 Bl (0| Z] 5+ 00)  (AB9)
~ kel Bl |12} - 27

Further

1
hB
+[|E||(20 | Z ]| 7 + 10) (A.3.10)

L < HAar (P E|? = = Amin( QN E]? = Aain( Q)| E|1?

+r(| B+ 1E]) + 260 (| Ell + | E])]| Z]

where © = HPBH + hB||]55||,/19 =10, K1 = 20,0, Ko = 2||Pb|y + keZ*Q,
k14 = ||Pb||7.
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Grouping terms, (A.3.10) can be written:

1
nB
+2(kg + m1a) (1Bl + | EINZ + (k1o + mi2) (1 B + | EI)

L < Huao (P E|* = -5 X min( @I EI* = Auin( Q)| B

Using 2(22 +92) > (x +y)? and ¢ = min[)“%@ — H)\pau(P), )\min(Q)],
. q ~ ~
L < LBl + 1B + T(1E| + |1 B])
~ q_ ~
< (1| + 1B | SUE] + |1 B]) - 7|

where T £ 2(kg + /114)2* + (K10 + K12). The following condition

_ 2
B[ + (B[] > 7!

(A.3.11)

(A.3.12)

(A.3.13)

will render L < 0 outside a compact set. In the same manner as in Theorem 3.4.1, it

is ensured that E, E, Z are ultimately bounded and the ultimate bound

Amaz (T)

can be calculated as (A.2.16). In the case when PCH is implemented, boundedness

of y,,, can be shown by using Lemma 3.5.1.
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A.4 Error Observer Approach with Projection (The-
orem 3.4.3)

Proof. Define a Lyapunov function of the NN weight .

. F—l T TF—I T
Ly = g(Ty W) + Woe _ T W) Ty W (A.4.1)
Ew ew
Differentiating with respect to time,
Ly = VTl Ww
(
g7¢ if g(W) <0,
(A.4.2)
=9 g7¢ if g(W) >0 and Vg7¢ <0,
gTe(1—g) if g(W) > 0 and VgT¢ > 0
\

We can see that LW < 0 outside II; and W is bounded in a compact set II;. We

denote the maximum value of the norm of W:

W& max W (8)] (A.4.3)
1

In the same manner, V is bounded and the maximum value of its norm is denoted as:
V* 2 max ||V ()] (A.4.4)

Ve I
Using the bound on W in (A.4.3) and V in (A.4.4), @ in (3.4.23) can be bounded

by a constant:

— * a*, s 9 * *
@]} < 2vns + IW* + —[[W(([[V][ + V) |pll + €
4 (A.4.5)

< w* 2 2¢/ng + 1W* + %W*(f/* +VI)p® + €

where a* is the maximum value of activation potentials in the NN hidden layer. v,q—A

can be shown to be bounded by a constant:

lvag = Al = W6 —W'a — €|
(A.4.6)

<O E Vg + LW+ WH) + ¢
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Consider the following Lyapunov candidate of F, E, W, V:

L=|—|E"PE+E PE+W'T'W + tr(VIT,'V)

v

Differentiating with respect to time,

d
dt

1
hy

L=

1
E'PE
+ hs

(Y

(—~E"QE + 2E" Pbhy(veq — A))
_EOF - 25" Pbhy (v — A)
+ oW TR W + 2tr(VTT51V)
Using (3.2.21),(3.3.1) and the update laws in (3.4.38) ,
L=

E'PE - |—|ETQE - E'QF

v

L
ha

4
dt
+ 2sgn(ho)E' Pb [WT& F WISV 4 u_)}

+2E" (sgn(hs) Pb + hyPb)(vag — A)

4 2WT Proj(W, —sgn(he) 6 E' Pb)

+ 2trV7 [Proy( , —sgn(h )uETPbWT&’)}
— _ ETQE — E' QF + 2sgn(hy)0E" Pb

+2E" (sgn(hs) Pb + hyPb)(vag — A)

+oWT [ij(w, —sgn(ho)G E' Pb) + sgn(hﬁ)&ETPb]

+ 2trV7 [Prog( —sgn(h ),u,E’TPbWT6’) + sgn(h@)uETPbWT&']

< - E'QE — E' QF + 2sgn(h,)®E” Pb
+ 2" (sgn(hy) Pb + hoPb)(veq — A)

where ¢; = @*||Pb||, ¢z = (|| Pb|| + h®||Pb]|)6*
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Utilizing the boundedness of (A.4.5, A.4.6),

L < = Min( Q) B[ — Auin (@ )HEH2+261HEH+202HEH

<= 2@ (181 - )+
@) (11 - 12 ) r 2 (A4.10)
<= hun(@ (181 - )
@ (1B - 25 ) T
L is rendered negative when
T N T
121> 5@\ vmi@ @ VP 5@ @

where T = /\mf(Q) + /\mf( 5 Hence ultimate boundedness of E, E, W,V is established.
The ultimate bound %C’ can be obtained in the same manner as (A.2.16).

When PCH is implemented, Lemma 3.5.1 can be used to ensure boundedness of x,.,

as in Section 3.4.1. N
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A.5 SPR Filter Approach with e-modification (The-
orem 3.8.1)

Proof. Choose the following Lyapunov function candidate,

I —

E'PE +WTT3'W + tr(VIT;'V) (A5.1)

v

The time derivative of L will be
1
h

L=—|—|E"QE + 2sgn(hs)E' Pb(WT(6; — 6'VTp) + WI6'V o+ w)

<l

+ 2(VT/TF;V1VT/) + 2tr(f/TP;1X7)

1] = _ - . . -
= |- E"QE + 2sgn(hy)e(WT (67— 6'V ) + WT6'VT p + )

(A.5.2)
— 2wt [sgn(h@)(é'f — VT + kJé\W}
ot (VT [sgn(h@) peWrs + ke\élf/b
1| o _ o o
= — | —| E" QE + 2sgn(hy)ew — 2k [e| (W W + tr(VTV))
Using the bound of w in (3.8.8),
L<-— - E"QE +2||e||(c1]| Z|| + c2) — 2k|e|(WTW + tr(VTV))
)\min Q T ~ N ~ ~ N ~ *
< - 2l BIP 4 2ACIBIIZ1 + e - KICHBINZIE - 2°)
)\min Q T 2 T 7 > *
< - 2l B 1 1YY (22 + 20 - K2+ £27) (A5
)‘mm(Q) I = I ~ ~ *
< = S IBP + (OB (6 + 1207 + 26 = K 2P + 5 2°%)
— )\mzn Q) T ~ ~ *
<= 181 |22 2Bl 4 101 {06 - DIZIP - & - 200 - £},
Then L < 0 when one of the following conditions is satisfied.
Hiira 2 *2
HEH Z |hv|||0”(cl + 202 + keZ )
¥ s (A.5.4)
- ci+2co + k Z*
121 2 \/ et
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Ultimate boundedness of E and Z has been shown. The ultimate bound %I((IT,))C
can be obtained in the same manner as (A.2.16). From (3.8.4) E, is bounded with

bounded signal Z. Hence boundedness of E is established. O
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A.6 Augmentation of Existing Controllers with
SPR Filter and oc-modification (Theorem /4.1.2)

Proof. Consider the following Lyapunov function candidate.

L = 2T Pz + z:]fszf +WTFtw (A.6.1)

u

Then the derivative of L is expressed as

d

it
~ 2{Qrz; +22] PByg — 20" (sgn(ha)es; + K, W)

2Pz +

ha

|—2"Qz + 22" Poha(W' o, + 65 — )

L
ha
(A.6.2)
=—2TQz + ZSgn(hﬁ)e(WTgbf + 3 —€p)

— 2{Qrzs +22f PrByrop — 2W (sgn(ha)e; + kW)

Utilizing the property of (4.1.31), we get the following inequality

: /\mm Q it *
b (P2 Hra(P)) 1P + 21CE a1+ )

= Amin(Q) |21

. -
+ 2] 24112y By llll @l — ko [WI* + koW

/\me I *
<= (2= Hana(P)) 131 + NI + I71) + G121 + 1)

— Anin (@122 1* + 1P Byl @1l ([l 2 ]I” + 1)
— ko |W|)? + k,W*

<- (A””'”(Q) o (P) ) 1207 = onin (@) = ) 1217

— (kg = ka)[W|* + T
(A.6.3)
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where ry = (k1 +€})|C]], K3 = [[Pr Byl @l ks = ral|Cll, T = e;[|Cl[+ 1Py By [l pl| +

ko W**. One of the following conditions

T
z|| >
2]l \/MB(Q)_H/\mM(P)—/@

h
T (A.6.4)
zZ+|| > o
1zl \/Amm(Qf) o
A Y
W -
IWIl> A 5 —

will render L < 0 outside a compact set provided the following conditions hold

Amm(@) > hB(HAmam<P) - 52)7 Amin(@f) > K3, kg > Ky (A.6.5)

The ultimate bound 4/ i‘\:;‘:g)) C' can be computed in the same manner as (A.2.16). [
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A.7 Augmentation of Existing Controllers in MIMO
Systems with Error Observer and e-modification
(Theorem 4.2.1)

Proof. As presented in Section A.1, boundedness of weight error signals is shown first,
and this result is used to show boundedness of the tracking and observer error signals.

Consider the following Lyapunov function candidate for the weight error signals
Ly = %tr(WTF;VlW) + %tr(f/Tr;lff) (A.7.1)
The time derivative of L,, is
Lo = — te{W7 [&ETPBmsgn(Ha) + keHEHW}}
—tr{V7 [;J,ETPBmsgn(Ha)WTff’ + keHEHV} }

=— tr{VVT&ETPBmsgn(Ha)} — tr{ETPBmsgn(Hﬂ)WT&’(f/Tu —VTu)}

— k)| E|{tr(WTW) + tx(VIV)}

(A.7.2)
Using (2.3.11) and —2tr(272) < || Z|? + Z*,
Ly < Vg F1|WIIEIP Bl + | B PBAllIW (5+ %*m*)
Bz - 2 .

L ko oo~
§91IIEIIIIW||—5IIE||||Z||2+92IIEII
S P
<O|ElZ] = FIEIIZIF + 6. B

where 0 = (Vng + 140 + 4 V*p*) ||[PB,, | and 6, = %Z*Q—FHPBmHW* (6 4+ 2Vur).

~ ~ 2
Using 011 Z| < &) Z)* + 2,
ke, 02
< —|E|S=Z)> -2 -6
<181 {1z - 3 - o
A74
<0 if |Z] >2 9—%+@ Y
2k,
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Hence Z is bounded and its bound is denoted as: ||Z|| < Z*.

Consider the following Lyapunov function candidate:

" DA
L= T'pe,| + E PE + 2L, AT5
;{he e}—l— + (A.7.5)
The derivative of L will be
L i d]1 el Pe; + ! [—elQie; + 2el Pbihgi( A))]
= - i 17i€4 T 1T i€ i 1305\ Uad,i — B
£ | dt |hai| hai| & i A\ Rad,

~ B'QE ~ 2B PB, H(uas ~ A) + 2 T 1W) 4 2x(V7 V)

£

- & |at
=1

— E'QE — 2E" PByHy(tus — A) + 2tc(WITHIW) + 2tr(VITV)

1 (A.7.6)

ha,i

1
ha,i

€ZTP,L'€i — [eZTQZel]} + 2ETPBmsgn(Hﬁ)(uad — A)

Substituting (4.2.25) and the adaptive laws, this can be written as:
. K [d

L = —

> L

+ 2B PBusgn(Hy) W'+ W6V o+ wl

1
@i

T
€; Pe; — ‘

[efQiei]]

h P

e . ATT
— E"QE — 2E" (PBysgn(Hy) + PBuHy) (teg — A) (A.T.7)
ot (WTGE' PByysgn(Hy) + k|| E|WTW)

— 2r(VIRE' PB,sgn(Ha) W' + k|| E|VIV).

1
hai

T
e; Pe;, —

e Qe

. " T d

_E'QE +2E" PB,sgn(H,)® (A.7.8)

hai
— 2E" (PBysgn(Ha) + P By Ha)(taq — A)

~ 2ktr [WTWHEH] ~ Oktr {VTVHEH} .

Using upper bounds from (3.4.9) and (3.4.8), the derivative of the Lyapunov function
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candidate can be upper bounded as:

. )\min 2 A )12
bs— (222~ H0nlP) B = (@B

+2(hP | PBpul + 1P BulD | Ell(all Z]|r + a2)

(A.7.9)
+ 2|PBo|IE|( ) Z))* + = Z]| + 73)
- k|| 1213 - 2]
Further
. )\min(Q) ~ 7
bx = (P2 0(P)) 1B~ A QNEIP
+ B2k l| 2] + kro) + k(| BN + |E])]| 2] (A.7.10)
+ k(| E| + [|E) — k(|1 E|| + |EINNZI1? + 2k (| E| + | EDIIZ|
where kg = a1 (hB||PBw| + ||[PBml|), k1o = 202(h®||PBw| + | PBnml|).
k1 = 2HPBmH71, k1o = (273HPBmH + keZ*Q), ki3 = ke, k14 = HPBmH’Y2-
Grouping terms, (A.7.10) can be written:
- )\min(Q) T 7 ~
L<-— ( . HAmax(P)> |E|* = (ki3 — ki) (|E|| + | E|D) 2|7
(A.7.11)
+ 2(kg + k1) (| E|| + | EINIZ|| + (ko + k) (| E| + | E])
Using 2(22 +4%) > (v +y)? and 7 2 min[225&) — F )00 (P), Amin(Q)],
. Cj ~ ~ ~
L< =SBl + |E)* = (kis — kn) (| E|| + | E|)|| Z]?
+2(ko + ki) (| E|| + | EINNZ|| + (k1o + k) (| E|| + || E]])
~ (j - -
< (1Bl + IEDG B+ 1£]) = (ks — ki) Z||?
(A.7.12)

+ 2(ko + k1) || Z)| + (Ko + kn2)]
< —(IE] + ||E||)[%(||E|| +|E||) — (ki3 — ki — 1)[|Z])?

+ (ko + k14)? + (k1o + k12)]
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The e-modification coefficient k. should be large enough so that ki3 > ki1 + 1, equiv-

alently k., > %an + 1. One of the following conditions
2
|E|| > =T
q
- 2
IE[ > 5T (A.7.13)

1
. T 3
Z N
121 > (,ﬁg_kn_l)

will render L < 0 outside a compact set, where T £ (kg + k14)% + (k10 + k12). In the

same manner as in Theorem 3.4.1, it is ensured that F, E, Z are ultimately bounded.

The ultimate bound ,/’/\\ijg))C can be obtained in the same manner as (A.2.16).

Consequently E, Z are also bounded. O
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A.8 Asymptotic Tracking with Adaptive Bound-
ing (Theorem 5.2.1)

Proof. Consider the following Lyapunov function candidate:

L= E'PE + WIT W + tr(VIT; V) + ¢ T (A.8.1)

1
fs
where ¢ £ ¢ — ¢. The derivative of L will be,

d
dt

1
fo f

+2WTTE W + 2tr(VITS V) + 26 T

L= E"PE + |—| (~E"QE + 2E" Pbf;(v.q — A))

(A8.2)

Using (5.2.3) and the update laws in (3.4.38) and (5.2.8),

d
dt

1
fo I

+ 2sgn(f;) ET Pb [WT +WTeVTp +w — vr]

L= E"PE — ETQFE

+ 2WT Proj(W, —sgn(f;)6 ET Pb) + 2§~bTS||ETPb||

+ 2trV7T [ij(f/, —sgn(fg)uETPbWT&’)}
d|1 1
T dt fv fv

+ 2sgn(fo) E” Pb(w — v,)

(A.8.3)

ETPE — ETQE

+oWT [ij(VV, —sen(f,)6-ET Pb) + sgn( f@)&ETPb]
+ otV T [Proj{V, —sen(fo)uETPOWT6'} + sgn(fy) uETPbWTér’]

Utilizing the property of the projection operator of (3.4.35) and (3.4.37),

1 Amin -
beo ( ff-‘gQ) B FAmaw(P>) | EIP* + 2|[w][[| B” Pb]| — 2¢" s|| E” Pb|

< (2 () 1

L is rendered non-positive provided that mi’: ( P > fBF, ie. A is sufficiently stable.

(A.8.4)

Then all the error signals are bounded and the error dynamics are Lyapunov stable.

We will show the asymptotic tracking performance of E using the Barbalat’s Lemma
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[68]. Let n be

A Amin(@)_ 2
pe ( o FAW<P>) IB|? <0 (A8.5)

We show that 7 is integrable and uniformly continuous. Notice that
L(s0) — L(0) = / fdt < / ndt < 0 (A.8.6)
0 0

Since E,W,V, ¢ are bounded, E is bounded (See (5.1.9)). Therefore,

0= —2 <Am;;;§@ - FAmax(P)> E'E el (A8.7)

Hence 7 is uniformly continuous. Using the Barbalat’s Lemma, n tends to zero as
t goes to infinity. This implies the tracking error asymptotically converges to the

origin. 0]
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