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SUMMARY

Adaptive control designs using neural networks (NNs) based on dynamic inversion are
investigated for aerospace vehicles which are operated at highly nonlinear dynamic regimes.
NNs play a key role as the principal element of adaptation to approximately cancel the effect
of inversion error, which subsequently improves robustness to parametric uncertainty and
unmodeled dynamics in nonlinear regimes.

An adaptive control scheme previously named ’composite model reference adaptive con-
trol’ is further developed so that it can be applied to multi-input multi-output output feed-
back dynamic inversion. It can have adaptive elements in both the dynamic compensator
(linear controller) part and/or in the conventional adaptive controller part, also utilizing
state estimation information for NN adaptation. This methodology has more flexibility and
thus hopefully greater potential than conventional adaptive designs for adaptive flight con-
trol in highly nonlinear flight regimes. The stability of the control system is proved through
Lyapunov theorems, and validated with simulations.

The control designs in this thesis also include the use of 'pseudo-control hedging’ tech-
niques which are introduced to prevent the NNs from attempting to adapt to various ac-
tuation nonlinearities such as actuator position and rate saturations. Control allocation is
introduced for the case of redundant control effectors including thrust vectoring nozzles. A
thorough comparison study of conventional and NN-based adaptive designs for a system un-
der a limit cycle, wing-rock, is included in this research, and the NN-based adaptive control
designs demonstrate their performances for two highly maneuverable aerial vehicles, NASA
F-15 ACTIVE and FQM-117B unmanned aerial vehicle (UAV), operated under various non-

linearities and uncertainties.
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CHAPTER 1

INTRODUCTION

1.1 Neural Network-based Adaptive Control

Artificial neural networks (NNs) are any computing architecture that consists of massively
parallel interconnections of simple computing elements. NNs have been implemented in
various fields such as system identification and control, image processing, speech recognition,
etc. The fundamental and core property of NNs for their superiority over other approximation
methods is based on the fact that NNs are able to universally approximate smooth but
otherwise arbitrary nonlinear functions on a wide range of complex nonlinear functions on
a compact set, using fewer parameters and requiring less computation time. This property
was proved and demonstrated in the late 80’s and early 90’s [20, 24, 28,95, 96, 98].

In the 80’s important results that guarantee the closed-loop stability of adaptive control
were presented [74,79,80]. Since that time a great deal of progress has been made in the area
of adaptive control. Stability analysis of adaptive control design involves the use of Lyapunov
stability theory [41,43,107,123], along with LaSalle’s theorem which allows less restrictive
conditions [52,53]. Among the suggested adaptation laws, two methods will be discussed in
this thesis: o-modification, introduced by loannou and Kokotovic [33] to prevent instability
and to improve robustness, and e-modification, suggested by Narendra and Annaswamy
[77,78] to eliminate the need for the persistent excitation (PE) condition in stability analysis
of adaptive systems. There has also been a great deal of literature treating advanced topics
related to stability analysis and other aspects of adaptive control [3,34,43,77,100,115].

Usually adaptive control methodologies are categorized into two classes: direct and indi-

rect. In direct adaptive control, the parameters defining the controller rather than describing



the system itself are updated directly, while indirect adaptive control relies on on-line iden-
tification of plant parameters with an assumption that a suitable controller is implemented.
Robustness to disturbances and unmodeled dynamics is one of main goals of adaptive control
system design, leading to the introduction of several methods, some of which are: parame-
ter projection techniques [76] and backstepping to improve robustness of adaptive nonlinear
controllers [124].

For nonlinear control design, several novel approaches have been introduced. One ap-
proach is known as feedback linearization which depends on nonlinear transformation tech-
niques and differential geometry [36,37,42,43,99,100]. In this approach, the nonlinear dynam-
ics are first transformed into a linear, time-invariant form through the definition of the state
and control of the nonlinear system. The transformed linear system can then be treated us-
ing well known methods for linear control design. Another approach is backstepping [47-49].
This approach employs Lyapunov function to recursively determine nonlinear controls for
nonlinear systems. For NN-based adaptive control of nonlinear systems, we employ the first
approach in this thesis.

In recent decades, there have been research efforts to implement neural nets as adaptive
elements in nonlinear adaptive control designs to achieve desired system performance using
NN’s guaranteed universal approximation ability which offers outstanding advantages over
most other conventional linear parameter adaptive controllers [27,62,84,97,119]. In the early
90’s, Narendra studied identification and control of linear and nonlinear Dynamical Systems
using NNs [81-83]. Lewis et al. studied a state feedback linearly parameterized NN adaptive
controller [60] and later studied multi-layer NN structures with improved update laws [61,62].
Recently, Hovakimian and Calise et al. developed Single-Hidden-Layer (SHL) NN-based
adaptive output feedback control of uncertain nonlinear systems through Lyapunov’s direct
method by building an observer for the output tracking error, assuming both the dynamics
and the dimension of the regulated system may be unknown, while the relative degree of

the regulated output is assumed to be known [29]. In addition, they developed an adaptive



output feedback control methodology for multi-input multi-output nonlinear systems using
linearly parameterized NNs [30]. All the applications using neural networks have shown
remarkable results in areas such as robotics, process control and flight control. Therefore
NNs are becoming the leading method of adaptive control design in various fields.
Composite adaptive control design was introduced by Slotine and Li [107], in which the
adaptation law is a combination of the classical adaptation law and a prediction/estimation-
error-based adaptation law. They showed that for a simple system, composite design improves
the performance of an adaptive controller and results in a faster parameter convergence and
smaller tracking errors. A class of conventional adaptive control design based on the form
of the linear controller, assuming what is referred to as matching conditions, is introduced
and developed in [34,77,114] for known- or unknown-parameter systems. In this thesis both
the composite and linear controller-based adaptive designs are synthesized and analyzed for
multi-input multi-output (MIMO) output feedback control of uncertain systems with external

disturbance, and applied to the problem of flight control in nonlinear dynamic regimes.

1.2 Nonlinear Dynamic Inversion

Flight control law design methods have evolved immensely due to advances in both hard-
ware and theoretical development over the past decades. They have progressed from very
simple fixed-feedback structures for providing stability augmentation to complicated multi-
variable feedback laws with the help of modern well-organized design tools that optimally
tune command responses, robustness characteristics, and disturbance responses of the final
closed-loop airframe/controller integration. Recently control researchers have developed an
advanced flight control design called nonlinear dynamic inversion (NDI) based on feedback
linearization [10,14,23,44,51,105, 109].

Conventional flight control designs assume the aircraft dynamics are linear and time
invariant about some nominal flight condition, and they feature stability and command

augmentation systems to meet required flying/handling qualities, with gains scheduled as



functions of nominal flight conditions. In extreme flight conditions the performance of these
systems begins to deteriorate due to the unmodelled effects of strong nonlinearities inherent
in the flight dynamics, which become significant at high angle of attack or high angular rates.

The chief advantage of the NDI methodology is that it avoids the gain-scheduling process
of other methods, which is time consuming, costly, iterative, and labor intensive. The NDI
technique offers greater reusability across different airframes, greater flexibility for handling
changed models as an airframe evolves during its design cycle, and greater power to address
non-standard flight regimes such as supermaneuver. Control laws based on NDI offer the po-
tential for providing improved levels of performance over conventional flight control designs
in these extreme flight conditions. This is due to the NDI controllers’ more accurate represen-
tation of forces and moments that arise in response to large state and control perturbations.
These control laws also allow specific state variables to be commanded directly [23,51]. Be-
cause of the superior performance of NDI methodology, many designs of modern, advanced
aerospace vehicles are based on this technique.

Successful flight control designs using nonlinear dynamic inversions were developed in
[21,44,51,72,91,116,122]. A two-time scale, or two-stage dynamic inversion approach has been
widely applied for highly maneuverable fighter aircraft [1,6,9,10,73,92,105,109], missiles [102],
and UAVs [104]. These studies demonstrated that nonlinear dynamic inversions is an effective
method for highly maneuverable air vehicles. However, as noted by Brinker and Wise [6],
dynamic inversion can be vulnerable to modeling and inversion errors. So NN-based adaptive
control design can be introduced to compensate for the inversion errors, unmodeled dynamics

and parametric uncertainty which are quite common in highly nonlinear regimes [14,104,105].

1.3 Adaptive Flight Control Design Using Neural Net-
works

Today newly emerging advanced aerial vehicles are extending their flight envelopes greatly

over traditional flight regimes, leading to a need for substantially higher performance adaptive



controls. Among these vehicles are the advanced supermaneuverable tactical fighters which
are operated at extremely nonlinear dynamic regimes or at high angle of attack. At these
flight conditions both unmodeled parameter variations and unmodeled vehicle dynamics such
as nonlinear, unsteady aerodynamic effects, saturation of aerodynamic effectors and highly
coupled vehicle dynamics occur. Two examples among such maneuvers are presented in
Figure 1. Unconventionally configured aerial vehicles such as stealth fighters or bombers need
more active controls to compensate for the unmodeled dynamic phenomena which possibly
come from their unusual configurations themselves. These can potentially benefit from having
adaptive elements in the control system. Other potential beneficiaries of these advanced
control designs are unmanned aerial vehicles which are now rapidly extending their missions
beyond target drone and air reconnaissance toward air combat and air-to-ground combat
roles. These vehicles usually contain simpler and cheaper systems with substantially smaller
mass compared to manned vehicles, and in addition minimal or no aerodynamic data are
available for control design. Hence adaptive flight control systems should be designed to
achieve required performance by dealing with uncertainties in the systems and environment.
Newly emerging guided munitions may be classified in this category. There will therefore be
a greater need for adaptive control design methods in the future, and NN-based designs are
best suited for this purpose.

Stengel summarized and proposed intelligent flight control architectures including expert
systems and procedural algorithms as well as neural networks [113]. Flight control design
and improvement using NNs are described in [4,93,110-112,117,118]. Since the early 90’s,
lots of research has been performed for improving air vehicles’ performance by designing
control systems using neural networks. This research has included high performance fighters
[26,44,56,63,64,105], tailless aircraft [14,122], missiles [67-71], tilt-rotor aircraft [94], UAVs
[7,13,104], guided munitions [103], and helicopters [12,15,19,57-59, 89].

Pseudo-control hedging (PCH) is a methodology to protect an NN’s adaptive process

when control nonlinearities such as actuator saturation and rate limits are present [38,40].



(a) Su-27 Cobra Maneuver

(b) X-31 Herbst Maneuver

Figure 1: Modern nonlinear maneuvers at highly nonlinear flight regimes



NASA has performed a series of adaptive flight control studies since the 70’s, and recently,
NASA studied the verification and validation of neural networks for aerospace systems [66],
and it has performed several research projects on intelligent adaptive flight control imple-
mentations which incorporate innovative real-time NN technologies to demonstrate NN’s
capability to enhance aircraft performance under nominal conditions and to stabilize the
aircraft under various critical flight conditions [120]. Today NASA is still seeking further

development of NNs for the purposes addressed above.

1.4 Contributions of Thesis

The research in this thesis is focused on NN-based adaptive control designs for systems at
highly nonlinear dynamic regimes which have severe parametric uncertainties and distur-

bances. The contributions of the research can be summarized as:

e A new model reference adaptive control design methodology that combines the com-
posite adaptive design and dynamic compensator-based adaptive design in addition to
NN-based adaptive elements is developed for output feedback MIMO nonlinear systems,
and its stability is proved through Lyapunov theorems. The performance is validated

through simulations.

e NN-based model reference adaptive control design for nonlinear systems is introduced
and stability is proved. The design was successfully implemented and demonstrated
for an accurate nonlinear model of NASA F-15 ACTIVE (Advanced Control Technol-
ogy for Integrated Vehicles), equipped with thrust vectored nozzles [16,105], which is
operated at extremely nonlinear dynamic regimes where there exist unmodeled param-
eter variations and unmodeled vehicle dynamics such as highly nonlinear, unsteady
aerodynamic effects, saturation of aerodynamic effectors, and highly coupled vehicle

dynamics [17,105].



The pseudo-control hedging (PCH) technique was implemented to protect NN adapta-
tion from various actuation nonlinearities such as actuator position and rate saturation,
while not hindering the NN’s adaptation to other sources of inversion error. Thrust
vector and differential stabilator were added to the vehicle model to increase control
authority at high angles of attack, and its static stability was relaxed in order to achieve
greater pitch maneuverability. A control allocation methodology was introduced and

implemented for effective operation of the redundant control effectors of F-15 ACTIVE.

e A thorough comparison study is performed on the performance of a classical adaptive
control design and two different classes of neural networks: linearly parameterized
Radial Basis Functional (RBF) NN and nonlinearly parameterized Single Hidden Layer
(SHL) NN for stabilizing the unsteady lateral dynamics, or wing rock, of a delta wing
[17,18].

e A command augmentation-based adaptive control design using NNs is developed and
implemented for a vehicle, FQM-117B UAV which is built with simple and inexpensive
subsystems, having little aerodynamic data for control design. Its control system is
designed to achieve high maneuverability without requiring accurate modeling of the
vehicle, and the UAV’s adaptive flight control design provides a way to deal with the

uncertainties in the system and environment [104].

1.5 Thests Outline

The thesis is organized as follows.

Chapter 2 presents structure and synthesis of linearly and nonlinearly parameterized
neural networks which are used in the remaining chapters.

Chapter 3 illustrates adaptive nonlinear dynamic inversion control design for MIMO out-
put feedback systems. Feedback linearization and inversion control of aircraft are discussed,

and the stability of the closed-loop system is proved using Lyapunov theorems.



Chapter 4 presents a NN-based adaptive control design, based on the theoretical approach
in Chapter 3, and application to a highly maneuverable aircraft, NASA F-15 ACTIVE, which
has redundant control effectors including thrust vector nozzles. PCH technique is imple-
mented in order to protect NN’s adaptation from control nonlinearities of the actuators. To
manage control redundancy, a control allocation scheme is applied along with a thrust vector
scheduling algorithm. Simulation results validate the NN-based adaptive control design.

Chapter 5 describes a thorough comparison study of classical adaptive control design and
two different NN-based adaptive control designs for an aircraft wing rock model at high angle
of attack.

Chapter 6 presents an application of NN-based control design for a UAV, NASA FQM-
117B, which is operated under several kinds of nonlinearities and uncertainties. A command
augmentation based adaptive control design is developed for the vehicle, and simulation
results show the effectiveness of the design.

Chapter 7 introduces the composite model reference adaptive control design and analysis
for output feedback MIMO nonlinear systems, in which input-output feedback linearization
and nonlinear dynamic inversion, and additional adaptive elements in both the dynamic com-
pensator and the NN-based adaptive element are synthesized. The stability of the composite
adaptive design is proved through Lyapunov theorems. The performances of the design are
validated through simulations using F-15 ACTIVE.

Chapter 8 summarizes the results of all research efforts, and concludes the thesis along

with some future research direction.



CHAPTER 11

ARTIFICIAL NEURAL NETWORKS

Neural networks (NNs) have a well-proved property that they are able to approximate smooth
nonlinear functions on a compact set to any desired degree of accuracy using a sufficiently
large number of NN elements. Hence they are called universal approximators. This property
has been proved and demonstrated since the late 80’s [24,27,96,98,101]. For the purpose
of adaptive control design, we can use the property of neural networks to approximate any
continuous, unknown nonlinear functions, which we will call f(x).

The mathematical description of the approximation of f(x) by NNs can be written as:

f(®) = fyn(®) +e(x) (2.0.1)

where fyy () is the approximation of f(x) by any NN using its ideal weights and e(x) is
called the function approximation, or reconstruction error.

In this chapter, we introduce and discuss the mechanisms and structures of two represen-
tative classes of Neural networks which are used throughout this thesis. One is the Radial
Basis Function (RBF) NNs which are also referred to as linearly parameterized NNs and
the other is the Single Hidden Layer (SHL) NNs which is also referred to as nonlinearly

parameterized NN. Both are feed-forward networks.

2.1 Radial Basis Function (RBF) Neural Networks

As noted earlier it is assumed that a nonlinear function is completely unknown to the control
designer, and that there exists a set of NN weights such that the output v.4(x) of an RBF
NN approximates the function f(a). The following theorem describes the approximation for

the RBF-class NNs.
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Theorem 2.1.1 (Universal Approximation Theorem for RBF NN). Let U(x) : R — R be
an bounded integrable, continuous function; then for any continuous function f(x) and any

e there is an RBF NN with N neurons, a set of centers {c;}}*, and a width o > 0, and

fan(@) = Zwiw (z —ci)/o) = WE(z) (2.1.1)
such that
1 (@) — frn(@)llZ, é/ [f(@) = fyn(@) de < e (2.1.2)
[lzll<r
Proof. See [87] O

n

A nonlinear function f(x) : R — R™ is assumed to be linearly parameterized by RBF

NN over a sufficiently large compact region of interest D, C "™ in the state space such that

f(@) = voa(x) + () (2.1.3)
where
N
Vad; (T) = wo; + Zwi7jwj(w) 1=1,....m (2.1.4)
j=1

for all @ € D, and e(x) is the function approximation error which is bounded as

le(@)] < em (2.1.5)
where €, is a positive number. The radial basis functions of NNs are defined by
vi(x) = exp (—|lv — ¢lI/oF),  j=1,..N (2.1.6)

where || - || denotes the Euclidian norm and ¢; and o are the center and width of the k'
kernel unit, respectively. The functions in (2.1.6) are known as Gaussian basis functions.

The output of the RBF NN is calculated according to
Vaa = WU (z) (2.1.7)

11



where

Wo,1 Wo,m

L T I Ll (2.18)
_wN,1 wN,m_

V(@) =[ 1 ¢(®) o(m) - yn(@) |7 € RV (2.1.9)

The NN weight matrix W is an approximation of the ideal weight W which is unknown but

bounded as

IWlle < wn (2.1.10)

where ||- || is the Frobenius norm and w,, is a positive number. Figure 2 depicts an RBF NN
generating the control input given by (2.1.7). A proof that RBF NNs satisfy the universal
approximation property described above is given in [87,96,98].

The adaptation law is chosen as:

W=-T [E"PBY)+r- (W - W) (2.1.11)

or

W =T [E"PBU(z) + - |E| - (W - Wp)] (2.1.12)

where I', k > 0 are adaptation gains, W} is an initial guess (or guess) of W, and P is a

solution of the Lyapunov equation

ATP 4+ PA=—-Q, Q>0 (2.1.13)

The first form in (2.1.11) employs a so-called ’o-modification’ term, while the second form
in (2.1.12) uses an ’e-modification’ term [62, 78]. It is also noted that there are always NN

approximation errors described as:

f(@) —ve=WT(x) — WU (x) + e(x)
i (2.1.14)
= WT(z) + e(x)

where W = W — W is NN estimation error.
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Figure 2: Radial Basis Function (RBF) Neural Network
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2.2 Single Hidden Layer (SHL) Neural Networks

Single Hidden Layer (SHL) Perceptron NNs are also universal approximators [27] in that
they can approximate any smooth nonlinear function to within arbitrary accuracy, given a
sufficient number of hidden layer neurons and sufficient input information. Figure 3 shows
the structure of a generic SHL. NN. Below is a theorem that describes the approximation of

the SHL-class neural networks.

Theorem 2.2.1 (Universal Approximation Theorem for SHL NN). Any continuous function
f(x) : R" — R can be uniformly approzimated by a single hidden layer NN with a bounded
monotonically increasing continuous activation function and on a compact domain D, € R";

that is, for all € > 0 and x € D,, there exist N, W, V., b, and 0 such that

1£@) — Fan(@)le 2 [ £(@) — (W5 (VTmtr0) 40} m<e  (221)
Proof. See [20] 0

Similar to the RBF NN; the input-output map of SHL NN can be expressed as [61]

n2
Vad, = bubuws + Y W10 (2.2.2)

i=1

where k =1,...,n3 and

ni
0; = O'(bwemj + Zvi’j ZL’Z> (223)
i=1

Here nq,ns, and n3 are the number of input nodes, hidden layer nodes, and outputs respec-
tively. The scalar function o(-) is a sigmoidal activation function that represents the ’firing’
characteristics of the neuron. Typically, these basis functions are selected as squashing func-

tions. A typical form employed is

(2.2.4)



The factor a is known as the activation potential, and can be a distinct value for each neuron.
The input-output map of the SHL NN in the controller architecture can be conveniently
written in matrix form as
Vo = WTE (VT,J,) (2.2.5)
where the two NN weight matrices V, W are estimates of ideal weights V', W and they are
defined as follows.

The inner-layer synaptic weight matrix V' is written as

[ Osr - Oy ]
v Vi1 v Ul € J(m+1)xns (2.2.6)
[Unit 0 Vngns |
with a sigmoid vector defined as
7(2) = [ by 0(21) () -+ 0(zn,) " € R™=F (2:2.7)

where b, is a bias term. The outer-layer weight matrix W is defined as

Ou.1 Ow s
. w w
i 1,1 Lng € Rlna+1)xns (2.2.8)
_wn271 e wnz,’ng_

Note that 0, ; in V' acts as a threshold for each neuron, and that 6,,; in W allows the bias
term, b, to be weighted in each output channel.

Define the input vector
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where b, > 0 is an input bias. The weight matrices V', W are updated according to the

following adaptation laws:

éﬂ:—rw[uETPBW”3“*m“(V‘*6ﬂ (2.2.10)
W= Ty [(6-6VT) B"PB+ s (W~ W0)]
or
ﬁ@:_rw[METPBWJ&“+&wHEH'O>_V®} (2.2.11)
W = Ty [(6 = 6V7) BTPB + - B (17— 105)]

where 60 = o (VTM) and o’ = diag (do;/dz;) denotes the Jacobian matrix. Wy and V; are
initial guesses (or guesses), I'y, Ty, Ky, and &, > 0 are adaptation gains, and P is a solution

of the Lyapunov equation

ATP+PA=-Q, Q>0 (2.2.12)

It is noted that the first form in (2.2.10) employs a ’o-modification’ term, while the second
form in (2.2.11) uses ’e-modification’. It has been proven that both forms of the weight
adaptation laws for the SHL NN guarantee that all error signals are uniformly bounded
[11,29,61,62).
Similar to the RBF NNs, there are always NN approximation errors described as [29]:
f(@)—vu=W'e(Viu)-Weo (Vﬂb) + e(x)

(2.2.13)
=wT (é’ — é"f/Tu> + W'V p+ e(x) — w

where W £ W — W, V 2V —V are NN estimation errors.
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CHAPTER III

ADAPTIVE NONLINEAR DYNAMIC INVERSION

CONTROL USING NEURAL NETWORKS

As noted in Chapter 1, nonlinear dynamic inversion (NDI) control is one of the most advanced
control design methodologies. It offers the potential for high performance in extreme flight
conditions such as high angle of attack and/or high rotational rates, in which uncertainties
are coOmmon.

This section reviews the adaptive NDI control of aircraft, emphasizing characteristics
particular to aircraft control rather than general description of arbitrary nonlinear systems,
and describes how adaptive elements can be introduced to augment the NDI design to achieve

the desired high performance.

3.1 Input-Output Feedback Linearization and Nonlin-
ear Dynamic Inversion

Rigid body dynamics of aircraft are described globally over the full flight envelope by a set

of n nonlinear differential equations as
(3.1.1)

where @ € D, C R" is the state vector, v € D, C R™ is the system control vector,
and y € D, C R™ is the system output vector. It is assumed that the system (3.1.1) is
stabilizable and observable, and that f(-,-) and g(-) are sufficiently smooth functions known

to us reasonably precisely as a mix of analytical expressions and tabular data.
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Assumption 3.1.1. The nonlinear dynamical system in (3.1.1) satisfies the conditions for

output feedback linearization with well-defined vector relative degree r.

By selecting the appropriate controlled variables for input-output feedback linearization,

it is possible to rewrite (3.1.1) in the following general normal form :

x = f.(x;§)
le = §i2+1
' (3.1.2)
é';"i_l — gzn
f:l = hi(§, X, u;)
ylzgzlv izlv"'um
where £ £ [511 5% t Il te grln £r2n ’ 'gﬁn]T S §RT7 h2(£7X7u1> £ L_(;:Z)g uiui = 17’ -, MM being

the Lie derivatives, x € D, C "™ are the state vector associated with the internal, or zero

dynamics
x = fo(x.§) (3.1.3)

The overall relative degree 7 is defined as r = 7 +7r9+- - - +7,, < n, in which r; is the relative
degree of the i'* output, or controlled variable. The function f,(&,x) and hi(&, X, u;) are
partially known continuous functions. In other words, in order to obtain this normal form
(3.1.2), we differentiate the individual elements of y(x) a sufficient number of times until the

control variables u appear explicitly.
Assumption 3.1.2. 0h;(x,u;)/0u; is continuous and non-zero for every (x,u;) € D, x R.

Aircraft Equations of Motion
For aerospace vehicles, the equations of motion are typically described using the state vector

ax which consists of following components:

1. (p, g, r) : 3 rotational rate about body axes
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Rolling, ¢, p

Figure 4: Aircraft axis system and definitions
2. (a, B, p) : 3 attitudes, measured with respect to the airstream

3. (V, 7, v¥) : 3 velocity components, described by total velocity, flight path angle, and

heading angle
4. (X, Y, H) : 3 inertial position coordinates

The control vector u £ [ug ug - - -um]T denotes the positions of all control effectors.
This includes the conventional aerodynamic control surfaces such as stabilator (elevator),
aileron, and rudder. For nonconventional aircraft configurations, it may also include any
other additional control effectors such as canards, leading edge devices, and thrust vectoring
nozzles. The output y = [y; y2---ym]” denotes selected variables to be controlled. These
variables are chosen according to the purpose of control. Figure 4 presents the aircraft axis
system and several fundamental definitions.

In the field of aerospace dynamics and control problems, the equations of motion (3.1.1)
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can be written in the matrix form as [51]:

(3.1.4)
y(t) = C(x)
Recalling that dim(y) = dim(w) and the Lie derivative as
k 9 p
Ih(e) = | 5o Ik (@) F(@)
(3.1.5)
LY () =x
we can write the differentiation of the i component of y as:
y; = Cie = C;iF(x) + C;G(x)u = C; L (x)
i = Ci¢ = C; [Lp(x)] F(x) + C; [Lp(x)] G(x)u = CiLy(x)
(3.1.6)
y.' = Cix" = C; [L}i_l(a:)] F(x)+ C; [L’}_l(ac)} G(x)u
where r; is the order of the derivative of y; necessary to ensure that
Ci [Li(x)] G(z) £ 0 (3.1.7)

After differentiating the m elements of y the appropriate number of times such that each

will satisfy (3.1.7), the output dynamics can be written as:

i

(r2)
, Y2
’y( ) —

)

N N . _ . (3.1.8)
GiLp) | | GRL (@)

CoL? (x Colr2

_ 2 F( ) X 29z F ( ) G(w)u
CLy(@)] | Culy (@)
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By defining the notations as:

5 (3.1.9)
ai r;—1 rXm
G, =C; {a—wLF (:1:)] G(x) € R
the equation (3.1.8) can then be written in a compact form as
y" =F(z) + G(z)u (3.1.10)

It can be easily seen that the sufficient condition for the existence of an inverse model to
the system (3.1.4) is that the control effective matrix G(z) in (3.1.10) be nonsingular. This
condition is fully satisfied in the normal flight envelope of the aircraft [51].

Now assign the pseudo-control v such that v = y"), then the inverse system model takes

the form:

(3.1.11)
u=—Q(x)+ R(x)v
where v is the input to the inverse system, and w is the output, and
_ 1 —
Q) =[Gx)] Fl(x)
) (3.1.12)
R(z) = [ G(z) ]
Applying the NDI control law
u=—Q(x)+ R(x)v (3.1.13)
to the original system (3.1.4) yields the so-called integrator-decoupled form
y(r) ey (3114)
Usually we set
r—1
v=-Y Ky + Ky, (3.1.15)
5=0
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with y) is the " derivatives of the output vector y, the matrix K is chosen as (r xr) constant
diagonal matrix, vy, is the external input, and v, is usually called the dynamic compensator.

The pseudo-control (3.1.15) yields the decoupled linear, time-invariant dynamics as

Y+ Ky 4 4 Koy = Koy, (3.1.16)

Figure 5 presents the process described above to develop the nonlinear dynamic inversion

control law, along with NN adaptive element and pseudo-control hedging.

Remark 3.1.1 (Zero dynamics). Theoretically the maximum number of poles that can be
placed with the NDI control law is dependent on the selection of the controlled variables
shown in the output vector y. For the case » = n all the considered system poles can
be placed by choosing K, and the closed-loop stability can be guaranteed if closed-loop
observability is assumed, while for the case r < n, closed-loop stability can be guaranteed
only locally by showing that the modes, namely the zero dynamics in (3.1.3), which are
unobservable by the NDI control law, have stable dynamics over the region of interest in the
state space. These dynamics are implicitly defined by the selection of controlled variables.
Usually an unstable zero shows up in the aircraft pitch axis mode, for example in the phugoid
mode which has a slightly unstable zero (for example [23], time to double = 150sec). These
kinds of conditions can be overcome by adding an appropriate term to the controlled variable,

or adding a control term to handle them in the outer loop of the control system. O

Like most other nonlinear systems, in real flights there are unmodelled dynamics and
uncertainties, which can cause significant inversion errors in the NDI control design approach
discussed so far. This situation is highly common and severe at the extremely nonlinear flight
regimes such as high angle of attack and/or high rate rotational maneuvers which is the main
interest of this research. This condition can be described by adding uncertainty terms in the

nominal aircraft model (3.1.10) as

y" = [F(z) + As(x) ]| + [Glz) + Ay(z) | u (3.1.17)
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where As(x,u), Ay(x,u) are unknown, unmodelled dynamics, or uncertainty, which are
possibly nonlinear functions, and by placing an uncertainty upon the ideal NDI control law

w in (3.1.18) in the form as [23]

u=—(I+A,)Q(x) + (I + A,)R(x)v (3.1.18)

where A, (@, u) is assumed to have an arbitrary stable dynamics. Applying this control u
into (3.1.17) yields a dynamic model such as

y" =F(x) + G v+ Az, u)) (3.1.19)

The uncertainty A(x,w) will show up in (3.1.16) as an inversion error such that

y(T) + Kr—ly(r_l) B Koy — Koyc + A(m’ u) — Vgyg (3120)

Hence in order to achieve the required performance at the flight regimes that result in sig-
nificant uncertainties, we definitely need to introduce an adaptive element v, which is
the output of properly-trained neural networks for canceling out the nonlinear uncertainties

A(x,u). Therefore the neural networks play a key role in the adaptive control design.

3.2 Reformulation of Dynamic Inversion Error

A linearizing feedback control law is approximated by introducing the following signal:

~—1

where v;, commonly referred to as pseudo-control, is defined as

vi=h(yw), i=1....m (3.2.2)

~

The function ﬁ(y,’u,) = [izl(w,ul) o h (2, uy)]? can be determined by using a possibly
simplified model of the system dynamics. It is assumed that izi(w,ui), an approximation
of hi(€,x,u;), is invertible with respect to its second argument and satisfies the following

assumption:
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Assumption 3.2.1. 0h;(y, u;)/0u; is continuous and non-zero for every (y,u;) € Dy, x R,

and

>0, i=1,....m (3.2.3)

for every (z,y,w;) € D, x D, x R.

T

Defining v = 11 -+ v,,]", we rewrite (3.2.2) in a compact form as

v = h(y,u) (3.2.4)

With this definition of pseudo-control (3.2.4), the output dynamics can be expressed as

y v (3.2.5)
where y(”) — [?An) ygm)]T and

Az, u) = A(¢, x,u) (3.2.6)

L1

= h(£7X7 ﬁ_l(y,V>> - i"(yv h (y7V>>

which is the difference between the function h(x,u) and its approximation ﬁ(y, u), and it
is usually referred to as modeling error.

The pseudo-control v is usually chosen to have the form

V =V4c+ Vpn — Vad (327)

where v, is the output of a linear dynamic compensator, v,,, = yﬁr) = [yﬁ”) ce yﬁ’“m)]T

is
a vector of the r!* derivative of the command signal y..(t), and v,.q is the adaptive control
signal designed to cancel A(x,u). Figure 5 illustrates the overall architecture of the adaptive

control design.

Using (3.2.7), the output dynamics in (3.2.5) becomes
y(r) = Vge + Vpp — Vag + A (328>
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It can be seen from (3.2.6) that A depends on v,y through v, whereas v,4 has to be designed

to cancel A. Define the following signals,

A

vy, ygb) + Vde;

7

i (3.2.9)
V: £ h'l(yv hz_l(yv Vli))

where 14, is the it" component of vg. Invertibility of hi(-,-) with respect to its second
argument is guaranteed by Assumption 3.1.2. From (3.2.9), it follows that v, can be written

as

v, = hilw, b7 (y,1)) (3.2.10)

7

and thus v,; — A can be expressed componentwise as
Vad, — Ni(@, 1) = Vaa, — ha(@, ;) + hi(y, u;)
= Vg, — hi(@, B (y, v4)) + v, — Vg, (3.2.11)
= (e, hi 'y, 1)) = hala, i (y, vs)
Applying the mean value theorem to h;(x, b (y, 1))

hi(w> iLz_l(yaVZ)) - hl(w>hz_1(yﬁl/z*)) + h'Di(V* - V)

(3.2.12)
:Vli+h5i(y*_y)
where
hi 7 —
hy, = Oh; u >0, vi=nv;+(1—mn)v, and 0<n; <1 (3.2.13)
’ 8u2 81/2- V=7
Applying (3.2.9) and (3.2.12) into (3.2.11) yields
Vad, — Ni(T,u;) = hy, (V] — 1)

= hﬂi |:}A7'Z(y7 hz‘_l(wv Vli)) — Ut Vadi:| (3‘2‘14)

— hl?z‘ [Vadi — A,(w, Vli)]

where the redefined modeling error A;(z, ;) = v, —h;(y, hy *(, 1)) is rendered independent

7

of the control w. This can be written in the matrix form
Vag — Az, u) = H [V — Az, 1)) (3.2.15)
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where

hoy 0 0 0
0 hy, 0 0
H=1|: =+ -~ Ll e jmem (3.2.16)
0 0 hoy O
0 0 -+ 0 hy,

The positive sign of hy, is guaranteed by Assumption 3.1.2 and 3.2.1, so is this matrix H
having them as its diagonal components. Now using (3.2.15) the dynamics in (3.1.10) can

be rewritten as

The main difference between the dynamics in (3.1.10) and (3.2.17) lies in the functional
structure of the modeling error. In (3.2.17) the modeling error is independent of the actual

control variable.

3.3 Parametrization using Neural Networks
3.3.1 RBF Neural Networks

It is assumed that the nonlinear function A in (3.2.15) is linearly parameterized by the RBF

NN which is discussed in Chapter 2 such that

Alx,u)=WT(x) +e(x), |e(@)] <em (3.3.1)

Using this fact and the results obtained in the previous section, we consider parametrization

of the modeling error on a compact set (x,v;) € D; C D, x R™ [30]

Alz,v) = Wi (x,v) +e(z,v)) (3.3.2)

The adaptive controller is designed to approximate the nonlinear function A(z,v;). Since

our control design is based on output feedback, we cannot use states & as inputs to the NN.
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Instead of WTW(x) in (2.1.7) we build our adaptive controller using a tapped-delay line of
memory units as
Vaa 2 WHU(p) (3.3.3)

where p is a vector of tapped delay line of memory unit [30,55]

p(t)=[1v] 250 950)]" (3.3.4)

Here g2 (t) and, similarly, 0% (¢), are vectors of difference quotients of the measurement and

control variables, respectively:
g7 (1) = [ AP y(t) AVyit) AV V) - APy AV y(t) - ATy (1) 17

Ag))yi(t) £ yi(t)
o AL Vyi(t) — AF Vgt — d)

Aék)yi(t)— 7 , k=1,...,n—1
(3.3.5)
The difference v,q — A(x,v;) in (3.2.17) can be expressed as
Vg — Az, v) = WU () — W (z, 1)) —
= W) = WO () + W () = W (@, 0) — € (3.3.6)
— () + W () — D)) — €
where W7 (U(pu) — ¥(x,v;)) can be upper bounded
W7 (W) — W, 1) | < 2w (33.7)

In [55], it has been shown that if the system dynamics evolve on a bounded set, then ||W¥(u@)—

U(x,v))|| = O(d), where d is introduced in (3.3.5), and hence, tends to zero, as d — 0.

3.3.2 SHL Neural Networks

It is now assumed that the nonlinear function A in (3.2.15) is nonlinearly parameterized by

the SHL NN which is also described in Chapter 2 such that
Az, u)=WTo(Vip) +e(x) (3.3.8)
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The following theorem re-defines Theorem 2.2.1 in Section 2.2 for the output feedback case

when the system is observable from input-output history

Theorem 3.3.1. 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 approzimated by a nonlinearly parameterized SHL NN

Az, v) =Wra(Vip) +e(p,d),

(3.3.9)
Wil <W? [VIe <V", le(p, d)f| <&
where the input vector is
T
R T A ROl B T (33.10)
and
T
v(t) = [V(t) vit—d) - v(t—(Ny—r— 1)d)}
. (3.3.11)
)= [y ylt—d) - ylt— (- 1))
with Ny > n and d > 0.
Proof. see [55] O

According to [55], for this output feedback control design an important concept in order
to find the bound of approximation error is to model A(x, ) with NN in terms of delayed
values of y and w. To this end, let r denote the relative degree of the system output. If
r = n, then the first through (n — 1) derivatives of the system y do not explicitly depend
upon the input. If r < n, then the (n — 1) derivatives of the system y will contain no more
than n — r — 1 derivatives of the system input u. By following the processes in [55], with

(3.2.15), the SHL NN approximation upper bound can be written as

[Vaa = Alw,v)| = | H (W (V) ~ Aw,v)) |

[ om . 3.3.12)
2n—r d (

<kiy|—————————+ ko=M

=M minlSkSnNk + 22
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where ki, ko are constants, and

3/2
M = (Qn —r— 1) max{ max [y*I(#)],  max \u(k+1)(t)|} (3.3.13)

t>0 1<k<n-—1 1<k<(n—r-1)

As shown in Chapter 2, A — v,4 with SHL NNs can be written by:

A-q%wzw”(&—&wﬁu)+ﬁﬁ&wﬁu+s@)—w (3.3.14)

where W 2 W —W,V £ V —V are NN estimation errors, and the error &(z) —w is bounded

such that [29]

() — wl| < 1l Z]lr + 72 (3.3.15)
and 71, 7, are positive computable constants, and matrix 7 is defined as

. w0
Z & ) (3.3.16)
0V
Further the modeling error A — v,4 is known to be bounded by [29]:

|A = vl = [WWa (Vi) =W (V) + (@) — w]
(3.3.17)
< ail|ZlF + az

where oy = /no + 1, and ag = 2y/ns + 1 W + ¢,,.

3.4 Nonlinear System and its Reference Model

We rewrite the output equation (3.1.19) or (3.2.5) in a matrix form, considering the external

disturbance d(t) as well as the modeling error A(x, u):

y(t) = Ay(t) + Blv(t) + Az, u) + d(t)] (3.4.1)
where

y=yl yi3 - ynlt eR

v =g ygri_l)]T eER", i=1....m

(3.4.2)
A = block — diag(A; Ay -+ A,) € R

B £ block — diag(B, By --- B,,) € R™™
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and

010 -0 0 0
0 0 1 -0 0 0
A= |t ol ewrr Bi= |1 ewi! (3.4.3)
000 --- 01 0
000 -~ 00 1

where d(t) € ™! is the bounded external disturbance such that

ld@®)]| < dm (3.4.4)

A reference model is described by an equation which is composed of m-ordinary differential
equations having r!*,i = 1,...,m order, respectively. The equation can be written in a

compact state-space form as:

Y (t) = Anyn(t) + B - y.(t) (3.4.5)
where
Yu = Win Y - Y €R
Yo, = lym, Yn, - yj(\z_l)]T ERT, i=1,...,m
Yo 2 oy Yoo Vo) ER” (3.4.6)
Ay 2 block — diag(Ay, Ay, - An,) € R
By 2 block — diag(By, By, -+ Ba,) € R
and
[0 1 o 0 0 | [ ]
0 0 1 0 0 0
Ap, = | : L : : ERTi By o= | | eR?
0 0 0 0 1 0
| TG i —Giz G- i aiy

(3.4.7)
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and y,, € R" is the reference model state vector, y.(t) € R™ is a bounded piecewise contin-
uous reference command, and A,; is Hurwitz.
The r*"-order reference model (RM) can usually be factored into a combination of the

first order and the second order reference models such that
mi

m2
r —order RM = Z (1“ order RM)Z. + Z (Q”d order RM)

=1 Jj=1

r=m;+my (3.4.8)

o
where the parameters in each reference model contain the requirements of the closed-loop
system. In aerospace control problems, these parameters are chosen to ensure that flying
quality specifications are met. For a first-order reference model one chooses the time constant
of the system, while for a second-order reference model the parameters are chosen to yield
the desired natural frequency and damping ratio.

A first-order reference model can be written as

1

= . 3.4.9
TS + 1y ( )

Ym

where 7 is the time constant, and the second order reference model is written as

w2

_ n ) 3.4.10
M= ey 2Cwys + w%y ( )

where w, is the natural frequency and ( is the damping ratio.

Now it is desired to design a control law such that the output tracking error

E(t) =y (t) —y(t) (3.4.11)

tends to zero and all the signals in the system remain bounded as ¢ — oo.

3.5 Adaptive NDI Control Architecture

In this section we design an adaptive control based on the Lyapunov theorems. Based on

(3.2.7), the pseudo-control v is chosen to have feedback and feedforward elements such that

V() 2 Ko B()+ K,y (t) — Ko - Yy (t) Ve
—_—— >

~ (3.5.1)

Ve Vim
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where E(t) £ E(t) — E(t) is the output of linear observer for the tracking error E(t), and
the feedback gain K, € R™*" and the feedforward gain K, € R"™*™ are fixed and bounded

such that

[ Kell < kem
(3.5.2)

[ < Form

with positive numbers ke, and k,,,, respectively. Substituting (3.5.1) into the system dy-

namics (3.4.1) results in the closed-loop system

§(t) = (A~ BK)y(t) + BKy (1) + B (A -vi+d-K.EB) (353

Therefore if v,4 cancels out A(x, u), and there are no external disturbance d and observation
error E, then by choosing K, such that (A — BK,) is Hurwitz, we get a stable closed-loop
system response.

It is noted that in [30] the dynamic compensator v, is an output of a dynamic equation
with the i error as an input, while in (3.5.1), K, of v4. is updated through an adaptation
law introduced later and the estimation error E is introduced in (3.5.3). A stability analysis
will be provided for this new architecture.

Here for a convenience we set the gains K, and K, such that

A~ BEK, = Ay
(3.5.4)
BK, = By,
Applying (3.5.4) into (3.5.3) yields
Y(t) = Ayy(t) + Byy.(t) + B (A Vet d— KEE‘) (3.5.5)

According to the definition of tracking error (3.4.11), the closed-loop dynamics of the tracking

error signal E(t) can be obtained by subtracting (3.5.5) from (3.4.5)
E(t) = AyE(t) — B (A Vg +d— KeE)

(3.5.6)
z=CE(t)
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where z = [z 29 -+ 2z, € R™, 2z, = [1 0 .-+ 0] € R is the vector of available
measurements. Since A,; is Hurwitz, there exists a unique and positive definite matrix

P = PT > 0 for an arbitrary matrix Q = Q7 > 0 satisfying the Lyapunov equation
AT P4 PAy = —Q (3.5.7)

3.6 Linear Observer for the Error Dynamaics

We consider the case of a full-order observer of dimension r. To this end, consider the

following linear observer for the tracking error dynamics in (3.5.6)

E(t) = AyE(t) + F(z — %)
(3.6.1)
2 =CE
where F'is a gain matrix, and should be chosen such that A,; — F'C' is asymptotically stable,

and z is defined in (3.5.6). Let

A2 Ay -FC
- (3.6.2)
E£E-FE
Then the error observer dynamics can be written as
E(t)= AE(t) - B (A Vgt d— KEE) (3.6.3)

Since A is Hurwitz, there exists a unique and positive definite matrix P = PT > 0 for an

arbitrary matrix Q = QT > 0 satisfying the Lyapunov equation

ATP + PA=—-Q (3.6.4)

3.7 Stability Analysis using Lyapunov Theorems

Using Lyapunov’s direct method we show that all the errors are ultimately bounded. They
are the tracking error E, the observation error E, and the NN weight errors. To this end we

consider one of following vectors:
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a) RBF NN:
¢= [ET E' WT}T (3.7.1)

b) SHL NN:
¢= [ET E W VT]T (3.7.2)

and one of following positive definite Lyapunov function candidates:

a) RBF NN:
V(¢)=E'PE+E PE+tr (H : VT/Tr;lﬁ/) (3.7.3)

b) SHL NN:
L£(¢)=E'PE + E'PE +tr (WTr;W n f/TF;lV) (3.7.4)

In the expanded space of the compound error variable, consider the largest level set of
V(¢) or L(¢) in D such that its projection on the subspace of the NN input variables
completely lies in D;. As shown in Figure 6, define the largest ball that lies inside that level

set as

Br={¢ | Il < R} (3.7.5)
and let o be the minimum value of V() on the boundary of B

a= min V(¢) for RBF NN

ICl=R (3.76)
or a= Hrcrllli_nRE(C) for SHL NN
Introduce the set
Q. 2{¢CeBr | V() <a} for RBF NN
(3.7.7)

or Q,={¢€Br| L) <a} for SHL NN
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Figure 6: Geometric representation of sets in the error space

3.7.1 RBF NN Adaptation

Through Lyapunov theorems we show that E, E, and W are all uniformly bounded using
RBF NN with o-modification.
Since hg,,i = 1,...,m in (3.2.13) are positive continuous functions over the compact set

D,, we can define the minimum/maximum values of the functions as

h £ min [ minD hy,, minD hy,, -+, minD hym}

(z,v1)€D) (z,11)€Dy (z,11)€D) (3.7.8)
h £ max { max hp, max hg, --- , max hum}

(x,11)€D) (x,11)€D) (x,1)ED)

Assumption 3.7.1. It is assumed that the time derivative of the control effectiveness matriz

H in (3.2.16) is bounded such that [25, 30, 45]:

|2l < B (3.7.9)

From the definition of the candidate Lyapunov function in (3.7.3), there exist class K
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functions 7; and 7, such that

m(€) < V(<) < mn(C)
where
m(ICID) = Amin(PYIEI® + Ain (P E* + Apin (TR W |17

(€1 = Amaz (PYIEI* + Aaz(PYIE|* + Anae (T )BIW |13

Assumption 3.7.2. Assume that

R > (n2(0))

where 0 is defined as

 (1PBIE + I1PBIE) (i + el do)? + I = Wol
Ay
- min(@l, @2, @3)

6

and

@1 = \/)\mm<Q) —1- k2m||PB||2

92 = \/ Ain(Q) = 3 = 2enl| PB

o

- 72, D
_ _ PB PB)? — —=—

(3.7.10)

(3.7.11)

(3.7.12)

(3.7.13)

(3.7.14)

Remark 3.7.1 (Boundedness of RBF NN with Backpropagation alone). It is noted that the

update law of adaptive control element with back-propagation alone, shown below, results in

the proof of the boundedness of E, E only,

A

W = -TU(n)E PB

(3.7.15)

where the matrix I' = I'" > 0 is the rate of adaptation, or adaptation gain. Therefore in order

to prove the boundedness of all parameters including W, we need to introduce a modification

such as o-modification or e-modification to the adaptation law (3.7.15). A similar remark is

applicable to SHL NNs in Section 3.7.2.
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Theorem 3.7.1. Let assumptions 3.1.1 - 3.7.2 hold. Then, if the initial error {(0) € €,
the control law given by (3.5.1), along with RBF NN shown below, guarantees that the signals

E, E, and W in the closed loop system are all ultimately bounded.

A

W= —T|w(uE PB+x (W - Wo) } (3.7.16)

where the matrizx I' = I'" > 0, the constant k > 0 are the adaptation gains, and Wy is a
initial guess (or a guess).

Proof. See Appendix A O

From the result of Theorem 3.7.1, we can see that the overall control architecture of
adaptive NDI scheme using RBF NNs developed in this chapter results in stable closed-loop

systems for output feedback, NDI-based MIMO nonlinear systems.
3.7.2 SHL NN Adaptation

In this section, through Lyapunov theorems, we show that E, E, V, and W are all uniformly
bounded using SHL NN with o-modification.
From the definition of the candidate Lyapunov function £ in (3.7.4), there exist class K

functions ¢; and ¢4y such that

p1(€) < LK) = ¢a(C) (3.7.17)

where

D1([1€1) = Xnin (P E|? + Xnin (P BN + Anin (T W12 A+ Anin (T DIV |12 (3.7.18)

22(1IC1) = Amae (PYIEN® + Moo PIIEN? + e CoDIWIE + Anaa (T DIV 17

Assumption 3.7.3. Assume that

R > o1 (p2(N)) (3.7.19)
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where X is defined as

\ 2 V2a1pa + 271 (72 + di) [ PB]| + w0 [[W = Wol[7 + ko [[V — Vo7

min (Ay, As, Aj) (3.7.20)
and
VAmin (Q) = NIIPBII(1 472 + din) — 2Pakem
= VAin(@) = 2pal0r + a3) = WIPBI(L+ 2 + d) — 6pokin, (3.7.21)

\/lia — 2a1p, — 2| PB||

Theorem 3.7.2. Let assumptions 3.1.1 - 3.7.3 hold. Then, if the initial error (0) € Q,,
the control law given by (3.5.1), along with SHL NN shown below, quarantees that the signals

E, E, V, and W in the closed loop system are all ultimately bounded.

V—_T, [uE PBWTé + k, - (V—VO)] T
W= [(a . &’VTN) E'PB 4, - (W . WO)] ;

where 6 = o ( ) and o' = diag (do;/dz;) denotes the Jacobian matriz. T, T, kK, and

Kw > 0 are adaptation gains. Wy and Vg are initial gquesses (or guesses).
Proof. See Appendix B O

From the result of Theorem 3.7.2, we can also conclude that the overall control archi-
tecture of adaptive NDI scheme using SHLL NNs developed in this chapter results in stable

closed-loop systems for output feedback, NDI-based MIMO nonlinear systems.
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3.8 Conclusion

A systematic approach of adaptive output feedback control design for MIMO nonlinear sys-
tems is formulated by introducing feedback input-output linearization of nonlinear MIMO
systems, nonlinear dynamic inversion, reference model, NNs and their parametrization, and
linear observer.

Stability analysis with RBF NNs or SHL NNs using Lyapunov theorems is performed to show
the boundedness of all errors of the closed-loop system.

Applications of this adaptive NDI control design follow in Chapters 4 — 6, where various

aerial vehicles operated in nonlinear dynamic regimes are controlled.
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CHAPTER 1V

NEURAL NETWORK-BASED ADAPTIVE
CONTROL OF F-15 ACTIVE AT NONLINEAR

FLIGHT REGIMES

When advanced fighter aircraft fly at high angles of attack, unsteady aerodynamic effects,wing
rock, and saturation of aerodynamic effectors can lead to difficulty in control and maneu-
verability. This chapter will illustrate the use of a neural network-based adaptive feedback
control design applied to an advanced variant of the F-15 aircraft, the F-15 ACTIVE model
with thrust vectoring capability and relaxed static stability. The effects of control saturation
are directly accounted for in the design of the adaptive controller. The main objective of the
control design is to demonstrate adaptation to aerodynamic uncertainty in the form of both
unmodeled parameter variations and unmodeled dynamics not present in the nominal invert-
ing control design. Hypothetical aerodynamic models are implemented to test the design

approach at high angles of attack.

4.1 Introduction

Future aircraft are expected to have enhanced performance and maneuverability, which will
require them to routinely operate in nonlinear aerodynamic flight regimes. Operation in
near- and post-stall high angle of attack (high-alpha) regimes is important for air superiority
of next-generation fighter aircraft as well as uninhabited combat aerial vehicles. Novel ad-
vanced control design methodologies are required to address the complex nonlinear dynamic
characteristics of such vehicles. Uncertainty associated with modeling, and the complexity

of the nonlinear and unsteady phenomena associated with high-alpha flight present the main
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challenges in designing flight control systems for these regimes.

Conventional flight control design methods make use of linearized models and gain schedul-
ing. Models at high alpha conditions are usually obtained using computational fluid dynamics
(CFD) techniques or high-alpha wind tunnel test techniques, leading to complex representa-
tions of the aerodynamic characteristics of the aircraft. Linearized aerodynamic models do
not reliably predict many of the well-known nonlinear, unsteady characteristics at these an-
gles of attack, such as wing rock, roll reversal, and yaw departure, among others. Moreover,
such aggressive flight maneuvers are likely to occur under highly dynamic flight conditions,
implying that aeroelastic effects will also be significant. In addition, it should also be recog-
nized that novel actuation devices with highly nonlinear characteristics are currently under
development (for example, synthetic jet devices for active flow control and virtual shape
control devices) that could prove to be effective for control at high alpha conditions. These
devices may be either continuous or discrete in their characteristics. This combination of
factors suggests that a new flight control design paradigm is needed to address the following

challenges:

e The vehicle may encounter a high degree of both parametric and dynamic uncertainty

at high angle of attack.
e Both the aircraft dynamics and its actuation devices may be highly nonlinear.
e Some or all of the actuation devices may become saturated.

e There may be a combination of both discrete (on-off or bang-bang) and continuous

actuation.

This chapter suggests a design paradigm building on past results in the area of NN-
based adaptive flight control which have been successfully utilized for a variety of aerospace
applications [14,105], while incorporating recent advances in the areas of output feedback

and adaptation under saturated control conditions. The paradigm is based on approximate
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feedback linearization and synthesis of a fized-gain dynamic compensator, while incorporating
a NN to compensate for model inversion error. The adaptive nonlinear dynamic inversion
output feedback formulation developed in Chapter 3 is applied to compensate for the full
dynamic characteristics of the plant. Treatment of control saturation is described in [38,39].

The F-15 ACTIVE and its control effectors are described in Section 4.2. Mathematical
modeling of high angle of attack aerodynamics is discussed in Section 4.3. Section 4.4 illus-
trates the adaptive control structure along with its elements: two-stage dynamic inversion,
control allocation, thrust vector scheduling. Pseudo-control hedging (PCH) to handle control
input nonlinearities is described in Section 4.4.6, and NNs are briefly discussed in Section

4.4.7. Simulation results are presented in Section 4.5. Conclusions are given in Section 4.6.

4.2 Awrcraft Model and Control Effectors

The basic F-15 aircraft dynamic model used for this research is obtained from [8]. The 6-DOF
F-15 model has a complete set of look-up tables of aerodynamic coefficients as functions of
Mach, «, (3, altitude and aerodynamic control deflections, which is useful up to 60° angle of
attack.

Maneuvering an aircraft in highly nonlinear dynamic regimes or at high angles of attack
requires an abundance of control authority. In order to enhance the maneuverability of the
vehicle, we incorporate models for advanced aerodynamic actuators, differential stabilator,
and thrust vector control (TVC) nozzles [17] of the F-15 ACTIVE aircraft as shown in Figure
77, as well as application of relaxed static stability (RSS).

TVC nozzles are to increase the control power of the F-15 aircraft in all axes at high angles
of attack, where aerodynamic controls have little contribution. The nozzles are modeled by
the Pitch/Yaw Balance Beam Nozzles (P/YBBN) of the F-15 ACTIVE aircraft, which allow
at most 20 degrees of nozzle deflection in any direction. TVC nozzle angle limiters are
implemented in the model to keep their movements within their own physical constraints.

Each nozzle model is also rate limited. Rolling moment can be produced by differential pitch
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(a) F-15 ACTIVE and its acrodynamic controls

(b) Thrust Vector Nozzle: P/YBBN

Figure 7: NASA F-15 ACTIVE and its control effectors
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thrust vectoring of the left and right nozzles. Thus, vectoring the thrust lines can generate
pitching, yawing and rolling moments by deflecting the nozzles synchronously or differentially
as required. Because full deflection of TVC in one direction is only achievable when the other
direction has zero deflection, a need to set a priority strategy among these movements along
3 axes arises. As depicted in Figure 8, priority is given to the pitch/roll angle direction,
i.e. it first follows the pitch/roll command to the extent possible and then follows the yaw
command to the extent possible. Control activation scheduling of TV nozzles is described in
Section 4.4.

To maximize the rolling moment achievable by aerodynamic controls, differential deflec-

tion of two horizontal stabilators, defined by dpr = (5 — Oe,, ft) /2, is introduced. The

Cright
mathematical modeling of force and moment coefficients including differential stabilator dpr
are described in [86].

To achieve higher angle of attack responses, the aircraft model is destabilized in pitch
to become a RSS aircraft. This destabilization was carried out by moving the CG point of
the model backward. Coupling the effects of this RSS modification along with thrust vector

nozzles and differential stabilators, a much more agile aircraft model is developed, enabling

maneuvers at high angles of attack.

4.3 High Alpha Aerodynamics

It is well known that aerodynamic derivatives at high angle of attack are highly nonlinear,
complex and even unstable. Thus in addition to the basic aerodynamic data from wind tunnel
tests, we need to investigate additional nonlinear aerodynamic effects by including or altering
the damping derivatives of the vehicle at high alpha flight conditions. In this research, an
unsteady aerodynamic model is implemented in pitch axis, while nonlinear, unstable effects

of significant damping derivatives are added in lateral/directional axes.
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Figure 8: Thrust vectoring angle limit and priority
4.3.1 Unsteady Aerodynamics

High angle-of-attack flight with large amplitude maneuvers is affected by unsteady aerody-
namic effects such as aerodynamic lag on the wings especially in the post-stall region. Thus
we incorporated an unsteady aerodynamic model in the pitch axis to test the robustness
of the adaptive controller to these effects. To this end, a modified version of an unsteady
aerodynamic model based on indicial functions was adopted [46]. The unsteady aerodynamic

model in longitudinal axis can be expressed as:

Q Za Zq 0 (0% Z5
g|=|C M, B||q|+|Ms]| 0 (4.3.1)
Lo 1 0 —bl T 0
where
_ pV?Se _ pV?PSe
B = Vi aby , C= T (4.3.2)

vy

and a = 0.25, ¢ = -0.23, by = 1.0.
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4.3.2 Lateral/Directional Aerodynamics at High-Alpha

The three significant lateral/directional aerodynamic damping coefficients used in the air-
craft model are presented in Figure 9, where positiveness of Cj, and C,,, at high o implies

instability.

0.4

T

0.2

Clp, Cnp, Cnr

-20 -10 0 10 20 30 40 50 60 70
Angle of Attack (deg.)

Figure 9: Three dominant lateral/directional aerodynamic damping coefficients

4.4 Adaptive Control Structure

In this design approach based on the formulation in Chapter 3, angle of attack («), sideslip
angle () and stability axis roll rate (ps) are commanded. As shown in Figure 10, the pilot’s
command is input to the command filters to generate reference signals, while employing PCH
to protect the adaptive process from control saturation nonlinearities. Next, proportional
and derivative (PD) controllers are used to follow the reference commands. The control
commands are obtained by a two-stage dynamic inversion. Since there are not a and [

sensors, the required feedbacks are assumed to be computed by integration of IMU sensor
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Figure 10: Adaptive feedback control architecture
outputs. The PCH and the NN signals shown in Figure 10 are discussed later.

4.4.1 Two-stage Dynamic Inversion

A two-stage approach for dynamic inversion has been developed for designing a flight control
system that regulates [ ps a [ ]. It assumes that the state dynamics can be decomposed in

stages as follows [2,6,105]:
e Stage 1 dynamics, &1 = [a & 3 3 ¢ 0 V ]©

e Stage 2 dynamics, x5 = [ps ¢ 75 |7

It should be noted that the references use the terminology slow and fast, which is not strictly
appropriate as the dynamics are not separable according to the definitions given above. How-
ever, the inverting solution does not rely on a separation in dynamics to be valid. Therefore
it is more appropriate to say that the inversion is done in two stages, which is the terminology
we will use.

The structure of the inverting law and its implementation is displayed in Figure 11. In

both stages of the inversion, the equations of motion are expressed in the form
= a(x) + b(x)u
(4.4.1)
y==Cx
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where y defines the regulated variables and w defines the control variables, which are the
output variables of the inverting blocks in the figure.
The control variables for the stage 1 dynamics are the angular accelerations in the roll,

pitch and yaw stability axis frame

u; = [ psc QSC T'se ]T (442)

and the control variables for the stage 2 dynamics are the effective control displacement

commands in each axis

Ug = [ ac Occ Ore ]T (443)
Assuming Cb(x) is invertible, then the inverting design in each stage is based on

Yy = Ca(x) + Cb(x)u
(4.4.4)

=v
where v is the pseudo-control. The pseudo-control is a linear control law designed to regulate
y, and corresponds to the inputs to each inverting block in Figure 11.
The regulated variables in each stage are:
. 1T
Y, = [ ps & B }

]T

(4.4.5)
Yo =1 Ds q 75

Note that the regulated variables of the stage 1 dynamics are related to regulated variables
[ ps a (] according to the relative degree of each regulated variable. The variable p, has
relative degree one, while o and 3 each have relative degree two (it is necessary to differentiate
these variables twice before a control term appears). Therefore y, is defined so that the
control appears in the first derivative of each of it elements. The same is true for stage 2.
Complete equations of motion of the aircraft are simplified through reasonable assumptions

for implementation. Refer to Appendix E for details.
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4.4.1.1 Stage 1 Dynamics

Subject to a set of approximations [17] the stage 1 dynamics can be expressed in the following

form:

o | fi(x) | 0 0

& fo(x, 6) —tan(8) 1 0

3 f3() 0 0 0 ;

ﬂ. T i (4.4.6)
¢ fs(x, 0) 0 0 0 '

0 fe(x, 0) 0 0 0 "

1% fr(z,d) 0 0 0

1% fa(x, 8,0) 0 0 0

where p; and 74 denote the stability axis roll and yaw rates. For purposes of inverting design,

we can eliminate the states associated with zero dynamics, and reduce (4.4.6) to the following:

Ds 0 1 0 0 Ds
a| = | fo(x,6)| + | —tan(8) 1 0 q
. (4.4.7)
16 fa(x, 6) 0 0 —1| |7
=F(x,0) +G(x) - wy
4.4.1.2  Stage 2 Dynamics
Similarly, the stage 2 dynamics can be expressed as:
Ds fo(x) Ls, O 0 Oac
gl = |f@)| +]0 M, 0|0 (4.4.8)
7:3 fll(m) 0 0 Nér 57“0
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where Ls,, Ms,, N5 are control effectiveness functions which are described in detail in Ap-

pendix E.
4.4.2 Control Allocation with TV and DT

As we saw in the previous section, the aircraft has redundant control effectors in each axis.
Therefore we need a policy to manage this redundancy effectively. In this section, we consider
how to allocate the controls including thrust vector nozzles and differential stabilators.

Consider the stage 2 dynamic equation (4.4.8) expressed as

Ty = A(x) + B(x)uy

(4.4.9)
Yo = T2
where
T

Alx) = |fo(z) fiolx) fiil(z) (4.4.10)

Ly O Lpr O Lypy O Lyy O
B)=|10 My, 0 0 Mpr O My O (4.4.11)

0 0 Npr Ny O Npy 0 Npy

T
Lo = |:p8 q 7"8:| (4412)
T

U = |:5a 5@ 5DT 57» 5]01 5y1 5]02 5y2:| (4413)

0, is aileron deflection, d, is elevator deflection, dpr is differential stabilator, ¢, is rudder
deflection, 0,1, 0,1 are the pitch and yaw vectoring angles of the left engine, and 6,2, d,2 are
the pitch and yaw vectoring angles of the right engine.

A control allocation matrix is introduced in order to relate the effective cor%trol demand
associated with each axis to the actual controls. Letting u, = {5(} Se 5T] denote the

effective control demand, then

uy =T, - U, (4.4.14)
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where

1 0 0
0 1 0
05 0 0
T, = v (4.4.15)
S, S. 0
0 0 S
—S, S, 0
0 0 Sy

From (4.4.15) and (4.4.14), it can be seen that the roll component of u, is allocated to aileron,
differential tail (DT), and differential pitch thrust vector deflections, the pitch component of
u, is allocated to symmetric tail (elevator) and symmetric pitch thrust vector deflections, and
the yaw component of u, is allocated to rudder and symmetric yaw thrust vector deflections.

Therefore control redundancy exists in all three channels.
4.4.3 Thrust Vector Scheduling

Thrust vector scheduling variables S,, S, and S in (4.4.15) depend on the ratio of the peak

moments available from aerodynamic and thrust vector control according to:

(

0 ) LTV < %Laero
Sp - 2 — [[//GTEXT/O ) %Laero S LTV S Laero (4416)
1 y LTV > Laero
\
0 9 MTV < %Maero
pr— Mae'ro 1
Sa 2— Mrpy §Maero S MTV S Maero (4417)
1 P MTV > Maero
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0 3 NTV < %Naero
= Naer'o 1
Sﬁ 2— Nry 0 ZNaero S NTV S Naero (4418)
1 ) NTV > Naero

where Lguero, Myero and N, are the rolling, pitching and yawing moment margins avail-
able from aerodynamic controls, and Ly, Mry and Npy are the marginal rolling, pitching
and yawing moment available from thrust vector controls [50]. Thrust vector scheduling is

depicted in Figure 12.
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4.4.4 Computation of the Effective Control (u.)

From (4.4.9) it follows that

(4.4.19)
= A(x) + B(x) - T,u,
= ul
The stage 1 dynamic equation is given as
Y, = F(x) + G(x)u,
(4.4.20)
=v
where v is the pseudo-control. Combining (4.4.19) and (4.4.20), we have
u, = (G(z)B(z)T,) ™ [u - <F(w) + Cz(m)A(w))} (4.4.21)

where G(x), B(z), F(x) and A(z) denote estimates of G(x), B(x), F(x) and A(x). Sub-
stitution of (4.4.21) into (4.4.14) provides the commanded control that is applied to the

aircraft.
4.4.5 Adaptive Control

The pseudo-control for feedback control design, depicted in Figure 10, has the form

V =V —+ Vyem — Vad (4422)

where v,.,, = a:y) is output of an 7*"-order reference model that is used to define the desired

closed loop response, vy is the output of a dynamic compensator, and v, is the adaptive

signal. The error dynamics for the state feedback can be expressed as

20) = ) 4+ 20
(4.4.23)
= V4 + Vad — A
It is apparent that the dynamic compensator should be designed to stabilize (4.4.23), and

that the role of v, is to cancel A.
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4.4.6 Pseudo-Control Hedging (PCH)

PCH is used to address NN adaptation difficulties arising from various actuation nonlin-
earities, including actuator position and/or rate saturation, discrete (magnitude quantized)
control, time delays and actuator dynamics [39]. NN training difficulties occur when unmod-
eled actuator characteristics are encountered. For example, the NN adaptive element will
attempt to adapt to these nonlinearities, even when it is impossible to do so. The goal of
PCH is to prevent the adaptive element from attempting to adapt to these characteristics,
while not affecting NN adaptation to other sources of inversion error. Conceptually, PCH
"moves the reference model backwards” by an estimate of the amount the controlled system
did not move due to selected actuator characteristics (such a position and rate limits, time
delays, etc). The reference model is hedged according to an estimate of the difference between
the commanded and achieved pseudo-control.
The hedge signal is defined as
v,=v—"r (4.4.24)

where v is the commanded pseudo-control as defined in (4.4.20), and © is an estimate for
the achieved pseudo-control. The estimate is obtained by combining (4.4.14), (4.4.19) and
(4.4.20) and replacing the elements of us by estimates obtained from actuator models of the

form in Figure 13. Thus,

~ N

vh = v — [F(m) +Gla)Az) + Glx)B(x) - aQ] (4.4.25)

The elements of the hedge signal are then subtracted in the reference models for each respec-
tive axis (roll, pitch and yaw). The manner in which this is done for a second order reference

model is depicted in Figure 14.
4.4.7 Neural Network Adaptation

The properties of NNs described in Chapter 2 are used for adaptive control design. According

to (4.4.23) and (4.4.25), A depends on the states and the pseudo-control. As described in
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Figure 14: Reference model with hedging in pitch channel

Chapter 2, it has been shown that this error can be approximated, in a bounded region,
to any desired degree of accuracy using a neural network (NN) with a sufficient number of

hidden layer neurons, having the following input vector [11,29]:

ult) = [1 75 g5 )] (4.4.26)

where

(4.4.27)
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with ny > n and d > 0 denotes time delay.

In the case of SHL NNs shown in Figure 3, we have

Valt) = Wia (VTM) (4.4.28)

where o is a vector whose elements, 0;(z;), are the basis functions of the NN. Typically,
these basis functions are selected as so-called squashing functions. The form we employed is
0i(z;) = 1/ (e7%#), where a; is the activation potential. The network weights are updated
according to the following adaptation laws:

V=-_T, [QMETPBWT&’ + oy (f/ . Voﬂ

) (4.4.29)

W= _T, [2 (& - &/VTp,) ETPB 1k, (W - Woﬂ
where 6 = o (VT/J,) and o' = diag (do;/dz;). P is the positive definite solution to the
Lyapunov equation AP + PAT = —Q with Q = QT > 0, I, I'y,, Ky, and k,, are adaptation
gains, E is the tracking error, and W, and Vj are initial guesses (or guesses). It has been
shown in Appendix B that the adaptive laws given in (4.4.29) guarantee that all error signals

and network weights are uniformly bounded.

4.5 Simulations

4.5.1 Control Design Parameters

The control design was carried out assuming that the pilot commands «, 3, and ps. The roll
channel is relative degree one (r = 1) with respect to the control, while both the o and /3
channels are relative degree two as shown in Figure 15. The design for the a-channel control
architecture is described here.

A dynamic compensator or linear controller is designed for each degree of freedom as-
suming perfect inversion. The linear controller is designed so that the error dynamics are
stabilized. In the case of state feedback, this can be achieved using a standard proportional

and derivative (PD) controller, although additional integral action can be incorporated to
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Figure 15: Structure of a second order relative degree pitch channel linear controller

improve steady state performance. In general, the linear controller can be designed using
any technique as long as the linearized closed-loop system is stable.

With reference to (4.4.22), we have a dynamic compensator as

Ve = Ke o
(4.5.1)
=|Kp Kp|-E
where the tracking error vector is defined by
g_ | Ym Y (4.5.2)
yrm - y
The tracking error dynamics are given by
E=AFE+B.(v-A)
Ae = 5 B, = 5
—Kp —Kp 1
The gains are related to the natural frequency and damping ratio by:
Kp=uw?, Kp=2w, (4.5.4)

Note that, as shown in Chapter 3, dynamic compensators v4. and v,.,,, of the adaptive NDI

design have fixed gains, using (3.5.4) we set them to make the tracking error dynamics in
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(3.5.6), or (4.5.3) for this case, have the same stable pole locations as those of the reference
model.

Since r = 1 in the roll channel, a first order reference model is employed for that channel,
with a time constant of 0.3. Likewise, second order reference models are employed in the
pitch and directional channels, with w,, = 3 rad/sec and ( = 1.5. The values selected for
the NN gains, defined in (4.4.29), the number of hidden layer neurons(ns), and the number

of inputs(ny), including input/output delays, to NN update laws are given in Table 1.

Table 1: F-15 ACTIVE neural network parameters

‘ Channel H I'y ‘ Iy ‘ Koy K ‘ nq ‘ N ‘ d ‘
Ds 3.0 3.0 0.5 23 10 0.01
«a 5.0 4.0 0.1 23 10 0.01
6] 3.0 3.0 0.1 23 10 0.01

Following the approach suggested in Appendix B of [38], we choose

(w3 0 3643 0

Q= " = (4.5.5)
0 (w’ 0 405

The activation potentials (a;) were uniformly distributed between 0.1 and 0.5. In addition,
the first NN basis function was used to provide a bias term (ag = 0).

All control effectors have their own dynamic constraints or nonlinearities such as mag-
nitude limit and rate limit, as shown in Table 2. When any of these nonlinearities occurs,
PCH works to protect the adaptive process from it.

The unsteady aerodynamic effect described earlier was also implemented in the pitch axis.
Consequently, this effect has little impact on the lateral modes such as sideslip angle and
roll rate, which is to be expected. The unstable lateral /directional aerodynamic damping
coefficients were used and they have significant impact on the responses of the aircraft during

high-a maneuvers.
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Table 2: F-15 ACTIVE control effectors and their dynamic constraints

Name Symbol Magnitude limits Rate limits Remark
(deg.) (deg/sec)

Aileron O —20 to +20 +100
Stabilator O —25 to +25 +46
(Elevator)
Differential 5DT —25 to +25 +46 5DT = (56”.ght — 56left)/2
Stabilator

Rudder Oy —30 to +30 +105
TV Nozzle Op, Oy 20 in any direction +80

with (624 62)"* < 20

4.5.2 Simulations and Evaluations

The simulation model was constructed using Matlab/Simulink using the vehicle’s configu-
ration data, mass properties, wind tunnel data, and control effectors’ dynamics [90]. All
simulations begin from the trim condition: a Mach number of 0.32 at 5000 m altitude, and
it is assumed that the magnitude of the thrust is constant.

Figure 16 illustrates the simulation model in Matlab/Simulink. As shown in the figure,
the commands and the aircraft’s response are discretized using zero-order-hold (ZOH). Thus
the controller is implemented in digital form. The term D/A in the figure indicates a digital
to analog converter. This discretization provides a good environment to fully synthesize
the NN parametrization theory introduced in Section 3.3, in which inputs to NNs consist
of tapped-delay line of memory units, or delayed signals, which are realizable only through
discretization. This also models almost the same control system environment as that of real-
world advanced aircraft which are equipped with digital fly-by-wire (FBW) or fly-by-light
(FBL) flight control systems. Note that all control simulations in this thesis are performed

in this environment and the sampling time of ZOH is set to 0.01 sec.
4.5.2.1 High-o« Maneuver
Simulation results are presented in Figures 17 — 21 for a 40° angle of attack command with

a small amplitude (5°/sec) doublet in p;. Figure 17 presents the a responses for various

62



Pseudo Control Hedging  |<=—
Vh(tk)| =
yc(tk) -

» Vim(te)
l Ym (tk) K: Yo = KeYm - f
Commands t Approximate
Ve Reference]l YM{&) | Dynamic Vd"(k)‘sv(tk) > IIJDpynamic
) Model ”| Compensatdgr X Inversion
A
Vad(tk)
t P ‘jd P V(tk)
y(t) Et) Neural [ | Delayed|*
o| Networks | Ye | signal | Y&
\.

Figure 16: Discretized control simulation environment in Matlab/Simulink

conditions: with or without RSS, thrust vectors as well as adaptation (NN/PCH). Figure 18
depicts ps and [ responses with/without adaptation. At time 0, a begins from its trim value
11.5° and initially follows the reference signal to the commanded value of 0°. Subsequently
at 5 seconds, a command of 40° is applied. The large a-command results in position and rate
saturation of the actuators, which lead to a response with about 5° overshoot in a-response.

For the system with adaptation, excellent tracking is achieved by about 7 — 8 seconds,
even though the actuators have periods of rate saturation for several more seconds. The
hedged reference signal cannot be distinguished from the response at this scale. With no
adaptation, the aircraft exhibits slightly oscillatory error at high alpha, and has difficulty
returning to o = 0. The response without RSS shows the motivation for relaxing the static
stability, namely that the aircraft doesn’t have enough control authority to reach high angles
of attack without this relaxation. It is also interesting to note that, without TV, the aircraft
has great difficulty returning from 40° to 0° due to lack of control power.

The p, response in Figure 18(a) exhibits an oscillatory divergence without adaptation,
while with adaptation the response is stable and accurately follows the hedged reference

command in both ps and [ responses. Figure 18(b) shows that there are large errors in 3
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when no adaptation is present. The oscillation and hedging that appears in the roll channel
around 6 — 10 seconds is due to the rate and position limiting that is occurring in the TV
pitch control. This can be seen from Figure 20 which shows that the differential TV control
is zero. It can be seen from Figures 19 and 20 that the small oscillations in sideslip are due
to rate and position limiting in rudder and TV yaw control. In general, all of the oscillations
that appear in Figure 17 and 18 are due to actuator limiting in one form or another. The
role that hedging plays in maintaining a stable response is very apparent from these figures.

Time histories of aerodynamic and thrust vector controls for cases with and without adap-
tation are depicted in Figures 19 and 20. Note that lateral deflections are not commanded
in the without adaptation case, whereas they play a significant role in the with adaptation
case. The NN adaptation signal v,4(t) and inversion error A(¢) for all channels are compared
in Figure 21. This represents a measure of the degree that adaptation is able to compensate

for inversion error, even during periods of control saturation.
4.5.2.2  Simultaneous o and ps Maneuver

Simulation results for simultaneous commands of o = 30° and p, = 25°/sec are depicted
in Figures 22-26. Figure 22 shows the aircraft angle of attack responses for cases with and
without adaptation, and 23 depicts p, and [ responses. It can be seen that with adaptation
good tracking is maintained, except for the oscillation in roll response. Like the previous
simulation, the significant effects of unstable lateral/directional aerodynamic coefficients at
high angle of attack regime induce the overshoot of p, channel. Actuator limiting is most
apparent in the time period between 6 and 8 seconds. However the combination of TV
pitch and yaw control, seen in Figure 25, is causing saturation at several points. Without
adaptation, there are large tracking errors, with nearly 10° steady state error in «, a large
error in (3 response, and there is a total lack of command following in the p; channel.

From the time histories of aerodynamic and thrust vector controls in Figures 24 and 25 it

can be seen that the nonadaptive controller saturates the control effectors for long portions
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of the maneuver. Figure 26 compares v,4(t) and A(t) for all three channels. In all cases, the

NN shows correct adaptation.

4.6 Conclusion

An adaptive nonlinear dynamic inversion approach for control of high-performance aircraft
in unsteady and high-alpha flight conditions is presented. The adaptive approach is robust
to both parametric uncertainty and unmodeled dynamics. Control allocation for redundant
control effectors, including thrust vector nozzles and differential stabilators, was also imple-
mented.

Pseudo-control hedging is used to protect the adaptive process during periods of control
saturation. Simulation results obtained using a modified F-15 ACTIVE model in the pres-
ence of unsteady aerodynamics at high angle of attack show reasonable responses using NN

adaptation.
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CHAPTER V

A COMPARISON STUDY OF CLASSICAL AND
NEURAL NETWORK-BASED ADAPTIVE

CONTROL OF AIRCRAFT WING ROCK

At moderate to high angles of attack, aircraft dynamics can display an oscillatory lateral
behavior that manifests itself as a limit cycle known as wing rock. In this chapter, several
methods of adaptively stabilizing this oscillatory motion are compared. The main objective
is to compare classical and neural NN-based methods of adaptive control. All methods are

compared using a model for an 80° swept delta wing.

5.1 Introduction

Wing rock is a lateral-directional instability that occurs in aircraft of varying configurations
and aspect ratios. Hsu and Lan [31] describe wing rock as ”a phenomenon triggered by flow
asymmetries, developed by negative roll damping, and sustained by nonlinear aerodynamic
roll damping.” Both Hsu and Lan [31] and Nayfeh et al. [22,85] have developed models for
wing rock behavior of a slender delta wing. These models exhibit limit cycle behavior for
moderate to high angles of attack. Luo and Lan [65] explored controlling this behavior with
a controller based on a Hamiltonian formulation. Singh [106] et al. investigated two adaptive
methods of controlling the phenomenon. The first is a classical method in which the uncer-
tainty is linearly parameterized. In this approach, modeling information is employed to arrive
at a linear parametrization. In the second approach the universal approximating property
of Radial Basis Function (RBF) Neural Networks (NNs) is used to model the uncertainty,

with no a priori knowledge of the model error. The performance of the classical adaptive
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approach was superior. It was felt by the authors that this was primarily a consequence of the
fact that it was designed with knowledge of the form of the system dynamics. The RBF NN
was able to stabilize the system, but exhibited very poor transient performance. Adaptation
was slow, and the response was highly oscillatory. Only responses to initial conditions were
considered.

In this chapter the work of Singh et al. is repeated, and compared with a nonlinearly
parameterized adaptive controller that employs a Single Hidden Layer (SHL) NN. The ob-
jective is to determine if the poor performance of the NN-based controller employed in [106]
can be improved by a nonlinear parametrization, and to determine how it compares to the
classical adaptive approach. We also consider designs in which all the adaptive controllers
augment an inversion-based design [14]. This approach introduces an additional linear con-
troller. Results for all five cases are compared for both responses to initial conditions and in

terms of command tracking.

5.2 Awrcraft Wing Rock Dynamics

For a flat, thin wing constrained such that it is free only to roll about its x-axis, the differential

equation describing the wing rock motion can be modeled as [22, 31]

. U2 Sb
b= (,)2;0 ) Cy + dou (5.2.1)

where ¢ is the roll angle and dy is the control effectiveness relating the control,u, to angular
acceleration. A modified version of the Hsu and Lan model [22] of the rolling moment

coefficient is

Cl :ag—i—a1¢+a2¢+a3|¢|é+a4\¢\¢+a5¢3 (522)
where
. b
ag = Cio, ap = sin(a;) - Cig, a2 = 5 Clpo
) RN (5.2.3)
az = sin(ag) - ST - Clps, ay = <@) - Clpp
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o is the steady state angle of attack. While the sin(ay) terms define an explicit dependence
on «y, there is also an implicit dependence that is folded into the values of all the coefficients
apy ..., 5.

Defining x1 = ¢ and x5 = ¢, (5.2.1) becomes

Zil'l:l'g

(5.2.4)
Ty = g(x) + dou
where
(@) = bo + b1 + baop + bs| 9| + ba| )| + b5’ (5.2.5)
and
b = (pgifb) a i=1,..5. (5.2.6)

A reference model for the desired response is specified by the linear time invariant differ-

ential equation

where ,, = (1, Tm2)?, ¢ > 0,w, > 0 and

0 1
Ay = (5.2.8)

—w?  —2Cw,

We are interested in the following two wing-rock motion control problems under different

assumptions on the function g(x) [106]:

Problem 1 for classical adaptive control : Suppose that in (5.2.4) the parameters
b, 1=0,1,...,5, and dy are unknown, but the sign of dy is known. Derive a control law such

that

lim [ @, (t) —x(t)] — 0

t—o00
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Adaptive Control

SHL NN-based
Adaptive Control

80° swept delta wing
under Wing Rock
at a = 25deg.

Figure 27: Three Adaptive Control Methods

Problem 2 for NIN-based control : Suppose that in (5.2.4) the nonlinear function g(x)
is unknown, and dy is an unknown constant but its sign is known. Derive a neural control

law such that

lim [ @, (t) —x(t)] — 0

t—o0

The delta wing and three adaptive control methods are schematically shown in Figure 27.

Now classical adaptive control scheme is introduced.

5.3 Classical Adaptive Control

Define the trajectory tracking error

Ey Tm1 — X1
FE = = (5.3.1)

Ey Tm2 — X2

then from equations (5.2.4) and (5.2.7), the error dynamics are given by
E=ALE + B, [ dou + Ax) ] (5.3.2)
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where B,, = [0 1]7 and
A(x) = by + (b1 +w2)zy + (by + 2Cwy)Ta + bs|z1|22 + ba|To| T2 + b5} (5.3.3)
The adaptive control law is chosen to match the form of the uncertainty in (5.3.3)
u=—(0o(t) + 01(t)xs + Oa(t) s + O5(1)|x1 |22 + a(t)|z2| 22 + O5(1)27 ) (5.3.4)

and the adaptation law governing the behavior of the parameter vector 8 = ( 6y, 6;,...,05 )T
is
6 = —sgn(dy)T E" PB,,h(x) (5.3.5)

where I' > 0, P is the unique and positive definite solution of the Lyapunov equation

AT P+ PA,, = —Q, Q>0 (5.3.6)

and h(x) = [ 1,21, 7, |11|22, |12|72, 23 |T. The proof of stability is given in [106]. It is
apparent from (10) that the ideal goal of the adaptive law is for u to cancel A(x)/dp.
RBF and SHL NNs and their properties are described in Chapter 2 and we use the same

formulations described in the chapter.

5.4 Adaptive Augmentation of a Linear Control Law

In this section, we introduce a nominal controller based on the method of feedback inversion.
The design approach is taken from [14], and is developed in the setting of command tracking.

Hence the reference model in (7) is redefined so that a roll command, ¢, is included.

= Ay, + B (5.4.1)
where B, = [0 w? |7 . Let the dynamics in (5.2.1) be represented by

&= f(x,a,u) (5.4.2)

=V
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A

The function f (x, &, u) is not known exactly, and an approximation, v = f (x, &, u), is used

for inversion, which results in

E=v+A(x,x,u) (5.4.3)

where

Az, @,u) = f(z,@,u) — f (@@, u) (5.4.4)

~

The approximation, f (x, &, u), must be chosen such that an inverse with respect to u exists.
If we adopt the viewpoint that the dynamics in (5.4.2) are completely unknown to the NN,
except for sign(dy), then an appropriate choice is f (x,,u) = sign(dy). In this case, the
feedback inverting design reduces to the introduction of a dynamic compensator, or linear
controller.

The architecture of the augmented inverting control design is shown in Figure 28, where
the subscript m denotes a signal coming from the reference model defined in (5.4.1). The

pseudo-control signal is made up of three components.

V= jsz + Vie — Vad (545)
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where vy, is the output of the dynamic compensator (linear controller), and v,4 is the output

generated by the adaptive element. It follows from (5.4.1) that

o = —wWitm — 2(WnTma + W ke (5.4.6)
Letting
I/dc:[Kp KD]E (547)

and combining (5.2.4), (5.4.1), (5.4.3) and (5.4.5), the error dynamics take the form

E=Ap-E+ B, (vad— A) (5.4.8)
where
0 1
Are = (5.4.9)
—Kp —Kp
A(.’B, u) = bo + bll’l + bgLL’Q + b3|LL’1‘SL’2 + b4|LL’2‘SL’2 + b5$l€ + (do — 1)u (5410)

The gains are related to natural frequency and damping ratio by

Kp:w2 KDZQC

nrc’

(5.4.11)

LcwnLC
The form of the error dynamics in (5.4.8) is similar to (5.3.2). Consequently, in this design
approach, the matrix P that appears in the adaptive laws (5.3.5), (2.1.11) or (2.1.12), and
(2.2.10) or (2.2.11) is the solution of (5.3.6) with A,, replaced by A;¢. In contrast to (5.3.3),
it can be seen from (5.4.10) that A depends explicitly on both x and u. Since u = f(a:, v),
it follows that A is an implicit function of v, which from (5.4.5) depends explicitly on v,4.
Denoting this functional dependence as A*(x, 1/,4), and since the role of v,4 is to cancel A,
it follows that the success of this approach requires that a fixed point solution exists to the
equation v,y = A*(x,v,.). It has been shown in [11] that the following two conditions are
sufficient for existence of a fixed point solution:
son (20) = sgn (%)
ou ou

(5.4.12)
of
ou

1|8f
0<§‘%'< < 0
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Note that this issue is independent of the adaptive approach employed, but it does require
that v be included as an input to the NNs.

To avoid the implied algebraic loop, the implementation is normally done using a one step
delayed value of v. We have verified that this results in nearly an identical solution to that
obtained by solving the algebraic loop using the current value of v as an input to the NN.
This further requires that the NN itself also have a fixed point solution with respect to v,
for all values of the NN weights, which is guaranteed by the fact that the NN basis functions
are bounded functions of all its input variables. There is also an alternative approach that
avoids the fixed point issue by employing the mean value theorem [45], but that relies on a

bound on dv/dt.

5.5 Sitmulation Results

Aerodynamic parameters of the delta wing are selected corresponding to a, = 25° and
Us, = 15 m/sec. [106] Nondimensional time t* is (4U/b)t and b = 0.429 m. The parameters
b; and dy for the model shown in equation (5.2.4) with ¢* as an independent variable are:

bp =0, by =—01859521, by =0.015162375, bs = —0.06245153,

by = 0.00954708, bs = 0.02145291, dy =1

For these simulations, two initial conditions are used:
1. Small initial condition: ¢(0) =6 deg., ¢(0) =419.4 deg/sec.
2. Large initial condition: ¢(0) = 30 deg., $(0) = 1398 deg/sec.

Open loop responses are shown in Figure 29. Note that for the small initial condition a limit
cycle results, whereas for the large initial condition the response is unstable.

The reference model parameters in (5.2.8) were selected as ¢ = 0.707, w,, = 0.5 rad/sec.
The linear controller gains in (5.4.7) were chosen to match the dynamics of the reference

model. The adaptation gains and other parameters in the adaptive laws were tuned so as to
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Figure 29: Open loop system dynamics for the two initial conditions

achieve the best possible performance, without any evidence of oscillatory behavior due to
adaptation. () = I was used in solving the Lyapunov equations.

Responses to the two initial conditions, both with and without commands were investi-
gated. Both forms of the three adaptive approaches (without and with the linear controller)

were evaluated. A square wave command was used to evaluate tracking performance.
5.5.1 Adaptive Controller Designs

For the classical design, the complete adaptive closed loop system consists of (5.2.4), (5.3.4),
(5.3.5), (5.4.6) and (5.4.7). Since by = 0, for simplicity, 0y(¢) was set to zero in the control
law (5.3.4). The adaptation gain was set to ' = 15 which is the same value used in [106].
For the RBF NN-based design we first used the same parameter settings as those in [106].
The complete closed loop system consists of (5.2.4), (2.1.7), (2.1.11), (5.4.6) and (5.4.7). This

consisted of 441 RBF elements that are uniformly spaced in the ¢ — ¢ plane such that
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o |5 (5.5.1)
J2 Ao
where Ay = 0.2 rad, Ay = 0.1 rad/sec, and j;, j» € {—10,-9,...,9,10}. The widths o; of
the kernel units were set to 1 and the adaptation gains were taken as I' = 0.057, k = 0 to
repeat the results in [106].

For the SHL, NN-based design, the complete closed loop system consists of (5.2.4), (2.2.5),
(2.2.10), (5.4.6) and (5.4.7). Adaptation gains I'y = 7 and 'y = 10, and o-modification
gains K, = Kk, = b were used, with 10 neurons employed in the hidden layer. The values of
the activation potentials were evenly distributed between 0.1 and 1.

Note that since dy = 1, the expression for A in (5.4.10) is independent of u, and it was
not necessary to use v as an input to the networks in this case. Also, since the natural

frequencies and damping ratios for the reference model and the linear controller design are

the same, the solution for P is the same in all designs (with or without the linear controller).
5.5.2 Comparisons

A comparison of the responses for zero command to small and large initial conditions is shown
in Figures 30 - 32. The classical and RBF NN-based responses without the linear controller
(without LC) are essentially identical to the results obtained in [106], where the conclusion is
reached that the response of the classical adaptive controller is superior due to the fact that
it employed knowledge of the functional form of the nonlinearity. However, for the results
in Figure 30, no modification terms such as those in (20) and (21) were used in the RBF
NN-based design. Figures 31 and 32 show that when the o-modification is employed, the
responses are not only improved, but also are superior to the responses obtained using the
classical adaptive controller. Similar improvements were obtained using e- modification (not
shown). In addition, responses in which a linear controller is augmented with the adaptive
designs showed modest improvements in all cases. It should be noted that the responses with

LC and without adaptation are all stable, but there is nothing to guarantee that this will be
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the case in general.
When employing an RBF NN the use of kernel units of width 1.0 is not generally the best
choice. The widths should be adjusted to achieve an appropriate overlap between neighboring

kernels. As an alternative, we employed the following rule

_ Pmaz — Pmin

= A1) (5.5.2)

where pq. and Py, are the maximum and minimum of input domain ¢, and N is the number
of neurons. An example of the distribution obtained in one axis for pyae = —Pmin = 2 and
N = 25 is illustrated in Figure 33. The effect of N with centers uniformly distributed, and
widths defined by (5.5.2) is shown in Figure 34. Figure 35 shows the effect of IV in the case
of the SHL NNs.

To evaluate the tracking performance of the adaptive control designs, a square wave
command with period 4 seconds and amplitude ¢. = +10 deg was applied. The responses
shown in Figure 36 are for a reference model with w,, increased to 4.0 rad/sec. It can be seen
that the SHLL NN-based design provides much faster adaptation, and thus better tracking
than other two designs. Classical adaptive control has difficulty tracking the command even
after a long time period. Figure 37 shows a comparison of the adaptation error, A(t*) —v4q(t*)
that corresponds to Figure 36. In the classical case, the error increases in the time period
examined. For these results, the adaptation gains were: I' = 10.0 for the classical adaptive
control, I' = 10.0/, k = 1.0 with 441 neurons for RBF NN and I'y = 7, I'yy = 10.0,
Ky = Ky = 0.3 with 40 neurons for SHL NN-based design.

Figure 38 shows a 3-dimensional view of v,y of SHL NN tracking the A trajectory on
the delta surface for a sinusoidal command. It can be observed from the figure that A(t*) is
moving on the A-surface which is determined by (5.4.10) over the ¢ — ¢ domain, while SHL

NN output v,4 is tracking and cancelling it out to show good adaptation.
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5.5.3 Remarks on Stability

In the case of NN-based adaptive control, since the parameterization is not exact, one can
only show that the error response is ultimately bounded. Consequently, with NN-based
adaptation it is possible that an equilibrium point that is asymptotically stable without
adaptation (or with LC but without adaptation) becomes unstable. However, since the
response is ultimately bounded, an unstable response will likely be in the form of a limit
cycle. However, if the equilibrium point is asymptotically stable without control, then it is
a reasonable expectation that it should remain asymptotically stable with control. As noted
earlier, the use of o-modification provides asymptotic stability in this case because the weights
approach zero in equilibrium, whereas this is not necessarily the case with e-modification.
The phase plane plot in Figure 39 depicts the final stages of these two adaptive laws on a
long time scale. The adaptive law with o-modification is asymptotically stable, whereas, the
adaptive law with e-modification results in a trajectory that first approaches very close to
the origin, but later emerges from the origin and approaches a limit cycle. Figures 40 and 41
illustrate the same effect with the states plotted versus time. Both ¢ and gb exhibit bounded
oscillations with e-modification. A persistent oscillation emerges even when a square wave
command is applied.

As an alternative to both o- and e-modification, we also implemented the method of
projection [88], for both the RBF and SHL NNs. This approach imposes a bound on the
norm of the network weights. The bound is adjusted as a network parameter, similar to what
was done with the - and e-modification gains. After tuning the network adaptation gains
and the bound, the best attainable performance for the same case as that depicted in Figure
40, is shown in Figure 42. This figure depicts the response that employs a SHL NN. The
response with a RBF NN exhibits a similar behavior. Initially, projection has no effect on the
system response, because it does nothing until the weights approach their imposed bound.
Thus, the initial part of the response is similar to that shown in Figure 30. Consequently,

this approach to avoiding the bursting phenomenon in adaptive control was found to be less
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desirable for this example.

5.6 Conclusion

The response of a model for wing rock dynamics of an aircraft at moderate to high angles
of attack is examined when regulated by a variety of adaptive controllers. Classical adaptive
control is compared to several methods of neural network-based adaptive control, both with
and without the introduction of a linear controller. All control systems demonstrate adap-
tation to the effects of modeling error.

The results show that the single hidden-layer neural network adapts much more rapidly than
the radial basis function neural network in command tracking, despite having far fewer neu-
rons, and both neural network based designs significantly out perform the classical adaptive
controller in both regulation and tracking, even though the classical adaptive approach em-
ploys knowledge of the functional form of the modeling error, while the neural network-based
approaches do not. In addition, the inclusion of a linear controller in the architecture im-
proves the response for all the control systems, most noticeably for the classical adaptive
design.

Issues related to asymptotic stability versus bounded error response on neural network-based
designs have also been addressed. In particular, it has been noted that it is mandatory to
implement some means to bound the network weights, otherwise none of the neural network

based approaches will provide satisfactory performance.
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CHAPTER VI

ADAPTIVE AUTOPILOT DESIGNS FOR AN

UNMANNED AERIAL VEHICLE, FQM-117B

This chapter summarizes the application of two adaptive approaches to autopilot design, and
presents an evaluation and comparison of the two approaches in simulation for an unmanned
aerial vehicle. One approach employs two-stage dynamic inversion and the other employs
feedback dynamic inversions based on a command augmentation system. Both are augmented
with neural network-based adaptive elements. The approaches permit adaptation to both
parametric uncertainty and unmodeled dynamics, and incorporate a method that permits
adaptation during periods of control saturation. Simulation results for an FQM-117B radio
controlled miniature aerial vehicle are presented to illustrate the performance of the neural
network based adaptation. These designs are currently being implemented at NASA LaRC

for purposes of future flight testing [104].

6.1 Introduction

Recent technology developments allow unmanned aerial vehicles (UAVs) to displace manned
aircraft in many commercial and military roles. As these roles are expanded from simple
reconnaissance missions to more complex missions, there is an increasing need for control
systems that are robust to model uncertainty due to incomplete modeling, malfunction, or
damage during operation. A challenge to designers of flight control systems is to achieve
highly maneuverable UAVs without requiring accurate modeling of these vehicles. Adap-
tive flight control designs provide a way to deal with the uncertainties in the system and
environment, without sacrificing performance.

Most UAV developments are based on simple and inexpensive systems with minimal
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mass, having minimal or no aerodynamic data for control design. Therefore, control design
for UAVs should take these uncertainties into account. UAV dynamics are also significantly
affected by their payloads, which can vary depending upon their mission. Therefore, it is
highly desirable to employ an approach to flight control design that is low cost and does not
require extensive tuning of gain tables. Adaptive approaches to control system design are
ideally suited for this application.

This chapter will illustrate the use of neural network-based adaptive control designs for
a UAV. The main objective is to demonstrate adaptation to model uncertainties such as
unknown or inaccurate mass properties and unknown aerodynamic derivatives, as well as
external aerodynamic disturbances such as wind gusts that can significantly impact UAV
flight performance, particularly at the low speeds UAVs typically fly. This chapter presents
two NN-based adaptive flight control algorithms that have been successfully utilized for a
variety of aerospace applications [14, 18,105], incorporating recent advances in the area of
state/output feedback and adaptation under saturated control conditions. One approach is
based on a two-stage dynamic inversion with approximate feedback linearization and syn-
thesis of a fixed-gain linear compensator, and the other approach is a command augmenta-
tion system-based dynamic inversion control. Both incorporate NNs as adaptive elements
to compensate for the modeling errors such as unmodeled dynamic characteristics of the
plant [11,29]. The effects of control saturation are also directly accounted for in the design
of the adaptive controller through pseudo-control hedging (PCH) [39].

The UAV (FQM-117B) used for this study is described in Section 6.2. A two-stage
dynamic inversion-based adaptive control design follows in Section 6.3. A command aug-
mentation system-based adaptive control design is presented in Section 6.4. PCH to handle
control input nonlinearities is described in Section 6.5, and NNs are briefly discussed in Sec-
tion 6.6. Simulation results are presented in Section 6.7. Conclusions are given in Section

6.8.
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6.2 The UAV, FQM-117B

The UAV used for this research is the FQM-117B radio controlled miniature aerial vehicle
shown in Figure 43 [32,75], which is roughly a 1/9 scale version of Russian fighter aircraft
MIG-27. This UAV is composed entirely of injection-molded Styrofoam, and has a 1.70
m wingspan, 1.88 m length, and a total vehicle weight of approximately 6.72 kg. It is
powered by a 0.60 cubic inch, 1.9 HP glow fuel engine and has elevator, rudder and full-span
ailerons. Its moments of inertia are approximately I,, = 0.2622, I, = 1.2628, I, = 1.5361,
I, =—0.0708 , and I, = I, = 0 kg-m?.

For the control design of the UAV, only simple static wind tunnel test data and mass
properties were available. The vehicle employs inexpensive instrumentation, which is noisy
and possesses significant amounts of bias, drift and scale factor error. In addition, it is
clear that its mass properties change significantly as fuel is consumed, and its flight envelope

includes low altitude and low speeds where air disturbances such as gusts are common.

6.3 Control Design 1: Two-Stage Dynamic Inversion
Based Adaptive Control Design

As in the control design in Chapter 4, angle of attack («), sideslip angle (/) and stability axis
roll rate (ps) are commanded. As shown in Figure 44, the pilot’s command is input to the
command filters to generate reference signals, while employing pseudo-control hedging (PCH)
to protect the adaptive process from effects due to control saturation. Next, proportional
and derivative (PD) controllers are used to follow the reference commands. The control
commands are obtained by a two-stage dynamic inversion. Since there are no « and [
sensors, the required feedbacks are assumed to be computed by integration of IMU sensor

outputs.
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6.3.1 Two-stage Dynamic Inversion

A two-stage approach for dynamic inversion has been developed for designing a flight control
system that regulates [p, a B]7 [2,6,17,105]. The structure of the inverting law and its

implementation is displayed in Figure 45, where the states for the stage 1 dynamics are

x=[a & B 3 ¢ 0 V]" and those for stage 2 dynamics are xy = [ p, ¢ 7|7
Dynamic Inversion Controller Design
Pilot's Stick e e e e e e e mmmmmmmm— - v Control Surface
Commands ! | Commands
! I
6LAT psc : psc ! Jac
—>| Reference I I —> —
dLon Models | ¢_ 1 S ; )
tagel | Y Stage 2 | ! ec
—_— + — - — - ——
, 1 | Inversion Inversion | 1
Opir Linear B ¢ : 5
Controllers _C=_> L= ) 5
! :
! I
! I
! I

Figure 45: Two-stage dynamic inversion control law structure

The control variables for the stage 1 dynamics are the angular accelerations in the roll,

pitch and yaw stability axis frame, u; = [ pse g. 75 |7 and the control variables for the stage 2
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dynamics are the effective control displacement commands in each axis, ws = [ d4c Oee Ore |7
The regulated variables in each stage are, y, = [ps & 3]7 and y, = [ ps ¢ 7, ]7. Note that
the regulated variables of the stage 1 dynamics are related to regulated variables [ p; o 3]
according to the relative degree of each regulated variable.

Subject to a set of approximations [16] the stage 1 dynamics can be expressed in the

following form:

Ds 0 1 0 0 Ds
al = | folz,d0)| + |—tan(F) 1 0 q
. (6.3.1)
6 f4($,5) 0 0 -1 7:3

=F(x,0) + G(x) - uy
where p, and r, denote the stability axis roll and yaw rates. Similarly, the stage 2 dynamics

can be expressed as:

Ps fo(x) Ls, 0 0 | |0a
| = |fiole)| T+ 0 Ms O Ooc (6.3.2)
fr:s fll(w) 0 0 N{ST 57“0

6.3.2 Computation of the Control

Consider the stage 2 dynamic equation expressed as

Ty = A(x) + B(x)u

(6.3.3)
Yy = T2
Then it follows that
Yy =&y = A(x) + B(x)us
= (a)) + B(w) - U, (634)
= ul
The stage 1 dynamic equation is given as
Y= F(z) + G(x) - wy
(6.3.5)

=V

101



where v is the pseudo-control. Combining (6.3.4) and (6.3.5), we have the commanded

control that is applied to the aircraft.

u= (G@)B@)T) " | v - {F(@)+ G@)A@)) | (6.3.6)
where G(x), B(z), F(x) and A(z) denote estimates of G(x), B(x), F(z) and A(z).
6.3.3 Control Architecture

The pseudo-control for this state feedback control design has the form:

v=2a") 4 v — v (6.3.7)

C

where 2 is output of an r*-order reference model that is used to define the desired closed

loop response, v, is the output of a dynamic compensator, and v, is the adaptive signal.

The error dynamics for the state feedback can be expressed as

50 = g0 4 20
(6.3.8)
= —Vge +Vad — A

It is apparent that the dynamic compensator should be designed to stabilize (6.3.8), and that

the role of v, is to cancel A.

6.4 Control Design 2: Command Augmentation Based
Adaptive Control Design

As shown in Figure 46, the acceleration commands to the UAV are first converted to p, ¢ and r
commands (p., ¢, r.) through an outer-loop controller, while ensuring the vehicle’s stability
and maintaining trimmed sideslip angle during maneuvers [72]. Then first-order reference
models are inserted in each channel to generate reference signals, while employing PCH
to protect the adaptive process from effects due to control saturation. Next, proportional
controllers are used to follow the reference commands p,,., ¢rm and r,,,. The output of the

controller is a part of the total pseudo-control v, which is the desired angular acceleration.
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The equations for angular acceleration are inverted to obtain the effective control in each
axis. Figure 46 also shows the PCH and the NN signals, which are further discussed in
Sections 6.5 and 6.6.

6.4.1 Outer-Loop Controller

The outer-loop controller produces a pitch rate command ¢g. and a yaw rate command r,
such that the lateral acceleration remains close to zero, which provides turn coordination.
The dynamic compensator has a proportional plus integral (PI) form:

t
qc:Kl'(anC_an)+K2'/ (a'nc_a'n)dT
0 (6.4.1)

t
Te = —K3~ay—K4~/ aydr
0
where the feedback gains K, K5, K3, and K, can be selected based on speed of response.

6.4.2 Command Filter (Reference Model)

A first order reference model is introduced to generate reference signals in each channel. For

instance, for roll channel it is:

m ]‘
Prm:_ (6.4.2)

De 7s+1

where 7 is the desired roll mode time constant. In this process, pseudo-control hedging is

incorporated to handle control nonlinearities.
6.4.3 Dynamic Compensator and Control

The derivatives of the body angular angles can be described as, designating the approximate

mathematical models p, ¢, 7 with the pseudo-controls, Vp, Vg, Vp:

P Vp Fy(x) G, 0 ol |,
il = lv,| = |R@)]|+|0 Gy 0] |6 (6.4.3)
r v, Fs(x) 0 0 Gs| |,
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Inverting (6.4.3) resulting in the control laws:

- -1

54 Gi 0 0 vp — Fi(x)
b0 | =10 Gy O v, — Fy(x)
57« 0 0 Gg Vy — Fg(CC)

- L (6.4.4)
Grl (v — Fi(2)

= |Gy (v — ()

G3' - (v — Fy())
The controls in (6.4.4) are based on the simplified functions Fj(x), i = 1,2,3, which retain

only a few dominate terms:

Sqb pb Sqb
Fi(z) = Eclp' (ﬁ) + ECIB -0
_ Sge ge\  Sqc
F2(w) — ECmq (ﬁ) + I—yy ma & (645)
_ Sgb rb Sqb
Fy(x) = ZCHT : <ﬁ) + ZCnﬁ )
and
Sqb Sqe Sqb
e =Ly, G =L, G ==L, (6.4.6)
[:c:c Iyy Izz

Here the aerodynamic coefficients (Cj,, Chua, etc) and control effectiveness (Cis,, Cins,, Chs,)
are set to constant values. These approximations introduce modeling error.

The exact expression for p can be, for instance, written by:

p=C, Sqb (6.4.7)
IZ'Z'
where
pb rb
Cr="Co+Cig 4+ Clp o + G 57+ Cig - 00+ Cis, - 00 + Clg, - 0p - (6.4.8)

Because only a few dominant terms among those in (6.4.8) are retained in (6.4.3) and ((6.4.5)),

there always exists a modeling error A, defined by
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Modeling errors A, and A, in pitch and yaw channels, respectively, can also be defined by
the same way. Using these definitions, the time derivatives of angular rates can be described
by:
p=p+A, =u,+ A,
G=q+0,=v,+ 14, (6.4.10)
=T+ A =+ A,
The equations in (6.4.3) can be transformed to a linear, time invariant form by designating

the pseudo-controls including only proportional control laws:

vp = A1 (Pe = D) = Vadp
Vg = Az (¢ — q) — Vadg (6.4.11)
vy = Az (Te —7) — Vaar

where (Vagp, Vadg, Vaar) are adaptive signals which are the output of neural networks as

shown in Figure 46. Substitution (6.4.11) into (6.4.10) gives

p=A1(pe—P) = Vaap + 2

G=As (gc— q) — Vagg + 1, (6.4.12)

F=As-(re —7r) — Vaar + A,
Hence, if the NN adaptive signals (Vadp, Vadgs Vaar) cancel out the modeling errors (A,, A, A;),
then asymptotic tracking in body angular rates can be expected. Consequently, the neural
networks play the key role of generating the adaptive signals to compensate for the modeling
errors due to the use of approximate models, uncertainties in each channel. Feedback gains

Ay, Ay, Ajs are chosen to satisfy the desired handling qualities.
6.4.4 Output Feedback Design

Most UAVs feature simple, fundamental, avionics sensors, so only a limited set of parameters
is available for feedback. Thus, an output feedback design of the control system should be

considered for such cases.
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As a further simplification, angle of attack («) and sideslip angle () dependencies are
ignored, and the terms including these values are discarded. In addition, the z-axis speed

component, U, may be replaced by the total speed V' as shown below:

_ Sgb pb _ Sge ac _Sp b
Fi(@) = 7-Ciy (2v)’ Fa(a) = 7Cog <2v)’ Fy(w) = F=Ch (2v) (6.4.13)

According to the theoretical background on the adaptive output feedback design presented

in [29], the delayed signals in each channel are input to the NN adaptive elements

6.5 Pseudo-Control Hedging (PCH)

PCH is used to address NN adaptation difficulties arising from various actuation nonlin-
earities, including actuator position and/or rate saturation, discrete (magnitude quantized)
control, time delays and actuator dynamics [40]. NN training difficulties occur when unmod-
eled actuator characteristics are encountered. For example, the NN adaptive element will
attempt to adapt to these nonlinearities, even when it is impossible to do so. The goal of
PCH is to prevent the adaptive element from attempting to adapt to these characteristics,
while not affecting NN adaptation to other sources of inversion error. Conceptually, PCH
"moves the reference model backwards” by an estimate of the amount the controlled system
did not move due to selected actuator characteristics (such a position and rate limits, time
delays, etc). The reference model is hedged according to an estimate of the difference between
the commanded and actually achieved pseudo-control.
The hedge signal is defined as

V,=V—U (6.5.1)
where v is the commanded pseudo-control and 7 is an estimate for the achieved pseudo-
control. For the design approach in Section 6.3, for example, v is defined in (6.3.5) and the

estimate is obtained by combining (6.3.3), and (6.3.4) and replacing the elements of us in

(6.3.4) by estimates obtained from actuator models of the form in Figure 47. Thus,

~ A

vi=v — [Fl@) + Gla)A(w) + G(a) Bw) - (6.5.2)
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The elements of the hedge signal are then subtracted in the reference models for each respec-

tive axis (roll, pitch and yaw). The manner in which this is done for a first order reference

model is depicted in Figure 48.

Rate Position
Limit Cait Limit
% S
- +
1
Delay=dt

Figure 47: Actuator estimator

v
Q.

v
Q

A\ 4

tn |

Figure 48: Reference model with hedging in pitch channel

6.6 Neural Network Adaptation

According to (6.4.12) and (6.5.2), A depends on the states and the pseudo-control. As
described in Chapter 2, this error can be approximated, in a bounded region, to any desired

degree of accuracy using a neural network (NN) with a sufficient number of hidden layer
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neurons, having the following input vector [11,20,29, 87]:

ult) = [1 710 gL (6.6.1)
where

Dalt) = () vt —d) -+ v(t—(m—r— D]

Tat) =[y(t) yt—d) - y(t—(n—r—1)d)]"
with n; > n and d > 0 denotes time delay.

(6.6.2)

In the case of a single hidden-layer (SHL), multi-perceptron NN shown in Figure 3, we

have

vat)=W'o (VTM) (6.6.3)
where o is a vector whose elements, o;(z;), are the basis functions of the NN. Adaptation

laws are used in the form of (2.2.10). See Chapter 2 for more details.

6.7 Simulations

The simulation model was constructed using Matlab/Simulink [90] implementing the UAV’s
preliminary configuration data, mass properties and static wind tunnel data which covers
angles of attack from 6 to 20 degrees and sideslip angles from 16 to 16 degrees, along with
the assumed dynamic damping derivatives: C,,, = 1.0, Cj, = 0.25, C,,, = 0.1, Cp,4 = 0. The
aircraft trim conditions are: Vi = 31.0 m/s, hr = 122.0 m, ar = 2.816°, and Gy = 0.541°.
The trimmed throttle setting is 0.44 and is held constant. All aerodynamic control deflections
range between 25 to 25 degrees with rate limits of £120 deg/sec. All simulations begin from

the trim condition.

6.7.1 Model of Atmospheric Turbulence

The flight envelope of the UAV involves mostly low altitude where gusts or turbulence are
common, hence a model of the turbulence was implemented in control simulations. Turbu-

lence was modeled as a filtered white noise process using the Dryden model.
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6.7.2 Control Design 1: Two-Stage Dynamic Inversion Based Adaptive Control
Design

The control design was carried out assuming that the pilot commands «, 3 and ps. The roll
channel is relative degree one (r = 1) with respect to the control, while both the o and /3
channels are relative degree two. The details of this design are described in [17,105]. Since
r = 1 in the roll channel, a first order reference model is employed for that channel, with
a time constant of 0.3. Likewise, second order reference models are employed in the pitch
and directional channels, with w,, = 5 rad/sec and ¢ = 1.0. The values selected for the NN
gains, defined in (2.2.10), and the number of hidden layer neurons, ns, are given in Table 3.
The activation potentials (a;) were uniformly distributed between 0.1 and 0.5. In addition,

the first NN basis function was used to provide a bias term (ag = 0).

Table 3: FQM-117B neural network parameters for Design 1

‘ Channel H I'y ‘ Iy ‘ Koy K ‘ No ‘ nq ‘ d ‘
D 0.5 0.3 0.1 10 23 0.01
q 1.0 1.5 0.1 10 23 0.01
T 0.5 0.5 0.1 10 23 0.01

6.7.2.1 Angle of Attack Maneuver

Simulation results are presented in Figure 49-51 for a 12° angle of attack with § and p;
set to zero. Figure 49 presents the «, § and p — s responses with and without adaptation.
Figure 52(a) shows that with NN/PCH, the a-response follows its reference model response
without any overshoot, while /3 and pg responses in Figure 52(b) exhibit moderate oscillations.
Without adaptation, the a-response goes immediately unstable. It can be clearly seen that
good tracking is achieved for the vehicle with adaptation.

Time histories of aerodynamic controls for cases with and without adaptation are depicted
in Figure 50. The NN adaptation signal v.4(t) and inversion error A(t) for all channels are
compared in Figure 51. This represents a measure of the degree that adaptation is able to

compensate for the inversion error.
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6.7.2.2 Stability Azis Roll Rate (ps) Maneuver

Simulation results for command of py = 150°/sec while maintaining the trim angle of attack
are depicted in Figures 52-54. Figure 52 shows the responses with and without adaptation.
It can be seen that good tracking is also maintained in this case with adaptation, except for
the transient oscillations in roll response at about 8 and 11 seconds. Without adaptation,
a-response diverges at the initial phase. Figure 53 depicts time histories of aerodynamic
controls for cases with and without adaptation. Figure 54 compares v,4(t) and A(t) for all
three channels. It can be seen that the NN precisely compensates for the inversion error.
The simulation results indicate that the UAV has very agile roll maneuverability, and that

it can be greatly enhanced with adaptation.

6.7.3 Control Design 2: Command Augmentation Based Adaptive Control De-
sign

6.7.3.1 State Feedback

The feedback gains K, Ky, K3, and K, in (6.4.1) are chosen in accordance with the following

equations:
Kg = K4 = ZJ—Z, K1 = TnKQ, K3 = TnK4 (671)
where
2m 2m (6.7.2)
Th = ——5——, Ty =~ ..
pSVTCLa Y pSVT|Cy5|

The time constant 7, in (6.4.2), for pitch and roll channels, is set to 7 = 1/2(w,,, and for the
yaw channel it is set to 7 = 2/(w,. The natural frequency (w,) and damping ratio (¢) are

set to 5 rad/sec and 2.0, respectively. The gains A;, As, As in (6.4.11) are chosen as:

AL =25, Ay=20, A;=10 (6.7.3)

The values selected for the NN gains and the number of hidden layer neurons, n,, are

given in Table 4. The activation potentials (a;) were uniformly distributed between 0.1 and
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0.5. In addition, the first NN basis function was used to provide a bias term (ag = 0).

Normal Acceleration (a,) Maneuver

Simulation results using state feedback are presented in Figures 55 — 59 for a,,. = 14+0.8¢g with
aye = p. = 0. Figure 55 presents a,, a, and p responses with and without adaptation. As
shown in Figure 55, with adaptation a,, closely follows the command with minimal overshoot,
while p and a, are maintained close to zero, except for short transient periods. This is not
the case without adaptation. Moreover, Figure 56 shows that the yaw rate response diverges
without adaptation. Figure 57 shows that the controller without adaptation has difficulty in
restoring o and [ to their trim values. Time histories of control deflections are presented in
Figure 58, and it is noted that PCH is active in the right elevator channel at right after 4 and
7 seconds due to the actuator rate limits. The NN adaptation signal v.4(¢) and inversion
error A(t) for all channels are compared in Figure 59. It can be seen that NN output, v44(t),

satisfactorily cancels out the error A(t) over the entire simulation period.

Roll Rate (p) Maneuver

Simulation results using state feedback for p. = 4+150°/sec, while maintaining a, = 1.0
and a, = 0, are depicted in Figures 60-64. Figure 60(a) shows the roll rate response for
cases with and without adaptation. It can be seen that good tracking is maintained with
adaptation, while larger errors occur without adaptation. Normal and lateral accelerations
are depicted in Figure 60(b) and they closely follow their commanded values. Figure 61
shows the q and r responses. It can be seen that they also follow the reference command,
even without adaptation. Figure 62 shows the o and [ responses. Note that 3 exhibits a

slightly larger transient behavior with adaptation. Figure 63 shows time histories of control

Table 4: FQM-117B neural network parameters for Design 2

‘ Channel H I'y ‘ 'y ‘ A ‘ Ny, ‘ n ‘ d ‘
P 3.0 3.0 0.01 10 23 0.01
q 3.0 5.0 0.01 10 23 0.01
r 3.0 1.0 0.01 10 23 0.01
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deflections. Figure 64 compares the NN adaptation signal v,4(t) and inversion error A(t)

for all channels, again demonstrating that v,4(t) cancels A(t).
6.7.3.2  Output Feedback

The same parameter settings and NN gains used for state feedback are used for the output
feedback case, and (6.4.13) was used instead of (6.4.5) since o and [ are treated as not

available for feedback.

Normal Acceleration (a,) Maneuver

Simulation results using output feedback are presented in Figures 65 — 69 for a,. = 1+ 0.8¢
with a,. = p. = 0. Figure 65 presents a,, a, and p responses with and without adaptation.
Pitch and roll rates are depicted in Figure 66 and they closely follow their commanded values
with adaptation. Figure 67 shows a and [ responses. Overall responses for this command
are similar to the state feedback case. Figure 68 shows time histories of control deflections.
The NN adaptation signal v,4(t) and inversion error A(t) for all channels are compared in
Figure 69. It can also be seen that NN output, v.4(t) shows good adaptation by canceling

the error A(t) over the entire simulation period.

Roll Rate (p) Maneuver

Simulation results using output feedback for p. = £150°/sec, while a,, = 1.0 and a,. = 0,
are depicted in Figures 70-74. Figure 70(a) shows p rate response for cases with and without
adaptation. Normal and lateral accelerations are depicted in Figure 70(b), and ¢ and r are
presented in Figure 71. Figure 72 shows « and [ responses. Figure 73 shows time histories of
control deflections. Figure 74 compares the NN adaptation signal v,4(t) and inversion error

A(t) for all channels, again demonstrating that v,4(t) cancels A(t).
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6.8 Conclusion

Two NN-based adaptive control designs for the FQM-117B UAV are presented: One with
two-stage dynamic inversion and state feedback, and the other with a feedback dynamic
inversion based on a command augmentation system with state and output feedback. The
tracking performances of both approaches are greatly improved by the NN-based adaptive
control design, thereby implying successful adaptation to modeling error and uncertainties.
Pseudo-control hedging is implemented to protect the adaptive process during periods of
control nonlinearities such as position limits and rate limits. Future efforts will be directed

towards flight testing of these algorithms.
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CHAPTER VII

COMPOSITE MODEL REFERENCE ADAPTIVE
OUTPUT FEEDBACK CONTROL OF
MULTI-INPUT MULTI-OUTPUT NONLINEAR

SYSTEMS USING NEURAL NETWORKS

7.1 Introduction

Composite model reference adaptive control (MRAC) was introduced by Slotine and Li [107],

and they claim that the advantages of the composite MRAC are:

e The combined use of the tracking error E and the estimation (or prediction) error E
can improve the performance of an adaptive controller, by employing them as training

signals in the adaptation laws.

When multiple unknown parameters are involved, the composite MRAC scheme is more
effective than the standard tracking error-based adaptation. In such cases, the former
allows high adaptation gain to be used without incurring significant oscillation in the

estimated parameters, which is possibly observed for the latter.

When unmodeled dynamics are present, composite adaptive controllers perform bet-
ter than standard adaptive controllers. This permits using higher adaptation gain
to achieve smaller tracking errors and faster parameter convergence without exciting

high-frequency unmodeled dynamics.

One of the essential benefits of the composite MRAC comes from the smoothness of the

results, which has significant implications on the adaptive performance. This comes
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from the structure of the adaptation laws, which has a time-varying low-pass filter-like

property.

e For parameter oscillation or parameter drift problems mainly associated with non-

parametric uncertainties (noise and disturbance), the composite MRAC can be quite

helpful.

These claims on the expected properties of the composite MRAC design motivate this
research as an extension of the adaptive NDI control design, presented and thoroughly dis-
cussed in Chapter 3. In addition, a conventional adaptive control design that augments a
dynamic compensator [34,114] is introduced as an alternative in adaptive control design.

Section 7.2 formulates the control problems of nonlinear control systems, and Section
7.3 introduces feedback linearization of nonlinear MIMO system and nonlinear dynamic in-
version. Control system architecture, design processes and stability proofs using Lyapunov
theorems are described in Section 7.7. Section 7.8 presents simulation results using F-15

ACTIVE model to demonstrate the performance of the composite MRAC design.

7.2 Control Problem Formulation

We consider n'* order nonlinear MIMO dynamic systems that are modeled by:

(7.2.1)

y=g(z)
where x € D, C R" is the state vector, u € D, C R™ is the system control vector, and
y € D, C R™ is the system output vector. It is assumed that the system (7.2.1) is stabilizable
and observable, and that f(-,-) and g(-) are sufficiently smooth, possibly partially known

functions.

Assumption 7.2.1. The dynamical system in (7.2.1) satisfies the conditions for output
feedback linearization for the following class of nonlinear uncertain systems with well-defined

vector relative degree 7.
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This assumption implies that the functions f : D, xR — R" and g : D, — R are input-
output feedback linearizable, and the output y has relative degree r for all (x,u) € D, x D,

such that [30,35,43]:

x =f.(x,§)

511 = fz'2+1
' (7.2.2)
gim—l — gln

&' = hi(& x, ui)

1 .
Yi = 1=1,...,m

where € 2 [¢] &gl & &m]T € De C R, b€, x ) 2 LYVglui=1,...,m
being the Lie derivatives, x € D, C R"™" are the state vector associated with the internal
dynamics x = f,(x,&), Dy, D¢ are open sets containing their respective origins, r; is the
relative degree of the i** output, and the overall relative degree r £ ry{+ry+- - 47, < n. The
function f, (&, x) and h;(&, x,u;) are partially known continuous functions. It is noted that
control w = [uy uy---uy,]?, and output, or controlled variables y £ [y; vya---ym]? € D,,
where an open set D,, is defined by continuous mapping h(z,u) = [hy(x,u1) - - - hy (@, up)] "

with an assumption described below.

Assumption 7.2.2. 0h;(x,u;)/0u; is continuous and non-zero for every (x,u;) € D, X R.

. . ri—1 . rm—1
Introducing y, 2 [Yer Yoo Y] a0d &0 2 [Wer Gor Y0 s Yerr Gem -y VT

Y

where the derivatives are generated via asymptotically stable reference model dynamics, we
let g(t) £ y.(t) —y(t), E(t) 2 £.(t) — £(t). In order to address the stability of the internal

dynamics, we introduce the following assumption [30,43].

Assumption 7.2.3. The system x = f,(x,€&) has a unique steady-state solution x,(t).
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Moreover, with X (t) = x,(t) — x(t), the system

5& - fo(X37 EC) - fo(Xag)
= fo(Xs? 50) - fo(Xs - i7 £c - é) (723)
- .fo(xsa 529 €c> é)

has a continuously differentiable function V. (x,t) satisfying the following conditions

allX[? < Vi(X,1) < el X (7.2.4)

Vi < —es|[XIP + eall XI11€]
It can be seen from Assumption 7.2.3 that the dynamics (7.2.3) with £ as input are
input-to-state stable. The inequalities (7.2.4) imply that the convergence to the steady state
solution x, is exponential. Consequently the zero dynamics in (7.2.2) are exponentially stable

with the following upper bound

2
. . . ~ C3 .\~ C ~
Vi < —csllxll* + eallXINIEN < —5IIXII2 + 2—§3|l£|| (7.2.5)

The objective is to synthesize an output feedback control law that utilizes the available
measurements y(t), so that y;(¢) track bounded smooth reference trajectories y.,(t),i =

1,...,m with bounded errors.

7.3 Input-Output Feedback Linearization and Nonlin-
ear Dynamaic Inversion

A linearizing feedback control law is approximated by introducing the following signal:

a1

w=h; (y,v), i=1,...,m (7.3.1)

where v;, commonly referred to as pseudo-control, is defined as

vi=h(y,u), i=1,....m (7.3.2)

~

The function ﬁ(y,’u,) = [izl(w,ul) <+ h(x, uy)]? can be determined by using a possibly

simplified model of the system dynamics. It is assumed that izi(w,ui), an approximation
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of hi(€,x,u;), is invertible with respect to its second argument and satisfies the following

assumption:

Assumption 7.3.1. 0h;(y, u;)/0u; is continuous and non-zero for every (y,u;) € Dy x R,

and

— 7.3.3
o, o, >0, 71=1,....m ( )

for every (z,y,u;) € D, x D, x R.

T

Defining v = [v; -+ vy,)", we rewrite (7.3.2) in a compact form as

v =h(y, u) (7.3.4)

With this definition of pseudo-control (7.3.4), the output dynamics can be expressed as

y =v+A (7.3.5)
where y(”) - [?An) ygm)]T and

Az, u) = A&, x,u) (7.3.6)

L1

~_1 ~
= h’(&aXah (y’lj)) _h’(yah (y’lj))
which is the difference between the function h(x,u) and its approximation ﬁ(y, u), and it

is usually referred to as modeling error.

The pseudo-control is chosen to have the form

V =Vic+ Vrpm — Vad (737>

(r) _ [ (r1) (Tm)]T is

where v, is the output of a linear dynamic compensator, v,,, = y¢ ' = |y¢ cee Yl
a vector of the r!" derivative of the command signal y..(t), and v, is the adaptive control
signal designed to cancel A(x,u).

Using (7.3.7), the output dynamics in (7.3.5) become
y(r) =Vgc+ Vpm — Vad + A (738>
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It can be seen from (7.3.6) that A depends on v,y through v, whereas v,4 has to be designed

to cancel A. Throughout the process in Section 3.2, v — A(x, u) can be written in the matrix

form as
Vad — A(w, U> =H [Vad — A(w, l/l)] (739)
where
hs, 0 0 0
0  hy, 0 0
H=|: R : : c Rmxm (7.3.10)
0 0 hs, . 0
0 0 0 hs,,

It is noted that this matrix H is positive because its diagonal components are all positive by

Assumption 7.2.2 and 7.3.1. Now using (7.3.9) the dynamics in (7.3.8) can be rewritten as

57 = v+ H [Vag — A, )] (7.3.11)

The main difference between the dynamics in (7.3.8) and (7.3.11) lies in the functional struc-
ture of the modeling error. In (7.3.11) the modeling error is independent of the actual control
variable.

It is noted that either of the cases when v, ideally cancels out non-zero A in (7.3.11), or
when A = 0 (thus the adaptive term v,4 is not required), results in the integrator-decoupled

form of the error dynamics of (7.3.11) as

3" = _uy, (7.3.12)

This means that in such a case the resultant control problem becomes a control design for
a system having r-poles at the origin. Usually the dynamic controller for v,4. is designed to
achieve an asymptotically stable closed-loop system of (7.3.12) and its own dynamics are also

asymptotically stable.
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7.4 Nonlinear System and its Reference Model

In order to design an adaptive control architecture for a nonlinear dynamic system, we also
consider the external disturbance as well as modeling error. Considering (7.2.2), (7.3.1) and

(7.3.2), we write the system dynamics (7.3.5) in the matrix form:

y(t) = Ay(t) + Blv(t) + Az, u) + d(1)] (7.4.1)
where
Y=yl Yy - oyt €W
v, =y v ygm_l)]T el i=1,...,m
(7.4.2)
A £ block — diag(A; Ay -+ A,) € R
B £ block — diag(B, By --- B,,) € R™™
and
010 00 0
0 01 00 0
Aj= |+ v o ew, Bi= || erd (7.4.3)
000 01 0
000 0 0 b;
where b;, i = 1,...,m are control effectiveness terms, and d(t) € R™*! is the bounded
external disturbance such that
[d@)]| < dim (7.4.4)

Assumption 7.4.1. For a clear derivation of the composite output feedback NDI-based model
reference adaptive control design containing complicated elements, we assume that the output
1s available for control design. If this case is not exactly applicable for a specific nonlin-
ear system, then we further assume that we get closely approximated output values using a

nominal nonlinear observer.
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A reference model is described by an equation which is composed of m-ordinary differential
equations having 7" i = 1,...,m order, respectively. The equation can be written in a

compact state space form as:

Yu(t) = Anyu(t) + By -y (t) (7.4.5)
where
Yu = Win Y - Yir) €W
Yur, = lyns, Onr, - yj(\z_l)]T eR, i=1,....m
Ye 2 [Yer Yoo~ Yo ER” (7.4.6)
Ay 2 block — diag(Ay, Ay, - An,) € R
By 2 block — diag(By, By, -+ Bag,) € R
and
[0 1 o 0 o | [ ]
0 0 1 0 0 0
A, = | ¢ : L : : e R By, = | e Rrixt
0 0 0o .- 0 1 0
_—an —Qiz Qg T Ai(r-1) —a,-,,i_ _ail

(7.4.7)
and y,, € R is the reference model state vector, y.(t) € R™ is bounded piecewise continuous
reference command, and A,; is Hurwitz.

Now it is desired to design a control law such that the output tracking error

E(t) = yu(t) —y(t) (7.4.8)

tends to zero and all the signals in the system remain bounded as ¢ — oo.

7.5 Composite Adaptive Control Architecture

In this section we design an adaptive control based on the Lyapunov theorems for the nonlin-

ear system described in previous sections. First we define an ideal control solution, as if all
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the unknown parameters were known. The ideal pseudo-control is chosen to have feedback

and feedforward elements, considering (7.3.7), such that

Videal(t) é ( Ve + Virm — Vad )ideal
2K, -Et)+ K, y,(t)— Ko yp(t) Vg (7.5.1)
N—— - ~ /

Ve Vrm

where K, € R™*" and K, € R™*"™ which is adopted for command tracking, are assumed to

be bounded:

[ Kell < kem
(7.5.2)

[ < Fopm

with positive numbers k., and k,,,, respectively. Substituting (7.5.1) into (7.4.1), ignoring

the disturbance term, the ideal closed-loop dynamics become:

y(t) = (A— BK.)y(t) + BK,y_(t) (7.5.3)

Assumption 7.5.1. There exist ideal gains K. and K, satisfying the model matching con-
ditions defined by [34, 55, 114]:

A—BK.,= Ay (75.4)

BK, = By

Comparing (7.5.3) with the desired reference model dynamics in (7.4.5), it can be im-
mediately seen that the ideal gains K. and K, must satisfy the model matching conditions
in (7.5.4). It is noted that the existence of ideal gains K, and K, is assumed without any
knowledge of them. In this case with appropriate forms of each element of the equation
(7.5.4) and (7.4.5), it is clear that the ideal constant gains always exist.

Based on the structure of (7.5.1), the actual tracking pseudo-control is formed as:

V(t) = Ke : E(t) + f(r : yc(t> - Ke : yM(t) —Vud (755)
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where the feedback gain K, ¢, the feedforward gain K,, and the estimated vector of parameters
W will be found to achieve the desired tracking performance. The overall architecture of this
composite model reference control design is presented in Figure 75.

Substituting (7.5.5) into the system dynamics (7.4.1) results in the closed-loop system

g(t) 2 Ay(t) + B (KE(t) + Ry () - Keyy(t) + A= vy +d)  (T50)
which yields, by adding and subtracting corresponding terms,

§(t) = (A= BK)y(t) + BKy, () + B (K. - K.) y(t) = B (K, — K, ) y.(®

(7.5.7)
+ B(A —vy+d)
Using matching conditions (7.5.4), equation (7.5.7) is written in a compact form,
y(t) - AMy(t) + BMyc(t) + B (f(ey(t) - f(ryc(t) + A - Vad + d) (758>
where K., K, are the parameter estimation errors defined by:
K,=K,— K,
) A (7.5.9)
K, =K, - K,

Then the closed-loop dynamics of the tracking error signal E(t) in (7.4.8) can be obtained
by subtracting (7.5.8) from (7.4.5)

E@)ZAMEU)—B(Kadﬂ—Ih%ﬁy+A—4@d+d) (7.5.10)

Since Ay is Hurwitz, there exists a unique and positive definite matrix P = PT > 0 for an

arbitrary matrix Q = Q7 > 0 satisfying the Lyapunov equation

AT P+ PAy = —Q (7.5.11)
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7.6 The System State Estimator

Next, consider the system state estimator dynamics [54, 107

y(t) = Ap (y(t) — y (1) + Auy(t) + Bury,(1) (7.6.1)

where g is the estimator state vector, and the constant matrix Ap is Hurwitz.

Let

~

E(t) = y(t) —y(1) (7.6.2)

denote the state estimation error. Subtracting (7.4.1) from (7.6.1), the state estimation error

dynamics can be written as:

EB(t) = ApB(t) — B (Ky(t) — Koy, (t) + A — vo + d) (7.6.3)

Since Ap is Hurwitz, there exists a unique and positive definite matrix P = PT > 0 for an

arbitrary matrix Q=0T >0 satisfying the Lyapunov equation
ATP 4+ PAp =—-Q (7.6.4)

7.7 Stability Analysis using Lyapunov Theorems

In this section using Lyapunov’s direct method we show that all the errors are ultimately
bounded. They are the tracking error E, the state estimation error E, the control estimation

errors f(e and f(r, and the NN weight errors. To this end we consider one of following vectors:

a) RBF NN:
¢=[E" B KI K! WT}T (7.7.1)

b) SHL NN:
¢=|E" B" KT KT W f/T]T (7.7.2)
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and one of following positive definite Lyapunov function candidates:

a) RBF NN:
V(Q)=B"PE+E PE -+t (KIT'Ko 4+ KIT, UK, + H WD) (173)
b) SHL NN:

L(¢)=E'PE+E PE +tr (f(eTrgl.f{e +KTUR, + WITCUW + fﬂr;lv)

(7.7.4)

In the expanded space of the compound error variable, consider the largest level set of
V(¢) or L(¢) in D¢ such that its projection on the subspace of the NN input variables
completely lies in D;. As shown in figure 76, define the largest ball that lies inside that level

set as

Br2 ¢l < R} (7.7.5)
and let a be the minimum value of V(¢) or £(¢) on the boundary of Bg

a = min V(¢) for RBF NN

leli=n (7.7.6)
or a® Hrcrllli_nRE(C) for SHL NN
Introduce the set
Q. 2{¢€Br | V() <a} for RBF NN
(7.7.7)

or Q,2{¢€Br | LK) <a} for SHL NN

7.7.1 Composite RBF NN Adaptation

In this section we show that F, E, f(e, K,, and W are all uniformly bounded using RBF

NNs with o-modification.
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Figure 76: Geometric representation of sets in the error space

Since hg,,i = 1,...,m in (3.2.13) are positive continuous functions over the compact set

D,, we can define the minimum/maximum values of the functions as

h £ min [ mimD hy,, minD hy,, -+, mimD hym}

(z,v1)€D) (z,11)€Dy (z,11)€D) (7.7.8)
h £ max| max hy, max hy, --- , max hum}

(z,11)€Dy (z,11)€D) (z,11)€Dy

Assumption 7.7.1. It is assumed that the time derivative of the control effectiveness matrizx

H in (7.3.10) is bounded such that [25, 30, 45]:

|2 < hi (7.7.9)

From the definition of the candidate Lyapunov function in (7.7.3), there exist class K

functions 7; and 7, such that

m(¢) < V(<) < naA(C) (7.7.10)
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where
MICH) = Nnin(PYIEN? + Nnin (P E|* + Apnin (T | K|

+ Amin (T VN A+ A (L3, R W |

~ (7.7.11)
(€)= Mz (P EI® + Xax (P E|? + Ao (T2 [ K
+ Ama (C7 DG 4 A (TR 12
Assumption 7.7.2. Assume that
R >nr (n2(0)) (7.7.12)

where 0 is defined as
VIL + 11
min (\/m m S P \/E) (7.7.13)

=

where

Iy = /)eHKe - KeOH%“ + erKT - KTOH%“ + '%EHW - VVOH%7
(7.7.14)

>

0y 2 (IPBI+ | PBI?+1PBI?) (2wnpuh + enh + dn)’

Remark 7.7.1 (Boundedness of RBF NN with Backpropagation alone). It is noted that the
update laws of adaptive control elements with back-propagation alone, shown below, result

in the proof of the boundedness of F, E only.
X AT A T
K,— T, (ETPB +E PB) yT
X AT A T
K, = T, (ETPB+E PB) y7 (7.7.15)
W= T, W(u) (E"PB+E'PB)
where I, =TT >0, T, =T" > 0, ', = 'L, > 0 are the rates of adaptation, or adaptation
gains. Hence, in order to prove the boundedness of all parameters including K,, K,, and

W, we need to introduce a modification such as o-modification or e-modification to the

adaptation laws (7.7.15). A similar remark is applicable to SHL NNs in Section 7.7.2. O
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Theorem 7.7.1. Let assumptions 7.2.1 - 7.7.2 hold. Then, if the initial error {(0) € €,
the control law given by (7.5.5), along with o-modifications shown below, guarantees that the

signals E, E, K., K,, and W in the closed loop system are all ultimately bounded.
I%e =TI, [(ETPB + ETPB)T -yl +pe (Ke — Keo) }
K, =T, [(ETPB + ETPB>T ! = (K - Ky ] (7.7.16)
W =0, [0(u) (E"PB+E"PB) + - (W-W,) |

where the matrices 'y = I'Y > 0, ', = 'Y > 0 and T, = T'L > 0, the constants p, > 0,

pr > 0 and k > 0 are the adaptation gains, and K.,, K.,, and Wy are initial guesses (or

quesses).

Proof. See Appendix C O

From the result of Theorem 7.7.1, we can see that the overall control architecture of the
composite adaptive NDI scheme using RBF NNs developed in this chapter results in stable

closed-loop systems for output feedback, NDI-based MIMO nonlinear systems.

7.7.2 Composite SHL NN Adaptation

In this section, through Lyapunov theorems, we show that E, E, K., K,, V,and W are
all uniformly bounded using SHL NNs with o-modification.
From the definition of the candidate Lyapunov function £ in (7.7.4), there exist class K

functions ¢; and ¢y such that

p1(€) < LK) = ¢a(C) (7.7.17)

where
P1(1¢1D) = Amin (P IEN + Amin (P EJ* + A (T2 )| K|
+ )‘min(rrfl)HKrnz + )‘min(r;l)HWW
~ (7.7.18)
Pa(I€11) = Amaa (P EN? + Xnaw (P EN? + A (T2 1 K12

+ Ma (U7 DI + A T W1
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Assumption 7.7.3. Assume that
R > o7 (p2(N) (7.7.19)

where X is defined as

Vi + €

p - (7.7.20)
min (C’l, Co, /P, /Prs m)
where
Q£ Ky -2
D £ polKe — Keoll T+ prl| K = Kol 7 4 50l[V = Voll7 + Kl |W — Woll —_—

G2 2 A Ain(©) = pulo + 72 + o)

Theorem 7.7.2. Let assumptions 7.2.1 - 7.7.3 hold. Then, if the initial error {(0) € €,

the control law given by (7.5.5), along with SHL NN shown below, guarantees that the signals

E, E, K., K,, V, and W in the closed loop system are all ultimately bounded.
X AT ~ T ~
K, =T, {(ETPB +E PB) yT 4 pe - (Ke . Keo) }

r,- [u (ETPB n ETPB) Wl + ry - (f/ _ vo)]

‘L/
W

T, - Ka - &/f/%) (ETPB n ETPB) ¥ Ky - (W - Woﬂ
where 6 = o (VTM) and o’ = diag (do;/dz;) denotes the Jacobian matriz. T, T, kK, and
Ky > 0 are adaptation gains. Ko, K., Wy and Vi are initial guesses (or guesses),

Proof. See Appendix D O

From the result of Theorem 7.7.1, we can conclude that the overall control architecture
of the composite adaptive NDI scheme using SHL NNs developed in this chapter results in

stable closed-loop systems for output feedback, NDI-based MIMO nonlinear systems.
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7.8 Stmulations and FEvaluations

As we see in Chapter 4, the adaptive NDI control design in Chapter 3 is shown to provide
good adaptation using the vehicle NASA F-15 ACTIVE performing nonlinear maneuvers
in highly nonlinear regimes. The vehicle is shown in Figure 77. Theoretically the newly-
suggested composite adaptive NDI MRAC design of this chapter is expected to exhibit better
performance over a wider operational range by providing quicker and/or better adaptation
utilizing more adaptive elements.

This section contains composite adaptive control design processes for the setup of the
adaptive dynamic compensator part and the NN-based adaptation part, and simulation re-
sults using the same vehicle, F-15 ACTIVE, used for adaptive NDI simulation in Chapter
4.

7.8.1 Control Design Parameters

As shown in Chapters 3 and 4, dynamic compensators v4. and v,,, of the adaptive NDI
design have fized gains, and then in (3.5.4) we set them to force the tracking error dynamics in
(3.5.6) to have the same pole locations as those of the reference model, while in the composite
adaptive design we have non-constant adapted dynamic compensator gains K., K, updated
by adaptation laws in (7.7.16) or (7.7.22). In addition, output estimator/predictor values are
involved for NN update laws.

In Chapters 4 — 6, we saw that the pole locations of error dynamics are defined by fixed
gains K, and K, while in the composite adaptive design only their existence satisfying the
matching condition (7.5.4) is assumed in Assumption 7.5.1. However if we set those param-
eters free during the control process, the closed-loop performance could be unsatisfactory
especially in transient response phases. That comes from the fact that there is no element or
device in the design process to enforce the matching condition. Ideally we want the estimates
Ke, K, to play closely around the ideal values K., K,, if known, satisfying the matching

condition, and thus we want the pole locations of error dynamics to be close to those of the
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Figure 77: NASA F-15 ACTIVE in flight

reference model during simulation period.
To this end we use a property of o-modification laws in (7.7.22) such as: when tracking
and estimation errors become small, Ke, K, in o-modifications are driven toward K., K,,.

Hence if we set K.,, K,, such that, for the second order sub-system,
K.,(1,1) = w?

K.(1,2) = 2(w, (7.8.1)

K,, = w’

where w, ( are assumed values as design parameters, then Ke, K, are forced to stay around

where we set in (7.8.1). This approach is also applied for the first order sub-system by setting

its parameters such that

(7.8.2)



where 7 is an assumed value. It is noted that this process can be accelerated by choosing a

bigger value of p., p, in (7.7.22).

7.8.2 Simulation Results
7.8.2.1 High-a Maneuver

As the first simulation, we command a high angle of attack maneuver similar to that of
Chapter 4. For simulations in this section, SHL NNs in (7.7.22) are implemented, and the
same NN adaptation gains for adaptive NDI design are used for composite adaptive design

as shown in Table 5. Gains for adaptive compensators 'z, T'., pe, p,in (7.7.22) are shown

in Table 6.
Table 5: Neural network parameters for F-15 ACTIVE simulation
‘ Channel H I'y ‘ 'y ‘ Ko, Kuw ‘ ny ‘ o ‘ d ‘
Ds 3.0 3.0 0.5 24 10 0.01
o) 5.0 4.0 0.1 24 10 0.01
16 3.0 3.0 0.5 24 10 0.01

Table 6: Adaptation gains for adaptive dynamic compensators

‘ Channel H I, ‘ T, ‘ Pe ‘ Pr ‘
Ds 3.0 3.0 10.0 10.0
o 3.0 3.0 10.0 10.0
15} 3.0 3.0 10.0 10.0

Simulation results are presented in Figures 78-82 for a 45° angle of attack command with
a small amplitude (5°/sec) doublet in p,. Figure 78 presents the «, ps and [ responses for
various conditions: adaptive NDI, composite adaptive control with addition only E’, or with
addition only Ke, f(r, or both. As shown in the figure, a-responses are almost identical,
while p, and [ responses are a little different. It is not easy to determine whether composite
adaptive design yields a significant improvement..

Aerodynamic and TV control deflections are shown in Figures 79 and 80, respectively.

It can be seen that composite adaptive design exhibits frequent control movement with less
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control saturation.

The NN adaptation signal v,4(t) and inversion error A(t) for both adaptive NDI and
composite design are compared in Figure 81. The figures show that both algorithms result
in satisfactory adaptation.

Time histories of K, s K, in each channel are presented in Figure 82. As we intended the
parameters remain near the values we desire. It is noted that even though not clearly visible,

they change slightly whenever command are changed.
7.8.2.2  Simultaneous High-ao and p, Maneuver

In order to make obvious the performance differences between the two designs, we command
a much more difficult, nonlinear maneuver featuring high angle of attack and higher stability
axis roll rate.

Simulation results for simultaneous commands of o = 40° and p, = 30°/sec are depicted
in Figures 83-87. Figure 83 shows the vehicles’s angle of attack, p, and  responses. It can be
seen that the composite adaptive design yields better responses than adaptive NDI design.
Angle of attack responses are not much different, while p, and (§ responses differ greatly,
especially in a time period from 12 sec to 21 sec. As shown in Figure 83(b), composite
adaptive design exhibits smaller overshoots with fewer oscillations in p, responses. A similar
difference is observed in the [ response of Figure 83(c). The adaptive NDI results feature
larger overshoots and large-amplitude oscillations. The composite adaptive design features
results with smoother transient responses as a result of its architecture, as noted in Section
7.1.

Aerodynamic and TV control deflections are shown in Figures 84 and 85, respectively.
Similar to the previous simulation, it can be seen that composite adaptive design exhibits
frequent control movement with less control saturation.

Both designs depict good adaptation as shown in Figure 86, and the time histories of K.,

K, are depicted in Figure 87.
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7.9 Conclusions

Through a systematic approach we set up the NN-based composite model reference adaptive
control design architecture for output feedback control of MIMO nonlinear systems. The
new design has more adaptive elements than the adaptive NDI design of Chapter 3. Both
employ NNs, while the composite adaptive controller also features an adaptive dynamic com-
pensator.

Using Lyapunov’s theorem we investigate the stability analysis of the overall composite adap-
tive control system, and prove the boundedness of all the error signals.

Simulation results using an advanced vehicle, NASA F-15 ACTIVE, show better responses
than the adaptive NDI of Chapter 3 during highly nonlinear maneuvers at nonlinear dynamic
regimes. As a result we can observe that this composite MRAC design using NNs has the

potential for improving the performance of the adaptive control systems.
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Figure 78: Aircraft responses for a high a command with Adaptive NDI and Composite

adaptive control
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CHAPTER VIII

CONCLUSIONS

The research in this thesis is focused on NN-based adaptive control designs for aircraft oper-
ating in highly nonlinear dynamic regimes. This thesis contains nonlinear dynamic inversion-
based output feedback adaptive control design methodologies using neural networks as adap-
tive elements. Three aerial vehicles operating in highly nonlinear, uncertain regimes are
simulated in order to validate the performance of adaptive designs which are systematically
introduced and developed for MIMO nonlinear systems. Simulation results verify that the
NN-based adaptive nonlinear dynamic inversion control design methodologies are highly ef-
fective and powerful for adaptive control of aerial vehicles.

The design was successfully implemented and demonstrated for an accurate nonlinear
model of NASA F-15 ACTIVE (Advanced Control Technology for Integrated Vehicles),
equipped with thrust vectored nozzles [16,105], which is operated at extremely nonlinear
dynamic regimes where there exist unmodeled parameter variations and unmodeled vehicle
dynamics such as highly nonlinear, unsteady aerodynamic effects, saturation of aerodynamic
effectors, and highly coupled vehicle dynamics [17,105].

A PCH technique was implemented to protect NN adaptation from various actuation
nonlinearities such as actuator position and rate saturation, while not interfering with NN
adaptation to other sources of inversion error. Thrust vector and differential stabilator are
successfully implemented to increase control authority at high angles of attack, and the
vehicle’s static stability was relaxed in order to achieve more pitch maneuverability. A
control allocation methodology was introduced and implemented for effective operation of
the redundant control effectors of F-15 ACTIVE.

A thorough comparison study was completed on the performance of a classical adaptive
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control design and two different classes of NNs: linearly parameterized RBF NN and nonlin-
early parameterized SHL NN for stabilizing an unsteady lateral dynamics, or wing rock, of
a delta wing [17,18].

A command augmentation based adaptive control design using NNs was developed and
implemented for a vehicle, FQM-117B UAV which was built with simple and inexpensive
subsystems, with access to little aerodynamic data for control design. Its control system was
designed to achieve high maneuverability without requiring accurate modeling of the vehicle,
and the UAV’s adaptive flight control design provided a way to deal with the uncertainties
in the system and environment [104].

Further, the composite model reference adaptive design methodology was developed for
output feedback MIMO nonlinear systems by introducing additional adaptive elements into
the traditional dynamic compensators and additional terms into both the NN adaptation
laws and the adaptive dynamic compensators. The new adaptive control design scheme was
systematically developed and its stability was proved. Its performance was demonstrated by

using an advanced fighter aircraft model to show improved capability.

8.1 Future Research
8.1.1 Relaxation of Assumption 7.2.3

During feedback linearization and nonlinear dynamic inversion, the internal dynamics or zero
dynamics are assumed to be stable, which means that the process is restricted to minimum
phase systems. Even though widely used in aerospace control designs, this assumption is not
quite applicable for the control of aircraft pitch axis. Any theoretical development to extend

the methods to non-minimum phase systems is desirable.
8.1.2 Relaxation of Assumption 7.4.1

The introduction of Assumption 7.4.1 in the composite MRAC design of Chapter 7 comes
from the fact that utilization of observer error instead tracking error causes triple or higher

order terms, coupled with estimation errors of adaptive dynamic compensator gains K., K,,
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in the Lyapunov function for the stability analysis. This condition becomes worse with e-
modification of adaptive elements. Actually such condition is common in output feedback
control design problems because of availability of the output signal itself. Mathematical or

theoretical development to overcome this complexity could be a good topic for a future work.
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APPENDIX A

PROOF OF THEOREM 3.7.1

Adaptive Nonlinear Dynamic Inversion Control

Using RBF Neural Networks

Proof. Consider the following Lyapunov function candidate:
v (E E, W) — E'PE+E PE +tr (H - WW;}W) (A.0.1)
The time derivative of V' along the trajectories of (3.5.6) and (3.6.3) implies
V =2E"PE+2E" PE 2t (H - I/T/TF;IW) +tr (B WD)
—2E"PAyE - 2E"PB (A - v+ d- K.E)
. . (A.0.2)
+2E' PAE - 2B PB (A - vy +d- K.E)
ot (- WTr;lﬁ/) +tr (H-WTT)
Substituting the o-modification laws in (3.7.16) with recalling E = E — E, the relation
(3.2.15), (3.3.6), and the fact that, if M;, My, M3 are matrices such that M; My Mj is a square
matrix, then tr(M;MyMs) = tr(MIMIMT) = tr(MIMI M), the equation V in (A.0.2)

becomes
V =2E"PAVE + 2B PAE — 2E(PB + PBYHW U (x) + tr (H : WTF;WT/)
— 2(E"PB + EPB) (HWT(\II(M) — ®(z,v) + He — K.E + d) (A.0.3)

+ % - tr (HWT(W - WO)>
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Considering (3.3.7), (3.5.7), (3.6.4), and (3.7.9), this results in
: - . . - B
V < = Xin(@QIEN? = Xin QBN + 2pu k| E|[(|PB|| + | PB]) W[+ + /\%(P)HWH%

+2(|B|I1PBI + | EI|PB)(2wnpnh + nh + dun)

+ 2B PBI + | ENPB]) kel B) + 25 - tr (HWT (W = W) )

(A.0.4)
Using completion of squares yields
()\mm _1 _k2m||PB||2) HEH2
(Amzn _3_2kem||PB||> ||E||2
L . (A.0.5)
(IPB|| + | PBJ))? — —2— | |[W]?
— (= R PEY + 1PBI - 5 ) I
+ (I1PB|]* + | PBI”) Qwppmh + emh + dyn)* + £RI|W — Wo||%
where the following trace inequality of matrices was used.
tr (WO = Wo)) < IWILRlIW = Wolle = W2
(A.0.6)

1, .~ 1
< —5 IWIE + 51w - Wollz

Consequently the time derivative of the Lyapunov function V' in (A.0.1) becomes negative

outside of the sets, Sg, Sz, and Sy defined by:

{ B < \/<HPBH2+r|PBr|2><2wmpmﬁ+amﬁ+dm>2+nﬁ||w—wou% }

Se Ain(@) = 1= 12, [ PBIP
T (IPB? + ||PB|*) Qwmpmh + mh + din)? + KR|W — Wol|%
Sp = B < = <
Amin (@) — 3 — 2ke|| PB]|
A 7 (IPB? + | PBI*) Qwmpmh + mh + din)? + sh|W — Wo |3
Sw = W] — -2 = h
kh— p2, K (IPB] + | PBIl)? — 5=
(A.0.7)
Therefore it can be concluded that V(C ) is negative outside a compact set.
(A.0.8)

By={¢€Br| || <6}
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.7 T
where ¢ = |ET E' WT| . It can be seen from (3.7.12) that By C Bpg. Let [ be the

maximum value of the Lyapunov function V' (¢{) on the boundary of By as

B = max V(<) (A.0.9)
Defining the set
Q2{¢| V() < 5} (A.0.10)

the conditions (3.7.6), (3.7.7) and (3.7.12) ensures Q3 C 2, and thus ultimate boundedness
of ¢ with ultimate boundedness equal to 7; ' (175(6)). Consequently, according to Lyapunov’s

direct theorem, this proof demonstrates the ultimate uniform boundedness of (E, E, W)
with RBF NNs. O
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APPENDIX B

PROOF OF THEOREM 3.7.2

Adaptive Nonlinear Dynamic Inversion Control

Using SHL Neural Networks

Proof. Consider the following Lyapunov function candidate:
c (E, BV, W) —E"PE+E PE+1r (WTl“;lW) +tr (Wr;lv) (B.0.1)
The time derivative of V' along the trajectories of (3.5.6) and (3.6.3) implies
[ =2ETPE +2E" PE — 2tr (WTF;1W> oty (VTF;W)
= 2E"PAyE - 2E"PB (A - vy +d - K.E)
. . (B.0.2)
+2E PAE - 2B PB (A - v+ d- K.E)
—otr (W%;Wi/) —otr (f/Trglff)
Substituting the o-modification laws in (3.7.22) with recalling E = E — E, the relation
(3.3.14), and the fact that, if My, My, M3 are matrices such that M; My Mj is a square matrix,
then tr( M, MyMs) = tr(MIMIMT) = tr(MT MI M), the equation £ in (B.0.2) becomes
[ =2E"PALE +2E' PAE — 2E(PB + PB) (WT (& - &’VTN) + WT&’VT,Q
—~2(EPB+ EPB)(e —w +d) +2(EPB + EPB)K.E (B.0.3)

o+ 25 tr (WO = Wo) ) + 26,11 (VI(V = V)
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Considering (3.5.7) and (3.6.4) yields
£ < Al QB ~ \in @B~ 2B(PB + PB) (A ~ w,0)
+2(E — E)PB(e —w +d) + 2(EPB + EPB)K.E (B.0.4)
— Rl W% + Kol W = Wol[3 = wlVIIE + mul[V = Vol

where the following trace inequality of matrices was used.

tr (WO = Wo)) < WL W = Woll — W 505,

N

1, = 1
~SIWIE + SIW = Woll3
Considering (3.3.15) and (3.3.17) results in
£ < Nin QNEN = Anin QN EIP + 21 B)| (|PBI+ I1PB]) (| Z ]l + )
+2 (1) + I1B]) 1PBI (I Z]lr + %+ dun ) + 2ker (|ENIPB] + | I PBI) | B

— R [WIIE + koW = Woll3 = ko [VIE + mollV = Vo7

(B.0.6)
Assigning p, = max{||PB||, ||[PB||}, ke = min{k,, .}, and using completion of squares
yield
£ <= Anin(Q) = NI PBI(L+ 72 + di) — 2pokem) | E||?
- <)\mzn(Q) - 2pa(a1 + Oég) - ’}/IHPBH(:[ + 72+ dm) - 6pakem> ||E||2 (B 0 )

— (Ka = 200pa = 20[|PB|) | 2]/
+201p0 + 27 (72 + di) | PB| + s [W = WollE + sV = Vol

Consequently, recalling

1Z)F =1l le = IWle+1IVIF

W 0
0 Vv

the time derivative of the Lyapunov function £ in (B.0.1) becomes negative outside of the

sets, Sg, Sg, Sz defined by:
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Sg

2] g E| < 200D, + 271 (2 + d) || PB|| + £u[|W — Wo |7 + ko||V — VoI 7
- Amin(Q) — M| PB|[(1 4+ 72 + di) — 2pakem

{E:||E||<\/2a1pa+2%(w+d WIPBI + W = Wolls+ [V = voup}
0.

7
I

)\mzn(Q) - 2pa(al + Oég) ’}/IHPBH(:[ + 2 + d - 6pa em

S 201pg + 2 dny,)||PB w "
5,2 {71210 < JPpet 200 + dIPBL + mull W — Wl + eV~ Vol
Rq — 2051pa - 2fVlHPBH
(B.0.8)
Therefore it can be concluded that E(C ) is negative outside a compact set.
By2{¢€Br| ¢l <A} (B.0.9)

P AT
where { = [ET E" WT VT| . 1t can be seen from (3.7.19) that By C Bg. Let 3 be the

maximum value of the Lyapunov function £(¢{) on the boundary of B, as

p= max L(¢) (B.0.10)
Defining the set
Q2 {¢ | LI < B} (B.0.11)

the conditions (3.7.6), (3.7.7) and (3.7.19) ensures Q3 C €2, and thus ultimate boundedness
of ¢ with ultimate boundedness equal to ¢; ' (p2(\)). Consequently, according to Lyapunov’s
direct theorem, this proof demonstrates the ultimate uniform boundedness of (E, E,Z ) , or

(E, EV, Vf/) with SHL NN. 0
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APPENDIX C

PROOF OF THEOREM 7.7.1

Composite Model Reference Adaptive NDI Control

Using RBF Neural Networks

Proof. Consider the following Lyapunov function candidate:
V(BB K, K. W) = E'PE+ E PE +tr (KIT, Ko+ KT, R+ H-WIT,W)
(C.0.1)
The time derivative of V' along the trajectories of (7.5.10) and (7.6.3) implies
V = 2E"PE + 2E' PE — 2tr (KT 'K, + KITUK, + H - WTF;IW) + 2t (H WD)
— 9ETPALE — 2ETPB (R'ey Ry A vt d)
28" PARE 28" PB (Ruy — Koy, + A — v+ d)
—2tr (f(g“rjf(e CRITOK, + H - WTF;1W> + 2t (H-WTT,W)
(C.0.2)
Substituting the o-modification laws in (7.7.16) with recalling the relations (3.3.6) and (7.3.9),
and the fact that, if My, Ms, M3 are matrices such that M;M;M;z is a square matrix, then
tr(My MyMs) = tr(MI MI M) = tr(MTMI M), the equation V in (C.0.2) becomes
V =2E"PAE +2E PApE +2p, - tr (f(f(f%e — Keo)) +2p, - tr (f(}“(f(e - Keo))
4 2k tr (HWT<W - WO)) 4 otr (H : WTF;1W)
+2 (ETPB + ETPB> AHWT (U(p) — U(, ) — He — d)
(C.0.3)

172



Considering (3.3.7), (7.5.11), (7.6.4), and (7.7.9), this results in

by,

e (10 = Kol = 1Rel3) + e (1K = Kool = 1o 32) + T (W = Woll3 — 773

V < =X QN EI* = Amin (Q)IE|* + IWI%

2 (IBINPBI + | BIIPB] + B PBI ) (2wnpnd + e+ dn)
(C.0.4)

where the following trace inequality of matrices was used.

tr (W = Wo)) < [WIl W = Wollr — W3 .

1.~ 1
< =5 [IWIE + S IW = Wl
2 2
Using completion of squares yields
V < = Ouninl@) = DIEIP = (\in(@) = 1) IBIP — el Keliy = ool Kl — BT I
+ pell Ke — Keon% + pr|| K — KTOH% + “EHW - WOH%

+ (IPBIP + IPBI? + | PBIP) (2w + e+ dn)”
(C.0.6)

Consequently the time derivative of the Lyapunov function V in (C.0.1) becomes negative

outside of the sets, Sg, S, Ske, Skr, and Sy, defined by:

11 11
&é{Ewmm 1+2 }
L2l BB < “1”12}
11 11
ke 24 Kes Rl < 1“} (€07

1K <

A

W <

we{®
et 5

é{K; m+H2}
{ m+m }
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where

Iy = /)eHKe - KGOH%“ + erKT - KTOH%“ + '%EHW - VVOH%7

(C.0.8)
Mo 2 (IIPBI2+ |1PBIP + | PBI?) (2wnpmh + enh + d)’
Therefore it can be concluded that V(C ) is negative outside a compact set.
By2{C€Br | C) <0} (C.09)

T e o o AT
where ¢ = |E” B KI' KT WT| . It can be seen from (7.7.12) that By C Bg. Let 3 be

the maximum value of the Lyapunov function V() on the boundary of By as

B = max V(<) (C.0.10)
Defining the set
WBE{C V() < 5} (C.0.11)

the conditions (7.7.6), (7.7.7) and (7.7.12) ensures Qg C (1, and thus ultimate bound-
edness of ¢ with ultimate boundedness equal to ;' (1(0)). Consequently, according to

Lyapunov’s direct theorem, this proof demonstrates the ultimate uniform boundedness of

(E, E. K, K, Vf/) with RBF NN, 0
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APPENDIX D

PROOF OF THEOREM 7.7.2

Composite Model Reference Adaptive NDI Control

Using SHL Neural Networks

Proof. Consider the following Lyapunov function candidate:

C (E B K. K.V, W) — ETPE+ E PE

D.0.1
1 (RIT, K+ RIT, VR, + VT 4 WIT ) o
The time derivative of V' along the trajectories of (7.5.10) and (7.6.3) implies
£ =2E"PE +2E" PE — 2tr (KT MUK, + KT, + VITS W + WTF;1W>
— 9E"PALE — 2ETPB <R'ey Ry, A vt d)
(D.0.2)

+2E PApE —2E PB <R'ey ~ Ky, + A~ v+ d)

— 2tr (f(fre—lf(e FRITUK, + VITS WV + WTl“;lW)
Substituting the o-modification laws in (7.7.22) with recalling the relation (2.2.13), and
the fact that, if M, My, M3 are matrices such that M;M;Ms is a square matrix, then

tr(My MyMs) = tr(MT MI M) = tr(MTMI M), the equation V in (D.0.2) becomes

[ =2E"PAGE +2E PApE +2p, - tr (f(j(f(e — Keo)) +2p, - tr (K,T(f(e - Keo))
+ 2%y - b1 (VT(V - VO)> + 265y - b1 (WT(W - Wo))
9 <ETPB + ETPB) (A — vy +d)—2 <ETPB + ETPB> (e — w)
49 <ETPB + ETPB) (WT (& . &,VTM) S WTEV e — w)
(D.0.3)
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Considering (3.3.15), (7.5.11), and (7.6.4), this yields

£ < Dnin(QEN? = Mm@ I + <||E||||PB|| + ||E||||pB||> i,

+ (1BINPBI + IBIIPBI) (1l Z1e + 1)

(D.0.4)
- peHKEH% + pel| Ke — Keon% - erKTH% + prl| K — KT’OH%
— | VI[F + mllV = Voll3 = mul W[+ mol W — Woll
where the following trace inequality of matrices was used.
tr (KT (K. = Keo) ) < Kl e = Keollp = 1R}
' ' (D.0.5)
< _§||K6H?? + iHKe o KeOH%“
Assigning p, = max{||PB||, ||PB|}, x» = min{k,, k,}, and using completion of squares

result in

£ < = Cnin(@) = o1 + 72 + o)) BN = (Ain Q) = po(n + 72 + ) ) | B
= (s = 20p0) 12113 = pell el = o1
+ 2pp(v2 + dim) + pell Ke — KEOH%“ + prl| K — KT’OH%“ + £y ||V — VOH% + || W — VVOH?7
(D.0.6)

Consequently, recalling

1Z]lr = | e = Wlle + IVlr

W 0
0 Vv

the time derivative of the Lyapunov function £ in (D.0.1) becomes negative outside of the

sets, Sg, Sg, Ske, Skr, and S defined by:
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Qq +Qy
Sp & E:||FE| <
i IE] < \/)\mm<Q> —po(y1 + 72+ dim) }

Séé{E3||E||§ BEURA }
)\mzn(Q) - Pb(% + Y2 + dm)
- - Q2+ Q
SKeé{ R ||RKo|p < 4222 } (D.0.7)
~ ~ Q1 +Q
SKT é { Kr : HKTHF S ! 2 }
Pr
= 05 0 +Q
S22 Z:Z|lp <y ——=
z { 12llr < \ Fs — 20 }
where
N 2 k=2
(D.0.8)
0, = Pel| Ke — KEOH%“ + prl| K — KT’OH%“ + Ko ||V = VOH% + K |W — VVOH?7
Therefore it can be concluded that E(C ) is negative outside a compact set.
By2{C€Br | ¢) <N (D.0.9)

I N
where ¢ = [ET B KI' KI' WT VT| | It can be seen from (7.7.19) that By C Bg. Let

be the maximum value of the Lyapunov function £(¢) on the boundary of B, as

p= Hmax L(¢) (D.0.10)
Defining the set
Qs 2{¢| LK) < B} (D.0.11)

the conditions (7.7.6), (7.7.7) and (7.7.19) ensures Q3 C €2, and thus ultimate bound-
edness of ¢ with ultimate boundedness equal to ¢;'(p2()\)). Consequently, according to

Lyapunov’s direct theorem, this proof demonstrates the ultimate uniform boundedness of

(EE KKZ) or (E B K. K.V, W) with SHL NN. 0
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APPENDIX E

ATIRCRAFT EQUATIONS OF MOTION

The aircraft dynamic equations used in this thesis for nonlinear dynamic inversion are given
in this Appendix. The aircraft dynamics are divided into slow and fast dynamics. First
accurate expressions are presented for the slow and fast dynamics [5,108,121]. Then a set
of assumptions are introduced to simplify these expressions needed for the inversion process

outlined in Chapters 4 and 6.

E.1 The Slow Dynamaics

The slow dynamics can be written in the following form

-a- _ fi(z) 1 0 0 0 -
i fol, ) —tan(8) 1 0
3 fa(x) 0 0 0|
ﬁ e Y ]j; (E.L1)
[0) f5(x, 9) 0 0 0 '
0 fol, 8) o o0 oLl
14 fr(2, 6) 0 0 0
1% fs(x, 8, 0) 0 0 0
where
& = ¢ — [peos(a) + rsin(a)] tan(B) + W[— sin(a)(Ax + G + Apy) + cos(@)(Ay + G- + Ap.)]
= = p.tan(0) + gl sinfe) +a. cos(a)

= fi(z)
(E.1.2)
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sin(a) . cos(ar) 1
~ Veos(B) e V cos(B) Ty cos(3)

1 ) o Ds tan(f3)
Veos(3) la, cos(a) + a, sin(a)] - & + | os2(3) " Veos(d)

= fo(x) — pstan(B) + ¢

[—a, sin(a) + a. cos(a)] - V

& = ¢ — ps tan(f)

(—az sin(a) + a; cos())] -

(E.1.3)
B = —ry+ 351 cos(@) sin(B) (Ax + G + Ar.) + cos(8)(Ay + G, + Ar,)
—sin(a) sin(8)(Az + G + Ar.)]
) (E.1.4)
=—r,+ V[—am cos(a) sin(f) + a, cos(f) — a, sin(a) sin(F)]
= f3(x)
B =i, — %cos(a) sin(f) - a, + % cos(B) - a, — %Sin(a) sin(B) - a.
- %[—am cos(a) sin(B) + a, cos(B) — a. sin(a) sin(B)] - V
+ %[am sin(«) sin(3) — a, cos(a) sin(3)] - & (E.1.5)
- %[aw cos(a) cos(B) + a, sin(3) + a, sin(a) cos(3)] -
= f4(w) —Ts
¢ =p+q-tan(f)sin(p) + r - tan() cos(¢)
(E.1.6)
= f5(x)
0 = q-cos(¢) —r-sin(¢p)
(E.1.7)

= fo(x)
V = cos(a) cos(8)(Ax + Gy + Ar,) +sin(B)(Ay + Gy, + Ar,) +sin(a) cos(B)(Az + G, + Ar.)
= a, cos(a) cos(f) + a, sin(B) + a, sin(a) cos(3)

= fr(x)
(E.1.8)
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V = a, - cos(a) cos(B) + a, - sin(3) + a. - sin(a) cos(B)
+ [—ay sin(a) cos(B) + a. cos(a) cos(B)] - &
| (E.1.9)
+ [—ay cos(a) sin(3) + a, cos(B) — a, sin(a) sin(F)] - 5

= fs(x)

In the above equations, a,,a,, a, are the total accelerations along the body x,y,z axes due

to aerodynamic forces, gravity and thrust:
Qg :AX+Gx+ATx
ay, = Ay + Gy + Ap, (E.1.10)
Q :AZ+G2+ATz

where, Ax, Ay, Ay are the accelerations due to aerodynamic forces along the body x,y,z
axes. These can be written using wind axis forces, drag(D), sideforce(Y) and lift(L). It is

noted that this is necessary because F-15 database consists of these wind axis components [8]:

Ax -cos(a) cos(f) —cos(a)sin(ff) —sin(a)| |—D
Ay | = % : sin(3) cos(/3) 0 Y
Az _sin(a) cos(f) —sin(a)sin(F)  cos(a) —L IND E111)
-—D cos(a) cos(B) — Y cos(a) sin(3) + Lsin(a)
= % : —Dsin(B) + Y cos(f)
—Dsin(a) cos(fB) — Y sin(«a) sin(3) — L cos(«)
where
D =Dy+ D, -a+ Ds, - de
Y =Ys- 0+ Ysq-0a+ Vs - 0r (E.1.12)

L=Ly+ L, -«a+ Ls. - de
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G, Gy, G, are the components of gravity along the body x,y,z axes:

G, = —g-sin(6)
Gy = g¢-cos(f)sin(e) (E.1.13)
G, = g-cos(f)cos(¢)

Including the thrust vectoring nozzles, the control vector has a total of seven elements

5 — [ 56 6@ 57’ 5p1 5?/1 (Sp2 5y2 ]T (E114>

where dp; and dy; are the pitch and yaw vectoring of left engine, and dp, and dy, are the
pitch and yaw vectoring of left engine.

The forces produced by thrust vectored engines along three axes are described as follows.

Fry =T, - {cos(dp1) cos(dy1) + cos(dpa) cos(dy2) }
Fry =T, - {sin(0y;) + sin(dy2)} (E.1.15)
Fr, = =T, - {sin(dp1) cos(dy1) + sin(dp2) cos(dy2) }
where T}, denotes the thrust of a single engine, i.e. T = 27,,.
If small TVC angles are assumed, these equations for the forces can be simplified to:
Fr,=2T=2-T,
Fr, =T, {6y + dy2} (E.1.16)
Fr, = =T, -{0p:1 + op2}

The accelerations due to thrust and TVC along the body x,y,z axes, Ar,, Ar, and Ar, in

(E.1.10) can thus be approximated by:

E T
AT:(: = L = —
m m
E T
Ap, = 22 2P L5y + Sy} (E.1.17)
m m
Fr, T,
Ap, = =22 2P {5, + dpy}
m m
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The jerk terms in (E.1.9) can be expressed in the following form:

_dx- -Gx + ATx- -AX(Se Axsa Axar- _55-
ay| = |Gy +Ar, | + |Avse Avsa Avs| |
- | _Gz + ATZ_ | Azse Azsa Azsr | _5r_
2Ax  Ax. Axp -ax rsin(f) — gsin(a) cos(f)
+ % 24y Ay, Ayg| Cla,B) | |a,| +V - |psin(a)cos(8) — rcos(a) cos(B)
24, Az, Agzg a, q cos(a) cos(3) — psin(f)
(E.1.18)
where

_ cos(a)cos(B)  sin(B)  sin(«a) cos(f) -
Cla, B) = |=sin(a)/cos(8) 0  cos(a)/ cos(B) (E.1.19)
- cos(a)sin(3) cos(f8) —sin(a) sin(ﬁ)_

and
G, = —g-cos(f) -0
Gy = —g-sin(0)sin(¢) - 0+ g - cos(f) cos(¢) - ¢ (E.1.20)
G = —gsin(0) cos(¢) -0 — g - cos(6) sin(¢) - ¢

E.2 The Fast Dynamics

The fast dynamics can be written as:

Ds fo(x) Ls, 0 Ls S,
qg| = |fiol®)| | 0 Ms 0 Se (E.2.1)
Ts fll(w) N&; 0 N(5 57“

182



where

fo(x) = [E,q cos(a) + Hy,sin(a)] pg + [Eyr cos(a) + Hysin(a)] qr + Lg - 8+ Ly - ps + Ly - 7
+ Ly cos(a) + Ny sin(a)

fio(zx) :FprpT+Frr(7"2_pz)"‘Ma'O“i‘Mq'Q"‘MT

C _
= pfpr+Frr(7°2_p2)+WM'Cma'O‘+WM'(W)'Cmq'Q‘l’MT

fi1(x) = [Hp, cos(a) — Eyysin(a)] pq + [Hy, cos(a) — Egsin(a)] gr + Ng- 3+ Ny ps + N, - 1

— Lysin(a) + N cos(a)

(E.2.2)
and
Ls, = (J.Cl5q + InChsa) cos(@) + (KnChrse + K1Cls,) sin(a)
Ls, = (J1.Ci5r + InChs,) cos(a) + (KnChrs, + K1Cls,) sin(a)
Ls= (JrCis + InChp) cos(a) + (KnCrp + KCig) sin(a)
Ms, = WaCise (E.2.3)
Ns, = (KnChso + K1.Cisa) cos(a) — (J1.Clsq + InChsa) sin(a)
Ns, = (KnChsr + K1.Cis,) cos(a) — (Jr.Cis, + JnChs,) sin(a)
Ny = (KnChpg + KCig) cos(a) — (JCig + INChrp) sin(a)
and
L, L. _ - cos(a) Sin(a)- L, Lr- cos(a) —sin(«)
N, N, - sin(a) cos(a)| |N, N,| |sin(a) cos(a)

- - - —1

cos(a)  sin(a) (5552) I, —1I,. Cyp, Ci| |cos(a) —sin(a)
—I.. L. Chnp Cpp| |sin(a) cos(a)

np

—sin(a) cos(a)

(E.2.4)
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and

qSbl . qSbl,.
Jp = Jy = —o
L Ixx[zz - [m2z 7 N [:c:c[zz - [m2z
Se
Wy = 22€, (E.2.5)
Iyy
qSbl,, qSbl,.
Ky=———"%__ K, =22
N Ixxlzz - ]mzz 7 L ]mmlzz - ]mzz
and
[:cz(]:c:c B Iyy + IZZ) IZZ(Iyy B IZZ) - [32
qu - [wxlzz - [gz 7 Eqr B ]IIIZZ - [gz
For === Fre=1"
vy v (E.2.6)
pa [wxlzz - Im2z ' " Ixxlzz - Im2z

All the aerodynamic derivatives in the fast dynamic equations are described in body axis.
The moments produced by thrust vectored engines along three axes, Ly, My, Ny are

described as follows:
Ly =1, -1, - {sin(dpy) cos(dy;) — sin(dpa) cos(dy2) }
My =—T, -1, - {sin(dpy) cos(dy1) + sin(dp2) cos(dy2)}
Np = =T, -1, - {sin(dy1) + sin(dy2) } + T, - I,{cos(dp1) cos(dy1) — cos(dps) cos(dy2)}
(E.2.7)

where [, is the distance from the aircraft’s center of gravity to the nozzle, and [, is the
distance from the center line of the aircraft to one engine.

If small TVC angles are assumed, these equations for moments can be written by:

12

LT Tp . ly . (5]91 — (Spg)

—T), 1y - (0p1 + Op2) (E.2.8)

I

Mr

Np = =T, -1, - (0y; + 0y2)
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Thus Ly, M7 and Nt in equation (E.2.2) are:

_T LT . Izz o Tp : ly : Izz : (5]91 - 5172)

- ]mmlzz - Igz B Ixxlzz - ]mzz
R M _T * l;p ° 5 5
iy = Mr _ ~Tp b (Op1 +9p) (E.2.9)
]yy Iyy
T ]mmlzz - Igz B Ixxlzz - ];(2;2

E.3 Simplified Dynamic Equations

It is possible to simplify the equations using the following assumptions:

Assumption E.3.1. In order to simplify the full scale nonlinear equations of motion of the

aircraft, we introduce reasonable assumptions such as:

1. In the fast dynamics the time derivatives of the slow states are ignored because they
are regarded as slow variables. Also, in the slow dynamics, the time derivatives of the
actual controls are ignored, and the time derivatives of the fast states are treated as

control variables.

2. Sideslip angle, 3, is small, hence

sin(f) = 0, cos(f) = 1, tan(s) =0 (E.3.1)

3. I,. is negligible.
4. Directional acceleration change due to thrust vectoring is negligible.

ATx = constant. ATy = ATZ = 0. AT:C = ATy = ATZ = 0. (E32)

5. Axo, Axsar Axsrs Avser Avea, Azsas Azsr, Axp, Ava, Azp are negligible.
6. The rate of change of velocity is negligible.

7. Cnsar Cisys Lor, Ly, Nsa, N, are negligible.
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E.3.1 Simplified Slow Dynamics

With the above assumptions, the accelerations in (E.1.10) can be simplified to:

a, =Ax + G, +T/m
ay = Ay + G, (E.3.3)
a, :Az—l—Gz

where the simplified Ay, Ay, Az of (E.1.11) and G, Gy, G, in (E.1.13) are:

Ax = —% - [D cos(a) — Lsin(a)]

qS qS
= —% (Cpo+ Cpy - o+ Cpy, - de) cos(ar) + % (CrLo+ Cra - a+ Crs, - 0e) sin(a)
qS
Ay = %'(CYﬁ'ﬂ+CY5r'5r)

Ay = L [Dsin(a) + L cos(a)]

m
= —% (Cpo + Cpy - a+ Cpg, - de) sin(a) — % (CrLo+ CrLo - a+ Crs, - de) cos(a)
(E.3.4)
and
Gy =—g-cos(f) -6
= —g-cos(f) - q
Gy = —g -sin(0)sin(¢) - 0 + g - cos(0) cos(¢) - ¢
(E.3.5)

= g-cos(f)cos(p)-p

G. = —g-sin(0) cos(¢) - 0 — g - cos() sin(¢) - ¢

12

—g - cos(f) sin(¢) - p
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The equations for a,, a,,a, in (E.1.18) are expressed by:

g
Qy

a.

12

I

12

Gx Ax(ge 0 0 56 Gx + Ax(ge . 56

Gy + 0 0 Aygr 50, = Gy+Aygr'5T

Gz Az(ge 0 0 5’/“ Gz + Az(ge : 56

_g . COS(H) . q _|_ %qs . [_CD(;e COS(OK) _'_ CL5e Sln(a)] * 56
g - cos(0) cos(¢) - p+ =qS - Cys, - or

—g - cos(f)sin(¢) - p — LGS - [Cpse sin() + Cps. cos(a)] - de

—g-cos(f) - g+ £GS - Cps. sin(a) - de
g - cos(f) cos(¢) - p + %@S - Cygp - Or
—g - cos(f) sin(¢) - p — =4S - Cpg, cos(a) - de

(E.3.6)

The functions from fi(x) to fs(x) given in (E.1.2) ~ (E.1.9) are expressed in much simpler

forms:

& =q— pstan(B) — ps - 5 —

a=q+ %[—ax sin(a) 4 a, cos(a)]

=q+ % - cos(@) cos(¢p) cos(a) — mlv sin(a) — nz—f/CLa e
= fi(z)
sin(a) . cos(av)

v T Ty

= — pstan(B) —ps - B+ % -{qcos() sin(a) — pcos(a) cos(f) sin(¢)}

> j— pytan(B) — p, - B — L - p, - cos(6) sin(¢)

%

=q+ fox)

5 Ay
B = Tty

>y, + %cos(@) sin(¢) + a5

S
WCYJT or+ —Cypg-

q
mV
= f3(x)
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E.3.2

Using

where

. o
6:_Ts+_

o
~ o4 d - p - cos(0) cos(¢) + EC'y B
7 my 7
:_Ts+f4(m)

¢ = p+q-tan(d)sin(¢) + r - tan() cos()
= f5(x)
0=q- cos(¢) — r - sin(¢)

= fo(x)

V = a, cos(a) + a, sin(a)

=~ g - {cos(0) cos(¢) sin(a) — sin(f) cos(a) } + %COS(O() - Z—f/C’Da e

= fr(x)
V = a, - cos(a) + a, - sin(a)
=~ —g - {gcos(f) cos() + pcos(f) sin(¢) sin(a)}
= —g - qcos(f) cos(a)
= fs(x)

Simplified Fast Dynamics

Assumptions 1 ~ 6 reduces (E.2.1) to

Ps fo(x) Ls, 0 0 O,
qg| = |fwl®)|+]0 Ms 0 de
Ts fi1 () 0 0 Ns | |6,

fo() = By cos(a) - qr + Hygsin(a) - pg + Lg - 3+ Ly - ps
C
fro(@) =Ep-pr + Wi - g - v + Wiy - (W)Cmq q

fii(x) = —E, sin(a) - qr + Hy, cos(a) - pq + Nﬁ B+ N, -1,
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Also, (E.2.3) reduces to:

Ls, = J.Cis, cos(a)
Lg = JCizco8(a) + KnChgsin(a)
M;s, = Wi Crse (E.3.17)
N5, = KyChy, cos(a)
Ng = KynCy5cos(a) — J,Cpgsin(a)

and (E.2.4) simplifies to:

L,= JL(i)Clp cos®(a)

2‘2 (E.3.18)
~ _ o 2
N, = KN(QV)C'W cos” ()
and (E.2.5) and (E.2.6) become:
7 gSc qSh
J= Wby 5 e b K~ (E.3.19)
Ips Iyy L.
E, I, —1.. B, = I . H, W Ey=F,=H,=0 (E.Z3.20)
Yo Iyy Iz
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