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Abstract

A novel low-complexity adaptive control method, capable of guaranteeing the transient and steady-state tracking per-
formance in the presence of unknown nonlinearities and actuator saturation, is investigated for the longitudinal dynamics
of a generic hypersonic flight vehicle. In order to attenuate the negative effects of classical predefined performance
function for unknown initial tracking errors, a modified predefined performance function with time-varying design
parameters is presented. Under the newly developed predefined performance function, two novel adaptive controllers
with low-complexity computation are proposed for velocity and altitude subsystems of the hypersonic flight vehicle,
respectively. Wherein, different from neural network-based approximation, a least square support vector machine with
only two design parameters is utilized to approximate the unknown hypersonic dynamics. And the relevant ideal weights
are obtained by solving a linear system without resorting to specialized optimization algorithms. Based on the approx-
imation by least square support vector machine, only two adaptive scalars are required to be updated online in the
parameter projection method. Besides, a new finite-time-convergent differentiator, with a quite simple structure, is
proposed to estimate the unknown generated state variables in the newly established normal output-feedback for-
mulation of altitude subsystem. Moreover, it is also employed to obtain accurate estimations for the derivatives of virtual
controllers in a recursive design. This avoids the inherent drawback of backstepping — “explosion of terms” and makes
the proposed control method achievable for the hypersonic flight vehicle. Further, the compensation design is employed
when the saturations of the actuator occur. Finally, the numerical simulations validate the efficiency of the proposed finite-
time-convergent differentiator and control method.
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Currently only the longitudinal models of HFVs are
broadly studied considering the tedious complexity of their
dynamics.>”” Benefiting from the cascade structure of HFV
dynamics, a strict-feedback form of the altitude subsystem
was obtained and then a backstepping technique was uti-
lized to devise the state-feedback controller in the work by
Wu and Meng and Xu et al.* '® Although the backstepping
technique has been evolved as an efficient control method for
HFVs, tedious and complex analysis is required for virtual
controllers and their repeated derivatives. This is the inherent
drawback of backstepping, also referred to as “explosion of
terms”."" In order to overcome this demerit, dynamic surface
control was employed to facilitate the controller design by
letting the virtual command pass through a first-order fil-
ter.""'* In order to further eliminate the complexity of the
immediate controllers in the recursive design, a hyperbolic-
sine-function-based tracking differentiator was constructed to
obtain good estimations for the derivatives of virtual control-
lers involved in the control system design of an air-breathing
hypersonic vehicle (AHV) in the work by Bu et al.'> How-
ever, some issues are still open for differentiators such as a
good dynamic response and high estimation accuracy.

Considering the unknown nonlinearities existing in
HFVs, the neural network (NN) is widely used as an efficient
tool for nonlinear approximation.’'*'® But reducing the
complexity of NN-based approximators is necessary and is
needed for HFVs because of their fast dynamic characteris-
tics. Meanwhile, due to the learning mechanism of the NN,
its training process is based on empirical risk minimization
which means the learning of NN seeks the smallest learning
errors. This tends to induce under-fitting and over-fitting
phenomena. To obtain a simple approximator for unknown
dynamics existing in a HFV, some new techniques are
needed. Thanks to Vapnik’s support vector machine (SVM)
theory,'” good generalization ability is observed and it can
solve small sample problems based on the principles of
structural risk minimization. Besides, a SVM can overcome
the intrinsic demerits including the under-fitting and over-
fitting phenomena. However, the required constrained
optimization programming leads to a higher computational
burden, which is the major drawback of a SVM. In order to
surmount this drawback, least square SVM (LS-SVM), a
computationally attractive machine learning technique, was
proposed by Suykens and Vandewalle, which works with
equality instead of inequality constraints in the optimiza-
tion.'® This greatly simplifies the optimization problem such
that the relevant optimal solution is characterized by a linear
system according to the first-order Karush—Kuhn—Tucker
(KKT) optimality conditions. Through solving the linear
system, the optimal solution can be obtained efficiently.
Comparing with the NN, the optimal solution is global with-
out any help from other optimization techniques such as the
quadratic programming method and the dynamic program-
ming method. Thus, the LS-SVM was widely utilized in the
approximation of unknown dynamics.'” ' Owing to the
attractively computational advantage, the LS-SVM is more

advantageous in handling the approximation of unknown
hypersonic dynamics.

Another crucial issue associated with the adaptive control
of a HFV is the transient (such as overshoot, undershoot, and
convergence rate) and steady-state tracking performance. In
practice, ensuring a high fidelity transient and steady-state
tracking performance is very challenging. Recently, Bechliou-
lis and Rovithakis developed a new control design and synth-
esis methodology,** 2 in which the transient and steady-state
performance is quantitatively characterized and limited by an
appropriate predefined (or prescribed) performance function
(labeled as classical predefined performance function
[CPPF]). This control method was further explored for
nonlinear systems subject to input nonlinearity** 2,
However, in particular, there exists very little work which
aims to quantitatively and accurately compute the transi-
ent tracking performance of a HFV. Yang and Chen
applied a CPPF to realize the predefined performance
attitude tracking control of near-space vehicles.”” Bu et al.
utilized a CPPF to construct two guaranteed transient
performance-based adaptive neural controllers for velocity
and altitude subsystems of AHVs, respectively.?® However,
some limitations are encountered in the CPPF. The first one
is that the initial tracking errors of the controlled system
must be remained strictly within a predefined region. In
general, however, the initial tracking errors are hard to
obtain in the presence of the uncertainties and external dis-
turbances, especially for a HFV with strong uncertainties.
Thus, it is hard to guarantee that the initial tracking errors
are enveloped within the predefined region formed by the
designed CPPF. Besides, the fixed parameters in a CPPF
result in a much larger conservative estimation of the track-
ing performance bound. Therefore, a novel predefined per-
formance function is required to avoid these limitations.

In this article, we mainly focus on the adaptive tracking
controller with a low complexity design for a HFV subject to
unknown nonlinearities and actuator saturation. In order to
lower the conservativeness of the CPPF, eliminate the grow-
ing complexity of backstepping, tackle the state observation,
and reduce computational complexity of the NN in approx-
imating unknown hypersonic dynamics, we propose a novel
adaptive control method with only two adaptive scalars that
need to be updated online. Simultaneously, there are only two
design parameters contained in the LS-SVM-based approxi-
mators. Compared with the previous studies, the adaptive
mechanism and nonlinear approximation with a much simpler
structure are achievable for HFV. Thus, the computational
burden is lighter. The contribution of our work is threefold.

1. A time-varying predefined performance function
(TPPF) is first proposed. Compared with the CPPF,
it can address the problem of unknown initial tracking
errors and lower the conservativeness of the CPPF
over the estimation of the performance bound. The
design of the controllers is carried out under the pro-
posed TPPF throughout the entire article.
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2. A novel finite-time-convergent differentiator
(FTCD) with a simple structure is proposed. The
newly established FTCD is applied to obtain good
estimations of the derivatives of the virtual control-
lers rapidly, with high accuracy. This conquers the
inherent drawback of backstepping — “explosion of
terms”. Besides, the newly defined state variables
in the normal output-feedback system are observed
precisely by the proposed FTCD.

3. Two LS-SVM based approximators are constructed
to approximate the unknown hypersonic dynamics.
No specialized optimization algorithms are required
because the relevant ideal weights are obtained by
solving a linear system. This significantly decreases
the computational complexity of nonlinear approxi-
mation. Besides, by estimating the norm of ideal
weights rather than their elements, only two adaptive
parameters are updated online in the parameter pro-
jection method which simplifies the adaptation laws.

Problem statement and preliminaries

Model description

The longitudinal dynamics of a generic HFV developed by
Parker et al. is considered in this article.?’ This model
involves five rigid-body variables X = [V, h, a,v, q] and
two saturated system inputs U = [5,, ®]"
of motion of this model are expressed by

. The equations

. Tcosaw — D .
V= ———— —gsiny
m
h =V siny
L+ Tsina  gcosy
omV 4 1
=q-7
i="
»y

with T = Ts(a)® + To(a) = (8, P + B5)a’ + (B3® + B4)a’+
(Bs® + Bg)a+ (87 + Bs), L~ gSu(Cla+C}), D=gS,
(Cy' a2 +Cha+CY), My zrT+GS(Cyy a®+ Ciro+ CY)+
GS.Chide, G =5pV?, p=pge "I,

Assume that the five state variables are available for
measurement. The system inputs J,, ® are subject to the
following asymmetric or symmetric saturations

+ : +
uy, ifvs, > uy,

8, = sat(vs,) = { vs,, otherwise

uprs 1Evs, Sy
Uy, ifve > uj,
® = sat(vg) = otherwise 2)

Vo,

Uy, ifve <uy,

where |ujy;|, [uy;|(i = 1,2) are the bounds of the system
inputs.

Based on functional decomposition, the dynamics in
equation (1) can be divided into a velocity subsystem and
a altitude subsystem. For the velocity subsystem, for brev-
ity, it can be written as

{V=ﬁ+¢

oy 3)
L

where yp is the output of the velocity subsystem.
fv = (Tcosa — D)/m — gsiny — ® is assumed to be com-
pletely unknown and needs to be estimated by a LS-SVM-
based approximator.

As for the altitude subsystem, define the altitude tracking
errorash = h — h,. From equation (1), one can find that when
y tracks the given command y,, then 4 can be regulated to zero
stably. Therefore, the task of altitude subsystem is to design an
approximate controller vg to track the command y,; whose

detailed form is given later. First, define
x| =Y, X, = a+ 7, x3 = ¢, then we can obtain
X1 =fu(%2) +x2
Xy = X3
_ “
:ﬁIZ(x3) + 89
Yh = X1

where y;, is the output of the altitude system, X;=
i, ..ox] (i=2,3),  fi(%2) = (L + Tsina)/(mV)—
geosy/V —x;, fin(¥3) = M,,/I,, — 8. Inspired by Xu
et al.,3° in order to reduce the number of LS-SVM-based
approximators for unknown terms f,1,f;2, an output-
feedback system in a norm form is developed as follows
instead of the state-feedback one in equation (4), that is

21 =2z
i =13 (5)
Z3 = a()f3) + 9,

with a(%;) = 25 (7 (%2) + x2) + 28y + L8 (5 (%3) + 8.)+

fia(®s), b(Es) = L2 (fi(%2) +x2)+ L2y, (21 = =V
73 =)

Seeing from equation (5), only one LS-SVM-based
approximator needs to design for unknown term a(x3)
rather than two ones for the unknown f,, f;,. However,
the newly defined state variables z,, z3 are not available
for measurement except when z; = y. Thus, a FTCD is
devised to observe them.

=Yn, 22

Control objective

The objective pursued in this work is to shrink the tracking
errors V=V —V, and h stably with a time-varying
bounded transient and steady-state performance in spite
of the coexistence of unknown nonlinearities and input
saturation. In detail, the objective is twofold:
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(a) design a low-complexity LS-SVM-based adaptive
controller vy to steer the velocity V' to track its
command V, stably in the presence of unknown
fr and saturation of fuel equivalence ratio with
guaranteed prescribed performance;

(b) design a LS-SVM-based adaptive controller v;,
with low complexity to steer y to track its com-
mand vy, stably subject to unknown a(x3;) and
saturation of the elevator deflection with guaran-
teed prescribed performance.

Time-varying predefined performance function

To quantitatively study the transient and steady-state
performance of the tracking error e(f), a smooth, strictly
positive decaying function u(f):Rso — R with
tlim w(t) = p > 0 is chosen as the predefined function,
—00

just like a CPPF. It is sufficient to achieve the transient and
steady-state performance if the following condition holds

—=81()u(t) < e(t) < 82()u(t) (6)

where 8,(¢), 0,(¢) are the positive design time-varying
parameters and p(t), 6(¢), 8,(¢) in this work are chosen as

(t) = (po — oo )™ + p1yg

81(f) = (810 — d1o0)e 1" 4+ 8100 @)
07 (t) = (620 — SZOO)efKZt + 000

where (i, thsos 010, 0100, 020, 0200 Ko, K1, K2 are positive
design constants.

Remark 1. Different from a CPPF with fixed 81, 6, in
previously reported works,”>2® in this work, 8;(¢), 8, ()
are time-varying rather than time-invariant. This implies
that the ultimate tracking accuracies defined by the
TPPF and CPPF are limited in the following bounds,
respectively

—Oootleg < tlim e(t) < 8200l (8a)
— s < tlim e(t) < oo (8b)

Comparing equations (8a) and (8b), we can find the
bound of ultimate tracking accuracy defined by the TPPF
has lower conservativeness due to the additional para-
meters O1o0, O0200. Namely, if 814, 0200 < 1, a higher
tracking accuracy can be achieved without considering
the limitations of a control input under a TPPF. Under
the proposed TPPF, define the tracking error
e(t)2 u(t)P(s(t)), where s is the transformed error.
Choose the function P(s) as

_ Sz(t)es — 61(1‘)€_S

es+e*

P(s(2)) )

It is find that lim P(s) = 3,(z),

lim P(s) = —8;(¢). Whilst, the chosen function P(s) is

§——00

easy to

strictly monotonic increasing and satisfies P(0) # 0. Thus,
the transformed error s(¢) can be obtained as

L (8 +A a e(?)
_v(t)—§1n<82_[\)7 A_u—

(10)

Take its derivative as

(r _0s(t) dA(t)  Os(t) dd(1)
O=3a0) " T @

= elér(r) — Ap(r) + 3 /e]

Os(t) dd, (1)
05,(¢)  dr

(1
with € = - (5757 +52m)» % =1 (s d — 52 2)-

Equation (11) is applied to construct the transformed
tracking errors of ¥, i under TPPF in the following work,
respectively.

LS-SVM-based approximation

To approximate the unknown nonlinearities, the LS-SVM
is adopted due to its powerful generalization superiority
and fast computational efficiency. The process of approx-
imating the unknown nonlinear function with LS-SVM is
as follows.'®

First, choose the training sample set SE = {m;, Yi|,
meR Y, eR i=1,2,... ,N} with wm, Y, and N
being, respectively, the input vectors, output, and total
number of the training samples of the LS-SVM-based
approximator. The relevant estimation problem is
expressed by

Y(n) = WTK(n) +p (12)

where the superscript T denotes the transpose of a vec-
tor or matrix. K(-) : R" — R™ is a known function map-
ping the input vector into a feature space of high
dimension. Wand p represent the weight and bias,
respectively. Then the corresponding optimization prob-
lem of equation (12) to determine the ideal weight is
expressed by

1 Co N
Viwpo) = 5 Iw|* + ?Zi:l w;

s.t. Y,'(TC,') = WTK(TC,') +p + w;

(13)

where cqand w; denote the positive regulation parameter
and ith approximation error, respectively. The Lagrange
function of equation (13) is

1 2 Co N 5
La:§||W|| —&-?Z @

=11
=S (WK ) p - Yim) (14)

where 6; are the Lagrange multipliers. The first-order KKT
optimality conditions of equation (14) are obtained as
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aL_a =0=W = ZN | 9[.[((1-5[.) Y(n) = G*T‘p(n) + @, || < @max (22)
ow where w” is the optimal approximation error and w y,yx iS
Ola _ 0= ZN 5 —0 the upper bound of w*.
op i=1"" Remark 2. Note that the newly defined weight € in equa-
oLa ) (15) tion (19) is obtained by solving a linear function in equation

=0=cow;—0,=0 (16) based on the first-order optimality conditions in equation
0w;i (15). In this procedure, no optimization methods such as the
oLa T quadratic programming method or the dynamic programming
6_5[ =0= W K(m)+p+w— Yi(m) =0 method, which are often applied to NN-based approximation,

Further, equation (15) is equivalent to the following
linear system

-T
0
D arau)lo)le] 00
I Q+cy'1|L0 o0
where T=1,...,1]" e RY. Q; = p(n;, 1) = K"(m;)-
K(m) (i,j=1,2,...,N) is the kernel function.
O2[Y,Y,, ... ,YN]T and 0£1[0y,0,, ... 7@N]T. In our
work, the Gaussian kernel function ¢(=n,m;) =
el (M=) (-1t T/ 2C)] g chosen, where ¢ is the square band-

width of the receptive field. Define 4=Q + c;'7 and A as
invertible considering Q; > 0, ¢ > 0. Then we can obtain

40
P=—F—

1 41 (17)
=410 —pl)

Then, the approximation function in equation (12) is
equal to

N =
Y(m) = Op(n,m) +p (18)
For brevity, equation (18) is defined as
Y (1) £ ()
02101, 02, ..., Oy,p]" (19)

@(n>é [(P(TC,TE]), (p(TC,TEz), s ,(p(TC,TCN), I]T

Based on equation (19), considering the approximation error
@, the actuate approximation for the unknown nonlinear
function over a compact set Sy C R” can be expressed by

Y(n) =0 p(n) + & (20)
The ideal weight value 6" of equation (20) is given by
0" = arg min [ sup f(n|(é)) - Y(n)’] (21

Ocs; | mesy

where Sy = {6:10] < M[g} is a valid field of the estimate

parameter 6 with M 9 being a design parameter. Using the
ideal weight value 6 yields

are needed. Namely, only two design parameters ¢( and ( are
required in the estimation for unknown nonlinear functions.
Hence, this simplifies the optimization of the weight 6 in the
nonlinear approximation dramatically and is suitable for the
online estimation of unknown hypersonic dynamics. Besides,
it can be seen from equations (16) and (17) that the value of ¢
is globally optimal in the LS-SVM, which bypasses local
minima during the training process. Moreover, when small-
scale training samples (N is small) are chosen, high confi-
dence levels of the approximation can be obtained as well
according to Vapnik and Suykens and Vandewalle.'”'® Thus,
it is advantageous to adopt the LS-SVM to approximate the
unknown nonlinearities in equations (3) and (5) so the HFV
benefits from its attractive computational property.

Based on the model description and preliminaries above,
in what follows, two LS-SVM-based adaptive controllers
under a TPPF are designed for velocity and altitude sub-
systems, respectively.

LS-SVM-based adaptive controller design

Before devising the LS-SVM-based adaptive controllers
under a TPPF, a control saturation approximation and a
newly developed FTCD based on a hyperbolic tangent sig-
moid function (HTSF) are given. A HTSF often works as a
transfer function in a NN owing to its good properties such
as mapping the large input into the small domain (—1, 1).

Saturation approximation based on HTSF

For the asymmetric or symmetric control saturations in equa-
tion (3), it is easy to find that there exists a sharp corner
between the applied control [8,, ®] and the control input
[Vs,,ve] when vs, = uj;(oruy,), ve = ujj,(oruy,,).
Hence, the classical backstepping technique cannot be
directly applied in the relevant controller design. In order
to attenuate the negative effect induced by the sharp corner,
the applied control [3,, @] can be approximated by the HTSF
in a general form like

u=sat(v) =u; +uy

U = /,oqi)(L](v - Lz)) 41
¢(L1(V—L2)) S — 1 29

- 1 +e—2*L1(v—l,2)

vo = (uy; —uyy) /2, 12 = (uyy + 1) /2
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Figure |. Saturation approximation for d. (¢, = 0.08).

where ¢; € (0,00) is a positive design constant determin-
ing the approximation accuracy. u; is the approximation
term of the saturated control u. u, represents the approx-
imation error. v, u};, and u;, have similar concepts with
ones in equation (3). Along equation (23), the bound of the
approximation error u, is restricted to

|ua| = |u = ur| = |sat(v) — ui
2
sat(v) — | wo T5 o2t + 1 — g

S(u&—w)(l—

(24)
1 A
1_;'_672*“(11;,7/,2) = €U max

In our work, considering the practical actuator con-
strains of a HFV, 8, € [—15°, 15°], ® € [0.05, 1.2],"" the
relevant approximations are given in Figures 1 and 2.

As portrayed in Figures 1 and 2, the saturation approx-
imation errors by the HTSF are bounded. And by adjusting
the parameter ¢;, the approximation error can be made
arbitrarily small.

Novel finite-time-convergent differentiator

A novel FTCD with a simple structure is developed using
the HTSF in this part. The newly developed FTCD (labeled
as hyperbolic finite-time-convergent differentiator
[HFTCD]) has two good properties as follows.

1. The structure of the HFTCD is comparatively sim-
ple and can track the desired signal and its high-
order derivatives accurately with global asymptotic
stability within a finite time.

2. In the estimation for the desired signal, a good
dynamic response and high accuracy can be
obtained using the HFTCD. Besides, the chattering
near the trim point is weakened, or even eliminated,
under the proposed HFTCD.

1.6F = Actual control input B
= = = Approximation by HTSF|

VP

Figure 2. Saturation approximation for ® (¢; = 2.1).

Prior to the design of HFTCD, some necessary concepts
are given.

Definition 1.*'** Consider a time-invariant autonomous
system expressed by

X:h(X)a h(O):O, X:[XI’X% 7Xn]T€Rn

(25)

where 7 : Sy — R" is continuous on an open neighborhood
Sy of the origin (0, 0). Without loss of generality, the origin
[0],«; is assumed to be the trim point of the system given by
equation (25) and the finite-time stability is obtained if:

(a)
(b)

it is asymptotically stable in Sy with Sy C Syo;

it is finite-time convergent in Sy that is, there exists
a setting time 7 > 0 such that every solution y(¢)
of the system given by equation (25) is kept on
Sy \{0} for any initial condition %(0) € Sy\{0};
and for all ¢ € [0, 00), it satisfies

lim () =0, and y(¢) =0, V¢ € [Ty, + o)

t—T

(26)

Note that when Sy = R”, the system given by equation
(25) is globally finite-time stable at the origin when satis-
fying the aforementioned conditions.

Lemma 1. (Bhat and Bernstein’?) Suppose there exists a
positively continuous function Jy : Syo — R satisfying the
following condition

9
T +3(n00) <0, xeSyCsp\or @)

where 3 >0, ¥ € (0,1) are constants. The rest of the
parameters are the same as the ones in Definition 1. Then
the system given by equation (25) is finite-time stable at the
origin and the setting time Ty satisfies

(28)
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7
Apart from the aforementioned definition and lemma, some necessary and useful assumptions are given.
Assumption 1. Given that the smooth function %(y) satisfies
B0 Ko - o) =R T - X S D =Tl er > 0,6 € (0, 1] (29)

where ¢ and ¢ are constants. Besides, the positively continuous function J; is Lipschitz with a Lipschitz constant M,.
Based on the previous discussions, construct the following system in the form of

{;:(i:XiH,i:l,Z,...,n—l (30)
T =h00 X2y - Xn) = —210(%1) — Z20(laxa) — - = Znd(laX)
where X = [X1, %2y -+ » %) € Sy Ay £i (i = 1,2, ... n) are the positive design constants.
Theorem 1. When the Lyapunov function candidate incorporating with the continuous function h is chosen as
{Jl = JF no()dt + [ orp(tar)de+ -+ [X1 0, 166, 10T+ + 02 61)
0<y <2<+ <%y <Amax» Oir1 = max{Ay, ... , i1}, b <lip1,c2>1,i=1,2, ... ,n—2

where Y max IS a positive constant, the system given by equation (30) is finite-time stable and the setting time Ty satisfies the

inequality given by equation (30).
Proof. Taking time derivative of J; and we can obtain

J1 = d(lin)in + (@20(0xa) i — @20l )h) + -

+ ((anlqs(e"*an—l)Xn—l - (anlqs(gn*an—Z)Xn—Z) + ZXan

= (A19(l1x1) — ©20(L2x1)) %1 + (©20(L2x2) — @30(63%2)) %2 + -+ + Oue 1Pl 1Y 1) Hon—1 + 2Xnon

S mn—l(ﬁ(gn—an—l)anl + 2Xn5(n

= Ou1O(lna1 X 1)U + 22 (=A10(C11) — 720(l2X2) — -+ = D1 BUln—1Xn—1) = Zn®(ln X))
< =0l )tn = 220(020X2) %0 =+ = Zn1OUn1 1) X — An®(ln ) Xon
< =gl — A20(x2)xe = - = 2P (ln ) Xon
(32)
Employing the “mean value theorem of integrals”, the following inequalities can be obtained
¢ mg(mdT < gl )
f;jiﬂ 010l 11)dT < 01 ¢(Li1 i ) Aiprs i= 1,2, .. yn—2
Along the inequalities given by equation (33), the inequality given by equation (32) becomes
Ji < — [ aett)de — f;f Jop(lyt)dt — -+ — fi”:z' In—10(ly_17)dt
= —J, +AJ, (34)

Ay = f)z(ll (02 — A)p(brt)dT + - + f;::zl (Onr

It is easy to obtain J; > 1 based on equation (31). Invok-
ing the inequality given by equation (34), there exist
I > 0, ¥ € (0,1) and the following inequality holds

T+ A = =3 (35)
Further, we can obtain
Ji+3un? <o (36)

According to Lemma 1, then the setting time 7 satisfies

the inequality given by equation (28). This completes the
proof of Theorem 1.

— /1,,_1)¢(€n_1r)dr + Xg +c >0

Note that when y, < %,_; <--- <7%; <0, Theorem 1
holds as well. The process of the proof is similar to the
previous one.

When # is chosen as the form of equation (30), Assump-
tion 1 is satisfied and the relevant proof is as follows.

Proof. Take time derivative of ¢({y)

do(ly) _d (2 |\ _ 4
dy — dy \1+e 2 (14 e 2x)?
(14721
ey o0

Then # satisfies
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|h(ila)~c25 ’)zn) 7h(%la%27

Tl =1 (o0) = mo(hii) + (726(022) = iad(da) ) + -+

+ (b () — b 67))|

< alo(ixn) — ot + Z2ld(la)a) — ¢(laka) + - - + Zal@(badln) — S(lan )|
< 2l = Tl + A2blts — Xal + - A+ Anlal Xy — ol

< imaijzlbzi = %ils Amax = max{416y, Aola, ..

Thereby, the inequality given by equation (29) is
satisfied when % is chosen as the form of equation
(30). Consequently, it is easy to prove that J; is
Lipschitz.

In order to obtain the HFTCD, the bounded and integr-
able input signal @(¢) should satisfy the following the
assumption.

&i:£i+lﬂ i:l,2,...,n—1

£, = —R" (iﬂb(ﬁl(& - K))) +iz¢(%> +- +)“"¢(£Z€1>)

is finite-time stable and there exist > 0, X6 > nsuch that

-t =o((/RMTT (=12, 0) o =155,
2

%o € (0, Xa0), Koo = min{% , %}, Vi > 2, whereRisa
1
positive design constant and the rest of the parameters are the

same as ones in Theorem 1. O (( I/R)X] Ot ) represents the

relevant high-order approximation error.

Proof. Invoking Theorem 1 above, and according to
Theorem 1 in the work by Bu et al. and Wang et al.,*®*
it is easy to conclude that Theorem 2 holds.

Remark 3. Theorem 2 gives the detailed form
of the HFTCD and equation (39) reveals that
%ﬂm(gi — ™ =0,Vi=1,2,...,n Practically, o'~}
can be estimated precisely under appropriate parameter
R. Further, one can conclude that the HFTCD has
the properties mentioned at beginning of this subsection.

LS-SVM-based adaptive controller subject to actuator
saturation for the velocity subsystem

For the velocity subsystem given by equation (3), under the
TPPF in equation (6), the transformed error of the velocity
tracking error ¥ can be obtained based on equation (10)
expressed by

sy = %m(w) Ay = (40)

v
dy2 — Ay Ky

The derivative of sy is

c )”ngn}
(38)

Assumption 2.*> The bounded and integrable input sig-
nal p(¢) has (n — 2)-order derivative on the whole time
domain. At some time instants, its (» — 1)-order derivative
may not exists, but its (n — 1)-order left and right deriva-
tives exist and do not equal.

Theorem 2. When Assumptions 1 and 2 hold, based on
Theorem 1, the following system

(39
aSV(I) dAV aSV(I) dSVl aSV(f) dSVz
S =
TOAy dt Ty dt By dt (4
= 6V(fV + o — VV — AV,[LV + 6[//61/)
where ey = % (m + ﬁ) and &y =

%(m&/l —mSVz). 8y1, dy2 and u;, are design
smooth decaying functions. The unknown nonlinearity fy
in equation (41) can be estimated by a LS-SVM-based
approximator according to equation (22)

fr =0"0(V) + o, @i < @imaxs 10517 < 0y max
(42)

where V =[T,D,a,y,®]. 0, € RV and @} € R are,
respectively, the ideal weight and the approximation error
with N; being the total number of training samples of the
LS-SVM. To reduce the complexity of the online adapta-
tion of (N; + 1)-dimensional weight 67, alternatively,
define 7}, = [|0}||* as the new estimation parameter.
Herein, only one scalar needs to be reduced online which
drops the computational load dramatically.

For compensating the input saturation of the fuel equiva-
lence ratio, defining ey = sy — sy¢ with sy being an aux-
iliary state, a new system can be formed as

éy =Sy —spo=cer(fy +svo =V, — Apfiy + 3y /ey +va)
=ey (GTT@(V) + @] + sy — Ve—Apjiy + 8y /ey + V@)
(43)
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with
. 0, if U=V, 2<0
Svo = —evsvo +ey(sat(ve) —va) “44) Projy(Z) =4 0, if U=, E>0  (47)
Note that £ > 0 holds in the whole time domain. When =, otherwise

the newly defined system state e is bounded, considering
the boundedness of sy, sy can preserve its transient and
steady-state performance defined by TPPF in equation (40).
Therefore, the task of the velocity subsystem is to design an
appropriate control input vg to shrink the newly defined
error ey to a small domain. The LS-SVM-based adaptive
controller vg is devised as

t
vo = —kyiey — kyz/ ey (V)dt 4V, — lyiepipy T (V)e(V)
0

+ Lyafyy + Avfry — Sy /ey — spo

(45)
where kyy, kya, by1, £y, and 'y denote the positive
design constants. ), is the estimation of 7}, and its adap-
tive scheme is

ﬁ,, = Proj (FV( —lyrey + Eyle%/goT(V)go(V))> (46)

where the parameter projection Proj(e) satisfies

t
. . gy 1 _ .
Jy = - k dt + —
14 - 26%/e,,+ Vzey/o ey (1) I+FV77,,7;V

€ " - —
—(km +2€V2>€V+€V9VT<P( ) —€V1€V77V%0 (V)W(V
V

Under the LS-SVM-based adaptive controller equation
(45), the stability analysis of the system given by equation
(43) is given as follows.

Theorem 3. Consider the closed-loop system com-
prising of the plant equation (43) with the LS-SVM-
based approximation for nonlinearity in equation (42),
designed controller in equation (45), adaptive scheme in
equation (46), then all the signals involved are bounded
and the velocity tracking error can preserve its transient
and steady-state performance defined by the TPPF in
equation (40).

Proof. Construct the following Lyapunov function can-

didate as
t 2 1
</0 eV(r)dt> 3T, — 0k

where 7, = 7);, — 17;,. According to equations (44) to (47),
the derivative of Jy satisfies

1 1

J k 48
y = 25V6V+ 2 (48)

t
1
52 zeV+kVZeV/O r(t )dH‘F iy

. | S .
) + €V277V€V +1_,—V77V77V + €y

< - (le —ln+ Zin)ev +lnegnyet (V)e(V) = briepiny " (Vp(V) + FLVﬁVﬁV T tyaiper +- LZTZ
= - (le —Lly1 + 28;2/) ey — ey’ (V)o(V) + baiipey + Lyanjey + %Vﬁvﬁv + 112?2 (49)
=— (le — Uy + %) el — Sy + 7y (FLV PrOj(D/SV)) + lyanpey + ! L:Tz
=— (km — Ly + 22;/) el —ny (SV - I"LV PrOjﬂW%V)) + lyanyer + ! L:Tz
- (le =Ly —Llya + %) ey + £V24777/2 + ! +4Z%lma"
< —/€V1812/ + £V24n i + ! +4ijax
where ky1 Zky1 — by — lya + v/ (26%), Sy = — lyaep+

fVle%,ng(V)gp(V). Letky, > max{&q + by — EV/(2€%/)},
then ey is invariant to the following set

¢ *2
QeV = {eV |€V| S \/( V2477V

1_‘_wlmax
L) e, |

(50)
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When a sufficiently large kyi is chosen, the radius of
Q,, can be made arbitrarily small. According to the
inequalities given by equations (49) and (50), it can be seen
that the designed adaptive controller in equation (45) can
steer the newly defined state ey to a small invariant stably.
This guarantees e, and sy are bounded. Thereby, the velo-
city tracking error V can preserve its transient and steady-
state performance defined by TPPF. This completes the
proof of Theorem 3.

LS-SVM-based adaptive controller subject to actuator
saturation for the altitude subsystem

As for the tracking control for altitude subsystem, under the
TPPF in equation (6), the transformed error of the altitude

tracking error h can be obtained based on equation (10)
expressing by

1 on1 + Ay, };
==-In({——), Ap=— 51

Sh 2 n <6h2 — Ah ’ h Ly ( )
Along equations (1) and (51), take the derivative of s;, as

. Osp(r)dAy | Osp(t) dSpr  Osp(t) dSpa
ShTON, di T 08, di | 06y, di

(52)
= Eh(V siny — h, — Apfyy, + 8},/8},)

with &, = Tlth (émi/\h + BlrzlAh) and 8, = % (6}:1‘1*’/\/1 o1 — 6hzlA/, Shz)’

where 81, 02, andy, are design smooth decaying func-

tions. Then define the command of y, as

v = —kp1sp — ki fésh(‘t)d’f + h'r + Apfry, — On/en
=
V

(53)
with

g~ —kn1Sp — knosy, + }.l.r + Ahﬂh + Ah;uh — (Shé‘h — Shéh)/é‘%
R
V

(54)

where kj,; and k;, are positive design constants. As dis-
cussed in the ‘Problem statement and preliminaries’ sec-
tion, when v can track the given command y,, then the
altitude tracking error h can be regulated to zero stably
while preserving its transient and steady-state performance
depicted in equation (51). When tracking the given com-
mand vy, defined in equation (53), two problems encoun-
tered in equation (5) should be addressed ahead of
designing the relevant controller. One is the observation
of the newly defined state variables z; and z3. Another is
the estimation of a(x3).

For the first problem, according to Theorem 2, the newly
developed HFTCD can be applied to obtain the estimation
for z; and z3 in the following form

{éi :£i+17 i=1,2
€y = —R(md(ln (& — 21)) + 22d(biaks/R) + Ai3d(Unzés/R?))
(55)

where R, /y;, and £;; (i = 1,2, 3) are positive design con-
stants, and ¢, satisfies the condition given in Theorem 1.
The estimation errors for z; and z3 refer to Theorem 2.
Then the tracking error based on equation (5) and the
HFTCD-based tracking error based on equation (55) for
v can be obtained as

e2ler,ex,e3] = [z21 — V422 — Y4y 23 — 74
éé[ébébéﬂ = [51‘%@2‘%@3_%] (56)
é2é—e=10,é,,é;]

Note that the tracking error of the initial system (5) for y
is not changed considering £, = z; = ;.

According to equation (56), the corresponding error sys-
tem is constructed in the following form based on the back-
stepping technique.

Step 1. Define e;,; = e and take its derivative as

bm=E& —Yg—e=emtva—vg—é (57

by defining e;, = &, — v41 with v4; being the virtual con-
trol term. Design the virtual control as vy = —kylehl + Y4

with kv, being a positive design constant. Then equation
(60) equals to

ént = —kyien + e — € (58)

Construct the following Lyapunov function candidate as

1 2
I = 5 €n1

: (59)

Based on equation (59), the derivative of Jj; satisfies
I = enién = en(—kyren + en — &)

1.
< —(ky1 — 1)ep, + emen +- &5

7 (60)

= _];'YIQ;Z,] + ep1eny + Opy

where ky1 Zky; — 1 > 0 and Oy 283 /4.

Step 2. Define ej;3 = &5 — vg2 — epo With vz and e
being, respectively, the virtual control term and the auxili-
ary state given later. The derivative of ¢, is

(61)

épy =& — Va1 = ep3 + Va2 + epo — Vai
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Devise the virtual control v;, as

Var = —kyaepy + Va1 — en1 — eno (62)

where ky, is a positive design constant. In order to avoid
intricate analysis and computation for v;; containing v, and
v41 can be estimated by a two-order HFTCD proposed
above in the following form

{ i1 = X1z

%12 = =R (Aol (X11 — var)) + 2120(iax12/Rn))
(63)

where Ry, Ay;, and £;(i = 1,2) are positive design

constants. According to Theorem 2, %, — Va1 =

0<(1/R11)111011*i+1) éolz- Then Vi = 7ky2eh2+

Y12 — en1 — epo and equation (60) equals to

éna = —kyzeny — ent + ez + O12 (64)

Construct the following Lyapunov function candidate as

1
2
Jp =zep,

: (65)

Based on equation (64), the derivative of Jj; satisfies
Jia = emén = ena(—kyren — en1 +ens + O12)

1
< —(ky2 — l)er, — entens + enens + ZO%Z (66)

2
= —kyaej, — entenz + epens + Op

where lgfyzékyz —1>0,0p é0%2/4

Step 3. e)3 = &3 — vg2 — epo. When the unknown non-
linearity is estimated by a LS-SVM-based approximator in
equation (22), then the derivative of e;3 can be written as

én3 =& — Var — épo = a(¥3) + 8 + O3 — Va2 — éno
=0;To(h) + @ + 8. + 03 — Va2 — éxo
(67)

with an auxiliary system for compensating the saturation of
elevator deflection

e = —ejpo + Sa‘[(V5e) — Vs (68)

e

where O3 is the approximation error between 53 and z3.
0, € RM*1 s the ideal weight with N, being the total num-
ber of training samples of LS-SVM. /1 = x3. Similarly, v,
is estimated by a two-order HFTCD in the following form

{ Y21 = A2
%2 = —R3, (2210021 (Y21 — Va2)) + 4220(€22%22/R22))
(69)

where Ry, Ay, and £5;(i = 1,2) are positive design con-
stants. Based on Theorem 2, the estimation error satisfies

Yan — Va2 = 0((1/Rzz)1220227i+1> £05. Then along
equation (68), equation (67) equals to

éns = 0T p(h) + eno +vs — Y + @5 + O (70)

with O.32 03 + Oy,. Likewise, for reducing the complex-
ity of regulating (N, + 1)-dimensional ideal weight 6;,
defining 7 = ||0; ||, then only one parameter needs to be
updated adaptively online.

Based on equation (70), the actual LS-SVM-based adap-
tive controller vs, is devised as

vs, = —kysens — Lyrensinp T (R)p(h) + Lyafly, + Yoo — eno — ena
(71)

where ky3, £y1, and £y, are positive design constants. 7), is
the estimation for 7; and its corresponding adaptive
scheme is

i = Proj(Ta(—Llyzens + byrepse ()p(h))  (72)

where I', is a positive design constant. Substituting equa-
tion (70) into (69) yields

éns = 0i T p(h) — kysens — Lyrensin e T (h)p(h) + Lyaiy,
—ep + @y + O
(73)

Then construct the following Lyapunov function candi-
date as

1,

1
I3 = 5623 + Tl—hnh (74)
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where 7, = ), — ;.. Along equations (72) and (73), the derivative of J;3 satisfies

. ) |
Jn3 = epzeps + T
h

=¢3 <9:T¢(h) — ky3eh3 — £y1eh3')7h(pT(h)<p(h) + g’ﬁnh —ep +w, + 063) + F—hnh'f]h

_ . _ R 1 o
< —(kys — byr — Ly2)egs + Lyrezmpe T (h)o(h) — Lyaejsiye T (h)o(h) + Lyailens — ensens + T,

+ Lffz 0%
< —(kys — by1 — bya)ess — byresiyp ™ (h)o(h) + Lyaijyens + Fihﬁhhh +! J;Z{%lmax 4£1y2 0% — enens ™
= —(ky3 — by — fy2)€%3 — 03n + 7y, (l%, Proj(FhSh)> + Lyamjens + ! +4Z%1max + 4;72 03,3 — epens
< —(kys — byy — 2by2)ets — i, (i‘sh - Fih Proj(Fhi\Sh)> + €y2477;2 ! +4Z%1ma" 4%(2 025 — enens
= —kysejs + 672477;2 1 +4Z(%max —epep3 + Ops
with Ey3 éky; —ly1 — 2lyy > 0, R lyaenst+  closed-loop system. Then, the altitude tracking error h can

tyreiyo T (h)o(h), and Oy = 0% /4Ly,. Based on afore-
mentioned three steps, one of main results in this work is
given as follows.

Theorem 4. Consider the system consisting of the plants
given by equations (4) and (5) with the HFTCD in equation
(55) based on Theorem 2, the adaptation scheme of 1), in
equation (72), the virtual control in eugtions (57) and (62)
and the actual control in equation (71), all the signals
involved are bounded with semi-global stability of the

I < —kyie}, + enrenz + On — kyaep, — enens + enzens + Oz — kysels +

byam;?

2
1 + T2 max

= —lgyleil — /Eyzeﬁz — Ey3ei3 + 2 4&{1

<-g/+C

Where g= mil’l{/;Yl, /€y27 Ey}}, C= £y2ﬁ22/4 —+ (1 + w%max)/
(48y1) + O, 0,201 + Op + Op3. Then the closed-loop
system (5) is semi-globally stable and all the signals
involved are bounded. Wherein, the tracking error between
v and vy, is invariant to the following set

Q= {en|lenl < V/C/a} (78)

achieve the time-varing predefined performance pre-
planned by the TPPF in equation (51) under actuator
saturation.

Proof. Construct the following Lyapunov function can-

didate as
I = +JIn2 + I3 (76)

Invoking the inequalities given by equations (60), (66)
and (75), the derivative of Jj, satisfies

4 40y,

—eneps + Op3

+ Oy

(77

The radius of €,,, can be made arbitrarily small by
choosing sufficiently large kyi, or ky, or kys. When
Y — Y4, then h — h, as seen from equation (1). And the
transient and steady-performance defined in equation (51)
can be preserved. This completes the proof of Theorem 4.

Remark 4. Compared with previous works,'®™" only
two parameters need to be reduced online in the
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LS-SVM-based Adaptive Controller under TPPF
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Figure 3. The control scheme constructed in this work.

nonlinearity approximation. Meanwhile, only two design
parameters are required in two LS-SVM-based approxima-
tors and the relevant solutions to the weights are addressed
by solving two linear functions without specific optimiza-
tion algorithms. This drops the complexity of computation
dramatically. Thus, the LS-SVM-based approximation is
advantageous for the online approximation of unknown
hypersonic dynamics.

Remark 5. The newly developed HFTCD are applied to
obtain the estimation for the newly defined state variables
and the derivatives of the devised virtual controllers with
small estimation errors within finite time. Whilst, the
tedious analysis and repeated derivations of the virtual con-
trollers are avoided. Thus, the inherent limitation of the
backstepping technique — “explosion of terms” is
conquered.

Figure 3 shows the control scheme constructed in this
work, which will be validated in the following numerical
simulations.

Numerical simulations

The proposed controllers in equations (45) and (71) with
the adaptation schemes in equations (46) and (72) are tested
for the system given by equation (1). Wherein, the newly
developed HFTCD is tested by estimating the unknown
state variables, and the derivatives of virtual controllers.
The aerodynamic coefficients and model parameters refer
to the work by Xu et al.'' The reference commands are
generated by the following filter

v, 0.5 x 0.32

L= 5 (79a)
Ve o (s40.5)(s24+2 % 0.7 x 0.35 4 0.3%)

hy 0.5 x 0.22

o X _ (79)
he  (s+0.5)(s2 +2 % 0.7 x 0.25 4 0.2%)

The detailed chosen parameters involved in the control
system are provided in Table 1. Wherein, the design para-
meters of both two LS-SVM-based approximators are set as
the same.

The initial values involved in the simulations are set,
respectively, as Vo = 7850 ft/s, hy = 86000 ft, y, =0,
qo = 0, and o = 3.5°. The velocity tracks the given step
command with 200 ft/s every 60 s. Whilst, the altitude
tracks the square command with a period of 120 s and and
amplitude of 1000 ft. The actuator saturations of ® and J,
considered in the simulation are depicted in Figures 1 and
2, respectively.

The simulation results are portrayed from Figures 4 to
15. In detail, one can conclude the following.

1. Seeing from Figures 4 to 8, under the LS-SVM-
based adaptive controllers subject to actuator
saturation, the velocity and altitude commands are
rapidly tracked, respectively. And the steady-state
tracking errors lie in a small domain near the origin
which satisfy the limitations induced by the TPPF.
As portrayed in Figures 9 to 11, the devised LS-
SVM-based approximator and HFTCD obtain good
approximations for unknown nonlinear functions,
state variables, and the derivatives of the virtual
controllers with high accuracy, respectively. Con-
sequently, the inherent demerit of the backstepping
technique — “explosion of terms” is overcome.

In order to test the superiority of the proposed TPPF
compared with the CPPF, the relevant simulation
results are shown in Figures 14 and 15 under the
same initial simulation conditions. Wherein, one
can find that steady-state tracking errors attain up
to a 1072 order of magnitude under the TPPF.
While, the steady-state tracking errors under CPPF

are at the level of 10!, Hence, the proposed TPPF
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Table I. The values of the design parameters.

Equations Values

LS-SVM in equation (16)
TPPF in equations (40)
and (51)

co = 1000, ¢2=0.3

Ky = OOI, Ky = OOI, 6V|0 = 5,
6v7_0 = 2.57 SVIOO = 0.2,
dy200 = 0.2

Kp = 00'57 Kpy = 00|7 8h|0 = 27
Sh20 = |, Spico = 0.2, Spaoo = 0.2

By = By =t Ky = 0.05, pg = 3,

Moo = 0.1
Equations (45) and (46) ky| = 2, ky; = 0.5, ¢y, = 0.02,
fyy = 0.001, Ty = |
Equations (57), (7|) kn = 2, kpy = 0.57 k'\{| = 27
and (72) k'\{z = |57 k'y3 =1

Th = I, £y, = 0.01, £y, = 0.001

HFTCD in equations R=2.5, Any = p2 = 2p3 = 2,

(55), (63) and (69) U = 1, byy = by = 3
Rii=3,2n=5/412=3,
by =4ip=2
Ry =52 =1,/in=2,
by =y =1

LS-SVM: least square support vector machine; TPPF: time-varying prede-
fined performance function; HFTCD: hyperbolic finite-time-convergent
differentiator.
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Figure 4. Velocity tracking trajectory.

is advantageous in obtaining high tracking accuracy
compared with the CPPF.

Based on the illustrative results, from another perspective,
one can further obtain that the proposed TPPF can be seen as
an additive time-varying semi-enclosed constraint given by
the designers. The time-varying semi-enclosed constraint
forms a tube where the transient and steady-state performance
of controlled systems is permitted. If the tube changes fast
(i.e. large positive real numbers for the parameters
Ko, K1, and K, in equation (7) are chosen) with a small upper
and lower bound (i.e. small positive real numbers for the
parameters d1~, 0200, and p, in equation (7) are chosen),
a fast dynamic response and high tracking accuracy can be
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Figure 5. The altitude tracking trajectory.

-E 1.5 .
I
s [—9]
£ 1 j
2
<
2
g,O.S R
7
=]
= : : : : :
Z 0
0 20 40 60 80 100 120
Time (s)

o3
f=]

—_
(==}
T

0\
0
-5 S E Ve |
10
60 60.0160.02

0 20 40 60 80 100 120
Time (s)

L
o

Elevator deflection (°)
(=]

|
[
=3

Figure 6. Fuel equivalence ratio and elevator deflection.

)
<
=
)
=0
]
<
=
=
2
=
2P
E ,002 L L L L L
0 20 40 60 80 100 120
Time (s)
5
— x 10
E 10 T
£
E S 1
o)
g
2 0
<
I
L
h 75 L L L L L
0 20 40 60 80 100 120
Time (s)

Figure 7. The flight angle.



Wei et al.

=
I
=
D
=0
=
<
i)
=
£
'
<, ‘ ‘ ‘ ‘ ‘
0 20 40 60 80 100 120
Time (s)

10
2
=]
£
2
£
=0
p=
= 5

0 20 40 60 80 100 120
Time (s)

0.02
. 5 S 210 ¢
o
= -5 \ n
S 066 1
—
25)

70'01 L L L L L

0 20 40 60 80 100 120
Time (s)

0.01 T T T - -
o m
S 0 va
b x10°
S 001 ) / 1
—
15 0
M 595 60 605 61

7003 L L L L L

0 20 40 60 80 100 120

Time (s)

Figure 8. Attack angle and pitch rate.

Figure | 1. HFTCD-based approximation errors of v4; and vg,.
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Figure 9. LS-SVM-based approximation errors of fy and a(x3).
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Figure 10. HFTCD-based estimations of z; and z3.
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obtained. However, large control efforts are needed and the
saturation of actuator easily occurs, just like the depiction in
Figure 6. Thus, a trade-off between the tracking accuracy and
fuel consumption as well as the system reliability should be
considered from the perspective of engineering.

Conclusions

A computationally fast adaptive control method under a TPPF
in the presence of unknown nonlinearities and actuator satura-
tion, is proposed for HFV in this article. Based on functional
decomposition, two LS-SVM-based adaptive controllers are,
respectively, devised to track the velocity and altitude com-
mands. Wherein, by applying the newly developed HFTCD
to estimate the newly defined state variables, the complex
strict-feedback formulation is completely avoided. Mean-
while, the derivatives of virtual controllers are estimated by
the newly developed HFTCD with errors at the level of 107,
So no tedious analysis and computation of the derivations of

the virtual controllers are needed. Thereby, the inherent draw-
back of the backstepping technique — “explosion of terms” is
conquered. Besides, only two LS-SVM-based approximators
with two adaptive scalars are required to approximate the
unknown hypersonic dynamics. Compared with the NN, only
two design parameters in the LS-SVM are needed and the
ideal weight is obtained through solving a linear system rather
than tedious optimizations. Consequently, the computational
burden is significantly reduced. Thus, the LS-SVM technique
is very advantageous in the approximation of unknown non-
linearities of the HFV online.

The simulation results demonstrate that the proposed con-
trollers can preserve the transient performance defined by
the TPPF. Moreover, the proposed controllers can track the
velocity and altitude commands with steady-state errors at
the level of 1072, which are about 1 order of magnitude
smaller than those under the CPPF. Thus, the proposed TPPF
is superior to the CPPF in terms of the steady-state errors.
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Appendix

Notation

C(Y

D
o
CL

= i th order coefficient of o in D
= i th order coefficient of o in L

co = ith coefficient of o in M

C,?,f = coefficient of 5. in M

h, h, = altitude and reference altitude

ho, 1/hs = nominal attitude for air density
approximation and air density decay rate

Ly, My = moment of inertial axis and pitch moment

m, g = vehicle mass and gravitational
acceleration

R, 1 = set of real numbers and identity matrix of
approximate dimensions

R" = n-dimensional Euclidean space

Se, G, ZT = reference area, mean aerodynamic chord
and thrust moment arm

T,L, D = thrust, lift and drag

vV, V, = velocity and reference velocity

Bi(i=1,2,...,8) = thrust fit coefficient

Oe, © = elevator deflection and fuel equivalence
ratio

Y, a, q = flight path angle, attack angle, pitch rate

q, Yq = dynamic pressure and reference flight
path angle

Ps Po = density of air and nominal air density at

the altitude hg
= the absolute value of a scalar
2-norm of a vector
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