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ABSTRACT This paper is concerned with the anti-disturbance dynamic surface controller (DSC) design
for an air-breathing hypersonic vehicle (AHV) based on nonlinear disturbance observer (NDO). For the
longitudinal model of AHV subjected to the high nonlinearity, the uncertain parameters and the varying
disturbance, the feedback linearization method is employed considering the uncertain parameters. Then,
a dynamic surface controller is designed based on the inverse hyperbolic sine function to solve the problem
of “explosion of terms” in the traditional backstepping control. Furthermore, in order to enhance the
disturbance rejection ability, a novel NDO is designed to estimate the model uncertainties and external
disturbances. Finally, the simulation results verify the superior tracking performance of the proposed control

strategy.

INDEX TERMS Air-breathing hypersonic vehicle, anti-disturbance, dynamic surface control, nonlinear

disturbance observer.

I. INTRODUCTION

Air-breathing hypersonic vehicle (AHV) has become an
important development trend in the global aerospace technol-
ogy, considering the widespread applications both in military
and civil areas [1]. However, compared with the traditional
flight vehicles, AHV has the characteristics of strong non-
linearity, strong coupling, model uncertainty and sensitivity
to external disturbance, which brings challenges for the
flight control system design. For the control problem of
model uncertainty and external disturbance, which includes
unmodeled dynamics, structural elastic deformation, model-
ing error and random interference, the control method must
have strong disturbance rejection ability [2], [3]. To further
improve the control performance, the flight control of AHV
has been widely explored such as the sliding mode control
(SMC) [4], [5], the adaptive control [6]-[8], the robust con-
trol [9], the backstepping control [10]-[14], the intelligent
control [15]-{20], etc.
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The backstepping control method is one of the most effec-
tive methodologies for the tracking control of a large class of
strict-feedback systems. It has been widely applied to many
kinds of control plants such as the unmanned air vehicles
(UAV), the quadrotor, the robot, the AHV, etc. In [11], authors
present a command filtered backstepping approach to control
the UAV, which includes the adaptive approximation of the
aerodynamic force and moment coefficient functions. In [12],
authors discuss the results of backstepping and sliding mode
control techniques applied to the quadrotor. A combined
kinematic/torque control law is developed using backstep-
ping and stability is guaranteed by the Lyapunov theory for
nonholonomic mobile robots [13]. A novel model transfor-
mation and a novel adaptive backstepping control method
are proposed for AHV with uncertain parameters [14]. With
the development of technology, scholars have proposed some
improved backstepping control methods such as combination
of backstepping control and intelligent control. A backstep-
ping based control design for a class of nonlinear systems
in strict-feedback form with arbitrary uncertainty by incor-
porating backstepping into a neural network based adaptive
control design framework [15]. An adaptive fuzzy control
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strategy is used to compensate the unknown nonlinearities
and modeling errors caused by variable flight conditions [16].
In [17], authors proposed a nonsingular direct neural control
of AHV via back-stepping, where the neural network is used
to estimate the virtual and actual control laws derived from
backstepping design. A new back-stepping control approach
is proposed for AHV non-affine models via the neural
approximation, and the robust adaptive tracking control laws
are developed using improved back-stepping designs [19].
Recently, in order to guarantee the real-time performance,
and reduce the structure and computation complexity, some
scholars proposed backstepping-avoidance-based strategies.
In [20], authors designed a new back-stepping control without
virtual control laws for the altitude subsystem of the AHV
via a model transformation combined with low-pass filter
approach. In [21] and [22], in order to further reduce com-
putational costs, authors presented a low-complexity design
strategies without back-stepping for waverider vehicles via
fuzzy-neural approximation. It can be seen that the intelli-
gent control methods can improve the control performance
but with high complexity, which is not conducive to online
calculation and implementation.

It is well known that the dynamic surface control (DSC)
is designed to solve the problem of ‘“‘explosion of terms”
in the traditional backstepping control by introducing the
tracking differentiator (TD). In [23], a method is proposed
by introducing a low pass filter for designing controllers with
arbitrarily small tracking error for uncertain and mismatched
nonlinear systems in the strict feedback form. A DSC tech-
nique combined with the Neural Network adaptive frame-
work is presented to design a robust longitudinal dynamics
controller for the AHV [24]. In [25], authors proposed a
nonlinear adaptive dynamic surface air speed and a flight path
angle control design procedure for the longitudinal dynamics
of the AHV.

When backstepping is applied to AHV, for the convenience
of controller design, the AHV model can be described as a
kind of strict feedback nonlinear system based on the reason-
able assumption. For the control problem of uncertainty and
external disturbance, the disturbance observers can reduce
the influences of the unknown uncertainties and disturbances,
and enhance the robustness of the closed loop systems.
In [26], authors present a general design method of new non-
linear disturbance observer (NDO) based on TD for uncertain
dynamic systems. To enhance the controller’s robustness,
a new TD is designed based on hyperbolic sine function
and a new NDO is constructed using the TD to estimate the
model uncertainties and varying disturbances [27]. In [28],
a fault-tolerant output tracking control method is proposed
for AHYV, and a disturbance observer is utilized to estimate the
lumped effect of model uncertainties, external disturbances,
and actuator faults. In [29], a disturbance observer based gain
adaptation high-order sliding mode control method is pro-
posed for AHV, where the observer is employed to estimate
and reject the uncertainties and external disturbance.
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In this paper, a novel robust backstepping approach for
the longitudinal dynamical model of AHV is proposed. The
contributions of this paper can be concluded as follows:

1) According to the nonlinear systems theory, the longi-
tudinal dynamical model of AHV is described as a strict
feedback nonlinear form with mismatched disturbances.
Furthermore, the equations of the mismatching uncertainties
terms are presented.

2) The Anti-disturbance dynamic surface controller based
on NDO is designed for AHV with the uncertain parameters
and the varying disturbance. Meanwhile, the block diagrams
of the overall control scheme of the DSC and the NDO
design are presented. Furthermore, the tuning guidelines of
the control parameters are given.

3) In order to solve the problem of “explosion of terms”,
a new TD based on the inverse hyperbolic sine function
is designed for each step of the virtual control laws. More
specially, in order to enhance the robustness of system by
estimating and compensating the model uncertainties and
disturbances, a novel NDO based on the proposed TD is
designed. The proposed NDO does not need any prior infor-
mation of unknown disturbance, and has simple structure and
few design parameters. Therefore, it has a certain application
prospect.

4) The stabilities of the proposed TD, NDO and the
closed-loop system are analyzed and proved based on the
Lyapunov theory, respectively. Furthermore, the efficiency
and robustness of the proposed control method are demon-
strated by numerical simulations.

The remainder of this paper is organized as follows.
In Section 2, the longitudinal dynamical model of AHV is
described as a strict feedback nonlinear form with unmatched
disturbances. Section 3 presents the design of DSC including
a new TD based on the inverse hyperbolic sine function
and a new NDO based on the proposed TD. The design
method and the convergence of TD and NDO are discussed
respectively, and the stability of the closed-loop system is
also proved. The AHV case simulations and discussions
are provided in Section 4, followed by the conclusion in
Section 5.

II. PRELIMINARIES
A. AHV MODEL DESCRIPTION

AHV has extremely complex dynamic characteristics.
In order to simplify the modeling problem without losing
generality, the following assumptions could be made in the
modeling process of AHV.

Assumption 1: The AHV is an ideal rigid body and the
elastic degrees of freedom of wing, fuselage and tail are not
considered in the modeling process.

Assumption 2: The influence of earth rotation on aircraft
modeling is not considered, and the ground is assumed to be
locally flat with constant gravitational acceleration.

Assumption 3: The geometric shape and internal mass
distribution of AHV are symmetrical.
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FIGURE 1. Block diagram of the DSC design.

Assumption 4: Ignoring the influence of asymmetry, com-
pressibility and gust and other factors of air flow.

According to [14], [30], and [31], the nonlinear equations
of the longitudinal motion are formulated as

Tcosaa — D .

V= ——79m— —gsiny

m
- L + Tsina  (u — vzr)cosy
)./ __ M, my vr2 1
q= 7, (1)
a=q-y
h=vsiny
B =—26wp — B +a’p,,

where v, y, g, a, h are the flight velocity, the track angle, the
pitch angle rate, the attack angle, the flight altitude, respec-
tively; B., w, and & are the throttle setting, the engine natural
frequency and the damp ratio, respectively. The parameters
of the lift L, the drag D, the thrust 7' and the pitching moment
M, are given as follows

L=1nc
= —pv°s
2/0 L
L
D = —-pvsCp
T, @
T =- C
2,0VST
M_l 2—Cot Cq Cse
}'—2PVSC(M+ m Gy

where Cp,, Cp, Cr, Cy;, Cf,,, C;Ej are coefficients for the lift,
the drag, the thrust and the pitch moment, respectively. The
curve-fitted approximations are expressed as

CL=Cla

Cp = ngaz + Cpo + Cg
Ccr=Cclp+c

Co = Cl% o 4 C%% + C%°
Cl = CL¥o? 4 Cla + CLO
Cl = co(8e — ).

3
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According to (2) and (3), one can get the functional rela-
tionships between the lift L, the drag D, the thrust T
and the pitching moment M, and variables of p, v, o, B
and gq.

L=fi(p,v,a)
D = fp(p,v,a) @
T :fT(pvvvav ﬂ)

My :fMy(pv v, o, CI) +f568€-

Considering all parameters of AHV are uncertain, they are

expressed as i = ig(1 + Ai), i = m, s, Ez Ce, Iy, CY, ng, (6
2

c9, cl,cY, coe, e, 0, b el il where i

represents the real value of parameter, ip denotes the nominal

value, and Ai indicates the unknown constant. The state v in

Equation (1) can be rewritten as

(To + AT)cosa — (Dg + AD)
mo + Am

—gsiny +
—gsiny
n q(so + As)(Cry, + ACr)cosa — (Cp, + ACp))
mo + Am
Tocosa — Dy
mo + Am

+ Avy + Avyo + Avys
%)

—gsiny +

Vo + Av;y,
—g2Cos
gcosy +
v
—gcosy

(To + AT)sina + (Lo + AL)
(mg + Am)v

v
n q(so + As)((Cr, + ACr)sina + (Cr, + ACL))
(mo + Am)v
Tosino + Lo
(mo + Am)v

—gcosy

%
Yo + Ayy,
q(so + As)(co + Ac)Cuo + ACyy)
Iyyo + Alyy
Gs0c0(Chg + Clho + Crig)
Iyyo + Alyy
go + Agy

+ Ay + Ayio + Ay
(6)

+ Agy1 + Agiz + Agi3
@)
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g =0.5p"

. . Tocosa — Dy

Vo = —gsiny + —

mo + Am

. —gcosy  Tosina + Lo
= v (mgy + Am)g

i gs0c0(Ciho + Chio + Chio)
O —

Cmo = Ciyo + Cypo + C/(\sfo
ACy = AC, + ACY, + AC):
Avy = Avy1 + Avyo + Avys
Ay = Aya1 + Ayio + Ayps
Agy. = Agu1 + Agiz + Agys,
ATjcosa — ADy

Avit = mo + Am
Avey = ATiacosa — ADjo
mo + Am
A _ AT,zcosa — AD;3
V3= mo + Am
Ayst = ATy 1sina + ALy
(mo + Am)v
Ayis = ATiosina + ALy»
(mg + Am)v
A)/Ag _ AT;\gsinot + AL)L3
(mg + Am)v
Agut = 4socoACy
Lyyo + Alyy
Agrr = q(soAc + Asco + AsAc)Cuyo
Iyyo + Alyy
Agys = q(soAc + Asco + AsAc)ACy ’
Lyyo + Alyy

ATy = gsoACt

ATy, = gAsCr,

ATz = GASACy

AT = ATy + AT)p + ATz

ADj = gsoACp

AD;3 = gAsCp,

AD;3 = gAsACp

AD = ADj; + ADjs + AD;3

ALy = gsoACL

ALy, = gAsCy,

ALz = gAsACY

AL = ALy + ALy + ALy,

ACL = ACfa

ACr = ACEB + ACY

ACp = ACY a* + AC%a + ACY
ACY = ACSY o? + ACYa + ACE°
ACY = ACH* o2 + ACT e + ACE.

Define the state vector as x = [v, y, ¢, «, k], according to
the nonlinear system theory and the concept of Lie derivative,
one gets

V=1 + Avy = fi(x) + Afi(X)
5 (fi(x) + Afl(X))X

= wiX + AwiX

B(a)ai Awi) (12)
®) V= T S (01 Aok
X
= (w1 + AwX + XT(a)z + Awy)X,
where fi(x) = o, Afi(X) = Ao = DX 0 =
G Aoy = 5, Awy = 521,
h=vsiny
h=vsiny + vy cosy
Ji = Vsiny + 20y cosy — vy2siny + vy cosy 13
Y = Vsiny + 3Vy cosy — 3vy siny
+3vj cosy — vy cosy
—3vpysiny +v¥ cosy,
)
where the first, second, and third derivatives of y are obtained
according to (6) as
Y =v + Ay, = LX) + Af2(x)
. () + AhLKX), . .
X
oo L7 0(m + Amy) . . (14)
Y =X TX+ (7T1 + AT[[)X
= (71 + AR + X (712 + Amo)X,
where H(x) = . ARKX) = Ay, = A
88%, A?T] — dAfz(X)’ A]Tz — JAT] )
According to (12), (13) and (14), the velocity channel and
altitude channel in (1) can be re-described as
(10) b=+ b,
Vo = v3 + chz
n=F+BU+®,
hy = hy = vsiny (15)
hy = hs + ®p,
s = hy + @y,
hy = Fp +B,U + Dy,
(11)

where B = [B,, By]T = [b11, b12; b1, baol; U = [Be, 81T
indicates the control inputs; @, i = (1,2,3) and . j =
(1,2,3,4) indicate the mismatching uncertainties terms.
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Combine (12) (13) and (14), one obtains
w1Xg + )'(Ta)z)'(

mgy + Am
Fj, = 3Vy cosy — 3vy?siny

F, =

+3vy cosy — vy cosy
(w1Xg + X wpX) sin y

mo + Am
+vcosy(mXy + )'(Tnzi()

w?cosa (T + AT)

—3vyysiny +

b1 =

W+ am 0B
by — PY50+ A9E + A (e + Ace)

2 2(mo + Am)Uyyo + Aly) (16)

T + AT (D + AD
(L — (T + AT)sina — L)

Jdo o

b — w?sin(a +y) (T + AT)

T T+ Am B
by — PY00+ A9E + A (e + Ace)

22 =

2(mg + Am)(IyyO + AIyy)

(T + AT) .

(————sin(@ +y)
Jo
+ (T 4+ AT)cos(x + y)
d(L + AL) a(D + AD) .
+ ————cosy — ————siny),
o

®,, = Afi
d,, = Awix

®y, = AwiXg + X Awrk

Dy, = Afisiny +vAfrcosy

®y, = Awixsiny —v2HL Af> + Afzz)siny
+2(fiAf2 + Afifa + AfiAf2)cosy

+ vAmXcosy (17)
D, = 3(w1XAfH + AwiXHr + AwiXAfr)cosy
—V3LAS +3f7 Af + Afy)cosy
+3(mixAfi1 + Amixfi + AmixAfi)cosy

= 3v(mxXAf + AmxXfh + AmxXAfp)siny

+ (AKX + X' AmaX)cosy — 3Afiy siny

+ (AwXo + X' AwrX)siny,

where the function f](x) and f>(x) are removed in brief.

Ill. CONTROLLER DESIGN

The equations of motion are decomposed into velocity sub-
system and altitude subsystem. The block diagram of the
overall control scheme of the DSC design is shown in
Fig. 1 and Fig. 2. The controller uses the following parameters
to control the AHYV, including the signals from reference
trajectories v,.r and href: system states x, and xy, the estimates

......

1,2, 3, 4), the virtual control law z,,, 2y, 2, » Zny» and zp;, the
actual control law u,, and uy, the throttle setting 8. and the
elevator deflection §,.
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A. TRACKING DIFFERENTIATOR DESIGN

The anti-hyperbolic sine function is smooth and continuous,
which can eliminate the high-frequency flutter phenomenon.
The tracking differentiator based on the anti-hyperbolic sine
function can be described as

X1(t) = x2(1)

(1) = —=T2a1O(b (x1 (1) — (1)) (18)
—T2a,0(byx2(1)/ T),
where ©(-) = arsh(-) represents the anti-hyperbolic sine

function; x1(¢) and x;(¢) are the system states; 7(¢) is the input
signal; I > 0,a; > 0,b; > 0,i = (1, 2) are the system design
parameters.

Theorem 1: Consider the following second-order system

é1(t) = &x(t)

(1) = g(e1(1), e2(1)),
if the solutions of the system (19) satisfy lim;_, o £1(t) =
0 and lim;_, » €2(#) = O, for any arbitrarily bounded and
integrable function r(¢), the solution of the following system

z1(1) = z22(1)
2(t) = Mg((21(1) — r(1)), 22(1)/ T)), (T > 0),

satisfies

(19)

(20)

T
im / le1(t) — r@)ldt =0, (T > 0). @21)
—> 00 0

Proof: Define a Lyapunov function as follow

e1(t)
L(e1(1), e2(1)) = / 1 a10(b17)dt + 0.563(1)
0

= a1£1(1)O(b18) + O.58§(t), 0 <68 <e1(0).
(22)
Since ©(+) is an odd function, if a; > 0, by > 0, g1(t) > 0,
one has a1£1(t)®(b18) > 0, then L(g((t), e2(t)) > 0.
Define g(e1(1), £2(1)) = —a109(b1&1(1)) — a2O(b2ex(1)).
Taking the time derivation of L(g1(¢), €2(¢)), if a» > 0, by >
0, one gets

L(e1(1), e2(1)) = a181(1)O(b1£1(1)) + e2()é(t)

= a1&2(1)O(b1£1(1))
+e2(—a10(b1£1(1)) — a2O(bae2(1)))
= —a2620(bre2(1)) < 0. (23)
It can be seen from (23) that only when e(¢) = O,

L(e1(2), e2(t)) = 0. When L(g1 (1), £2(t)) = 0, if &1(¢) # 0,
then &,(tf) # O according to (19). That is, e2(f) = 0 is
instable if €1(#) # 0. Through the above analysis, it can
be concluded that if and only if €1(#) = () = O,
L(81(t), e2(t)) = 0. Therefore, according to the Lyapunov
theorem, the system (20) is asymptotically stable at the origin
(0, 0). Moreover, when IT" is big enough, the solution x1(¢)
of the system (18) can fully approach the input signal r(z),
it means that x;(z) = xp(tr) = 7(¢). This is the end of the
proof. |

76917



IEEE Access

O. Li et al.: Anti-Disturbance Dynamic Surface Control for Air-Breathing Hypersonic Vehicles Based on NDO

Uref Zy, Zy, Uy
DSC—v4 DSC—v, » DSC—v; —»
A A N .
dy,, ¥ T
d % Uy, U
L v ¥ NDO —v; |[¢——
dy,, D .
Zyys U
NDO —v, |
Zy,, V
NDO —v, |<
Rrey Zn, Zn Zn, up
DSC—h, > DSC—h, > DSC—hs DSC—h, F———>
Y A L a
1 dp,, h
dy,, b un: b
52 : NDO—-h, [
dn,, h
d, R Zny, b
* NDO — h; [®
Zp,, h
NDO — h, |«
Zhy» h
NDO—h, |«

FIGURE 2. Block diagram of the NDO design.

B. NONLINEAR DISTURBANCE OBSERVER DESIGN
Consider the following uncertain system

1=¢@+n@u+d (24)

where ¢(z) and 1(z) are given functions, d denotes the system
disturbance. A new NDO can be expressed as

[é_ = $() + n(u+d

; 2 N - (25)
d = —-T*(a10(b1(Z — 2)) + a20(b2d / T)),

where ®(-) = arsh(-) represents the anti-hyperbolic sine
function, 2 and d represent the respective estimations of z and
d, T >0,a; > 0,b; > 0,i = (1, 2) are the system design
parameters.

Theorem 2: consider the following system

2=¢@ +n@u+d
. ¢(2) An() A 26)
d=T?EE—z4d/I),
if the system design parameter I' > 0, one gets
T
lim |z—z|dt =0, (T >0). 27
F—oo Jo
Furthermore,
=1z
N 28
{d d. @8
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Proof: When the system design parameter ' — oo in

the equation (26), one gets
ld| = |T*E(¢Z —z,d/T)| — 0. (29)
It can be seen from the equation (29) that d varies much

faster than ¢(z) + n(z)u when I' — o00. According to the
equation (26), we have

d(¢() + n(@u +d)
dt R

¢@)+n@Qu+d

e

lim —d

N'-oo
lim

N-oo

(30)

’

1| W

then we take ¢(z) + n(2)u + d as 27, the equation (26) can be
expressed as

Gi=2
2 s A GD
{Zz =T?E(E —zd/T).

Thus according to Theorem 1, it is tempting to conclude that
the Theorem 2 holds. This is the end of the proof. ]

It is worthy to point out that the characteristics of the
NDO are determined by TD. Due to disturbance is the input
signal of TD essentially, according to the requirements of TD
for input signal, the proposed NDO does not need the prior
information of disturbance.
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C. DYNAMIC SURFACE CONTROLLER DESIGN
According to the velocity subsystem (15), consider the
following nonlinear system

Vi=wn+ o, +d,
V2 =v3+ @y, +4d,, (32)
= F, + Byu, + @, +dv37
where, v;, i = (1, 2, 3) and u, represent the states and control
input, respectively. ®,;,7 = (1, 2, 3) and F), are given func-

tions. d;, i = (1, 2, 3) denotes the system disturbance.
Define the tracking errors of vy,v2,v3 as follows

€y = V1 = Vref
ey, =V — Iy, (33)
ey = V3 — Zy,.

Based on the backstepping and dynamic inversion theory,
the virtual control law z,,, z,, and the actual control law u,
are chosen as

t N .
2y = —kyy 160, — kv 2 fo €, (D)AT — Dy —dyy + Dy
f ~
Zyy = _kVZ,levz - kV2,2 fO EVZ(T)dT - q>V2 - dvz
+2v1 - evl

Uy = Bv_l(_kV3,1€V3 —kyy2 f(; ey (1)dt — @)y — C}V3

_Fv+2v2 _evz)v

(34)

where ki1 > 0, k2 > 0, ki3 > 0 (i = vy, ) are design
parameters. dvl, dv2 and dv3 are the respective estimations
of dy,, dy, and d,;. 2, and z,, are the respective derivatives
of virtual control law z,,, zy,, 2y, and Z,, are the respective
estimations of z,, and Z,,. According to the equation (18) Z,,,
Zvy» dy,, dy, and d,,, can be express as

2V] = Wy,

@y, = —THa110b11Gy — 7)) + a120(b 1wy, /T1))

2, = oy,

@y, = —T3(a210(b21 Gy,
f}l = V2 + CDV| +aV]

dy, = —T'3(a310(b31(0 — v1) + a3,0(b32d,, / T'3))
v =v3+ ®,, +d),

— Zy,) + a20Obnw,,/I'2))

35)

A

dy, = —T3(a410(b41 (V2 — v2) + 4520 (bard,, / T's))
b3 = Fy + Byuy + @y + dyy
dy, = —T2(as10(bs1 (%3 — v3) + as2O(bsydy, / Ts)).

Theorem 3: The closed-loop system (32), the virtual con-
trol laws and the actual control law (34), and the NDOs (35)
guaranteed to have all the signals in the closed-loop system
are semi-globally uniformly bounded.
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Proof: The Lyapunov function is chosen as

Ly = se + Ekv"Z( ey, (t)dT)
0

2
1, 1 ! 2
L2 = Ll + EeVZ + Eka‘Z( evZ(T)dT) (36)
0
1, 1 ! 2
L3 = L2 + §€V3 + Ekv3'2( A eVs(T)d‘C) .

Define the estimation errors of disturbances as eq; = dj —
d 1,d, = dz—az, and ey, = d3 —213. According to Theorem 3,
taking the derivative of (36) and combining (33) and (34),
we have

Ll = _k\/|,1e%| + €y, €y, + €y, €d,
L, = —kv],le%l —kvz,legz +ey,ep,tey eq tey,eq, 37
i 2 2 2 (37
L3 = _kvlylevl — kV2,16V2 — kwle‘,}
+ ey eq, + eveq, + eyeqs.
Consider the following inequality holds
2
(€V1€d1) +1
ey ed; = f
2
eneq,) + 1
eveq, = C2 L0 (38)
2
(eV3ed3) +1
€y3€d; = f’
L3 can be expressed as
r 2 2 2
L3 = —kyj 165, — ks 165, — kus 163,

1 2 1 2 1 2
+§(€vl€d1) + 5(8\128612) + §(€V3ed3) + L.5

1
= _(kvl,l - 565211)6\2;1 — (kV2,1 — 56312)6‘2,2
1
— (kyy,1 — 563’3)853 +1.5. (39)

Define k,, 1 > %e¢211+6,kv2,1 > %e§2+8 andk,; 1 > %e§3+8,
one gets

L3 < —aefl — 8¢}, — dey, +15
l
= —28( ev1 + Ee + ev3)+ 1.5
< —28L3 + 1.5, (40)
when § > 21_5;’ one has Lg < 0. Consequently, one can obtain
that \
Ls(r) < e + (L3(0) — 5 ) 41)

By choosing appropriate design parameters k,, 1(i = 1, 2, 3),
the system tracking errors can be sufficient small. The proof
is completed. ]

Similarly, according to the altitude subsystem (15), one has

fil =hy

hy = h3 + @, + dp,

/’i3 = hy + Oy, + dp,

hy = Fy, + Buup + ®p, + dy,.

(42)
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Define the tracking errors of hp, hy, h3, and ha, respectively
as
en, =hy — hyy
en, = hy —zp
2 1 (43)
epy = h3 — zp,
€hy = h4 — Zhs-
The virtual control laws zj,, zs,, zx, and the actual control uy,
are chosen as

Zhy = —Kn1en, — kny 2 f(; ep (T)dT — CAI'hl + Vref

Ty = —kny, 16, — kip 2 f(; en ()T — ®py — dpy

+éh1 — €

Zhy = —kny 180y — kig 2 fé eny(T)dT — Dy — diy (44)
+2n, — em,

up = B;‘(—kh4,1€h4 —kny 2 fot eny(t)dT — Oy — dp,
—Fy +§h3 — epy),

where ki1 > 0, kio > 0, ki3 > 0 (G = hy, ha, h3) are
design parameters. dj,, , dp, , dy, and dj, are the corresponding
estimations of dy,, dp,, dy, and dj, .

It is worth noting that there is a coupling phenomenon
between the velocity channel and the altitude channel, so the
actual control signals for the throttle setting and the elevator
deflection need to be decoupled. It means that the matrix B =
[b11, b12; ba1, ba2] must satisfy nonsingular. It is reasonable
to assume that the matrix B is nonsingular because the flight
path angle of the AHV satisfies y # £7 in the whole flight
envelope.

IV. SIMULATIONS AND DISCUSSION

In this section, the numerical simulations are executed to
validate the efficiency and robustness of the proposed control
method, the mathematical model of the AHYV is built on the
MATLAB/Simulink platform, and the designed controller is
also simulated and verified with MATLAB.

At the initial condition, Table 1 lists the initial flight condi-
tion and the uncertainty boundary. The external disturbances
are given in Table 2. The control input constraints used in
the AHV are shown in Table 3. The reference trajectories of
velocity and altitude are set as step signal and are generated
via the following filter:

ve(s) 0.005
Vier(s)  s2 4+ 0.155 + 0.005
he(s) 0.005 (45)

hyep(s)  s2+0.155+0.005°

where v;,r (s) and h,,r (s) represent the step signals of 50 (m/s)
and 50 (m), respectively. The parameters adopted for control
inputs are given in Table 4. Furthermore, the tuning guidelines
of the control parameters are presented as follows.

1) Increasing I' can improve the TD response speed, track-
ing and differential accuracy, but it will reduce the noise
suppression ability. Too large I will lead to tracking and
differential output flutter.
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TABLE 1. Initial flight condition and uncertainty boundary.

State Value | Parameters Value Boundary

v (m/s) 4590 | m (kg) 50200 Am| <15%
h (m) 33528 | I,y (kg- m?) [8466900 ||AL,] < 15%
~ (rad) 0 s (m?) 369 As| < 15%
o (rad) 0 ¢ (m) 28 Ac] <15%

q (rad/s) [0 Ce 0.0292  [[Ace] < 15%

TABLE 2. External disturbances of the AHV.

Disturbance | Value

o, () 0.02sin(0.04%)

dy, (t) 0.04 cos(0.02t)

dys (1) 0.02sin(0.04¢) + 0.04 cos(0.02t)
dp, (1) 0.04 sin(0.02¢)

dp, (1) 0.02 cos(0.04t)

EO) 0.045in(0.02¢) + 0.02 cos(0.04%)
dn, (F) 0.02 5in(0.04%) + 0.04 sin(0.02¢)

TABLE 3. Control input constraints of the AHV.

Control Input | Lower Bound | Upper Bound
Be 0 1
e (rad) —0.52 0.52

TABLE 4. Parameters of the controller.

Controller | Value

I'y;, =0.005, kyy,1 = 0.5, kyy 2 = 0.05
Ayy,1 = Auy,2 = 37b111,1 = bv1,2 =1
vy =50, kuy,1 = 1.5,kyy,2 =0.1

Quy,1 = Quy,2 = 3, bvz,l = bv2,2 =1

Uy kysy,1 = 2.5,kyy,2 = 0.5

I'n, =0.005,kp, 1 =0.5,kp, 2 =0.05

Zha Apy 1 =0ap; 2 =3,bp 1 =bp,0=1
i Thy = 0.5, kny1 = 15, kg0 = 0.1
2 ahz,l:ah22:37bh21:bh22:1
. Thy = 50, kny 1 = 2, kng o = 0.3
3 Ghg1 = Apg 2 = 3,bpg 1 =bpg o =1
Up kh4,1 = 2.5, kh4,2 =0.5

2) aj is similarly to I'. a; has a great influence on the differ-
ential effect. Increasing a, can improve the noise suppression
ability, but will reduce the response speed

3) Increasing b can improve the noise suppression ability,
but too lager value will increase the tracking error.

4) According to the control system structure and the back-
stepping control theory, in order to achieve better control
effect, it is necessary to satisfy the response speed of the
inner loop is faster than that of the outer loop. Thus, the
parameters can be designed as I'y, > Iy, ky; > ky, > &y,
Uy > Thy > Doys kg > kpy > kpy > k.

In order to demonstrate the efficiency of the proposed
method, 5% to 15% parameter uncertainties and external
disturbances are considered. The simulation results are given
in Figs. 3—19. In these pictures, A represents the reference
value of A, est — A represents the estimation value of A,
and err — A represents the estimation error of A. dv and
dh are the respective derivatives of velocity and altitude. z,,
(i=1,2)and Zh (j = 1, 2, 3) represent the virtual control law
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FIGURE 5. Responses of the attack angle.

of velocity subsystem and altitude subsystem, respectively.
A = A% represents the parameter uncertain boundary,
it means A; = iy - A% - sin(wt), i = m, s, T, ¢, Ly, CT,
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Fig. 3 and Fig. 4 present the tracking performance of altitude
and velocity. When the simulation time ¢+ = 150 (s), both
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the closed-loop system is stable, the transient responses of
both altitude and velocity are with a smaller fluctuation. After
adding parameter uncertainties and external disturbances, the
system recovers to stability within 2 seconds. Fig. 5 and

external disturbances and parameter uncertainties are added
to the velocity subsystem and the altitude subsystem. The
variations of parameter uncertainties increase from A = 5%
to A = 15% of their normal values. It can be seen that
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Fig. 6 are the responses of attack angle and flight path angle;
Fig. 7 and Fig. 8 are control inputs of the throttle setting and
the elevator deflection. It is shown that the responses of both
flight states and control inputs are quite smooth and within
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their rational bounds. The virtual control laws of velocity
subsystem and altitude subsystem are depicted in Fig. 9 and
Fig. 10, which guarantee that the proposed DSC strategy
meet the performance requirements for tracking velocity and
altitude reference trajectories.

The estimation performance of the proposed NDO is pre-
sented in Figs. 11-19. Fig. 11 and Fig. 12 show that the esti-
mations of the first derivative signal of velocity and altitude
under the parameter uncertainties with A = 5%, A = 10%
and A = 15%, respectively. Fig. 13 and Fig. 14 present
the estimation performance of velocity subsystem under the
external disturbances of d,, and d,,. The estimation perfor-
mance of altitude subsystem under the external disturbances
of dy,, d, and dj, are depicted in Figs. 16-18, respectively.
It is observed from Figs. 13-19 that the presented NDO
scheme can provide an accurate estimation of external dis-
turbances. The estimation errors of external disturbances of
each channel are very small. Fig. 15 and Fig. 19 present the
estimation performance of d,, and dj,, respectively. It can
be seen that the estimation of the velocity subsystem d,; and
the altitude subsystem dj, translate upward and downward
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slightly, respectively. Due to the modeling errors, with the
increase of the uncertainty boundary, some uncertain fac-
tors have effects on external disturbances, which are within
the rational bounds of the estimation performance of NDO.
The above simulation analyse show that the presented DSC
method can provide a stable tracking of velocity and altitude
commands in the presence of external disturbances, owing
to the effective estimations of disturbances provided by the
developed NDO.

V. CONCLUSION

In this paper, a novel dynamic surface controller (DSC) based
on nonlinear disturbance observer (NDO) approach is pro-
posed for air-breathing hypersonic vehicle (AHV) with the
mismatched uncertainties and external disturbances. In order
to obtain a practical control-oriented model, the longitudinal
dynamical model of AHV is described as a strict feedback
nonlinear form with mismatched disturbances. In order to
solve the problem of “explosion of terms’, a new tracking
differentiator (TD) based on inverse hyperbolic sine func-
tion is designed for each step virtual control laws. For the
sake of enhancing the robustness of system by estimating
and compensating the model uncertainties and disturbances,
a new NDO based on the proposed TD is designed for AHV.
Simulation results demonstrate that the proposed DSC con-
trol method can provide a stable tracking of velocity and alti-
tude commands in the presence of mismatched uncertainties
and external disturbances.

In the future work, we will keep on improving the tracking
control performance of AHV flight controller. And other
forms of control method will be also taken into consideration,
such as intelligent control, adaptive control, and sliding mode
control, etc.
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