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Dear editor,

Near-space vehicles (NSVs) have been proposed as
a more reliable and efficient alternative to tradi-
tional flight vehicles because of their high mobil-
ity and multitask mode, as well as their excellent
performance in high-speed flights [1]. In practical
applications, the design of an efficient trajectory
control scheme for an NSV is crucial, especially
when the system is affected by an external distur-
bance. In addition, some conditions are required
to improve the performance of the flight control
system, such as a minimum tracking error or an
optimal control energy. Thus, we focus on the op-
timal trajectory control problem of an NSV with
an external disturbance.

Recently, the optimal control problem has been
attracting more attention in the control field.
In [2], a nonlinear adaptive optimal regulator was
presented for a class of nonlinear systems, and an
adaptive dynamic programming (ADP) algorithm
based on a single network was proposed in [3] for
an uncertain nonlinear system. By using the con-
cept of system augmentation, the ADP method
was employed to solve the optimal tracking control
problem in [4]. It is well known that the existence
of an external disturbance is inevitable during the
flight process of an NSV, which means that the
effect of the disturbance should be considered to
satisfy the robustness requirement. The nonlinear
disturbance observer (NDO) method is considered
to be a reliable way to address an external distur-
bance. An introduction to the existing disturbance
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observer-based control methods is given in [5]. A
new nonlinear composite bilateral control frame-
work using the NDO method has been proposed
for the n-degree-of-freedom (n-DOF) teleoperation
systems in [6]. Many studies have been performed
to develop the flight control of an NSV, but only a
few have investigated the optimal trajectory con-
trol of an NSV, especially when there exists an
external disturbance in the system.

Therefore, in this study, a disturbance observer-
based optimal trajectory control scheme is pre-
sented for the NSV longitudinal trajectory model
with an external moment disturbance. The effec-
tiveness of the proposed control method is demon-
strated using simulations.

Problem description. The longitudinal dynam-
ics of NSV are given as follows:

h =V sin~, (1)

V =(T cosa — D)/m — gsin~, (2)

4 =(L+ Tsina)/mV — gcosvy/V, (3)

& =q— (L+Tsina)/mV + gcosvy/V, (4)
G=M,/I,+d,, (5)

where h, V', v, a, and q represent the height, veloc-
ity, flight path angle, attack angle, and pitch angle
rate, respectively. The symbols T', D, and L stand
for the thrust, draft, and lift forces, respectively,
whereas M, is the pitching moment. The external
moment disturbance is represented by d,, and its
first derivative, d, is assumed to be bounded such
that |d,| < d, for positive constant d,. The mass
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of the NSV, its moment of inertia, and the grav-
itational constant are represented by the symbols
m, I, and g, respectively. The objective of the
method is to design a suitable optimal trajectory
controller such that the given signals for height
and velocity, hg and Vy, can be optimally tracked
by h and V, respectively.

Controller design. If h=h-— hg, to obtain g,
the calculations performed in [1] have been used.

—kph —ky [hdt +h
74 = arcsin ( h IVf i d) . (6)

where kj, and k; are the design constants.
From (1) and the definition of h, the correspond-
ing altitude tracking error dynamic satisfies the

equation: h + knh + kih = 0. If we select k;, > 0
and k; > 0, and the ~ is controlled to track ~q,
then h is exponentially regulated to zero exponen-
tially [1].

Then, Egs. (2) and (3) can be rewritten
as 7 = Fy(n) + Gy(n)Fy, where n = [V,4]T,
F, = [—gsinvy, —gcosy/V]Y, G, (n) = diag{1/m,
1/mV}, F; = [D,LIY, D = 0.5pV2SCp +
Tcosa = fp(T,a), and L = 0.5pV2SCL +
Tsina = f;(T,«). The symbols p and S rep-
resent the air density and the reference wing area,
and Cp, Cp, are drag and lift force coefficients, re-
spectively.

The proportional integral derivative (PID)
method is used to design the control input F; as

_ d
Fd=G771 (KPen+KI/endt+KD%)7 (7)

where e, = n—mn4 denotes the tracking error vector
and Kp, K7, Kp are designed parameter matrixes.

To obtain 7" and « from D and L, the Newton
iteration method is applied. Then, the obtained
« is regarded as a reference signal for the attitude
subsystem, ay.

The relations in (4) and (5) can be rewritten for
the attitude subsystem as

Q= fa(a) + 944,
q: fq(aaQ) +gqu+dqa

—~
oo
=

I+

where the control input is fo(a) = —(L
Tsina)/mV + gcosy/V, go = 1, fy(a,q)
0.5pV2S¢[Crr(a) + Car(g) — 0.02920], g4
0.5pV2S¢ x 0.0292, and u = §.. The symbol ¢
denotes the reference length, and the moment co-
efficients are represented by Cas(c) and Cas(q).
Let the tracking errors be defined as follows:

eq = 0 — Oy, (9)
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eq = q— qa- (10)

The tracking error dynamic of (9) can be
éa = fa(a) + gagqa + Jatq — Qd, (11)

where ¢4 is the virtual control input which has
two parts, g¢ = qaf + Qdo- qar is the feedfor-
ward controller which can be designed as qqr =
95 g — fa(aq)], and gqo is an optimal feedback
controller to be designed.

Then the tracking error dynamic (11) can be
€a = fc*g(ea) + 9addo + Galq, where f;(ea) =
fala) = falaq).

By using (10), the dynamic of e4 is

q = fola,q) + ggu + dg — Ga- (12)

The control input « also contains two parts, u =
U f+1,, where u, denotes the optimal control input
to be designed and u ¢ is the feedforward controller
in the form of uy = gq_l[q'd — fq(qa) — gata — dqgl.
The symbol d, represents the estimation of d,, us-
ing the NDO method as follows:

dq =zq t pq(aa Q)v

. . (13)
2 = = lg(fqla, q) + gqu + dy) + eq,

where z; is an internal state variable and py(c, q)
is a designed function such that I, = dp,/0q. By
suitably selecting [,, the estimation error of the

disturbance, dy, = dy — dg, is uniformly ultimately

bounded (UUB) [5]. Then, ¢; = f;(eq) + gqto —

gata + dg, where fy(eq) = fq(q) — fq(qa)-

In the next step, the optimal control inputs g4,
and u, are designed. We consider the nominal
affine system as follows:

E = F(E) + GU,, (14)
where E = [eq,e,]T, F(E) = [f;(ea),f;(eq)]T,

G = diag{gaagq}a and U, = [Qdo; UO]T'
The cost function can be defined as

V:/ (ETQE + U} RU,)dr, (15)
t

where Q and R are symmetric positive matrices.

The optimal controller U, can be designed us-
ing the nonlinear optimal control theorem, as pre-
sented in [3,4]:

1
U, = 75R‘1GTV§, (16)

where V*(E) is the optimal cost function and
Vi = oV*JOE.

By using a neural network (NN) technique, we
obtain V*(E) = WXy(E) +¢e(E), where W, € RE
denotes the desired weight vector, (F) is a basis



Xia R S, et al.

function vector satisfying ¢(0) = 0, and ¢ is the
corresponding NN approximate error.
Furthermore, we have Vj = VEpW,. + Vge.
Let W, be defined as the estimated value of Wy;
the estimation of U, is equal to

~ 1 ~
U, = —§R*1GTV§¢WC. (17)

The update law for W, is designed as in [3]:

&io

W=7
(676 +1)2

(E"QE + W/ VgpF
Loe =oT _1i 18
- ZWC VEpEVEeW,) (18)
1 .
+ 5522(]5, Uo)VEYZEJiE,

where the symbols Z = GR™'G", 6 = VgoF —
VEeeEVEEW,./2, & > 0 and & > 0 represent de-
sign constants and Ji(E) is a designed Lyapunov
function. The last term, X(FE, U), is defined as
follows:

0, if Ji(F +GU,) <0,

1 (19)

, otherwise.

The Lyapunov candidate function is chosen as
Juip=sWIW, + & (E) + 3dld,). As shown
in [3,7], the designed function Ji g, the weight es-
timation error W,, and the disturbance estimation
error d~q are guaranteed to be UUB.

Simulation results. The reference signi?ls ha

d

and V; are generated by the filters ¢ =

0.02 and Ya — 0.04
(5+0.5)(52+0.285+0.04) V. — (5+1)(s240.285+0.04)

with V.. = 100 m/s and h., = 300 m. The exter-
nal moment disturbance, which acts on the pitch
rate, is selected as d, = 0.075sin(0.8¢). The para-
ments of the control gain for altitude tracking are
set to be k), = 1 and k; = 0.01. The PID con-
troller paraments are set as Kp = [50;0 0.45],
K; = [0.0050;0 0.05], and Kp = [0.01 0;0 0.02],
whereas & = 0.5, & =01, R=[10;01], Q =
[20 0;0 10], and I, = 120. The tracking results of
the velocity and height are presented in Figure 1.
We can observe that the desired signal of V; and
hg can be tracked well by the system states V' and
h.

Conclusion. This study introduces an NDO-
based optimal trajectory control system of an NSV
longitudinal model with a moment disturbance.
By combining the NDO method and an optimal
tracking control algorithm, the effect of the exter-
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Figure 1 (Color online) Response of the velocity (a) and
height (b).

nal moment disturbance can be eliminated and the
prescribed performance index requirement of the
control effect can be minimized.
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