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Abstract This paper presents an adaptive dynamic
surface control scheme for vertical takeoff and land-
ing reusable launch vehicles (VTLVs) with unknown
disturbances, model uncertainties, and an attitude con-
straint to achieve exact attitude tracking control in the
aerodynamic descent phase. First, the six-degree-of-
freedom dynamic model of the VTLV is established.
Next, the unknown disturbances and model uncertain-
ties in the VTLV model are considered as the total dis-
turbances, which are estimated by employing an uncer-
tainty and disturbance estimator to compensate the con-
troller, thereby enhancing the control accuracy of the
system. Moreover, a symmetric time-varying barrier
Lyapunov function is utilized to cope with the attitude-
constrained problem. Finally, the high tracking perfor-
mance of the proposed adaptive dynamic surface con-
troller is verified by numerical simulation results.
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1 Introduction

Since the concept of reusable launch vehicle (RLV)
was proposed in the 1950s, researches on RLVs have
received extensive attention [1]. Unlike traditional
expendable launch vehicles, RLVs can be partially or
fully recycled after accomplishing the mission and put
back into operation after maintenance and refuelling,
which significantly increases the launch efficiency and
lowers the launch costs [2]. According to the meth-
ods used for takeoff and landing, RLVs can be divided
into several categories, with vertical takeoff and verti-
cal landing reusable launch vehicles (VTLVs) emerg-
ing as a critical field of study in recent years [3]. Cur-
rently, VTLVs mostly use the method of two-stage-to-
orbit, and the sub-stages of completed launch missions
are recovered vertically, such as the “New Glenn” of
Blue Origin and the “Falcon” series of SpaceX, both of
which have accomplished the vertical recovery reuse of
the sub-stages and reduced the cost of a single launch
markedly [4]. However, it is essential to notice that
many launch tests of VTLVs have failed mainly due
to the lack of enough control accuracy and mechani-
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cal failures. Therefore, the key to ensure the safety and
reliable flight of VTLVs lies in improving their attitude
control performance under multiple constraints.

In the vertical recovery phase of VTLVs, particu-
larly during the aerodynamic descent phase, the design
of the attitude control system is critically hampered
by a long non-powered time of the engine, highly
dynamic flight environment, external and internal dis-
turbances, as well as strong coupling. For solving such
a complex nonlinear control problem, the attitude con-
trol system needs to be devised with nonlinear control
methods because linear ones cannot be adequate for
the demand of high control precision and robustness.
The sliding mode control method is used to improve
the stability and dynamic response of attitude control
of RLV in [5-7]. However, owing to the internal jit-
ter and singularity issues, it is a challenging task to
design the parameters of the controller, which limits
its applications. Accordingly, a robust adaptive inverse
control strategy was developed to ensure the accurate
attitude tracking of RLV with unknown boundaries of
disturbances and uncertainties in [8,9]. To avoid the
“differential explosion” problem associated with the
traditional inversion method, dynamic surface control
(DSC) was proposed in [10] to design controllers with
arbitrarily small tracking error for a class of nonlinear
systems. Based on DSC, [11] designed the RLV atti-
tude adaptive control strategy and achieved great con-
trol results. In the field of RLV, while DSC research
on attitude control achieves positive results in a vari-
ety of aircrafts [12,13,33,34], there is a lack of more
in-depth research. Also, despite conventional nonlinear
controllers typically apply robust approaches to reduce
the effects of uncertainties, it is necessary to estimate
and compensate uncertainties to realize a better con-
trol performance of the system. In recent years, many
researchers have made efforts on disturbance observer
(DO) to improve the performance and the adaptability
of the controller, such as adaptive DO [5, 14], extended
state observer (ESO) [6,15], and uncertainty and dis-
turbance estimator (UDE) [16]. UDE was proposed
to evaluate external disturbances and uncertainties by
[17]. UDE has the advantage of weakening the adverse
influence of complex disturbances availably while sim-
plifying the structure of the controller [18]. By applying
UDE, [19] achieved effective disturbance rejection and
reference tracking for the servo system. For the control
system of aircraft, [20] extended the UDE-based distur-
bance observer to design the controller, whose excel-
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lent tracking performance and antijamming capability
were demonstrated by simulations. In [21], a control
algorithm based on UDE was applied to industrial pro-
cesses with a time delay. UDE has widespread studies
and applications, but basically no application to RLV.
In consideration of safety and realistic conditions,
certain physical quantities of the RLV must be con-
strained. Ma et al. [22] employed prescribed perfor-
mance control (PPC) for the control system as a feasible
approach to the issue of state restriction. PPC constructs
the control law by converting the existing restricted sys-
tem into an equal unconstrained system to ensure that
the tracking error maintains within the bound speci-
fied by the designer. At present, there exist three types
of PPC schemes, which are barrier Lyapunov function
(BLF)-based PPC, funnel-based control PPC and coor-
dinated transformation-based PPC [23]. As a candidate
for solving the state-constrained problem, the funnel
control (FC) method has been developed to guarantee
the transient performance specified throughout the pro-
cess [24]. In [25], a neural funnel controller was pre-
sented for air-breathing hypersonic vehicles to main-
tain velocity and attitude tracking errors within desired
funnels, realizing the expected transient and steady-
state performance of both tracking errors. Aiming at
solving the issue of attitude tracking for reusable launch
vehicles with overload constraint, funnel-control was
utilized in [26] to design a performance improvement-
oriented control algorithm to keep tracking error within
prescribed performance function throughout the reen-
try phase. Funnel-based PPC, however, requires that
the controlled systems be S-type linear or nonlinear
systems, and that the relative degree should be one or
two with a known high frequency gain sign, which lim-
its its applications. Compared to the other two methods,
coordinated transformation-based PPC is more widely
used in the attitude control of RLVs. In [27,28], the
attitude constraints of reusable launch vehicles were
considered, and the logarithmic error transformation
method was used to map the constrained attitude track-
ing errors into unconstrained tangent errors. Wang et al.
[29] designed a novel predefined-time prescribed per-
formance function and utilized the tangent error trans-
formation method to maintain the tracking error within
the desired range. On the basis of the PPC method, the
predesigned constraint is equivalently substituted by
the state-constraint dynamics to achieve the required
output tracking performance, while the controller is
constructed using the backstepping algorithm in [30].
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Most of the existing PPC approaches do not take into
account the constraint for the transformed error pro-
vided by the PPC strategy, thereby making it difficult
to guarantee the boundedness of virtual control deriva-
tives. As a result, when coordinated transformation-
based PPC is employed in DSC, the virtual controller
may produce a large output in order to stabilize the
transformed error and cause an excessive steady-state
error overshoot.

As a particular type of Lyapunov function that tends
to infinity when its variables approach the intended
limit, BLF is widely used in situations requiring state
restriction [31]. At present, the state constraint prob-
lem can be effectively solved by using several novel
forms of BLFs even when the constraint border goes to
infinity, such as tangent BLFs and exponential BLFs.
Flight control issues for controlled objects with atti-
tude constraints, such as airplanes, spacecraft, and mis-
siles, have been thoroughly investigated based on BLF
and the inversion approach. Tee et al. [32] developed
the inverse controller to guarantee the output bound
according to the symmetric BLF, solving the control
problem in the output-constrained case of strict feed-
back systems and lessening the restriction of the ini-
tial conditions successfully. Based on the tangent BLF,
[33] used DSC to construct the velocity and attitude
controllers for hypersonic vehicles, ensuring the total
state constraints. In order to handle the output con-
straint problem for the variant aircraft, [34] suggested
a composite adaptive control strategy based on the
inverse approach and the exponential BLF, in combina-
tion with the minimal parameter learning technique and
the first order sliding mode differentiator. The (BLF)-
based PPC method has been successfully applied into
hypersonic vehicles and can be further extended into
the RLV. Inspired by the previous work, this paper plans
to address the attitude-constrained problem of VTLV
under the influence of unknown external disturbances
and model uncertainties. The main contributions of this
study are summarised as follows.

1. A UDE is employed to approximate the unknown
disturbances and model uncertainties of a VTLV.
Compared to the existing DO results applied in
RLVs [5,6,36], UDE provides a more straightfor-
ward structure, fewer parameter settings and excel-
lent estimation accuracy. Moreover, its stability is
more accessible to verify.

2. The improved exponential BLF adopted in this
paper enables the proposed attitude controller to
deal with time-varying attitude constraints of each
attitude angle. Compared with the PPC methods
in [26-28], the BLF-based PPC method eliminates
the need for complex error conversions, thus reduc-
ing the complexity of the control laws and getting
higher reliability.

3. The proposed UDE-based adaptive DSC controller
considers attitude constraints and complex distur-
bances simultaneously. In contrast to the existing
studies on VTLVs [5,28,36], the proposed control
system is chattering-free and needs fewer restric-
tions on control parameters to satisfy the stability
and, thus, has higher practical application values.

The rest of this paper is organized as follows. Section 2
presents the control model of the VTLV with unknown
disturbances and model uncertainties. In Sect. 3, based
on UDE and an exponential BLF, an adaptive dynamic
surface controller is designed to achieve high-precision
attitude tracking for the VTLYV, and the uniform bound-
edness of the attitude angle of the VILV is demon-
strated. The usefulness and superiority of the con-
trol method are verified by contrasting the simulation
results of two cases in Sect.4. The work of this paper
is summarized in Sect. 5.

2 Problem formulation and preliminaries
2.1 Mathematical model of VTLV

In this section, the mathematical model of a VTLV is
studied in detail. The mission profile of the whole flight
stage for a VTLV is shown in Fig. 1 [35]. In general,
the whole flight phase of a VTLV consists of seven sec-
tions: the ascent phase, the attitude adjustment phase,
the boost back phase, the unpowered descent phase,
the powered descent phase, the aerodynamic descent
phase and the vertical landing phase. One of the most
critical phases in the vertical recovery of the VTLV is
the aerodynamic descent phase, characterized by sub-
stantial nonlinearity, strong coupling, and parameter
uncertainties. As a result, it is the main emphasis of
this study to design the appropriate attitude control law
for the VTLV in the aerodynamic descent phase.
During the aerodynamic descent phase, the engines
of the VTLV are turned off, which means that the con-
trol torque cannot be obtained from them. Thus the
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Fig. 1 Mission profile of the VTLV

aerodynamic force and aerodynamic moment are the
major factors that change the speed and attitude of the
VTLV. The dynamic equations of rotational motion of
the VTLV are given by

. . sino
a=—pcosatanfB +¢q —rsinatan B + X
cos B
[V cosy — dsinysiny + (6 + we)(cos ¢ cos ¥ x
. . coso . .
siny —sin¢cosy)] — [y —¢cosy—
cos B

(6 + w,) cos ¢ sin V]

B =sino[y — dcosy + (6 + w,) cos ¢ sin ]+
coso[l/} cos y —qf)sint//siny — (é + w,)(cos ¢ x
cosyrsiny —singcosy)] + psina — rcosa

6 =—pcosacosf —gsinf —rsinacos S+
Gsinf — ¥ siny — @siny cosy + (6 + w,) x
(cos ¢ cos Y cosy + sin¢ siny)

6]

and the kinematic equations of the VTLV are listed as
follows:

1

b= i M T Me o+ Uy = T+
xxYzz Xz
2
TDILpg + (T — T I = T )]
.1
4=7 M JL07 = pH) + (UL, = T )pr]
yy

. 1
=
g ;2
Jxx‘]zz - ‘]xz

2
Ypq + J)éz(Jy/y —J,

[J);ZMX + J;XMZ + ((‘])éx - ‘]y/'y)x

J);x + J;z - J;Z)qr]

2)
where «, B, o are the attack angle, sideslip angle, and
bank angle, respectively. p, g,r denote the angular

velocity of the roll, pitch, and yaw, respectively. y is the
flight path angle and v is the heading angle. 6, ¢ denote
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the latitude and longitude, respectively. w, is the earth
angular velocity. Ji’j =Jij +AJi( =x,y,2,] =
X, y,z) denotes the moment of inertia, wherein J;;
and A J;; represent the nominal moment and uncertain
moment of inertia, respectively. M; (i = x, y, z) indi-
cates the rotational moments of the roll, pitch, and yaw,
respectively. The aerodynamic moments are described
as

mfZLr

M, = +mP B+ (Am® + m®)8,190S, L,

miL
_ y=r o (Sa 88
My = [= = +mfo + (Am +m§)3c1qoS: Ly

m7 Ly

M, === +mlB + (AmY +m?)8.1q05, L,

v
where v is the velocity. S,, L, are the cross-sectional
area and reference length of the VTLYV, respectively.

mY, m§, m" denote the damping moment coefficients

of the roll, pitch, and yaw channels, respectively. mf,

m$, mf are the static stability moment coefficients.

mi", m‘;e, m?’ denote the nominal control moment
coefficients, and Ami", Amig, Amﬁ’ are the uncertain
control moment coefficients. gg is the dynamic pres-
sure. 84, d¢, 6, denote the equivalent three-channel grid
fins angles that are used to control roll channel, pitch

channel, and yaw channel, respectively.

2.2 Control-oriented model of VTLV

Let 2 = [«, B, O']T and w = [p, q, r]T. Consider the
merging of unknown disturbance terms in the model,
(1) and (2) can be further simplified as

Q= Rw + dy
o=—J""0"Vw+ "N B+ AB)S+ dg

where d; represents the unknown mismatched distur-
bance caused by uncertain parameters and external dis-
turbances, and d»; is caused by the external distur-
bance moment and the hard-to-measure aerodynamic
moment. § = [8,, 8,, 8,17 denotes the control input.
J' = J 4+ AJ is the inertia matrix of the RLV, wherein
J and AJ denote the nominal and uncertain inertia
matrix, respectively. o™ is the skew-symmetric matrix
operator on vector. R is the coordinate transformation
matrix. B and AB are the nominal and uncertain control
moment matrix, respectively. The following control-
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oriented model can be gained easily through derivation

{ 2 = Ro +d,
. -1 x -1 S
owo=—J"w"Jo+J "Béi+d;

where dy = J~ 1 day + doy, is the unknown matched
disturbance, whereinds,, = J N (—0*AJo—AJo+
ABS) results from the uncertainties of the inertia
matrix and the control moment coefficients. The repre-
sentations of J, ™, R, and B are respectively written
as

R 0 —r g
J = 0 Jy 0 |,o*=|7r 0 —p]|,
__sz 0 Jg; —-qg p O
[ —cosatanf 1 —sinatan ]
R = sin 0 —cosa ,
| —cosacos B —sinf —sina cos f |
[myqS:Lr 0 0
B= 0 mYqS:L. 0
0 0 m¥qoSLy ]

For the VTLV attitude control model (4), a UDE-
and-BLF-based adaptive dynamic surface controller
is proposed in this paper to permit the VTLV atti-
tude vector §2 to track the control command £2; =
laea, Ba, o417 in the presence of unknown disturbances
and model uncertainties, and it also satisfies the given
constraint condition regarding the attitude error, that is,
|2; — Q4i| < kpiyi =1,2,3, kp; > 0.

Remark 1 The upper bounds of the VTLV attitude
angle and desired attitude angle, respectively denoted
as k. and k,, are usually given in practical applications.
Without loss of generality, consider k.,; > k,; > O.
Correspondingly, the upper bound of the attitude error
can be gained by kp; = ki — kri, i =1,2,3.

3 Adaptive dynamic surface controller design
based on UDE and BLF

3.1 Notations, lemmas and assumptions

In this section, for the construction of the adaptive
dynamic surface attitude controller used for the VTLV
control model described by (4), the following notations,
lemmas and assumptions are necessary:

Notiation 1 For the vector x = [x1, ..., x,]7, there

are some definitions as follows:

llx]] = vxTx

tanh x = [tanh x{, tanh xp, ..., tanhx,,]T

Notiation 2 [36] Assume that D is an open region con-
taining the origin and tha the BLF function V (x) is a
scalar function defined on D concerning the system
states x, then there exist some properties of V(x) as
below:

(1) V(x) is smooth and positive definite.

(i) There exists one-order continuous partial deriva-
tive of V (x) at each point on D.

(iii)) When x approaches the boundary of D, V (x)
tends to be infinite.

@iv) For any t > 0, when x(0) € D, we have
V(x(t)) < b, where b € RT.

By Notation 2, the form of general exponential BLF
is selected as follows [37]:

F(z) = : 1 5 (5)
z) = > og k;z —
and the time derivative of F'(z) is written as
2 . ke
F'(z) = 71— —z 6
©= g 5G9 (©)

where log(.) denotes the natural logarithm of ., and k;,
is a time-varying positive parameter satisfying |z| <
kp. It can be shown that F(z) is positive definite and
continuous when |z| < k.

Lemma 1 [38] For any kp > 0 and |z| < kp, the fol-
lowing inequality holds:

k2 Z2
lo b <
g(kg—zz) Tk —22

Lemma 2 [39] For any wy > 0 and x € R, the fol-
lowing inequality holds:

X
0 < |x| — xtanh — < kgwg
(2]

where kg is a constant satisfying kg = e~ *0tD e,
ko = 0.2785.

Lemma 3 [40] For a system with bounded initial con-
dition, if there exists a continuous and positive definite
Lyapunov function that satisfies V (x) < —kV (x) + ¢,
where both of k and ¢ are positive constants, the sys-
tem is uniformly bounded, and the following inequality
holds:

c

r (N

V(x) < (V) — %)e*’“ +
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Assumption 1 [41] The derivative of the unknown dis-
turbance d; is bounded, that is, there exists a positive
constant d; such that ||d;|| < d; < oc0,i =1, 2.

Assumption 2 The desired attitude £2; and the upper
bound of the attitude error kj; are smooth, and for any
t > 0, there exist positive constants Wi and W, such
that ||24]1* + [1£24]1* + [122411* < W1 and [[kp|* +
kol 1> + 11kp|1* < Wa.

Assumption 3 For all # > 0, the sideslip angle satis-
fies |8] < B < m/2, where B is a positive constant,
which ensures the continuous smooth function matrix
R is nonsingular. Thus, there are positive constants R
and R, (R] < R»), such that Ry < max{||R]||, [|R||} <
R>.

Remark 2 The external disturbance moment as well as
the aerodynamic moment in the flight environment are
constantly changing and difficult to predict, but their
total energy is limited. Simultaneously, note that d;
and d»,, vary with the motion state and grid fins angles
of the RLV, which have a limited range and change rate.
Therefore, d; and its derivative can be considered to be
unknown but bounded, which explains the rationality
of Assumption 2.

Remark 3 In practice, it is possible to obtain the states
(Euler angle and attitude angular velocity) of RLV by
means of the inertia navigation system. To prevent the
heating rate, the sideslip angle should also be zero dur-
ing the reentry phase [42]. Hence, Assumption 1 is rea-
sonable.

3.2 Disturbance estimation based on UDE

In this section, UDE is utilized to estimate the compos-
ite disturbances in (4), due to its simplicity and great
estimation performance. Then the disturbance estima-
tion is compensated to the subsequent control law to
improve the control accuracy. Moreover, we also ana-
lyze the uniform boundness of the estimation error of
UDE.

According to (4), the unknown disturbances in the
VTLV dynamics model can be expressed as

d; =2 — Row
: (®)

db=w+J "o Jo—J'BS
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UDE estimates unknown interference via filters
[18], and the design method is expressed as the fol-
lowing transfer function:

Di(s) = G p(s)Di(s),i = 1,2 )

where D (s), D; (s) respectlvely denote the Laplace
transformation of d,, d;, and d is the estimation of d;.
Gr(s)=(ris+1)" 1 represents the matrix form of the
one-order filter, in which t; is the coefficient matrix of
the filter to be designed.

Adopting the inverse Laplace transformation, (9) is
transferred as

di =7 Yd; — dy) (10)

By calculating the integrals of the expressions on
both sides of the equal sign simultaneously, the expres-
sion for disturbance estimation can be given by

t
d; 2/ ‘L'i_l(di —d;)dt + d; (0) (11)
0

Define the disturbance estimation error c?,- as

d=d; —d. (12)
Through (10) and (13), it is obtained that
C;l,' =d,» —‘L';ld~i (13)

To demonstrate the uniform boundedness of the esti-
mation error of UDE, we give the Lyapunov function
form of the UDE as follows:

2
1o
-y Lt (14)
i=1

Then the derivative of Vy, with respect to time reads
2 .
Vi, =Y dd; (15)
i=1
Applying Assumption 1 and the Young inequality,
we get

2
Vo, =y (=dTe7'd +dl d;)
i=1
2 P
_Z(_d‘_}‘r—ld o d,‘2+ sz” )
i=1 Hi
2 ~ _ 2 &2
S—Zle(Tl I_Mil)di_i_zzl_l;
i=1 i=1 !
= —aoVy, + bo (16)
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where u; € RT, ap = m1n2 {2Amin (T, Y —2ui} >0,

and by = Z (cfi2 /4u;). Furthermore, the coefficient
i=1
matrix of the filter satisfies Amin (tl-_l) > .
According to Lemma 3, fori = 1, 2, we obtain

b b
Vu, < (vud 0) — —°> e—aot 4 20 (17)
agp ao
. ~ 2bg
lim |d; H <[220 (18)
—>0o0 ao

Therefore, it is possible to adjust the filter coeffi-
cients so that the estimation error of interference can
converge to an arbitrarily small range around 0, that is,
the UDE can estimate the unknown interference terms
in (4) accurately.

3.3 Design of adaptive dynamic surface controller
based on BLF

In this section, the dynamic surface control method is
adopted to decompose the VTLYV attitude control model
(4) with model uncertainties and complex disturbances
into the outer attitude loop and the inner angular rate
loop, for which the control laws are designed sepa-
rately to achieve accurate attitude control. Moreover,
the exponential BLF and the adaptive control law are
integrated to cope with the attitude-constrained prob-
lem. The detailed block diagram of the attitude control
system is shown in Fig. 2.

According to (6), the exponential BLF form is
selected as follows:

log " (19)
2 _ 2
,—1 kbz - Slt

It is clear that V is positive definite and continuously
differentiable in the set | Sy;| < kp;.

Remark 4 During the early stage, kp; provides atti-
tude constraints for the attitude control transient pro-
cess, while during the later stage, it ensures atti-
tude constraints for the steady state process, which
means kp; needs to converge to zero. Then we should
ensure that kjp; satisfies the differentiability condi-
tions in Assumption 1 and the initial constrained
condition|£2; (0) — £24;(0)] < kp;(0). Besides, an
appropriate kp; (00) should be designed to improve the
effectiveness of attitude constraint and avoid the chat-
tering problem of the control input.

Taking the derivative of V| yields

3 . .
v = Z Susu 52 kpi
i kl%i - 5121' kpi (kil- - S%i)

i=1
= 85,51

— KpS1) (20)

where 85 = [851, 85125 8513]T 8s;; = Sli/(kil - Slzz)
kp; denotes the time- varylng upper bound of the attitude
error, and K= diag (k1 /kp1, kp2/kpa, kp3/kp3), i =
1,2, 3.

(rs+1)7"

>

Adaptive Virtual

Q; ( gg ) _: »l( =1l
d Controller (o0 + I)
D YSE @
R
Ly BLF

Al‘llludc loop r————-

Attitude angular rate loop |

| Disturbances+Uncertainties |

Adaptive Dynamic 5[‘ Q=Ro+ d,
Surface Controller ) 5= ~J &' Jor+J BS +d,

The VTLV dynamics model

Sensors

Fig. 2 Block diagram of anti-interference adaptive dynamic surface control system based on BLF
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In order to track the desired attitude accurately, it is Let ® = @ — wy, there is
ne?essary to design a virtual control law for the outer g = 1_34 (@ — wy) = 7:3,15) (28)
attitude loop.
Step 1. Define the attitude error of the VTLV as The time derivative of @ is written as
~ —1~ =
S| =22 Qn 0=-T 0+ (29)

The time derivative of S; is given by
S| =02 —2s=Ro+d — 24 (22)
It is straightforward to show from (18) that both of di
dj - dj| <,
j =1, 2. Then the virtual controller @ is designed as

and 5?2 have the upper bounds, that is,

o _ T |
@ =R[—(Ki1 +K)S| —d| + 24 — ERRTSSI—

by tanh(e '85,)] (23)

where K| € R33isthe gain matrix, K = diag(lzl, ko,

k3), ki = +/ (fq,,- /k;,l-)2 + Bo, and By is a positive con-

stant, which ensures that the time derivative of @ is
bounded even when l%bi are zero. g1 is the definite sym-
metric matrix to be designed. by represents the estima-
tion of by, which satisfies the below adaptive control
law:

by = yi[8§, tanh(e;'85,) — 1511 24)
where o1 and y; are both positive constants.
Substituting (23) into (22), this yields
S| =R(w — @)+ Rd+dy — 24
—R(w — @) — (K| + K)S) — di +

. 1
dy — by tanh(e; ' 85,) — ERRTasl (25)

Substituting (25) into (11), the expression for (21 is
written as follows:

t
d1=71_1{51—51(0)—/0 [R(w — ) — (K1+K1)S1—
N 1 A
by tanh(e] ' 8s,) — ERRT(SSI 1dt} +di(0)  (26)
In addition, in order to avoid the “differential explo-
sion” problem caused by direct derivation of @, the

tracking signal of the inner loop is given by passing the
virtual control law through the one-order filter as

Bws + ws = o, wg(0) = w(0) 27
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where 73 € R3*3 is the definite symmetric matrix to
be designed, and w; € R? denotes the desired signal
of w.

To demonstrate the stability of the closed-loop con-
trol system, define b 1 = by — l;l, and the following
candidate Lyapunov function is considered:

1 -~
Vo=V +—b? (30)
2y
The time derivative of V> is given by
. . 1 ~ =2
Vo=Vi+ —bib (31
V1
According to (24), we have
1 ~ 2 ~ ~
y—blbl = by[—8% tanh(e] ' 8s)) + 01b1] (32)
1
Note that
_ (b1 +b P b b b
blbl:u__l__l<_1__l (33)

2 7 2 2

andw—o = w—wyg+ws—o = Sy — @ . Furthermore,
it is obvious that

. . 2 .
—kpi [kpi — kpi Jkpi)” + Po < 0,i =1,2,3.

Thus, we obtain
—8¢,(Kp + K1)S1 <0

The final expression for V, is written as

. 0'152 01b2 ~
V), < — 5;[(151 — Tl + Tl +5§1d1 —b13§1X

1
tanh(e;'85,) + 8¢ RS> — 8% Ré> — Esg RRT 5,
(34

Step 2. Define the angular rate error of the VTLV as
S =w— wy (35)
The derivative of S> is obtained as follows:

S=d—wg=—-J"0Jo+J'BS+d —15'®
(36)
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Based on UDE and adaptive control, the actual con-
trol law is designed as

8c =B '[J(—K28> + 75 '@ — by tanh(e; ' ) —
RTss, — d) + 0 Jw) (37)

where Ko € R¥3 is the gain matrix, & € R3*3
denotes the definite symmetric matrix to be designed,
and b5 is the estimation of by, which satisfies

by = ST tanh(e; ' $2) — 02bs] (38)

where o1 and y; are both positive constants.
Substituting (37) into (36), this yields
Sz =—Ky5 — l;z tanh(a;lSz) — RT(SS] +dy — dAz
(39)

Substituting (39) into (11), the expression for (22 is
written as follows:

t
by =25 (5s — $:0) + / (K28 + by tanh(e; ' 82)
0

R”585,)d1} + d>(0) (40)

Next, define the total Lyapunov function as

VeVt iS4 Bt iala 1)
= = — O
2T, 2T
Then we present the main conclusion of this paper
and demonstrate the stability of the designed closed-

loop control system as follows:

Theorem 1 Consider the VTLV control model (4)
under Assumptions 1-3. Given initial condition satis-
fies |S1i(0)| < kpi,i = 1,2,3,and V(0) < p, where p
is a positive constant. Based on the disturbance estima-
tion from UDE, DSC laws (23), (37) and the adaptive
control laws (24), (38) are employed to design the atti-
tude controller for the VTLV, then the attitude angle $2
is within the given constraint k¢, and the track error S
can converge to an arbitrarily small range.

Proof Taking the derivative of V yields

. . . 1.~ = .
V=V+SI$%+ —bby+d'® (42)
V2

Like (32) and (33), we derive

1 ~ = ~ ~
—byby < —by ST tanh(e ' Sy) — 252 + b2 (43)
Y2 2 2
Invoking (39) and (43), we have

. 1 ~ = -
STSy + —baby < STdy — ST K28, — ST RT s,
)

— b7 tanh(e;' $5) — %Bﬁ + %bg
(44)

According to Lemma 2 and the Young inequality,
the following inequalities are given by

3
85,d1 — b18§, tanh(ey'85) < b1 Y (18s,1]—
i=1
8s,i :
sy tanh ) < by > lerilio = £ (45)
! i=1
3
STdy — byST tanh(e; ' S2) < by Z eai ko = 2

i=1

-1 -
- 8?1 R = 583:1 RRT851 = _(RTSSI)TC‘)_

1 T ~
5 (RT8s)" (RT85) < Sa" & (46)

=2
- o 5 D)
o= —a)T(r3 - w3zl + %

N =

(;)T

where 13 € RT.
Finally, the expression for V is simplified as

. . . 1~ = s
V=V, + 85252 + y_b2b2 +oT®
2
o1b? N
5—5; K151—%—S2TK252—07219%—5)T(T371—

alb% azb%

1
sl = 5 Da+ —=+ +

=12
PP U
2 2 A3

(47)

By Assumption 2, the set

2
)+

2
I = {(QdT,QdT, QT dy, kp, kp, kp) : Z(Hf?;l)
i=0

2
> (e
i=0

2 2 -
)+ Hd]” SW}
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is compactin R2! where W = W, 4+ W, ~|—b%. Consider
the set

m =] 51" b1 by v < p)
is compact in R'!. For all variables belonglng to [Ty x

I, = D(S1, $2, @, b1, by, dy. 4. R4, 24, kp. k.,
kp) is a continuous vector function from Assumption 3.

Let

k1 = min{2Anin (K1), 01¥1, 2Amin (K2), 0272,

_ 1
2min(ty ' — psl — 5D (48)
AL (49)
Ccl = ) ) 81 82 4/L3

From Lemma 1, we obtain

3
ki
S5 KISi=-) S
l i=1 2 khll Sli

—__Z( k,%ll—52>

Consequently, 1% < —k1V +cy1. Then, according to the
first lemma in [38], we have |S1;| < kp;.

Let k1 > ¢1/p, which can be achieved by setting
the controller parameters large enough, then V<0
on V = p, which means that forany t > 0,V < p
provided that V(0) < p. The controller parameters
should ensure Amin(T5 1) — w3 > 0.5 simultaneously.
From Lemma 3, the inequality is gained as follows:

2
Sli

C1

V < (V) — o

) 7k|t+
ki

Therefore, for any i = 1, 2, 3, we derive

1 k2. 1
— log (¢) < V(0)+ —
2 kl%li - 512i ki

1511 < kpiv/ (1 — e 2VOFer/kD)y < (50)
1 k2

lim = log % < a

=002 ki — ST ki

lm [S5;] < kpiv/(1 — e=2c1/kD) (51)

11— 00

By (50), |82;| — 1824;| < |S1i] < kpi, we have
[2;| < kpi +182ai| < kpi +krj =kei,i=1,2,3.

@ Springer

To sum up, the attitude angle of the VTLV is within
the desired constraint and can converge to an arbitrar-
ily small region around 0 by adjusting the controller
parameters. This completes the proof of Theorem 1. O

Remark 5 The following controller parameters should
be selected when designing the developed controller.
A larger K;; > 0 and a smaller 73; > 0 meeting
Amin(T3 1) — 3 > 0.5 (i = 1,2,3,j = 1,2) will be
capable of decreasing the convergence time and steady-
state error of the attitude tracking error. Then, select
v;j > 0 to determine the estimation performance of b ;.
In the event that the RLV system encounters undesired
uncertainties, a larger y; will improve the estimation
procedure within a shorter period of time. According
to (49), asmallero; > O and ¢; > 0 will contribute to
smaller steady-state error. Note that b j can be maintain
within a small range around b; by setting a properly
large ;.

4 Simulation and results

In this section, simulation tests are designed using Mat-
lab to verify the effectiveness of the proposed control
scheme. The VTLV dynamics model parameters and
aerodynamic coefficients in this study are the same as
those in [35]. The uncertainties are set in consideration
of 20% bias for aerodynamic coefficients and 20% bias
for the moment of inertia of VTLV.

In the simulation, the initial states are set to be

=[174.5, —4,0.8]7(°), v = 1180m/s, p = —47°,

0 = —47.15°, y = —41°and ¥y = 0° The
desired attitude is selected to be [180, O, O]T(°), and
the control command is generated through the first-
order filter, where the time constant is set to be 1s.
Meanwhile, the simulation sampling step is set as
Sms, and the simulation time is 40s. The parame-
ters of the dynamic surface controller are set to be
K, = diag (40, 40, 40), K, = diag(20, 20, 20), and
13 = diag (0.05, 0.05, 0.05). The parameters of adap-
tive control laws are settobe y; = y» = 20,61 = &3 =
diag (0.01, 0.01,0.01), o1 = 0o = 0.1, and By = 0.1.
The parameters of the UDE-based disturbance observer
are set to be 11 = 1o = diag (0.05, 0.05, 0.05).

Furthermore, in order to verify the robustness of the
simulation, and its expression is written as
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Table 1 The simulation results of three control methods

Control scheme Convergence time at [§2(i)| < 0.005 deg

Max(]Aal, |AB], |Ac]|)/deg

7€ (Is,20s]

t € (20, 305] t € (30s,405]

0.017, 0.005, 0.009
0.005, 0.003, 0.003
0.003, 0.004, 0.003

0.116, 0.101, 0.139
0.029, 0.030, 0.037
0.015, 0.022, 0.026

0.068, 0.065, 0.203
0.017, 0.025, 0.051
0.008, 0.016, 0.034

ADSC 2.164s, 1.008s, 1.174s
PFADSC 0.995s, 0.710s, 0.950s
Proposed 0.816s, 0.7025s, 0.930s
[4 4+ 2sin(0.2¢)20 + 20sin(0.2¢)
10 + 5cos(0.46)]T (N - m),
Mg =
20s <t < 30s
0, others

Furthermore, to verify the superiority of the pro-
posed controller, we select the robust adaptive dynamic
surface control (ADSC) method in [11] to design
ADSC scheme. In addition, based on the framework of
UDE-based adaptive dynamic surface controller, the
fix-time performance function and error transforma-
tion function from [33] are chose to design PFADSC
scheme. The selected representation of kp; (t)(i =
1,2,3) is the same as the following fixed-time pre-
scribed performance function in [27].

sin(2rt/T) t
2 Ty
+0i0, 0=t =T

(0i0 = Pico) [
pi(t) =
Picos t > T

It can be easily known that the choice of meets require-
ments in Remark 7. Also, the parameters of kp; () and
p(t) are selected as pp; = 1.5°, pooi = 1.5°, and
T = 2s. For the purpose of ensuring fairness in simu-
lation comparisons, the controller parameters of ADSC
scheme and PFADSC scheme are identical to the pro-
posed scheme. The simulation results of three groups
are shown in Fig. 3a—d and Table 1. Also, the compar-
ison between the interference estimations gained by
UDE and the actual value of the total interferences is
shown in Fig. 3e, f.

From Fig. 3a, the comparison between the desired
attitude and the actual attitude of VTLV in three
groups simulation results is displayed. Although there
both exist interferences and model uncertainties in the
VTLV model, all of designed control schemes pro-
vide sufficient convergence rate and attitude track-
ing accuracy for the VTLV, and the application of
PPC improves tracking speed and tracking accuracy

@ Springer

markedly. As is shown in Fig. 3b that the VTLV control
input is maintained within a reasonable range in three
schemes. Although both of PFADSC scheme and pro-
posed scheme cause a degree of control input oscilla-
tion when VTLV encounters sudden disturbance, their
control input curves can level off within a relatively
short period of time. However, there is a greater degree
of oscillation in the control input curve of PFADSC
scheme.

As shown in Fig. 3c, d, in the event of existing sud-
den perturbation, the proposed scheme significantly
reduces the overshoot of the attitude angle tracking
error curve and attitude angular rate tracking error one,
improving the robustness of the system and ensuring
that the attitude tracking error is always within the error
bounds. Table 1 clearly shows that the proposed control
system has a higher transient performance and stronger
robustness against the complex disturbance. In com-
parison with the other scheme, a clear improvement
was evident in control performance when the proposed
scheme was adopted. It is possible to accurately esti-
mate the unknown disturbances in the model with the
UDE in Fig. 3e, f.

In conclusion, the adaptive dynamic surface con-
troller based on UDE and BLF exhibits an excellent
attitude performance and sufficient robustness.

5 Conclusion

In this paper, an adaptive dynamic surface controller is
proposed for the VTLV dynamics model in the aero-
dynamic descent phase using UDE and BLF. For pre-
cise tracking of VTLV attitude to attitude command,
UDE and BLF are applied to handle unknown distur-
bances in the model and the attitude-constrained prob-
lem, respectively. Numerical simulation analysis indi-
cates that the proposed controller achieves better per-
formances and lower steady-state error in comparison
to the case with only disturbance estimation and that
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the presented UDE-based disturbance observer also has
great estimation performances. Then the effectiveness
and superiority of the control scheme is demonstrated.
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