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Abstract A novel accurate tracking controller is developed for the longitudinal dynamics of
Hypersonic Flight Vehicles (HFVs) in the presence of large model uncertainties, external distur-
bances and actuator nonlinearities. Distinct from the state-of-the-art, besides being continuity,
no restrictive conditions have been imposed on the HFVs dynamics. The system uncertainties are
skillfully handled by being seen as bounded “‘disturbance terms”. In addition, by means of back-
stepping adaptive technique, the accurate tracking (i.e. tracking errors converge to zero as time
approaches infinity) rather than bounded tracking (i.e. tracking errors converge to residual sets)
has been achieved. What’s more, the accurate tracking problems for HFVs subject to actuator
dead-zone and hysteresis are discussed, respectively. Then, all signals of closed-loop system are ver-
ified to be Semi-Global Uniformly Ultimate Boundness (SGUUB). Finally, the efficacy and supe-
riority of the developed control strategy are confirmed by simulation results.
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V Velocity

0 Pitch angle

o Angle of attack

T Thrust

IL, Lift

Iy Moment of inertia

'3 Fuel equivalence ratio

N; ithgeneralized force

lZ,- Constrained beam coupling constant for #;
w; Natural frequency for flexible mode #;
N? Constant term in N;

s ith order coefficient of o in D

o)) Constant term in D

sz Coefficient of d, in L

C?\; » ith order coefficient of « in M

Ceo Coefficient of o, in M

zr Thrust moment arm

c Mean aerodynamic chord

p Air density

1/hs Air density decay rate

h Altitude
Y Flight path angle
(0] Pitch rate
D Drag
M Pitching moment
m Vehicle mass
O Elevator angular deflection
n; ith generalized flexible coordinate
G Damping ratio for flexible mode #;
Nf." jth order contribution of « to N;
Ng“ Contribution of J, to N,
Cﬁ; ith order coefficient of J, in D
D
cz ith order coefficient of o in L
A Constant term in L

Constant term in M
ith thrust fit parameter

hy Nominal altitude for air density approximation
q Dynamic pressure

2o Air density at the altitude A

S Reference area

1. Introduction

Hypersonic Flight Vehicles (HFVs) have attracted more and
more attention recently on account of the high speed and high
cost performance, processing great military and civilian values.
In recent years, tremendous efforts including model investiga-
tion and controller design in Refs." '° have been made. It is
worth noting that there exist strong uncertainties in HFVs
dynamics due to the strong dynamics coupling, fast time-
varying flight environment and unknown actuator nonlineari-
ties.”'" In addition, the integration of the propulsion system
and the body enhances the dynamics coupling characteristics
and nonlinearities, making the controller design for HFVs
more complicated.'?

In order to deal with the large system uncertainties in HFVs
dynamics, numerous control methodologies have been pro-
posed, including robust control,>° sliding mode control,® °
intelligent control,'""'> prescribed performance control,'* '
etc. These literatures have made great contributions to HFVs
research. From a practical perspective, a key issue that may
be often encountered is that the control inputs cannot be
implemented accurately because of actuator input nonlinear-
ity.”’ However, the aforementioned works did not take into
full consideration the actuator input nonlinearities such as
dead-zone and backlash due to the existence of hydraulic actu-
ator and hinge. In practice, the existence of actuator nonlinear-
ity not only degrades the control accuracy and the flight
performance, but even causes system instability in severe
case.'” With the development of HFVs control technique, the
issues of actuator input nonlinearity are getting more and
more attention in controller design. To list a few, an adaptive
fault-tolerant control strategy is addressed to deal with the
issue of input saturation and actuator fault in Ref.'® Neverthe-
less, the dead-zone and hysteresis nonlinearities are not

addressed therein. In Ref.'? a neuro-adaptive approach is pre-
sented to cope with the problem of unknown actuator dead-
zone for switched stochastic nonlinear systems, where the
uncertainties of system are estimated by radial basis function
neural networks (RBFNNs). An observer-based adaptive con-
troller is address to eliminate the unfavorable effect caused by
actuator dead-zone and hysteresis in Ref.”” where the
unknown dynamics are approximated via fuzzy logic sys-
tems.”’ In Ref”> RBFNNs are introduced to estimate the
dynamic uncertainties caused by the input constraints and
external disturbances. What’s more, an improved performance
function is proposed so as to guarantee some predefined tran-
sient and steady state attributes in the presence of dead-zone in
Ref. >

Unfortunately, to our best knowledge, the above-
mentioned literatures are merely able to achieve bounded
tracking, i.e., tracking errors converge to a residual set whose
size relies on some unknown design parameters. In other
words, accurate tracking control for HFVs has not been inves-
tigated in state-of-the-art. Noting that accurate tracking for
HFVs is of paramount importance in practice, such as large
maneuver flight,”* precision strike,”” and so on. More recently,
some accurate tracking control methodologies are proposed
for nonlinear systems.”**® In Ref.”® a novel adaptive filter
for the nonlinear hysteretic system is addressed to implement
the accurate tracking for reference trajectory. Furthermore,
Ref.?” exploits an adaptive asymptotic control scheme for
pure-feedback system, in which the form of model is trans-
formed from non-affine to affine by defining a novel function.
Nevertheless, owing to the existence of unmodeled dynamics,
fast time-varying flight environment and external disturbances
of HFVs, these accurate tracking control methods cannot be
applied directly to the HFVs, especially when the unknown
dead-zone and hysteresis nonlinearities appear.'®** Therefore,
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how to design an accurate tracking controller for HFVs in the
presence of dead-zone and hysteresis nonlinearities needs to be
clearly exploited.

In recent years, Back-Stepping Control (BSC), which is per-
ceived as a direct effective mean to design the controllers for
nonlinear systems,” ' is generally applied for implementing
tracking control for HFVs.>> Motivated by above observa-
tions, this work develops a back-stepping adaptive accurate
tracking control for HFVs in spite of actuator dead-zone
and hysteresis nonlinearities. The main contributions of this
article are as follows:

(1) To the best of authors’ knowledge, this might be a
pioneering work achieving accurate tracking for HFVs
subject to uncertain dead-zone and hysteresis nonlinear-
ities. Compared with most of available researches on
HFVs in Refs.®” and Refs.'* !” the velocity and altitude
tracking errors can accurately converge to zero rather
than a residual set.

(2) In contrast to the conventional adaptive neural control
in Refs.”'*% the neural networks are removed and only
one parameter needs to be updated in each control law.
Thus, the proposed method is simpler and can reduce
the computational burden in theory.

(3) In comparison with Ref.”* and Refs. , a novel zero-
errors tracking control scheme for HFVs is further pre-
sented against the system uncertainties caused by actua-
tor nonlinearity and external disturbance, where the
system uncertainties are skillfully disposed by being
regarded as bounded ““disturbance terms”.

34,35

The remainder of this paper is organized as follows. In Sec-
tion 2, model description and preliminaries are provided.
Then, the controller design process is given in Section 3 and
the close-loop stability is analyzed in Section 4. In Section 5,
simulation results are presented to prove the effectiveness of
the proposed scheme and the conclusions are included in
Section 6.

2. Model description and preliminaries

2.1. Longitudinal dynamics of HFV's

The longitudinal dynamic model of HFVs is considered as’®

7 Teos(0—p)-D .+,
V =—"+——gsiny
h = Vsiny

_ Tsin(0—y)+L _ geosy
y = my 4

0=0
Q = _Mﬂjlljilﬁ;zih

kyipy = =20 011, — win + Ny — M ol

Lyy Lyy
. " . " M I
kaity = =200, — @3y + Ny — l/% - —%X“ﬁ'

where T, D, L, M, N, and N, can be formulated as

T = By (h,q)d00 + Bo(h,q)e? + B3 (h, G)owe’

+Bu( @) + Bs(h @)doat + Bo(h. P

+B1(h,q)os + Ps(h,q)

D ~ GSCE a2 +GSCha +GSC 62 +GSC 0, +GSC)
M =~ z;T+qSeCly o2 + GSeCly o+ qSeC, | + gSec.d. )
L ~GSCho+gSCyd. +gSCy
Ny = N2+ Nla+ N
Ny = N o + Nioo+ N6, + NY

2

9="5,

7 = poexp (42)

where the more detailed definitions can be consulted in
Refs.? 7

2.2. Actuator nonlinearities

During the flight, the actuators of HFVs may present uncer-
tain nonlinearities, which significantly increase the difficulty
of controller design and threaten the flight safety. The actuator
model is considered as ¢ = v(u) where u and ¥ denotes the
input and output of actuator, respectively, v(-) is an unknown
nonlinear function. In this work, two negative characteristics
of actuator, dead-zone and hysteresis, are taken into
accountant.
The dead-zone model is described as follow™®

ke(u —uy), u > u,
v(u) =< 0, up, <u<uy (3)
ky(u — uy), u < up

where u, and u, denote breakpoints of the dead-zone model, k;
and k, represent left and right slope of dead-zone nonlinearity.
The hysteresis characteristic is described by the Bouc-Wen
model as*®

{ v(u) = abu+ (1 — a)bl )

b=1—clal 10" — i |0

where ¢ and w are constants depicting the shape and amplitude
of the hysteresis and the readers can refer to Ref.”® for more
details. The curves of the Egs. (3) and (4) are depicted in
Fig. 1, where the parameters are set as k, =k = 10/9,
U, =01, u,=-0.1,a=1/3,b=3,c=1, =0.5, £(0) =0,
u(t) = 4sin(21).

1.0

0.5f

v (u)
v (u)

-1.0 -05 0 05 1.0
u u

(b) Hysteretic

(a) Dead-zone

Fig 1 Dead-zone and hysteresis characteristics.
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Remark 1. In fact, it is worth noting that actuator nonlinearities
as dead zone and hysteresis exist in a wide range of HFV's due to
the electronic circuits, hydraulic servo values and mechanical
connections.”> To make matters worse, the dead zone and
hysteresis nonlinearities may induce deterioration of the system
performance even lead to instability of the closed-loop system.*
Thus, it is extremely meaningful to exploit the control for HFVs
in the case of dead zone and hysteresis nonlinearities.

2.3. Model transformation and decomposition

It can be seen from Egs. (1) and (2) that V' is mainly related to
@ and h is mainly governed by ., respectively.'® Thus, in order
to simplify the controller design, the HFVs dynamics are
decomposed into velocity subsystem and altitude subsystem
in this work. Inspired by Refs.'** the velocity subsystem is
considered as

V:.fv+gyv(‘p)+dV (5)

where  f, = (4S5 % +qSC}) m + cosalB(hg)+  Ba(h,0)o2+Bq(h,0)

+Bs(h,q)/m — gsiny,gy =cosa[B, (h,q)+Bs(h,q)a> + B, (h,7)o*)/m. The func-
tions f;, and g, are considered to be uncertain.® v(®) represents
the uncertain nonlinear of @; dy is the lumped perturbation on
velocity resulting from aerodynamic coefficients uncertainties
and external disturbances.

Remark 2. During the flight, the aerodynamic parameters will
change with the variation of flight environment, the functions f
and gy are affected by the aerodynamic parameters. Indeed, an
exact model for HFVs is difficult to be obtained since the
complex flight environment of HFVs is hard to be reproduced in
a wind tunnel.® In order to increase the robustness of system, we
regard f, and g, as unknown functions.

On account of the fact that y is fairly small during cruise
phase, so the approximations siny 7 and cosy ~ 1 stand,”’
then the velocity subsystem can be formulated as

h=Vy+d,
¥ :f;, +g,',9+ d,
=0 (6)
0 = fy +gov(d.) +dg
where
P gS(C — Ciy) + Tsin ¢ g = gsc;
o mV | 8 mVy ’
GStChy (o gScc.
P va(®). gp = 5%
I, I,

Similarly to velocity subsystem, the functions f,, g,, f, and
gp are unknown and v(d.) represents the uncertain nonlinear-
ity of d.. dj, d,, dy and d are the lumped perturbations on alti-
tude, flight path angle and pitch rate resulting from
aerodynamic coefficients uncertainties and external distur-
bances, respectively.

Assumption 1.°" The sign of g, is assumed to be known. Further,
there exist positive functions fo, €., and g.q such that
Ifil < fim and g, < 1g.| < gou where m represents minimum of

x and M represents maximum of x;, x denotes V,y and Q,
respectively.

Assumption 2. The reference trajectory y, is sufficiently
smooth to t, where y denotes V and h, respectively. In addition,
there  exist a  positive  constant By  such  that

QO = {(yref7.}}ref)|y§ef+ )}fef < Bg}

Assumption 3. 1°The lumped disturbances dy, dy, dy and dy are
bounded satisfying |dy| < dym, |di| < dpm, |d)| < dm and
|do| < dom, where diw, di, dyn and don are positive constants.

Assumption 4. 'In view of Egs. (5) and (6), the input of actuator
implicitly appears in HFVs dynamics and there exists a nonlin-
ear relationship between the input and the output of actuator
in presence of dead-zone and hysteresis nonlinearities. Taking
notice of Fig. 1, we assume that v(u) satisfies
Umtt + Iy < v(u) < om + v and there exist positive constants
Vms OM, I and by such that vy, < v < vy and Ly < || < by From
the inequation vmu + Ly < v(u) < om + Iv, it can be deduced by
mean value theorem that

v(u) = (o0om + (1 — o)om)u + ol + (1 — o)y (7)

where ¢ is a positive function satisfying 0 < ¢ < 1. From Eq.
(7), v(u) can be further written in the following form

v(u) = vu+1 (8)

where v = ovy, + (1 — g)oy and [ = ol + (1 — 0)Iv.

Remark 3. In the control design of HFVs, input dead-zone and
hysteresis are widespread problems that need to be solved
urgently due to the wide existence of hydraulic actuator and
hinge in HFVs.>>° It is noting that dead-zone and hysteresis
input nonlinearities are non-smooth and the control input
appears in the system function as a non-affine form, which
makes the controller design quite complex. From Fig. 1, we can
see that there exists that vmu+ Ly < v(u) < v+ with
respect to dead-zone and hysteresis nonlinearities. Consequently,
the dead-zone and hysteresis nonlinearities are transformed into
affine form as Eq. (8). In the later controller design, the non-
affine forms of input nonlinearity are treated as a linear function
by Eq. (8), where v and | are bounded.

Lemma 1%, For any positive constants x and 1, the following
inequality holds

K

0< K| ———=—==< 9
M Vere ©)

Lemma 2 *°(Barbalat Lemma). For bounded functions h(t) and

(1), if llirgo Jy 12 (s)ds < oo, one has

lim /(1) = 0 (10)
t—00

The control objection is that V" and / can accurately track
their own reference trajectories via the proposed adaptive con-
trol for HF Vs in the presence of the dead-zone and hysteresis
input nonlinearities.
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3. Adaptive accurate tracking control

3.1. Velocity controller design

The velocity tracking error is defined as

ey =V = Vit (11)
The derivate of ey is

ey =V Vi =fy +gy0(®) +dy = Ve (12)
Define the Lyapunov function candidate:

1
Ly =34 (13

Noting Egs. (8), (12) and (13), we can obtain the derivative
of L,, as
L., = ep(fy + g0® + gyl + dy — Vier) (14)
From the fact [/} < fyses &v] < gnes 1l < s [dv] < ding
and V2, + Vif < B}, we have

e

lfy+dV+ngercf|<NV (15)

where Ny = fiy + gomim + dym + By is a unknown bounded
positive constant. Besides, we take Ny as the estimate of Ny

and define ]KfV = Ny — Ny.
Construct the actual control law as Eq. (16), the adaptive
law is chosen as Eq. (17)
nyi1¢ VN?/(? v

Ny + 2(1)

¢ = —l’l[/lkyé’y —

t
_nVZCVeV/ €VdS (16)
0

NVZI'V|€V| (17)
where 1y, and ny, are the respective signs of g,, and g, fol eyds;
ky >0, ¢, >0 and ry > 0 are design parameters; 1 = 1(¢) is
any positive uniform continuous and bounded function as
the following form

t
lim 1(s)ds < 13 < +oo, |i(t)] <1 < +o0 (18)
1—00 0
Consider the following Lyapunov function candidate
Ly 19
Ly=L,+-—N
4 V + 2rV 14 ( )

From Eqgs. (14)—(17), the derivate of L is given as

P 2
5 nVlCVgVUNZVeV

LV g an]ng,,veV — + |€V|NV
Z\A/Z,,e%, + 12
t 1 ~ .
- anngc,/e%,/ eyds — }_—NVNV (20)
0 v

Choose the design parameter ¢, > (g,bm)  and accord-
ing to Lemma 1 and Assumption 1 (0 < gy, < |gy|) and
Assumption 4 (0 < v, <v), we have that g, v, < 18,0
and nygyocyel, _f(; eyds > 0, then the following inequation
holds

o2 2

: o Nyé
Ly < —kygymimes + | |ev| Ny — ——LL—
\/ Nzyc'%ﬁrlz

—npgpocye’ [ epds (21)

2 o2
< —kygymbmey, + 1 — mngyucye;, [ epds
< —kle%, + 1

where k| = kygyOm-

3.2. Altitude controller design

In this section, the adaptive accurate tracking controllers are
developed based on BSC for Eq. (6). The virtual control law
¢, the actual control law J, and the adaptive law N are
designed to make the tracking error e accurately converges
to zero. The tracking errors of altitude subsystem are defined
as following

€y = h— href
e, =vy—7,

’ 22
ep=10—y @)
ep=0-— Xo
The derivate of ¢, can be written as

éh - h - href = VV + dh - href (23)
Consider the following Lyapunov function candidate

1

L, = Eei (24)
Then the derivate of L., can be obtained as

l""h =€ (VV + d/l - ll.ref) (25)
Noting that |dj| < djm and hfcf + hif < Bf), one has

|y — het] < N (26)

where N, = d,u + By is a unknown positive constant. Simi-
larly, N, represents the estimate of N, and define the estimate

error N, = N;, — ]\7,1.
Construct the virtual control law and the adaptive law as

o NV t

X, = —knen — el nycpen / epds (27)
\/ Nie,z, +12 70

Nh:rh‘é’” (28)

where n;, is the sign of fot epds; ky, >0, ¢, >0 and r, > 0 are
design parameters. Consider the following Lyapunov function
candidate

1 ~2
Ly=L, +=N, (29)
2I‘h
Substituting Eqgs. (25)-(28) into Eq. (29), then the derivate
of L, is provided as
Sh VNie%

\/Nie,%-lz

and utilizing Lemma 1, one has

t
Ly < —kyVej, — + leal Ny — micne, / eds  (30)
0

Choosing ¢, = V!
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Ly < —ky Ve 2 [ ods < —kyvel 1 <i@+ie (40)
L, < —kyVe, + 1 —mepe; | eds < —kyVe, +1 (31) eGeQ\zeg ZeQ
0
Similarly, we construct the virtual laws as In the altitude controller design, the uncertain nonlinearity
. of actuator is considered, according to Eq. (22), the derivate of
n}‘lg,,Nfe, ! e leads to
X0 = —npkye, — —————=— nyzc./e.// e,ds (32) . .
\/Njef,—&—lz 0 ég = fo +8ou(de) +do — io (41)
e Consider the Lyapunov function candidate
N t
_ 0¢0 1
XQ = —kgeg — Ai — 1136969/ egdS (33) Le _ _ez 42
/Ngeﬁ 42 0 4 279 ( )
o ' Considering Egs. (8), (41) and (42), the derivate of L, is
where n,; and n,, are the respective signs of g, and g, fo e,ds, ng )
is the sign of [; eyds; In view of Eq. (6), the derivatives of e,  Leo = €0 (fo + govo. + 8ol + do — 7g) (43)

and ey become
&, =f,+g0+d — 7y, é6=0—7

In view of Assumptions 1-4, it can be deduced that there
exist positive constants N, and N, such that
If, +d, — %I <N, and |j| < Ny as long as 7, and j, are
bounded, which is proved in stability analysis. Define

]NVY =N, — Ny, ]ng = Ny — Ny and the adaptive laws as

(34)

N}, :n,‘eyL Ng :l’9|€9| (35)
Define the following Lyapunov function candidate
1 1 ~2 1 1 ~2
Ly=z¢+-—N,, Ly=s¢;+7N, 36
R TR A T (36)

Selecting the design parameter ¢, > g;]‘], then the following
inequalities hold
L, < —kygme + 1 —npc,g,e? [fe,ds +g.e.e

: (37)
< _k?’gymey +g,ee0 +1

Ly < —koed + 1 — ngegel f()’ epds + epeg (38)
< —k()eg +egeg + 1

In view of Assumption 1 and with the help of Young’s
inequation, we have

1 1
g,¢,e0 < Eg,VMei + Eg),Meé (39)

Then it can be concluded that if j, is bounded, there exist a
unknown positive Ny such that |fy, +gol4dp — jo| < No.

Defining ]NVQ = Ngo — NQ, the actual control law and the adap-
tive law is designed as

n Noe !

5e = 7”Q1erQ — M — HgaCpeg / @QdS (44)
VVoeh + 2 ’

Ng = rgleg| (45)

where ng, and ng, are signs of g, and g, fo' epds, respectively;
kg, ¢o and ryp are the positive design parameters. Design the
following Lyapunov function candidate

1 ~2
Lo=L, +—N, 46
0= Lo +5,No (46)
Substituting Eqs. (43)-(45) into Eq. (46), we obtain
; 2 "Qligggf(’zgezg
LQ < —I’lQIngQDE?Q — T + |€Q|NQ
A /N'Qe‘Qth (47)

2 LN
—ngcoe; Jo eods — ENQNQ

Choosing ¢, > (ngva1 and in line accordance with

Lemma 1, Eq. (47) results in

~~~~~~~~~~~~~~~~~~~~~~~~~~~ "HFVs longitudinal
Velocity subsystem control Uncertain actuator nonlinearities Eq. (3) and Eq. (4) dynamics Eq.(5) |
: = < : and Eq. (6) !
IS R ]
= Actual I 0sh . i / !
g control law ¢—>; " / _r /7/ //
2 Eq.(16) [ 20 Er 7
E N | 05 -/ - [ ///
2 Adaptive | . = % L ’
g law Eq.(17) : 10 05 0 05 10 4 2 0 2 4
4= . — — ST
: . 1
E. Altitude subsystem control
|
Zz‘ | h y 7 0 9,
Q | - - + - + —— +
= " h e Virtual /% Virtual X e Virtual Xo @ Actual
2, | =t b control law . ontrol law |20 2 control law = Icontrol law
5 | Eq.(27) Eq.(32) Eq.(33) Eq.(44)
< 1 N, N,
I
I

law Eq.(28

Adaptiv
law Eq.(35)

N
Adaptive
law Eq.(45)

Fig 2 Block diagram of adaptive accurate tracking for HFVs with the actuators dead-zone or hysteresis.
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; !
Lo < —kogombmey + 1 — ngacoey, [ eods

48
kangDmezQ +1 (48)

The aforementioned design procedure of the accurate
tracking controllers for HFVs can be depicted by a block dia-
gram as shown in Fig. 2.

4. Stability analysis

Theorem 1. Consider the HFVs model composed by Egs. (5)
and (6), by the virtual control laws Egs. (27), (32) and (33), by
the actual control laws Egs. (16) and (44), by the adaptive laws
Egs. (17), (28), (35) and (45). Let Assumptions 1-4 hold, by
choosing appropriate design parameters and giving any q > 0, if
L(0) < g, then, the inequation L(t) < q holds for ¥t > 0 and all
signals of the closed- loop system are SGUUB. Furthermore, the

estimate errors Ny, Nh, N N(; and NQ stay within the compact
sets

S5x1
Qﬁ = {N* €R

INI < py + € [Vh,,0,0]"} (49)
where p is a positive constant and the tracking errors ey and ¢,
can accurately converge to zero.

Proof. Construct the Lyapunov function candidate
L=L,+L,+Ly+ Ly (50)

It follows Egs. (29), (31), (36)—(40), (46) and (48) that the
derivate of L can be expressed as

L< —kVep — (kygm —1gm)e — (ko — g — 1)}
—(kogomm — 3)ep + 41 < —ka (eh +ete +é’é) L4
(51)
in whichk, = min{k,V, k,g,m — 3 g ko — 3gm — 3,

kQgombm — —} is a positive constant depended on k, k,, ky
and kQ
Integrating both sides of Egs. (21) and (51), yields

Ly(t) < Ly(0) — / 2 (s)ds + / 1(s)ds < Ly(0) + 1, (52)

L(1) < L(0) ~ ks [} (eh+e+eo+eg)ds+4fo
(0)+411

Recalling the definitions of LV( ) and L(z), we can obtain

(53)

thatey, e;, e,, ey, eg, NV, N,,, N Ng and NQ are bounded. Con-
sequently, it can be infer that (D, Ays Xos Lo and J. are bounded.
Therefore, all the signals of closed-loop system are bounded.
Moreover, from the inequality of Egs. (52) and (53), we have

/,e%/(s)ds < ki(LV(O) +11) < o0 (54)

! 1
/ (e,,+e —Q—eg—Q—eQ)ds = (L(0) 4+ 41;) < 0 (55)
0 2

It follows Lemma 2 that

limey =0,

1—00

lime, =0 (56)
1—00
Accordingly, the accurate adaptive tracking control for

HFVs in the presence of the dead-zone and hysteresis input
nonlinearities is achieved. This completes the proof.

Remark 4. From Egqs. (54) and (55), one has

! 1 1~
/ e (s)ds < 5 { HO) + N L(0) + 21, (57)
0
/' 2 L, 12 2 17 2 12 1
6008 < 5 [0) R4 0) + €000+ N (0)45(0) +-4,0) + 650)+ 1 N 0) + 81
0 2 h : 0
(58)

where it is concluded that the transient performance lie on the
initial errors: ¢,(0), €,(0), ¢,(0), ¢(0), eo(0), the initial esti-

mate errors: Ny (0), N,(0), N,(0), Ny(0), No(0) and the func-
tion 1(z). Further, it follows that the smaller the initial errors
and the initial estimate errors, the better the transient perfor-
mance. It is worth noting that the time-varying integral func-
tion 1(¢) defined in Egs. (16), (27), (32), (33) and (44) plays a
crucial role to analyze the close-loop stability.

5. Simulations

In this section, we demonstrate the proposed adaptive accurate
tracking controllers for the longitudinal dynamic model of
HFVs Egs. (1) and (2). The model parameters of HFVs are
borrowed from Ref.*’. It is assumed that HFVs climb a
maneuver from the initial trim conditions, listed in Table 1,
to the final values ¥ = 8000 ft/s (1 ft/s = 0.2048 m/s)and
h = 86000 ft. The velocity and altitude reference trajectories
are through the following filters'

Vref(s) _ 0032

= 59

Vo(s)  s242x%0.95x%0.03 x s+ 0.032 (59)
hree(s) 0.03 (60)
he(s) 82 +2 % 0.95 x 0.03 x s+ 0.03

where Vir(s) and he(s) represent the inputs of filter, V. (s) and
he(s) represent the inputs of filter. The design parameters are
set as: ky=1, ¢y =1, kn=k,=ky=ko =2,
ry=ry=1r,=r9=r9=0.01, Sh=6=6=¢6p=2,
cy =cp=c,=cyg=cg=0.0001. The time-varying function
is chosen as 1(f) = 1/(#2 +0.1). In order to verify the effective-
ness and advantages of the proposed method, the simulation

Table 1 Initial states.
States Value
V(ft/s) 7700
h(ft) 85000
7(%) 0
0() 1.6325
o((*)/s) 0
1 (£t - slugs™ /ft) 0.97
i1y (£t/s - slugs® /ft) 0
;12(& slugs®? /ft) 0.7967
i (ft/s - slugs® /ft) 0
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Fig 3  Velocity, altitude tracking performance and attitude angles with actuator dead-zone.
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Fig 4 Flexible states and control inputs with actuator dead-zone.

test of the proposed Adaptive Accurate Tracking Control
(AATC) is compared with another conventional adaptive

tracking control (CATC)."” The cases of actuators dead-zone
and hysteresis are also discussed, respectively.

Case 1. [t is assumed that there exists dead-zone nonlinearity in

actuators. The dead-zone models are expressed as

)
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Fig 5 Velocity, altitude tracking performance and attitude angles with actuator hysteresis.
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Fig 6 Flexible states and control inputs with actuator hysteresis as well as the value of N.

The obtained simulation results are depicted in Figs. 3 and
4. Fig. 3 reveals that the accurate tracking (i.e., the tracking
errors of velocity and altitude asymptotically converge to zero)
via the proposed AATC, while only the bounded error track-
ing (i.e., the tracking errors of velocity and altitude can con-
verge to a residual set) via CATC. In addition, it can be seen
in Figs. 3 and 4 that the AATC proposed in this work has
the abilities to deal with the actuator input dead-zone
nonlinearities.

It is observed from Figs. 3 and 4 that the attitude angles,
flexible states, and control inputs obtained by AATC are
smoother than the ones achieved by CATC, and there is no
high frequency chattering based on AATC rather than CATC.
Thus, the proposed AATC possesses better transient and
steady performance.

Case 2. In this case, the adverse situation that it appears
hysteresis nonlinearity in actuators is considered. Consider the
following hysteresis functions

o(P) =1d+1¢ (63)
(=& —0.3|P| —0.050|]
v(3e) =10, +1¢ (64
(=6, —0.3]0.| — 0.055,]¢]

Simulation results are presented in Figs. 5 and 6. From
Fig. 5, it can be shown in Fig. 5 that the accurate tracking
(tracking errors converge to zero) is obtained base on AATC
rather than CATC, while CATC achieves bounded tracking
errors. It can be observed from Figs. 5 and 6 that AATC
has the capabilities to handle with actuator hysteresis. More-
over, it is seen that smoother trajectories of the attitude angles,
the flexible states and the control inputs are achieved by
AATC. Thereby the transient and steady performance of the
exploited control strategy is better via AATC when the actua-
tor hysteresis is taken into account. Further, the proposed
AATC overcomes the shortcoming of high frequency oscilla-
tion issue. In addition, the adaptive parameter values of the
devised AATC, both in the dead-zone and hysteresis condi-
tion, are bounded, as depicted in Fig. 6.

6. Conclusions

In this work, a novel adaptive accurate tracking controller,
capable of coping with non-affine form of actuator nonlinear-
ities such as dead-zone and hysteresis, is exploited for the lon-
gitudinal model of an HF Vs effected by external disturbances.
To overcome this barrier, non-affine form of actuator nonlin-
earity is transformed into affine form via mean value theorem.
By means of a new back-stepping adaptive design, the velocity
and altitude can accurately converge to zero in spite of actua-
tor dead-zone and hysteresis. Besides, all signals of the closed-
loop system are guaranteed to be SGUUB. Finally, the effec-
tiveness and superiority of the proposed approach are verified
by simulation results.
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