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Abstract: This study is concerned with the attitude control problem of variable-structure near-space
vehicles (VSNSVs) with time-varying state constraints based on switched nonlinear system. The full
states of vehicles are constrained in the bounded sets with asymmetric time-varying boundaries.
Firstly, considering modeling uncertainties and external disturbances, an extended state observer
(ESO), including two distinct linear regions, is proposed with the advantage of avoiding the peaking
value problem. The disturbance observer is utilized to estimate the total disturbances of the attitude
angle and angular rate subsystems, which are described in switched nonlinear systems. Then, based
on the estimation values, the asymmetric time-varying barrier Lyapunov function (BLF) is employed
to construct the active disturbance rejection controller, which can ensure the full state constraints are
not violated. Furthermore, to resolve the ‘explosion of complexity” problem in backstepping control,
a modified dynamic surface control is proposed. Rigorous stability analysis is given to prove that all
signals of the closed-loop system are bounded. Numerical simulations are carried out to demonstrate
the effectiveness of the proposed control scheme.

Keywords: time-varying state constraints; active disturbance rejection control; variable structure
near space vehicle; dynamic surface control; switched nonlinear system

1. Introduction

The near-space vehicle (NSV) is one type of novel aerospace vehicle, which cannot only make a
supersonic cruise in the atmosphere, but also perform multiple missions outside the atmosphere. Due to
their superior abilities in space transportation and global strike, NSVs have been widely used in the
civilian and military fields [1,2]. In comparison to the existing traditional aircrafts, NSVs have unique
characteristics, such as multipurpose, multiple working modes, high mobility, large flight envelope,
etc. [3] However, in near space, NSVs suffer from strong nonlinearity, serious multivariate coupling
and uncertainties. The particular aerodynamic characteristics and working environment not only
bring benefits, but also bring difficulties to controller design [4]. Many different approaches have been
developed in the past few years. Based on the Takagi-Sugeno fuzzy models, an adaptive fault-tolerant
control method was put forward for the attitude tracking of NSVs [5]. By combining the constrained
control method and radial basis function neural networks, a new adaptive backstepping controller was
proposed for NSVs with parametric uncertainties, external disturbances and input nonlinearities [6].
To further adapt to the large flight envelope and various task modes, variable-structure near-space
vehicles (VSNSVs) were proposed which adopt variable sweep wings and retractable canard wings [7].
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With the improvement in flight performance due to configuration transformation, the challenge of
controller design further increases.

It should be noted that the parameters of VSNSVs (including moment of inertia, center of mass,
etc.) vary seriously as the structure transforms. The above adaptive control schemes can resolve
the parameter uncertainties to some extent, but the characteristics of variable structure are not fully
exploited. Utilizing only one mathematical model to describe the motion of VSNSVs cannot reflect
the aerodynamic characteristics comprehensively and may bring conservatism to the control design.
Therefore, the switched system is introduced to model configuration transformation. The configuration
transformation can be regarded as the switching of subsystems. Furthermore, the problem of control
synthesis can be addressed on the basis of the switched system. In recent years, fruitful research results
have been put forward to handle the controller design problem of morphing aircrafts utilizing switching
control [8-10]. Zhang et al. [11] proposed a controller based on a switching linear parameter-varying
framework for the tracking problem of flexible hypersonic vehicles. Jiang et al. [12] investigated
a smooth switching linear parameter-varying control method. The parameter set can be divided
automatically by a novel set partition method. Cheng et al. [13] presented a non-fragile linear
parameter-varying control scheme for morphing aircraft subject to asynchronous switching and
missing data. However, most of the existing literature about switching control for morphing aircrafts
conduct simplification in the model by linearization, which means the model parameters can be
acquired accurately and the nonlinear dynamics are underutilized. To tackle this problem, we adopt
the switched nonlinear system to model the VSNSV dynamics. Even though switched nonlinear system
has been generally researched in the last few years [14-16], the achievements for VSNSV control are
rare and are yet to be further developed.

Moreover, as a practical physical control system, actuator saturation, safety specifications and
command tracking performance are ubiquitous. Hence, state constraints which may lead to control
effect degradation, and even instability and actuator faults, should be given attention [17]. There have
been various approaches to deal with state constraints, such as model predictive control [18], reference
governors [19], etc. One of various efficient approaches is the barrier Lyapunov function (BLF)-based
control scheme, in which the value of the function approximates infinity when its arguments approach
the constraints [20,21]. Yu [22] proposed a novel adaptive output feedback control for nonlinear
systems with constant state constraints by utilizing command-filtered backstepping and state observer.
Xu [23] used a method based on a combination of BLF, adaptive allocation law, and composite learning
for hypersonic flight vehicles with an angle of attack constraint. Liu [24] presented reinforcement
learning control to address prescribed tracking performances for hypersonic vehicles in the presence of
external disturbances and heterogeneous uncertainties. However, the state constraints considered in
the aforementioned literature are restricted by constant compact sets. Variable-structure near-space
vehicles can make a cruise in a large flight envelope, and therefore the state constraints cannot always
be kept constant. Time-varying state constraints can be more suitable for practical flight situations.
To the best knowledge of the authors, existing research on time-varying state constraints for VSNSVs
is rare. Liu [25] provided an adaptive control method for nonlinear systems subject to time-varying
state constraints. Novel time-varying asymmetric barrier Lyapunov functions were designed in
each step of backstepping to guarantee the constraints are not overstepped. However, the external
disturbances were not considered in [25], and the ‘explosion of complexity” problem due to the repeated
differentiation of virtual control signals was not addressed.

In addition, considering the complicated environments in which VSNSVs work, strong wind
disturbances, variations of temperature and structure deformation lead to external disturbances and
parametric uncertainties which further bring difficulties in the controller design [26]. Over the past
few decades, the problem of external disturbances has been investigated extensively [27]. de Jests
Rubio [28] proposed a robust linearization method for nonlinear process control, and the controller
was applied to the fuel cell and manipulator. Kumar et al. [29] investigated an intelligent adaptive
fractional order fuzzy sliding mode proportional integral and derivative controller for a two link robotic
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manipulator system. Rubio [30] put forward a structure regulator for the perturbation attenuation on
the basis of the infinite structure regulator. The active disturbance rejection control (ADRC) scheme,
based on extended state observer (ESO), can be an effective way to weaken the influence of external
disturbances and modeling uncertainties. The essential philosophy of ADRC is to regard internal
dynamics and external disturbances as extended states and estimate them utilizing an observer, then
compensate it in controller design [31-33]. The ADRC scheme has a wide range of applications
in many fields, such as hypersonic reentry vehicles [34], forced Duffing mechanical systems [35],
inverter systems [36], permanent magnet synchronous motors [37], etc. Beltran-Carbajal et al. [38]
put forward an output feedback control for a linear mass-spring-damper mechanical system, and an
asymptotic estimation method was proposed to estimate the velocity, acceleration and disturbance
signals in order to reduce the number of sensors. In [39], a novel output feedback control based on a
generalized proportional integral observer for stabilization and robust tracking control of a nonlinear
magnetic suspension system was investigated. Wang et al. [40] proposed a motion synchronization
control technique based on linear extended state observer to handle the force fighting problem in
hybrid actuation system. Zhao and Guo [41] developed an ESO-based output feedback controller for
multi-input multi-output systems with mismatched uncertainty. Ran et al. [42] expanded ADRC to
uncertain nonlinear systems with input time-delay based on a novel ESO. Nevertheless, there is little
extant literature on the application of ADRC technology in switched nonlinear systems, and ADRC
combined with time-varying asymmetric BLF also brings challenge to controller design. Motivated by
the facts stated above, we consider the time-varying asymmetric BLF and active disturbance rejection
control technology for VSNSV attitude tracking, in order to tackle disturbances and time-varying state
constraints simultaneously.

In comparison to the current study achievements, the main contributions of this paper can be
summarized as listed below.

(1) An ESO is designed to derive the accurate estimation of total disturbances for the attitude
angle and angular rate subsystems. The ESO possesses two distinct linear regions to reduce the effect
of peaking value problem.

(2) Time-varying asymmetric BLF is utilized to guarantee that the states of VSNSVs always remain
in the time-varying constrained sets.

(3) The attitude motion of VSNSVs is modeled in the form of switched nonlinear system and
the backstepping method is applied. To avoid the inherent problem of the ‘explosion of complexity’,
a modified dynamic surface controller is developed. The proposed control scheme has extensive
applicability compared with the existing literature.

This paper is laid out as follows. The attitude motion of VSNSVs is represented in Section 2.
The extended state observer for dynamics of VSNSVs is proposed in Section 3. The controller on the
basis of time-varying asymmetric barrier Lyapunov functions is proposed in Section 4. The rigorous
stability analysis is put forward in Section 5. The numerical simulation results are given in Section 6,
followed by conclusions in Section 7.

2. Mathematical Model of VSNSV

The VSNSV is shown as Figure 1. The maneuvering of the VSNSV is mainly executed by the
engine thrust and aerodynamic control surfaces including horizontal canards, vertical tail and trailing
edge elevons, which are mounted on the variable sweep wings. The horizontal canards retract at the
supersonic and hypersonic speed. The sweep angle A can vary with different conditions of the flight.
Specifically, the sweep angle keeps at 60° when the vehicles carry out a supersonic flight, and the
sweep angle keeps at 75° during a hypersonic flight. Various structures possess different parameters,
such as dynamic coefficients and the wing area. As indicated in Figure 1, the deflection angles of the
left elevon, right elevon and rudder can be denoted as 0., 6; and 0,, respectively.
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Horizontal canards

Figure 1. VSNSV aerodynamic model.

The attitude dynamics of the VSNSV are described in the form of switched nonlinear system
as following;:

(@) :fu/ o(t) +gaa) + da, o(t)’
W = v, o(t) +gv, o(t)MU + dvr a(t) @
y=9Q,

where QO = [a y]T denotes the attitude angle vector, including the angle of attack «, the sideslip
B, and the bank angle u. w = [pq r]T denotes the angular rate vector, including the roll rate p, the
pitch rate g, and the yaw rate r. d o(t) and d, o(t) denote the total disturbances, which include
modeling uncertainties and external disturbances. o(t) : [0, +o) - E = {1, 2, ..., n} denotes the
switching signal, which is determined by sweep angle A. E is the set of switching signals composed
by right-continuous piecewise constant functions. Each value in = represents a stage in which the
sweep angle takes a constant value. M, denotes the control torque vector generated by control surfaces.
The other variables in Equation (1) can be represented as

T

7

f, o(t) = [fm, o(t) foo, o(t) fas, o(t)

_ 1 . o(t) .
fal, o(t) — m(_qsa(t)q, o T mgcosycosp—Tsin a),

1
faZ, o) = W(qsg(t)cf;ft;ﬁ cos f +mg cosy sin u — T sin f cos oz),

5 t
fa3, o) = —{% cosy cos utanff + ﬁqsng% ;ﬁ tany cos u cos 8
+ L [sina(tany sin u 4 tan f) — cos a tan y cos  sin
mv ysmnp y cos
+ ﬁ‘?sa(t)czl(ta) (tanysinu + tan ),

—tanfcosa 1 —tanpfsina
8 = sina 0 —cosa ,
secfcosa 0 secfsina

T
fv, o(t) [fvl, a(t) fv2, a(t) va, (7(t)] ’
-1 :
fvl, a(t) = (]xx, o(t)) [qr(]yy, o(t) ]zz, a(t)) - ]xx, U(t)p]’

-1 :
va, a(t) = (]yy, a(t)) I:pr(lzz, o(t) ]xx, a(t)) - ]yyr U(t)q:l’



Sensors 2020, 20, 848 5 of 26

-1 :
fv3, a(t) = (]zz, a(t)) [pq(]xx, o(t) ]yy, a(t)) - ]er U(t)r]’

. -1 -1 -1
g‘(i,U(t) = dlag((]xx, a(t)) ’ (Iyy,a(t)) ’ (]zz, a(t)) )’

where m and V denote the mass and velocity of VSNSV, respectively. 4, 7, and 5(*) denote the dynamic
pressure, flight-path angle, and wing area, respectively. C(Lj(t; and C(Qt) are the aerodynamic coefficients.
]xx, oty i W, o(t)” and ]ZZ, o(t) denote the roll, pitch, and yaw moments of inertia, respectively. T denotes
the engine thrust. In this study, the research focus is the attitude control of VSNSVs, which is steered
by the control torque M,; thus, T is assumed to be a constant value without loss of generality [10].

The control object is to steer the VSNSV to track the desired attitude trajectory Qs =
[Oref1, Qrefa, Oress] T under the condition of internal parametric uncertainties and external disturbances.
Meanwhile, the state constraints are not violated. Specifically, ii;(t) < €; < hai(t), b Wilh) <w; < hi(t),
fori =1, 2, 3, where Q = [, Oy, W]", @ = [w1, w2, 3]", heyy(H) 1 Ry = R, hei(#) : Ry = R,
h,i(t): Ry - R,and hei(t) : Ry = R.

To guarantee that the control objective is achievable, the following assumptions are proposed.

Assumption 1. The desired trajectory of the attitude angle Qs is continuous and twice differentiable with an
unknown bound Qy such that Q, > max{llﬂrefll, 1O etl], ||Qref”}. There exist functions x; : Ry — Ry and

X, Ry — Ry satisfying x.(1) < Opei(F) < Xi(1), x,(£) > Iy (1), and Xi(£) < hu(t) fori =1, 2, 3.

Assumption 2. For any k € B, the compound disturbances d

aik’
bounded where d, | = [dal,k’ d oy da3’k]T andd, =1[d . d,.,d 1T There exist the positive constants

vlk? 02k’ Tv3k
Nijk, Nijx, Nojx and N satisfying that |dm»lk| < Nyjg, |dai,k| < Nijj, dvi,k' < Ny for

i =1, 2, 3, respectively.

d . fori=1, 2, 3 and their derivatives are
vi k

dvi,k| < Nk, and

Assumption 3. There exist positive constants H,, Ho, H,, H,,;, Hy satisfying hei(t) = Hp, hai(t) < Haj,
h ho(t) , ’ﬁ wi(t)'}'

—wi h Qi(t)

Remark 1. Assumptions 1-3 are reasonable for VSNSV attitude tracking control. Assumption 1 guarantees
that the trajectory tracking is achievable, and can be found in the extant literature about attitude tracking control
for near-space vehicles [2,4,11]. The total disturbance considered in this paper is mainly composed by modeling
uncertainties and external disturbances. The accurate model parameters and the approximate parameters we
used to design the controller are all bounded. The accurate parameters and the approximate parameters are all
determined by the flight environment and vehicle structural parameters, which can only continuously smoothly
change. Therefore, the modeling uncertainties and their derivatives are bounded. On the other hand, the external
disturbances are caused by complicated temperature variation, wind disturbances, etc. As a practical physical
system, the external disturbances and their time derivatives are apparently bounded. Therefore, Assumption 2 is
also fairly mild and common in the literature on ESO design [40-42] and near-space vehicles-related disturbance
rejection control [6,11,34]. Assumption 3 can be found in the literature in which output or states are constrained
in time-varying sets, and guarantees that the constraints can be achieved [21,25].

7 hwl(t) 7

(H)=H Ewi(t) <H,;, Hy > max{

—wi’

Remark 2. The uncertain dynamics are considered in the total disturbance- da’ ot and dv, of t)-in this paper.
Many researchers have proposed control schemes to tackle the uncertain dynamics in the attitude motion of
vehicles. Adaptive fuzzy systems are introduced to approximate the unknown functions in the flight dynamic
model, and the parameters are updated online [5,26]. The radial basis function neural networks are proposed to
estimate the combination of parametric uncertainties and external disturbances [2,6]. The adaptive dynamic
programming or iterative learning control are adopted to carry out auxiliary control or derive more accurate
model parameters through online learning [43,44]. In the process of the sweep angle changing, uncertainties due

to uncertain vehicle structural parameters and external disturbances severely change. The above adaptive control
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schemes enhance the control effect through multiple iterations and online learning, making it not suitable for fast
varying models. Therefore, we tackle the uncertain dynamics as part of the total disturbance and estimate it
through the proposed high-gain observer. The modified observer can track the total disturbance in a short time
with the help of two linear regions.

The following lemmas are useful to establish strict proof for the theorems in this paper.

Lemma 1 [25]. For |x| < 1 and positive integer p, the following inequality holds

1 X%
< )
1—x2F  1-x?%

log

Lemma 2 [21]. Consider K := {r} eR: |n) < 1} Cc Rand W := R" x K c R"*! are open sets. And the system
c=h(t c),

where ¢ := [y, n]T € Wand h: Ry x W — R"! is piecewise continuous in t and locally Lipschitz in ¢,
uniformly in f on Ry X W. Suppose that there exist continuously differentiable and positive definite
functions U; : R" xRy — R4 and U, : K — R, , such that

vi(llyll) < Us(y, t) < va(llyll),

Uz(n) — 00 as |17| -1,

where v1 and v; are class Ko functions. Define U(c) = Uy (y, t) + Uz(n). If n(0) € K and the following
inequality is true

. ou
= —n< -
u 07gh_ ul+ A,

in the set 17 € K, where p and A are positive constants, then 1(t) € K for t € [0, o).

3. Extended State Observer Design

In this section, an ESO for disturbances estimation is designed. The state and extended state in
the ESO system are both three-dimensional vectors to guarantee that the ESO can be directly applied
in the attitude angle and angular rate subsystems of VSNSVs.

Consider the nonlinear system as follows:

x=q@(x)+0(x)u+t+d, )

where x, u, d € R3, u denotes the input signal vector, d denotes the total disturbance, and ¢ (x), 0(x) €
R3*3 are both matrixes of system parameters. Then, Equation (2) is in the same form as attitude angle
and angular rate dynamics in Equation (1).

Assumption 4. The disturbance d is bounded and differentiable with constant bound such that ||d|| < @1,

|l < @.

Remark 3. Assumption 4 is common in the extant literature regarding ESO [36,37] and near-space vehicle
adaptive control [11,32], and guarantees the boundedness of total disturbance and its derivative.
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Choose d as the extended state of nonlinear system, and the corresponding extended state observer
is designed as

&= q(x)+0(x AR+ A5(2 - 1) m(2E),
. A )
i=1 %m@—&) 'h(ﬁ)]

where & and d are the estimated state vectors, A1, A2, A3, €1, € are all positive constants to be designed,
and ¢ < & < 1. For any state x = [x1, xp, x3]T, h(x) = [sat(x1), sat(xy), sat(x3)]", where sat(x) is the
general definition of saturation function defined as sat(x)= sign(x) -min{1, |x}.

Then, the conclusion for the presented ESO is derived as follows.

Theorem 1. Consider the nonlinear system in Equation (2), and Assumption 4 holds, if the extended state
observer is designed as Equation (3), then there exist the positive constants A1, Ao, A3, €1, and e which
satisfy that the estimation errors ||x — || and ||d — d|| will converge to a desired small neighborhood of zero for
t € [t1 + tp, +00), where t and t, are constants dependent on €1 and €.

Proof. Define the estimation errors for system state and disturbance as &;; = R fp = 2
€1 &

and &; = d - d, respectively, and the estimation errors vector as & = [&,, §d]T/ E = [&x,, Ed]T.
The derivatives of the &,; and &; can be written as

£ = &|8- g - Mias(2 - (5 )|
4)
£y = [ Moy, —/\2/\3(— —1)h( )] d.
O
Choose the Lyapunov function candidate as follows
T o
5x1 I8 + 5,1 T8, — & T3& + V1Zf sat(&l, /A3)dEL (&)

where I'1, I';, and I'3 are positive diagonal matrixes, y; is a positive constant, &y = [59151 5%1 éf’(l]T.
The Lyapunov function candidate V; is used to prove the boundedness of the estimation error &.

Considering the first three terms on the right side of Equation (5), by taking I'1 —T'3 > 0 and
I'; —I'3 > 0, it can be guaranteed that

1 1 1 1
5&n 180 + 58,081 = &x Tada = &, (T~ T3)&y, + 5&;(T2 ~T5)& > 0. ©)

For the integral term in Equation (5), sat(égc1 /A3) is an odd function of 5;1 fori=1, 2, 3. It can

3 g , ,
be verified that y1 ), f05x1 sat(&l, /A3)d&y, > 0. Therefore, V7 is a positive defined and reasonable
i=1

Lyapunov function candidate.
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The dynamic of V; can be computed as

vV, = i(g}lrl - ngs)[gd - My — /\Ms(i—; - )h(%)]

=)
A
(&, - &l T3)d
= =& (Ml = AaTa)éy, — & T8y + &, (T = Aal2 + AaT3) &) %

L CCRREERTE
et pors(i 1) ) ()
+E—}[é§—)\1€§] ~MiAs(E - )hT(fgxl )]h gi)
+(&Ir, - &l T3)d.

+ (8572~ 5}11"3)[ A&y, — /\2)\3(—2 - 1)h(
éx

Choose I'y, I', I'3, and y; according to the following restrictions

I -T5>0,

I-T3>0,

I — Aol + A3 = O3xs,

yils — A2AsTa(e2 /€2 — 1) + A1 AsT3(e1/e2 — 1) = O35

®)

Then, Equation (7) can be rewritten as
Vi= [-& (Ml = 1al3)&y, — EIT38,] + (6102 - &1 T3)d
2 &x
‘I»%E [ A1)/1I3 + Az/\3(—; - 1)1"3 — Al/\g(i—; — 1)r1]h(A—;) (9)
_ Mgy &x &x
1;7 1( _ )hT( 1 )h()\_;)

Furthermore, select the corresponding parameters such that €1 > &, and A1I'; — ApI'3 > 0, and the

following holds
2

S ~
Aol + AzAg(—; - 1)r3 - A1A3(Z—1 - 1)rl <0. (10)
52 2

In order to clearly express the proof process, two compact sets are defined as () =

{é; € R6)V1 (&) < Nl} and () = {5 € R6|V1(€) < Nz}, where N7 and N are both positive constants, such

that Az > Ign?)x{ |<§,1(1 , ?(1 } and N> = max{V»(&(0)), N1}. We complete the proof by the following
S

two steps.

Step 1. First, we analyze the boundedness of & with help of the Lyapunov function candidate V.
If £ € )y — )y, there exists a time ¢; satisfies that & € (); for t > t;. This step is divided into two cases
based on different simplification modes of h(&y, /A3).

When |§§(l‘ < Az, fori=1,2,3,it can be verified that

h(&x /As)= [sat(EL, /As), sat(&2 /As), sat(&2, /Aa)]T = (€L /s, &2 /05, &, /03], (11)
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Combined with Assumption 4, Equations (5) and (9) can be rewritten as

T
Vi = YL T1&, + 3800, — & Tagy + 2E1(EL)°, (&3)% (€2)7)

y (12)
< U7y + T + L I501E 12 + T2 + Talll&l?,
Vi = L[-&L (MTy = AoT3)&x, — ET5&,] + (51T - 1 T3)d
A 2 A
+ L[ + ams(F - 1) - (2 - 1)) - 22 - 1)eh & 0
13

A &2 .
-8 ( T CE Azéra + )\1%1"1)5;:1 — &qTaéa + (512~ &1 T3)d

<~ (84, P1&x, + &1T384) + IEllq1@2 — 2211817,

y P .
where Py = Ai—é];h—/\z %1"3 +M 51 I, g1 = |IT2ll +1IT5], and g2 = /\mm([ ! rs ]) Combined
with Equation (10) and All'l — AI'3 > 0, it can be guaranteed that P; > 0.

Take 1 < 2{1%25 mm 1||c§|| and it can be verified

] 1 o1 T q3
Vi < _E(‘gxlplgxl +&,1381) < —EVL (14)

where g3 = min{Amin(P1)/IT1 + T3+ 3 I3ll, Amin (T3) /IIT2 + Tl}.
o | > As, forany j € {1, 2, 3}, it can be verified that

When there exists a
sat(&], /A3) = sign(&, ) (15)
&,

j =1, 2, 3, and denote r as the number of 6;1 that satisfy |€§(1( <Az fori=1, 2, 3.
Substituting Equation (15) into Equations (5) and (9) yields

For the simplicity of expression, the number of },'J];l that satisfy > Az is denoted by m for

.2 m .
Vi = 3ELTngy, + 36008, - &L Tagy + Z &)+ L (€] -2)
j=

<3& (T3 +T3+4 % 13)‘5X1 26}(1"2 +15)& + 7 -§1(|E§Cl| - %) (16)

IA

A
3Ty + T3+ RLLJlIE, 1P + 2||rz+r3||||é;d||2+y1 (|5x1| %)

vV, < gi[—gT (Alrl — AoT3)&x — &1T3&4] + [1Ellg102
-4 8 e el - £ [ -
< 2.&1‘5 (AMT1 = Aol3) &y, — 2é1§Tr3§d + [1&llg1 @2
~shadell - £ 1 (Je4 |- 2)

2 ) .

where Py = Ayy113 — )\2/\31’3(—; - 1) + )\1/\3(2—; — 1)F1 >0, Pg is the j-th diagonal element of the matrix
2

' ([ AT = AT }

(17)

Pz, qa = /\mm ), and Q5 = Amin(P2)~
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Choose an appropriate €1 such that ¢; < g4 minQ [€]l and we can arrive at
1

240250_

V) < _ﬁ‘f}l (AT = A2l3) &y, — ﬁggrﬁd s ; ( ) (18)

s
< -Lyy,

where g5 = min{Amin (1171 = 12T3) /IT1 + T3 + 2151, Amin(T3)/IIT2 + T3ll, £},
Comprehensively analyze the above two situations as shown in Equations (14) and (18), combined
with the comparison principle of ordinary differential equations, it can be achieved that

‘77

Vi(&() e 1'V1(8(0)), (19)
where g7 = min{gs, s}, and ¢1 < minl 5% min (1, 5k min (1)

From Equation (19) it can be concluded that 5 ey, fort>t =4 ln( ) This means that once
& ey — 0y, Vi(&) decreases until & € () again.

Step 2. In this step, we prove the main conclusion of Theorem 1. The following analysis in on the
basis of & € ()1, which means |§f€l) < Az, fori=1, 2, 3. The condition holds when ¢ > t;. Compute the
derivatives of & and &, as follows

= (81— M&n),

. . (20)
§1=-2&n+d.
Choose the Lyapunov function candidate as
Lot Lot T
— S&LTEy + 5EIT28 - §L & @)

The Lyapunov function candidate V; is different from V; which is used to prove the boundedness
of &.
By the help of Young’s inequality, it can be verified that

1 1 1 1
Eégz(rl —T3)&y, + 55;(1"2 —T3)8<Vy < 5552(1”1 +T3)éx, + 555(1”2 +13)&s. (22)
Considering the relation between I'y, I';, and I's in Equation (8), V; is positive define and a

reasonable Lyapunov function candidate.
Combined with Equation (8), computing the dynamics of V; yields

1 .
= 5[—532 (MT1 = AoT3) &y, — cf;lrl"gid] + (6}1‘2 - 5}21"3)01 (23)
Substitute Equation (21) into Equation (23) and we can get

Vs < —.l[cs,? (A1T1 = AoT3)&x, + &1 T38| + qa i3]

(24)
Vz + 102 w/ T’
2 min(A1T1=A2T3)  2A0in(T3) _1 I'1-1I3
where qs = mln{ ||I‘11+%’3|| = ’ ||l“2+1"33\| }’ 79 = j/\min([ I-T5 ])
It can be seen that when V), exceeds 48%17%60%/ ngg
Vy < = L[&] (AT = AaT3)&x, + EMT384] + qiaaliE]
<=5 %% X7 1364 | T 102 (25)

s
~2, Vy <0.
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Combined with the comparison principle of the ordinary differential equations, it can be derived

— 98

Va(&(1) < e 2TV En)) (26)

Considering the definition of & and &, we can deduce that there exists a constant Nj that satisfies

_ 2¢y 1n(max[Ng,, 46%17%@%/11911%}

that V(&(t)) < N3 for t > t1. Then, for t > t; + f, where t, = =2 > , it can be
4e307@3/ 9995

qs
achieved that

420202
<212 27)
4993
Furthermore, combined with Equation (22), we can arrive at
- Va(E(t) 2
el < 2(&(1)) L 262 @ 8)
q9 qsq9
. - 2e501@2
lle(t) = 2 ()l = ealléxa (Bl < e2llE(H)Il < ———, (29)
4899
N — 2e201@
la(6) = &0l = la() < IED) < =02 (30)

From Equations (29) and (30), it can be noted that ||x — || and ||d - d| converge to a desired small
neighborhood of zero for t € [t; + tp, +0). The proof of Theorem 1 has been completed.

Remark 4. It should be pointed out whether ’g]_/g > 1 determines the form of the ESO due to the saturation
function h( fl_/\’; ),for i=1, 2, 3. When % <1, fori=1, 2, 3, the corresponding ESO system becomes

the following

F= @ (x) + O (x)u +d' + /\1%,
i i_gi (31)
d = A58

&

Apparently, the estimation error (x' — £') lies in the linear region of the saturation function, and
Xl
81/\3

>1,

the ESO has a relatively slower dynamic characteristic due to the larger parameter ¢;. When
fori =1, 2, 3, the ESO dynamics have the following form

F = @' (x) + 0/ (x)u +d + Al["[é,;f + /\3(% - 1) -sign (¥ — fi)],

-1 . .
d = )\2["1&?1 + /\3(2—% - é) -sign(xf — 3?’)]

It can be seen that the smaller parameter £1 guarantees that the ESO system works in higher linear
gain. In most of the existing literature about disturbance observers, there exists a tradeoff between the
fast reconstruction of the states and the steady-state error [40—42]. High gain disturbance observers
can attenuate the steady-state estimation error due to the modeling uncertainty, but increasing the gain
leads to a higher sensitivity to measurement noise. The tradeoff seriously limits the performance of the
disturbance observer. From the above analysis, we can see that when the estimation error is big as
‘(xi - %)/ 61A3( > 1, the observer works in the region of the larger gain for fast state reconstruction, and
when the estimation error is small as |(xi — %) /e /\3| < 1, the observer forces a smaller gain to reduce
the effect of noise. The sliding mode-like terms (the terms with sign(-)) are introduced to improve the
effect of the extended state observer [32].
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Remark 5. Considering the ESO out of saturation in Equation (31), rewrite the derivatives of estimation errors
as follows

E= 5+ |00 d] 32
2

A1
-A 0
Therefore, the design method of parameters can refer to the existing literature [33,37]. Based on pole
assignment, the specific selection principle is to make the eigenvalues of ¥ have negative real parts

where ¥ = [ ] The matrix form in Equation (32) is similar to the high-gain observer in [33,37].

with modest absolute values. For example, a common solution is Ay = 2w and Ay = w?, where @
is a positive constant, and the eigenvalues of ¥ are both —w. In addition, from Equation (29) and
Equation (30), 5 should be chosen far less than 1 with the purpose of achieving smaller estimation
errors bounds. ¢; should be set that €1 < €2 << 1 to guarantee the different observer characteristics in
two linear regions, as described in Remark 4.

4. Controller Design

On the basis of the multiple-time-scale characteristics of VSNSVs [10], the angular rate system has
faster dynamic performance, which is called fast-loop, and correspondingly the attitude angle system
is the slow-loop. Hence, in this section, we design controllers for attitude angle loop and angular rate
loop, respectively. The ESO described in Equation (3) is introduced to estimate the total disturbance in
each loop. In this paper, the change of sweep angle A is time-driven, and the switching signals ¢(t) are
therefore independent parameters as in [10]. For any k € E, the sweep angle A remains at a specific
value, and the control law is designed for each subsystem along the backstepping control scheme.

4.1. Control Law Design for Attitude Angle System

Considering the first equation in the VSNSV dynamics (1), regard d¥ as the extended state, and
the ESO designed in Equation (3) is introduced as follows to estimate the total disturbances d.

O =, +8,@+doj + Mo, k| =2 + Ay, k(225 - 1) .h(ﬁ)]l

€10, k €0, k €10, k430, k

)], (33)

A

0-0 €10, k 1 0-0
dy = A2, k|82 + As0, Kz = 57) - h(
, k 20, k

€ € A
o 10, k 10, k30, k

where A0k, A2q ks A30, ks €10, k, and €30  are positive constants to be selected and €1 ( < €20, < 1.
According to the Theorem 1 and Assumption 2, it can be guaranteed that there exist A1 ¢, A2 £,
A30, ks €10, k and €0 k such that the estimation errors [|Q) — Q| and ||d kT &u,kH will converge to a
desired small neighborhood of zero for t € [t , +0o0), where tq is a positive constant related to 10 &
and &0 . In particular, we suppose IIEu,kII = IIda,k - fia,kll <D, i fortetq k, +0).
Define the attitude angle tracking error as eq; = ); — Oyesi fori = 1, 2, 3, and the derivate of eq; is

eqi = fgi/k + (gaw)l- + dai,k - Qrefi- (34)
Consider the time-varying asymmetric BLF candidate as

3 =2p 2p
o(eni) "ai 1 —o(eqi) Lo
Va = E log + log , (35)
2 2P _ 2 2 2 _ 2
1 7 "ai ~Cai g Lai~Cai

1'7

where 7 Qi(t) =hai(t) = Quefi(£), Qi(t) =Qefi(t) = hy;(t), p is a positive integer and

1, x>0,
o =10 r<o.
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On the basis of the definitions of 7 ;(t) and r .(t), and utilizing Assumptions 1 and 3, it can
be verified that Ry < 7 ;(t) < Rpqis Ry < 7 0i(t) < R 5, where Riqis Rygis R 1 and R, are
all constants.

For the convenience of expression, we make change of coordinate as

T = S0i = foi
Nai 7o Hﬂi o (36)

nai = o(eqi)Tq; + (1 - o0(eqi))n ., -

Then, Equation (35) can be rewritten as

3 1
Vo=) > log . (37)

Apparently, under the premise of |T]Ql'| <1, Vq is positive, definite and continuously differentiable.
Combined with Equation (34), the dynamics of Vg, is

~ 3 [ oleai)y |- o) (-olean (. P
Vo = Y, 7—72,’ EQi—EQi?—Q +—27pl(e()i_e()i;_nl,)

=117 0i(1-Tq;) Qi rai(1=1"g) Lai

3 ”251‘ )
igl eqi(1-1"h,) (f”"k (&, i Yaik T refi (38)
—2p- - 2p-1
_olea Ty o (oladnn g
7 ai(1-Thy) Q7o ai(1=10,) Qire |

The nominal virtual control signals are designed as

2p
_ : 5 n 2p-1
—(x1k +K110)e01 = fark + Orefr — satn11x (a1 i) — o ) 81 7w enl1
2ke01 (1-1";
. 2p
Wretk = g7 —(K1x + Frox)ez — farx + Oret — satyip g (dyp ) - ——r 2 — 221 (39)
refk = &, 1kt X12k)e02 = fazk + Qrepr — satniox(dan i o e [
21 ke (1-1"¢)
. 2p
- x _ O.cr — sat da)——Tos 21
(K1,k+K13,k)€QS fa3,k+ ref3 — Sa N13,k( a3,k> 2y recs (1 UZp ) 2p en3
23T 3

where x1 ; and «;  are both positive constants to be selected. The determinant of g, is — sec  which

cannot be zero, because the sideslip f stays in (-5, 7). Considering the definition of 17251. as in
an 2! ot 2p-1 2p-1 2p
: Qi Qi Qi ZP - ] s
Equation (36), 25 = o(eq) e + (1-o0(eqi)) el where 7). and r'g,." are both positive. 1 -7, is

positive under the premise ‘T]Q," < 1. Then, the nonsingularity of Equation (39) can be guaranteed.
The time-varying gain has the following form

Z 2 . 2

. 7o~

Ry k() = 4[| =2 +(‘—“l] trap i=1,2, 3. (40)
T Qi Y ai

where k3 k is a positive constant to be designed, and satyy; (+) is an odd saturation function defined as

X, 0<x <N1i k,
satyy; k(x) =4 —3x2+ (N1i, k+1)x— 3m?, Nli, k<x <N, k+1,
N1, k+ 3, x> N1i, k+1.

wherei =1, 2, 3and k € E.
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Introduce the modified dynamic surface technology to derive the derivative of virtual control.
The modified first-order filter is designed as

- _ — M aqi .
T, kWrefi + Wrefi = Wrefi — T1, kgm-—lzp ,1=1,2,3, (41)
eQi(l -1 Q,')

where 77  is a time constant and g,; is the sum of the terms on the i-th column of g,.
Define the first-order filter error as z1; = wyef;i — Wrefi, and the virtual tracking error as e,; = w; — Wrefi
fori =1, 2, 3. Substituting Equation (39) into Equation (38), one can arrive at

3
~ h; — 2p-1 h;
Va= Z — 0 —K1€0i — K1i€0i — “»—€qi + e ) 21) +d Kk~
i=1] ei1-17%) l e (8se0 (& o 26000(1-1,)

(42)

_op-1 . 2p-1
B o(eai)T a9, ? Qi (1_0(5’Oi))ﬂ f)i eo; i
Z -2 2 i
r 0i(1- 77?)) i KQi(l—ﬂ ?1,) Lail

where dy; e = dgix — satnai(dyig) fori =1, 2, 3.
+ Qrefl + Qrefz = 6ref} c R3 where 0Oef

. . T
Define a compact set IT.f = {[Qreﬁ, Ovreti, Orefi] - Qrefl
is a positive constant. Define a compact set I1n = {[em, eq?, €03, Z11, Z12, 213] : Vo + §||z1|| < 60},

where 0 is a positive constant.

Obviously, wyefik is a continuously differentiable function of (2;, Oyefi, Qrefl’, dAai/k, EQZ', EQZ', ko
and EQI- fori =1, 2, 3. Fort € [t + t, o), the ESO designed in Equation (33) becomes the
form of Equation (31), where f; is the time when switching to the k-th subsystem. Hence, a?m-,k is
continuously differentiable. Under the premise of )TIQ{’ <1, weget -1 ;(t) <en.(t) <7 qi(t). Noting
that || = leq + Orefil < leqil + [OQrefil and considering Assumptions 1, 3, ); is bounded. Combined
with the boundedness of satNli,k(dAm,k), we obtain that @y is bounded and moreover assumed to be
max|a)ref,<,k) = D, where D, is a positive constant.

The time derivative of wyf; x can be computed as

Wrefik = Blei, z1i, daik — satnni(daik), Qrefis Qrefir Orefi)
where B(-) is a continuous function. It can be verified that @yef; x is bounded on ITy X I and assumed

to be |a)refl k) < Djyifori=1, 2, 3, where Dy, is a p051tlve constant. From Equation (41) we have

Wrefi = =21/ T1, k — 84 Ql/[egl(l 17 Ay P)], i =1, 2, 3, then @y is bounded on Tl x T1q.
Combined with Assumption 2, we can get

uzk| |da1k ai,k‘ + |dAui,k — satny;, k(jaz,k)) duzk i=1,23 (43)
With the help of Young's inequality, it can be verified that
2p 2
P d 1 » Ky k=2
il < Na 22’kdm‘,k- (44)

- 2,
601‘(1—770,-) 21(2,]( eQi(l_ngi)

Considering the definition of ¥1;(t) in Equation (40), it can be noted that

Nk

.
Q4 (1-0(eqi))= X >0,i=1,2, 3. (45)
Qi Toi

K1, k + 0(eqi)

=I



Sensors 2020, 20, 848 15 of 26
Substituting Equations (43)-(45) into Equation (42) yields

2p

2p-1

Va < Zng (Z Qr; )(—Kl, KeQi — g—peoi + (gaew)i + (gazl) ) + 2Ky, kdm k]
1 1

(46)
3|« 1]
= Z[ (11: (;z + 2100, kdmk 2p ﬁl, Ql+ﬁh Qi ((gaew) (gazl)l,)].
where B1; = ZP(EQ’)ZP + lzpo(mzl,),
"qi ~ai Tai ~ai
Utilizing Young’s inequality, we can get
-1 Zp 1 2p| .
Biiegy; ' (8,00), < ﬁh[ +5( ew); ] i=1,23. 47)
Then, Equation (45) can be rewritten as
3 | - 1k'7 B1i 2p
. Q 1
Va= Z (1—111 + 2K, kdmk + ,311 (ga21) + E (gaew)i . (48)

4.2. Control Law Design for Attitude Angular Rate System

Considering the second equation in (1), choose d_, as the extended state, and introduce the ESO
as in Equation (3) to estimate the total disturbances.

@ = vk+gka +dvk+)\1a) k[ +/\3(u (61“ ; 1)h(L®):|/

k €10, k3w, k

)] (49)

d”k B /\2“" '1m v o /\3“" (é; Ilz 6101)/ k) 'h(é'mc,uk_/\i)w, k
where A1, k, Aowir A3w, ks €10, k» @and €y, k are positive constants to be designed, such that ¢, <
&2k < 1.

On the basis of Theorem 1 and Assumption 2, it can be concluded that there exist Ay, k, A2 ks
A3w, ks €10, k» and &y, § such that the estimation errors ||w — @|| and ”dv,k - Ziv,kll will converge to a
small region of zero for t € [t,, , +o0), where t, is a positive constant determined by &1, y and €3, -
Specifically, we suppose IIEU,kII =ld,, - Elv,kll <D, forte[t, y, +o).
Define the attitude angular rate tracking error as e,; = w; — wrefi fori = 1, 2, 3. The dynamics of
Cwi is )
éwi = fm’/ k + (gv, kMU)i + dm‘, k= arefi (50)

Choose the time-varying asymmetric BLF candidate as

2 2
V. = i o(ewi> lo Zl + 1 _O(ewi) lo Zup)i (51)
Y 2p & 720 _ 2 2p & 2 _ 2

wi wi - wi wi

where? ;andr . will be specified later on.
Introduce change of coordinate as

= _ Cui Coi.
nwl T mi, Hi)l r )1’ (52)
Nwi = O(Ewi)nmz ( (eaﬂ))_w



Sensors 2020, 20, 848 16 of 26

Then, Equation (51) can be rewritten as

> 1 1

wi

It is clear that under the premise of |17w1-| <1, V,, is a rational Lyapunov candidate which is positive
definite and continuously differentiable.
Consider Equation (50) and the derivative of V,, can be written as

3 ot ; (1-0(eu))n’™; i
g ; d wi [ La
Vo= 1 |:—(2);1) Cwi — ewlr :j + —Zp)(ewi ewzr (”)

=117 w1 e
3 TIZp .
= Ao i Ty~ @ ) 54
121 eui(1- '72’7 ('fvl k ( ”)i vi, k refi ( )
_2p-1 . -1 '
— 0(€u,i)1] f)i r wi (1_O(EWi))ﬂ wi r u)i:|
Ao i T T A it |
! mi(l_r] f}l) " wi r mi(l_ﬂ 5)1) L wi

The actual controller can be designed as follows

Mv, k
n ; 2
7 o1 11 P
— (K4, k + %21, k)€1 = for, k + wrefl —satnp1, k(do1 k) — s kewl(zl_UZp ) - o (gaew)l
, wl ml
b (55)
_ 2 My ,312 2p
=g M (4, & + o, k)ewn — fin, k + Wre2 — satnz, k(o) - o 2(& 7 5 (8.e0)y (v
5, kb w2 (‘)2
— - 2 ’72p3 ,313 2p
— (K4, k + K23, k)ews — fa3, k + Wres3 — satns, k(duz k) — P o (82€0)3
, K. w3 {)3
where x d iti i 0(8”’) 1 0<e‘“) f 1, 2, 3,and ¥ is th
4,k and x5 are positive constants, f; = 2 + ori = and Ky; i 1s the
. . . wi - wi - ml - wi
time-varying gain, shown as
2 . 2
= T wi T wi .
®oi k() = || =— | +|—| tx6xi=123, (56)
¥ wi Z wi

where x4 | is a positive constant.

Noting %; x + o(ewl)r — -+ (1- (emz))z“” > 0 fori = 1, 2, 3 and taking Equation (55) into
Equation (54) leads to o

. 3 . - 2p 2p _ 2p
Vo= 3 = (K, k521, DT 4 I - " wi __ b (g.e )2”
w = (1_'2,; ) eon(1- ) vi k 25 pei(1— Zp) 5 ez;;—lﬁ 8,lw
i=1 1 wi wi wi 5, ki 1= pe,i b2i
_2p—1 . 2p 1 .
ELCOL R PR G GIOJL HTRU O (57)
— 2 wly . 2, 1 .
Foi(1-h) T e roi(1=n7) L wi

3, [ =xq 0™, (5 h - bu L 2p
< Z 4 wi + mzz d ik — wi 5 g em) ,
i=1 (1_7725,') ewi(l n Z/z) v 2K5, ke(ui(l_” Z,) ?

where avi,k = dvi,k —satnp; k(dvi,k) fori=1, 2, 3.
Considering Assumption 2, we have

doirl, i=1,2, 3. (58)

doije < |Avige — doig| + |doix — satni k(doip)| < 2
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Combined with Young’s inequality, the following inequality holds:

2p E 2p 2
. . 1 . K -2
Tofit LN Mo |, Soig, )
ewi(l_’?wi) K5, k ewi(l_nw,)

Substituting Equations (58) and (59) into Equation (57) yields

P
: K ' Pui 2
Vo £ Z m + 21{5, ka?;i,k - 2_;71(&12“)1‘]7}' (60)
wi

5. Stability and Performance Analysis

In this section, the stability of the tracking error is discussed. Define a compact set I, =
{In Qi n a)i| <1l,i=1,2, 3}, and we need the following lemma to assist in completing the proof.

Lemma 3 [20]. The condition |17 Ql.| < 1 holds true if and only if =1 ,(t) <eq.(t) <7 qi( | < 1 holds

true if and only if —r () <e_.(t) <7 oi(t) fori=1,2, 3.

Theorem 2. Consider the VSNSV attitude motion formed of the closed-loop nonlinear switched system (1), the
extended state observers Equation (33), Equation (49), the virtual control input Equation (39), the control signal
Equation (55), and the modified first-order filters (41) and that Assumptions 1-3 are satisfied. For bounded
initial conditions, satisfy that ho.(0) < O;(0) < hi(0), b ;(0) < @; < 1,i(0), =1 Li(0) <e .(0) <7 ;(0)
fori=1, 2, 3, and the proposed control scheme guarantees the following characteristics:

(1) The tracking errors ey (#) and e, () are bounded by —E (:(t) < eq;(t) < E q;(t) and -E .(t) <
ewi(t) S E ui(t) fori=1, 2, 3, where E (), E qi(t), E ;(t), and E ,;(t) will be defined later on.

(2) The asymmetric time-varying state constraints are not violated, such as . (t) < Q); < hai(t),
h(t) < @; < hyi(t), fori=1, 2, 3.

(3) All signals in the closed loop are bounded.

(4) The system output tracking errors converge to a desired neighborhood of zero.

Proof. For the k-th subsystem of VSNSV, consider the Lyapunov candidate as follows

V=Va+V,+ %nzlnz
3 ( (61)

—Hog + Lz %

Qt wi

Combined with Equations (41), (48) and (60), and compute the time derivate of V as

V VQ + Va) + Z 21921

i=1

3= _ 2
2p-1 p
szl[ . j’“;’+2xz Wy By (am1), + 5 (8060), ]
1 Ql

(62)

3, [ —xy, m bu 2
+ZZ1[ (1-n%) 2, kdwk 5 (840); !

— 2p
Wrefi—Wrefi = Mai -
2 Zli( refi ~Wrefi -3 QIZ ) _ 5’refi)

T ai P
i=1 Lk eQi(l_U Qi
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3 2p 2p 2
KL o TR K, Z1;
< Z[ ZPQZ + 3 2K, W2+ 2ks g~ % + Do
=1 (1_77(),') (1_77(01‘) 1k

Noting that ”Ea,k” < D, and ||Ev,k|| < D, i for t € [tx +t, k, o), where f; is the time when
switching to the k-th subsystem, ¢, ; = max{tQ, ko tw, k}-

Then Equation (62) can be simplified as

2p 2
K, kT] Qz K4, k7] wi Zli 2 5
V Z{ Zp 1— 2p - a —+ Dda)i + 27{2, kDa, k + 2K5, kD'U, k (63)
Ql ( 17 (Ul) ’

Utilizing Lemma 1, we can arrive at

. 3
VY [—Kl,klog
i=1

ﬁzgi) — Ky, klOg (1_3]—25)’) Tl P + del] + 21{2 kD + 2K5 kD‘U K

(64)

3
in the set I1,, where yu = min{2p1<1, kr 204, ks %}, C = 2%y, kDi ¢ T 2Ks, kDZZ} PR Zl D jpi-
, , kS

Considering the definition of 7 (y;, r ., analyze the initial conditions and we can get —r ,,(0) <
e;(0) <7 i(0). Combined with —r .(0) <e_.(0) <7 4i(0), it can be verified that ‘17 Ql.(0)| <1and
(17 wi(0)| <1lfori=1, 2, 3, as follows from Lemma 3. With the help of Lemma 2, we have |17 Qi(i‘)) <1
and |17 wi(t)) <1,¥t>0fori=1, 2, 3. Utilizing Lemma 3 again, we can get -1 ,,(t) <e.(t) <7 qi(t)
and —r .(t) <e_.(t) <Tui(t) Vt > 0fori =1, 2, 3. Therefore, the condition h,; < (); < hey for
i =1, 2, 3 can be guaranteed.

By solving the differential equation in (64), we have

C

V(t) < V(0)e ™M + %(1 —e M) < V(0) + m (65)

— 3
where V(0) = zl—p Y. |log
i=1

+1o + Lyjz1 (0)1P.
1%,() 8 n“,,<o>) 211 (0l

From the definition of V, we have (1/2p)log(1/1 - nzgi) < V(0) +C/p and (1/2p)log(1/1 -~

— = 1/2
nzf)i) < V(0) + C/p. Furthermore, we can get 1. < (1 -2 (V(0)+C/)) ’ and n . <

w1
= 1/2
(1 — e~ 2(V(0)+C/ “)) p. Considering Equation (36) and Equation (52), it can be concluded that
— — 1/2
—E ;(t) < eqi(t) <Eqi(t) and -E ,(t) < ewi(t) < E wi(t), where E o, (t) =7 Qi(l — e 2 (VO+C/h)) p/

Eailt) = Foi(l-e2?VOcm)™ gy (1o eV and E () =

_ v 1/2 —
7 wi(l —e‘zP(V(O)*C/“)) g Moreover, we can prove |z3j| < Zj;, where Z1; = 4/2(V(0) +C/pu) for

i=1,2, 3.

Noting that in the previous analysis in Section 4.1, wyef;x is bounded with ‘Cl)refl"k| < Duir K14
K2, ks K3k K4, ks X5,k p and 71, should be designed to guarantee  (t) < Z1; + D < Ewi(t) for
i =1, 2, 3. Noting that w; = e + 21 + wrefi for i =1, 2, 3, h () < w; < hy;(t) is guaranteed as

longas7 ,; = Ewi(t) = Z1i—=Dyi, 1 ,; = Z1i + Dgi — h;(t). Furthermore, considering the control law in

Equation (55), the boundedness of M . , can be guaranteed.
From Equation (65), we further arrive at

1
Moy < (1= e @VO-C /)T, (66)
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1
Along with t — oo, 17 . < (1 —e ¢/ P)ZF’ . Then the attitude tracking error e); can be arbitrarily
small with appropriate C and p fori = 1, 2, 3. The proof is completed.

Remark 6. Considering the size of tracking residual and the convergence rate as shown in Equation (66),
 should be set to be large enough, C should be set as small, and p should be a small positive integer. Furthermore,
combined with the definition of 1, we need to choose a large k1 i and x4 i and a small T . Combined with the
definition of C, a large xy i and s i can increase the convergence rate. Considering Equations (40) and (56),
K3, k and k¢ i should be positive and large.

Remark 7. The problem of the ‘explosion of complexity’ is tackled via the dynamic surface control scheme, which
uses a modified first-order filter to synthetic input at two steps of controller design. In the generic dynamic surface
control scheme, the coupling terms such as ‘Blieépi_l (gazl)l, in Equation (48) and Equation (62) are decoupled
with the help of Young's inequality, which needs the hypothesis that there exists the upper bound of ||g,|| [45,46].
The hypothesis seriously increases the conservativeness of controller design. It should be pointed out that in
this paper we present a modified dynamic surface, as in Equation (41). The last term in the first-order filter
T1, k84 [172&. /eqi(1- 172&)] eliminates the coupling term ﬁliegi_l (gazl)i in order to avoid the priori knowledge

of &,

6. Numerical Simulation

To confirm the superiority and effectiveness of the proposed controller, a numerical simulation
was conducted compared with the approach in [10]. The aerodynamic coefficients of VSNSVs are
from [47]. The wing sweep angle A changed between 60° and 75°, and the flight characteristics
when 60° < A < 67° and 67° < A < 75° are described by subsystems o; and oy, respectively.
The VSNSV was assumed to carry out a flight at the speed of 1250 m/s and at an altitude of 30 km.
The initial condition was setasa = 1°, = -1°, y = 1°, A = 60°, and p = q = r = 0°. During the
simulation, A varied from 60° to 75° and the subsystem o, was activated at t = 8 s. Next, A varied
from 75° to 60°, and the subsystem switched to 0 at t = 15 s. To demonstrate the validity of the
designed extended state observer, 25% uncertainties of the aerodynamic coefficients were considered.
The external disturbances imposed on the attitude angle loop and angular rate loop were set as
[sin(2t), 1.5cos(3t), —cos(t)]" / (deg/s) and [4 x 10° cos(3t), 5% 10° cos(4t), 3.5 x 10° sin(2t)]T N'm
for the subsystem o1, [2sin(t), cos(3t), —cos(2t)]" / (deg/s) and [3 x 10° cos(4t), 2 x 10° cos(2t),
5 x 10° sin(2¢)]T N'm for the subsystem o5.

The desired outputs were ay; = —0.2t2 + 2t for t € [0, 5), ares = 5 for t € [5, ), fref = 0,
tref = 0. Obviously, the command signal was continuously differentiable. The state constraints
were —0.2t2 + 2t — 0.1 cos(t) — 0.5 < a < —0.2t> 4+ 2t + 0.4 cos(t) + 0.7 for t € [0, 5), 4.5 —0.1cos(t) <
a < 5.7 +0.3cos(t) for t € [5, o), e 0% x [-1cos(t) — 1.5] < p < 0.05cos(t) + 0.15, e 02 x [~1 cos(t) —
1.5] < u < 0.05cos(t) +0.15, 702 x [0.5sin(t) + 1] < p < e %% x [~ cos(t) — 3], =0.1cos(t) —0.5 < g <
0.3 cos(t) + 0.8, and —0.1 cos(t) — 0.5 < r < 0.3 cos(t) + 0.8.

Based on the extended state observer designed in Section 3 and the parameter selection principle
in Remark 5, the corresponding parameters were chosen as Ajn = 2, Axn =1, A3q = 8, €10 = 0.02,
& = 0.1 for the attitude angle system ESO, A1, = 4, A2y =4, A3, =15, €14 = 0.02, €24, = 0.1 for the
angular rate system ESO. The ESO parameters for subsystems o1 and o, were the same. According
to the control scheme proposed in Remark 6, x1, o =6,%2,0) =4,%3 6, =5, K46, =8, K55, =5,
K6, 0, = Dand k1,5, = 8, k2,5, = 7, k3,5, = 5, K4, 5, = 10, k5,5, = 8, K6 5, = 5. The first-order filter
was designed with the time constant 71 = 0.1 for the two subsystems.

The simulation results are shown in Figures 2-12. Figures 2—4 are comparison curves of attitude
angle tracking performance. Figures 5-7 are comparison curves of angular rate performance. It can be
seen that the desired signals are well tracked in the presence of aerodynamic coefficient uncertainties
and external disturbances. The time-varying state constraints are not overstepped. Within a short time
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after the switching occurs, the tracking errors converge to a small residual set of zero. The attitude
angle tracking errors are less than 0.05° for t > 4 s. It should be pointed out that the angular rate
responses in [10] exceed the state constraints at the beginning of the simulation, as shown in Figures 5-7.
With the help of the time-varying asymmetric BLE, the amplitudes of the state responses are all within a
reasonable scope. Figures 8-10 are comparison curves of control inputs. The control surface deflection
angles in the proposed controller have smaller amplitudes and transition rates. It can be seen that
the tracking curves of the proposed controller are slower than those compared, but the compared
control law cannot guarantee that the states stay in the time-varying state constraints. To keep
away from the state limit boundary as far as possible, the over control should be small—the tradeoff
of this control scheme is the slow tracking speed. On the other hand, to guarantee the condition
hi(t) < Z1j+ Dy < hei(t) as in the proof of Theorem 2, the control parameters should be chosen
appropriately small. Although the proposed control method tracks the desired signal a little slower, the
controller can guarantee the time-varying state constraints satisfied theoretically instead of adjusting
parameters repeatedly.

The good tracking performance is on the basis of effective estimation of total disturbance. As shown
in Figures 11 and 12, the norm of estimation error Ea is within 0.01 deg/s when 2 s < t < 8 s, and within
0.01 deg/s two seconds after the system switching at 8 s and 15 s. The norm of estimation error d, is
within 40 N - m when 2 s < t < 8 s, and not exceeding 50 N - m one second after the switchings occur.
Although the total disturbance is composed of modeling uncertainties and external disturbances, it can
be seen that the proposed extended state observe can estimate the total disturbance accurately.

To implement the proposed controller, a gyroscope should be set on the VSNSV in order to obtain
the attitude angle and angular rate information. The control input we designed in this study is the
control torque vector which is generated by control surfaces including the left elevon, right elevon
and rudder. The sensor and actuators necessary for the controller are common on variable-structure
near-space vehicles [47]. Therefore, the proposed controller is easy to implement and applicable to
most of the variable-structure near-space vehicles.
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Figure 2. Comparison curves of the angle of attack a tracking performance.
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7. Conclusions

In this study, a solution to the problem of attitude tracking control and simulations of VSNSVs with
time-varying state constraints are addressed. A novel ESO with two distinct linear regions is designed to
estimate total disturbances. Then, based on the estimated values, the asymmetric time-varying barrier
Lyapunov function is introduced to prevent the transgression of the state constraints. The modified
dynamic surface control approach is presented to eliminate the ‘explosion of complexity” inherent in
the backstepping method. Rigorous proof for the convergence of ESO and the stability of closed-loop
system is achieved. The numerical simulation results show the effectiveness of the proposed control
scheme for VSNSV attitude tracking in the presence of disturbances. Further research may focus on
considering the actuator saturation, actuator dead-zone, fault-tolerant control and the transformation
of wings as an auxiliary control, while dealing with the time-varying state constraints for VSNSVs at
the same time.
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