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Abstract

In this paper, we investigate the constrained attitude control problem of hypersonic vehicles (HVs). An improved
prescribed performance dynamic surface control method is proposed based on an adaptive scaling strategy. Because
of the uncertain time-varying disturbances, the controlled state may violate the constraint in the prescribed per-
formance control (PPC) framework. An adaptive scaling strategy is introduced in the PPC method to avoid state
violation. The performance function is scaled with respect to the state adaptively. Moreover, a nonlinear disturbance
observer is used to compensate the sum of external and other internal disturbances of the system. The proposed
method improves the system dynamic performance while ensuring the system robustness. Furthermore, the stabil-
ity of the closed-loop system is proved by Lyapunov analysis. Finally, numerical simulations are implemented to
verify the effectiveness of the PPC method and superiority over other methods.

Abbreviations

AOA angel-of-attack

BBT bank to turn

DSC dynamic surface control

HV hypersonic vehicles

IPPDSC-NDO  improved prescribed performance dynamic surface control - nonlinear disturbance observer

NDO nonlinear disturbance observer

PPC prescribed performance control

PPF prescribed performance function

PPSMC prescribed performance sliding mode control

Nomenclature

Cry lift force aerodynamic coefficient related with angle-of-attack

Cys lateral force aerodynamic coefficient related with angle of sideslip

Chy drag force aerodynamic coefficient related with angle-of-attack

Co» Coy pitch moment aerodynamic coefficient related with angle-of-attack and pitch angular velocity

Cy, Cyp, G, yaw moment aerodynamic coefficient related with angle of sideslip, roll angular velocity, and
yaw angular velocity

Cy, Cp, G, roll moment aerodynamic coefficient related with angle of sideslip, roll angular velocity, and yaw

angular velocity
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Cu,, Cus, lift force aerodynamic coefficient related with elevons
Cys,, Cys,» Cys,  lateral force aerodynamic coeflicient related with elevons and rudder
Cps,» Cps,» Cps,  drag force aerodynamic coefficient related with elevons and rudder

Cois,> Cos, pitch moment aerodynamic coefficient related with elevons

Cos,5 Cus,» Cus, yaw moment aerodynamic coefficient related with elevons and rudder

Cis,» Cis,» Cis, roll moment aerodynamic coefficient related with elevons and rudder

C‘ZZ}’ CZ lift force aerodynamic coefficient derivatives related with elevons

Cil}’ Ci;“, Ci;,’ lateral force aerodynamic coefficient derivatives related with elevons and rudder
Cf);v, Cf;;u, Cf);r drag force aecrodynamic coefficient derivatives related with elevons and rudder
C‘S‘s Cf;{”, c* , pitch moment aerodynamic coefficient derivatives related with elevons and rudder
Cf;ﬂ, cx,C yaw moment aerodynamic coefficient derivatives related with elevons and rudder
Cs ,Ch . C? roll moment aerodynamic coefficient derivatives related with elevons and rudder

1.0 Introduction

In recent years, HVs have been gradually widely used in military, civil, and other fields. Their main
feature is the fast speed. The fastest cruising speed can reach Mach 15-20, which can achieve rapid
attack on enemy targets. Because of their high penetration ability and other superior performance, many
countries are scrambling to invest a lot of funds and personnel for research. Although HVs have many
superior performances, they also have many control technology problems compared with ordinary vehi-
cles, such as large flight envelope and complex flight environment. Therefore, there will be uncertainties
in aerodynamic parameters. Moreover, the HV model has strong coupling and strong nonlinearity. These
problems will bring many new challenges to flight control technology [1, 2].

At present, scholars have proposed various tracking control methods for high-speed aircraft. A
backstepping method combined with the nonlinear disturbance observer is proposed to realise the auto-
disturbance rejection control of HVs [3]. An anti-saturation controller based on the backstepping method
and sliding mode theory is proposed to complete the control of HVs [4]. A robust adaptive controller
based on backstepping method is designed to overcome actuator saturation in HVs while achieving
good control effect [5]. A high-order sliding mode control based on feedback linearisation is proposed
to improve the controller’s robustness of HV's while eliminating chattering [6]. An integral sliding mode
control method is proposed to solve the problem of external disturbance in HVs tracking process [7, 8].
A control method based on nonlinear disturbance observer is proposed to deal with the disturbance
problems in the tracking control process of HVs [9]. A fault-tolerant control method based on fast fault
observer is proposed to solve the problem of fault for HVs [10]. A smooth adaptive terminal sliding-
mode-based controller is proposed for bank-to-turn (BTT) missiles [11]. A robust approximate optimal
controller based on adaptive dynamic programming is proposed, aiming to drive the HVs with uncertain-
ties to follow the virtual command [12]. The above methods have achieved good control performance,
but they don’t consider the problem of the system dynamic performance.

Scholars pay more attention to the dynamic performance in the tracking process besides the tracking
stability of HV in recent years. The PPC method is a pre-designed transient performance parameters
method. It has good compatibility with other control methods [13], which can better ensure the control
performance of the system. The concept of prescribed performance and funnel control method are pro-
posed by Ilchmann [14]. The PPC method proposed by Bechlioulis and Rovithakis further improves the
versatility of this method [13]. Since then, the PPC method has received widespread attention. Because
of its good dynamic performance, it is gradually applied to high-precision controllers of aerospace vehi-
cles [15—17]. Since the PPC method is to restrict the related state, it increases the design difficulty of the
related controller. In general, we can design a function to constrain the state. This method can convert
the constrained state into the new unconstrained state under the homeomorphism mapping. Meanwhile,
it can reduce the design difficulty of the controller [18, 19].

In addition, the PPC method generally has a problem that the state may violate the constraint. If the
state violation occurs, it will lead to a computational singularity, even a divergence of the system. Some
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new forms of prescribed performance function (PPF) in terms of the initial value and convergence time
are proposed [20-24], but the problem of state violation is not considered.

Based on the above analysis, this paper proposes an improved prescribed performance dynamic sur-
face control method with an adaptive scaling strategy, aiming to realise the constrained attitude control
of HVs with uncertain disturbances. The key idea of this paper is to propose an adaptive scaling strat-
egy and a nonlinear disturbance observer into the PPC framework based on the dynamic surface control
method. This combined control method can achieve not only the fast convergence of the system’s track-
ing error according to the prescribed performance, but also quick estimation and compensation of the
disturbance to enhance the system’s anti-disturbance ability. Besides, it can avoid the state violation.
The contributions of this paper are as follows :

(1) Based on an adaptive scaling strategy, an adaptive prescribed performance function is proposed.
The PPF can scale adaptively based on relevant state if the state violates the constraint. The
strategy can avoid the state violation. Furthermore, it can avoid a computational singularity and
the corresponding system divergence problem. Besides, we set some PPF structure parameters
according to the initial state error. It can make the parameter setting more flexible. In summary,
it can not only retain the advantage of PPC excellent dynamic performance, but also avoid the
problems caused by the state violation.

(2) The method of combining the PPC method and the dynamic surface control is adopted in this
paper to realise the design of the controller. It plays a role in enhancing system dynamic perfor-
mance. Meanwhile, a first-order filter is introduced to solve the problem of ‘explosion of terms’ in
the traditional backstepping control. Furthermore, a nonlinear disturbance observer is introduced
into the PPC framework, which makes up for the lack of system robustness. Finally, numerical
simulations are implemented to verify the effectiveness of the combined control method.

(3) For the constrained attitude control problem in this paper, by choosing the appropriate Lyapunov
function, the stability of the designed controller is proved. Furthermore, the constrained state
satisfies the PPF constraint we designed.

The organisational structure of this paper is as follows: in the second section, we give the modeling
assumptions and modeling process. The third section provides the controller design method and stability
proof based on the prescribed performance backstepping control. In the fourth section, the simulations
of tracking control are given, which verify the advantages of the control method. Finally, the method is
summarised in the fifth section.

2.0 Formulation

The tapered general-purpose winged-cone [25] is taken as the research object. The overall shape of the
winged-cone is a cone-shaped structure. Its front view and side view are shown in Fig. 1.

The front of the wing cone is equipped with canard wings, which can only be opened when flying at
low speed (subsonic state). When entering hypersonic flight, the canard will be inserted into the belly
of the wing cone to improve flight speed. When the winged-cone re-enters the atmosphere, the engine
shuts down and the flight only depends on elevons and rudder control to glide in the atmosphere.

Before establishing the HV dynamical model, we need to make corresponding assumptions according
to the flight characteristics of the HV to facilitate our subsequent modeling:

Assumption 1. Ignore the impact of the Earth’s rotation and treat the Earth as a sphere.

Assumption 2. Ignore the elastic characteristics of the body, wing and rudder surface, and consider
the HV as an ideal rigid body with uniform mass distribution.

Assumption 3. Ignore the impact of liquid fuel sloshing in the HV, and the mass of HV is considered
constant.
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Figure 1. Front and side views of the winged-cone.

In the reentry attitude control problem of the HV, we tend to pay the most attention to two groups of
states. They are attitude angle 6 = («, 8, /,L)T and attitude angular velocity w = (g, r, p)T. The nonlinear
dynamical model of the HV used in this paper can be written as follows [25]:

. . —L + myg cos y cos
a=gq—tan B(pcosa + rsina) + 08 Y M—i—d[,
myV cos B

Y 4+ mygcos y sin

3 — psina — rcos d
B=psina —r o+ oV +dg
. pcosa+rsina L(tan f+tany sin ) + Y tan y cos u — myg cos y tan B cos i
= + +d,
cos B myV
. L=, m+ X, (D sino + L cos o)
q= pr+ +d,
Jy Jy

. J—J, n—Xx.,Y

= = dr
rEo ot

J,—J l

p=—"—" —+d 1
P 7 qr+Jx +d, )]

where, o, 8, u respectively represent the angle-of-attack, angle of sideslip and angle of bank. ¢, r, p
respectively represent the angular rates of pitch, yaw and roll. y represents flight path angle. J,, J,,
J, are the rotational inertias of the body around three axes respectively. m, and V are the mass and
velocity of the HV respectively. x,, represents the distance from the pressure centre to the mass center.
L, Y, D are the lift, lateral and drag force of the HV respectively. m, n, [ are the pitch, yaw and roll
moment of the HV respectively. d,, dg, d, are the equivalent disturbance force of the HV model’s each
channel respectively. d,, d,, d, are the equivalent disturbance moment of the HV model’s each channel

2
respectively. g =gy <Rﬁ> , 8o is acceleration of gravity on the earth’s surface, R, is Earth radius,
H is the flight altitude.
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The aerodynamic forces and aerodynamic moments of the HV are expressed as follows :

L=C.gS
m=C,qcS
Y =CygS )
n=C,gbS
D =CpgS
l=CgbS

where, C; (i=L, Y, D, m, n, [) represents the relevant force aerodynamic and moment aerodynamic coef-
ficient. g, c, b, S are the dynamic pressure, reference aerodynamic chord, wing span and reference area of
the HV respectively. Besides, g = %sz, o= ,ooefﬁio, where p is atmospheric density, p, is atmospheric
density on the earth’s surface, H, is equivalent atmospheric scale height.

The aerodynamic coefficients’ composition are as follows [25]:

CL = CLa + CLae + CLsa
Cy - CY/S + CY&, + Cygu + Cygr
Cp=Cpy+ Cps, + Cps, + Cps,

C
CmZCmo( +sz$e +Cm5a +Cm6,- +Cmq2q_v (3)
Co= CpB+ oy + Gy + Gy + G 22 10, 22
n— “np née néq néy np 2V nr 2V
Ci=CpB+ Co,+ Co + Co + C 22 40,27
11— LB 8¢ 154 18y lp2v lrzv

where, §,, 8,, §, represent the left elevon angle, the right elevon angle and the rudder angle respectively.

The final actual control are the deflection angles of the HV. The control input is defined as U =
(8,,8,,8,)". In order to facilitate the subsequent controller design, Equation (1) is further sorted and
rewritten into an affine nonlinear form (without disturbances):

é = BégsSU +ﬁ(9) + &8s

o=J"gsU+f(w) )
where, J~! = diag{Jy’l, J, 7', J. 7). By is the equivalent control force efficiency matrix. g, represents the
system state matrix of angle loop. The specific expression of matrix B; and g, are shown in Equations
(5 and 6):
1
. 5 00
cos
B;=—— 5
s=ov| o 1o ®)
0 0 1

1 —sinatanB —cosatanf
=10 —cos o sina 6)

0 sinasecpf cos & sec B

where, f;(w) = ( fo 5 Lu )T is a vector function of attitude angle. f; (w) = ( fa b )T is a vector
function of attitude angular velocity. The specific expression of vector function f; (w) and f; (@) are shown
in Equations (7 and 8):
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£ = —Cr,qS + myg cos y cos
o mqyV cos B
—CypqS + myg cos y sin u
= 7
s oV @)
e CypqS cos pt + Cp,gS sin tany + Cr,qS — myg cos y cos an B
m()V m()V
J.—J, ch(Cmd +Cy== ) + x,qS(Cp, sina + Cp, cos &)
f= pr+ 2V
Jy Jy
ibS(Cop+Co 22 4, 2 4S C
poth P\ O T Cngy T Curgy ) TS Cr .
r= 7. Pq 7.
abs(Cy+ 0,22 w0, 2
f_Jy_Jz r+‘1 I8 lp2V "5y
sy 7,

where, g5 is the control matrix generated by deflection angle to attitude angle. g is the control matrix
generated by deflection angle to attitude angular velocity. The specific expressions of matrix g, and g,
are shown in Equations (9 and 10):
gaé,g gmﬁa gaé,
8s =4qs| 8ps.  8ps.  8ps, )]
8use  8usa  8us,

8gse  8asa  8asr
8rs = qs| 8s. 8w. 8&n, (10)
gl"se gl’aa gpér

Equation (11) is the specific expression of variables in Equations (9 and 10):
Gus, = —Cﬁ;g 3 8ps, = Ci;e s Qus, = C‘;;e tan y cos j + Ci; (tan y sin p + tan B) ;
8us, = —Ct 5843, = Cyt 38, = Cpi tany cos u+ C)¢ (tany sin u +tan B) ;
8o, = 05 845, = C); 3 85, = C); tany cos ;

s = ch:ae + X (CZ; sin o + Cj;’g Ccos a) S8, = ij; — ngCi;e s gy, = DC™ (11)

I8¢

5 . 5 Sa Sa .
8os. = cC X (C . sina +C) cos 0[) 18, =bC — X Cl 5 gy, =DCY

néa

s o — B _ S — (-
8u5, =CcC” +x, C,, sina; g, =bC —x,C) 58y, =bC

méy

The B;g,sU and f,(6) in the Equation (4) are small quantities, and consider the existence of distur-
bances and unmodeled dynamics. In order to facilitate the subsequent controller design, Equation (4) is
further rewritten. These small quantities and unmodeled dynamics are treated as internal disturbances
of the model, and the final affine nonlinear model can be written as follows :

b=gw+A,
b=g U+ +A (12)
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Figure 2. Control system structure block diagram.

where, gr =J"gr5. A, =BsgsU+/.(0) +D,. A;=J"'"M;+ D,. D, and D, are the sum of external
disturbances and other internal disturbances such as system uncertainty and unmodeled dynamics,
D,,D, € R*.

3.0 Controller design
3.1 Prescribed performance control structure

The design method of the prescribed performance controller is as follows. First, the PPF is designed
to constrain the state, and then the corresponding control strategy is proposed for the constrained state.
The control performance of the system can be guaranteed. In order to obtain the better comprehensive
performance of angle tracking control, the PPC structure is adopted in the outer loop. The error transfor-
mation function in the outer loop is used to transform the actual control error into virtual error. Then a
dynamic surface controller is designed for the virtual error to ensure the boundedness of the transformed
system error. Finally, design the relevant dynamic surface controller in the inner loop.

In this section, the method of unconstrained translation of state under homeomorphic mapping is
adopted. It can transform the constrained state control problem into a new unconstrained state control
problem. The whole system control structure is shown in Fig. 2.

3.1.1 General PPF and error transformation form
The controlled state is generally taken as error e(f) in the prescribed performance tracking control. In
most current researches related to the PPC method [26-28], the PPF is usually used:

(1) =k(py — poo) € + poo (13)

where, p, represents the initial error limit, p,, represents the steady-state error limit, A represents the
error convergence rate limit, which can be designed manually. p () satisfies lim,_, ., 0 (f) = p,, With py >
P > 0. k is the scaling coefficient, and the default value is 1. Then, e(?) satisfies:

—Lp(1) < e;(t) < Up(1) (14

Generally, the unconstrained error transformation function is chosen as follows:

2"\ LU= %0
e;(1)
(=D 15
x;(1) o0 (15)

where, ¢;(f) € R(i=1, 2, 3) is the unconstrained virtual error after conversion. ¢;(f) € Ri= 1,2, 3) is
the actual error.
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Figure 3. PPF curve.

In view of the Equation (15), taking the derivative of £(r) =[g, () , &, (f) , &; (1)]" with respect to
time, we can obtain

80 =Tye(t) + T, (16)
L
T, = 20 +L2p(;)‘f(’) —U =123 an
1= 1,200 iy 53 (18)
p(t)

where, T, =diag(Ty, Ty, T3), T. = [T, T, T.]".Land U represent the upper and lower error over-
shoot constraint coefficients, with the range of (0, 1). An example of PPF curve form is shown in Fig. 3
L=U=1).

3.1.2 PPF with adaptive scaling strategy

Due to the disturbances of the system and drastic changes of reference command, the tracking error may
suddenly become large and violate the constraint. In Equation (15), the unconstrained virtual state will
result in a computational singularity, even a system divergence caused by the error violation. Therefore,
this section proposes a PPC method with an adaptive scaling strategy. The scheme provides a PPF that
can adjust adaptively if the tracking error violation occurs. It can ensure that the tracking error no longer
violates the constraint through adaptive expansion.

In addition, the PPF structural parameters p, is set according to the initial error size, /, ¥, and ¥,
are the constant parameters we can design. It can make the PPF structural parameters to be set more
flexible.

Besides, a periodic scaling scheme is adopted. It can avoid the buffeting effect of the control response
caused by frequent PPF scaling. According to the above scheme, the adaptive scaling PPF can be realised.
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We summarise the implementation of adaptive scaling strategy in Algorithm 1.

Algorithm 1 The implementation of adaptive scaling strategy.

Initialisation:
1. Initialise the scaling coefficient k = k=1, the flag variable F, = F, =0. Set py = [ - |ey| + ¥4,
Poo = VY.
2. Initialise the states parameters.
3. Calculate the initial PPF.
Iteration:
Step 1. Judge whether —Lp(f) < e(t) < Up(z). If satisfied, F; =0, else F, = 1.
Step 2. if (F, ==0) & & (F, ==0)
thenk=1;k=1; goto Step 6;
elseif (F|==0) & & (F, ==1)
then k = 1; goto Step 6;
else if F}, ==
then goto Step 3;
end.
Step 3. If |e(¢)| < tan ()

then k = (1 —i—tanh(leg)')) kik=k;

else if |é(r)| > tan(1})
then k = <1 + o) - tanh('e(m)) ek=k

h
end
Step 4. Repeat Step 1.
If Fi==
then goto Step 5;
elseif Fy ==1
then goto Step 3;

end
Step 5. Update the PPF and lock the scaling coefficient & for time 7. During the period of 7, set the
F,=1.

Step 6. Update the unconstrained error ¢ (), the control and flight states.

Substituting the coefficients &, p, and p,, of Algorithm 1 into the Equations (13—18), then we can
get the new ¢, T, and T,. Therefore, according to the PPC principle, as long as we design the controller
to ensure that the virtual error ¢ is bounded, the tracking error of the original system will satisfy the
constraint performance —Lp(f) < e;(t) < Up(t) we designed.

Remark 1. The Algorithm I includes the PPF of expanding and resuming. If the signal of the tracking
error violation occurs, the PPF is adaptively expanded according to the angle error and angle error
change rate, where h is the sensitivity coefficient. © represents the error trend angle of the scaling point,
while tan(9) corresponds to the error derivative of the scaling point. By adjusting the appropriate ¥,
we can obtain two types of scaling. We hope that the expanded PPF can reasonably cover the error
changes. Expansion methods based on error and error change rate are more predictive and reasonable.
Too frequent or excessive expansion is detrimental to the tracking performance of the system. Compared
to arbitrary expansion methods, this scheme can ensure the use of reasonable expansion times and
degrees. Based on the angle error and angle error change rate, we can design two expansion schemes
with different degrees of conservatism. It will guarantee as proper times and degrees of expansion as
possible.
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Remark 2. The expansion in algorithml has high priority. As long as the tracking error violation
occurs at any time, the expansion in the Algorithm 1 will be triggered and the expansion coefficient will
be locked. Once triggered, the scaling coefficient will be locked and maintained for time T. At the end
of the time T, the algorithm can recover to normal PPF (k = 1) immediately after judging no violation.
If the tracking error still violates the constraint after expanding, it can still expand according to the
previous expansion until no violation, and so on. The setting of T ensures the buffer effect of PPF’s
expansion after the violation.

Remark 3. PPF structure parameter p, is set to py =1L - |ey| + ¥,. In this way, it is associated with the
initial error and become more flexible. By adding a set of smaller constants v, and v, as constraints,
it can avoid PPF being too tight and causing frequent state violation.

3.2 Disturbance observer

Considering the uncertainties and disturbances in Equation (12), the controller own robustness cannot
effectively resist the disturbance. So a nonlinear disturbance observer (NDO) is adopted to observe and
compensate the disturbance [29], making the system more robust.

Lemma 1. [29] Consider the following system:

)‘Cl =X

X =F(x,x,) (19)

where x,,x, € R™'. If system (19) satisfies the conditions of x,(t) — 0, x,(t) — 0(t — 00), then for any
arbitrary continuous bounded function v(t), T > 0 and Q > 0, the solution of the following system:

.5C| =X,
. 2 X3
X =0 F<xl —v(), —) (20)
o
satisfies:
T
lim [, —v(@®)|dt=0 21
Q—o0 0

Lemma [ indicates that if Q is selected to be sufficient large, then x, averagely converges to the input
signal v(f) and x, weakly converges to the generalised differentiation of v(z).

Theorem 1. Consider the following system:
)‘Cl =X,
. 2 X2
Xy = Q <_h1 tanh(.xl) — hz tanh<§>) (22)
where, x,x,, hi, hy, QO € R™!. Define the candidate Lyapunov function as follows:
xl l
Vi :/ 0h; tanh(§) d& + §x§ (23)
0
The derivative of Equation (23) can be obtained,
Vl = hl Q2 tanh(.xl) X, + .Xz).Cz

% tanh(%) X (24)
<0
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Therefore, when h,, h, > 0, the system is asymptotically stable at (0, 0). The F(x;, x,) we selected
satisfies the Lemma 1.
Now, consider the system as follows :

i=f@+g@u+d (25)

where, z € R™! is the state, f(z) € R"™! and g(z) € R™" are continuous functions, u € R"*! is the control
quantity, d € R™! is the sum of unmodeled dynamics and disturbances.

Theorem 2. [29] Consider the following system:

E=f@)+g@u+d

d=0Q’ (—h tanh(z —z) — h tanh<é>> (26)
- 1 2 Q

where, % and d are the estimates of zand d. hy, hy, Q € R"™" represent adjustable observer parameters.
If T >0and Q > 0, the

T
lim [ |2—z|dt=0 27
0

Q0—o0

hold§ true, it means that 7 approaches z. Furthermore, based on Equations (25 and 26), we can obtain
that d — d. . )
According to Theorem I and Lemma 1, it can be seen that the value of ‘d‘ = ‘QZF(ﬁ -z é) ‘ may be

infinitely large when Q — oo. It denotes that d varies much faster than f (2) + g(z) u. Then we have

d(f(z) te@u+ 21) .
lim ~d 28)
0—00 dt
limf @+g@ut+d d 29)
000 0 0

Then, replacing x, in Equation (20) by f(z) + g(z) u + d, the Equations (26 and 27) always hold true.

Assumption 4. [30] The d and d are bounded. Based on this assumption, the system disturbance could
be observed. Thus all of the continuous and bounded system disturbances satisfy this assumption. The
stability analysis of disturbance estimation is feasible.

Remark 4. [31] Although only when Q — 0o one can get d—din theory. Simulation studies show
that an effective estimation performance can be also obtained using the proposed NDO (26) by choosing
a finite Q. d — d can still converge to a small convergence domain.

Remark 5. The parameter analysis of the NDO is as follows: Q, hy and h, are related to the conver-
gence speed and convergence accuracy. Increasing Q or h, will improve the convergence speed and
convergence accuracy, but an excessively large Q or h, will increase the high-frequency oscillation
during convergence process; h, has the opposite effect. Increasing h, is beneficial for suppressing high
frequency oscillation, but excessive h, can slow down convergence speed and reduce accuracy. The
parameter tuning process is as follows: First, select a large Q as the dominant factor. Second, select
a small h, to continue to fine-tune the system. Last, select a small h, to suppress the high frequency
oscillation during convergence process. We provide the effectiveness verification of NDO in section 4.
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According to the above analysis, combing the nonlinear model (12), we can write the disturbance
observer model in the form of (30-31) :

é:gsa)—{— AS

A ~ As
A, =R/} (—hsl tanh<9 - 9) — hy tanh(?)) (30)

& =g U+f(w)+ A,

A ) ~ A/’

Ay =R | —hy tanh(& — w) — hy, tanh = (3D
f

where, é, w, Aq, Af are the estimated values of 6, w, A,, A,. In addition, we define 6=0— 0, =
d—w, A=A, — A, Af = Af Ay as the corresponding estimation errors of NDO. By designing and
adJustmg the appropriate parameter R, hy, hy, Rf, hﬂ, hﬁ, we can ensure that the estimation errors
satisfy [|6]| <0, |@]| < @, ||A,]| < A,, ||Af|| < Af 0, w, A, and Af are their upper bounds.

3.3 Design of prescribed performance dynamic surface controller

Step 1: Define the first dynamic surface S; = ¢ and error ¢, =6 — 6,,. 6, € R**! is the given command
angle. Combined with the Equations (16—18), we can get the derivative of S, as follows:

€ :ng+ As _éd
$i=Tser +T. (32)
According to method of dynamic surface controller, the virtual control law w; is proposed as:
w, = (ed A, —T, T, — clsl) 33)
where, C, = diag(Cy,, C\,, Cy3). Cyy, Cy,, C3 are positive constants.
Next, in order to avoid the complexity, let w, pass through a first-order filter with time constant t,
given by:
T+ 0y = o1, 0,(0) = 0, (0) (34
Lps . . . (0 —wg) . . . .
Within this setting, @, can be calculated by ———— without direct differential operation of w,.
Further, the error of the low filter is defined as:

o=w;—w (35)

Step 2: Define the second dynamic surface S, = w — w,. Taking the derivative of S, with respect to
time yields:

S, = — ay (36)

Consider the candidate Lyapunov function as :

V—1$TS+1STS+1 ! (37)
2—21 1 22 2 200
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The derivative of V, can be written as :
V,=8"8+58"S,+ 076

=8 (Tue1 + T+ S." (gU +f; () + Ap —ing) + 076

=S8" (T, (8,0 + g5 + g + A, —6,) +T.)
+ 8" (gU+f; (@) + Ay — ) + 06

=5’ (Td (—AS +85 +g0—C s])) (38)
+8," (gU+f (@) + Ap—dg) + 076

= —(T,S)"A+S," (T,8,5,) +S," (T,g,0)
— ST (TiC) S+ 8" (U S (@) + Ay —ig) + 076

To stabilise V,, the control law U is proposed as:

(39)

A~ " (T,8,0)S
U:gf_l <_ﬁ. — Ar 4oy — Ty8,8, — C,S, — M -7, STSI)

I1S511*

where, C, = diag(Cy,, Cx, Cy3). Cyy, Cyy, Cys are positive constants.
Combining the disturbance observer form designed by Equations (30 and 31) and substituting the
Equations (33) and (39) into Equation (38), we can get :

Vy=—(T,S)" A+ S, (Tug,0) — $," (T,Cy) S,
— SzTAf — SZTCZSz + O'Td' (40)

According to the well-known Young’s inequality [32], we can obtain the following inequality:

~ 1 -~ -~
—(T,S)'A, < %(TdSI)T (Tu$) + 2_AZAX 41
X1
x X2 T 1 “TX
—8, A, < 28,78, + —ATA, 42
2By =5 2+2X2 Ay (42)

where x; and ¥, is a positive tuning parameter. Then, we have

I s X
ATA,+ 215,"s,

’ Xl T
V, < —(T,S 7,8 —
2_2(d1)(d1)+2X] 2

1 AT A T T T+
+ gAf Af — Sl (Tdcl) Sl — S2 C2S2 +o'o (43)
1

Integrating the Equations (34 and 35), we have

ol6 =0T (_Z — a)1>
T
=——c"0—o"w (44)

Lemma 2. [33] The virtual control law w, is bounded and satisfies: ||| <n, n is a nonnegative
continuous function.
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Therefore, according to the Lemma 2 and Young’s inequality, we can obtain the following inequality:

oc'o6 =——c'oc —o"w,
T
1 X3 1
<——olo+ 20 0+—w o) 45)
T 2 2x3

1 2
(5ol M
2 T 2X3

where x; is a positive tuning parameter.
Integrating the Equations (43) and (45), V, satisfies the following inequality :

. X 1 ~. - X
Vv, < EI(TJSI)T (TuS)) + Z—AZAX - 8" (T,C)) S, + EZSJSQ

1 <o+ 1 2

T X1 I~ 2
=-$, [Td (C. - —Td)] Si+—IAI - (cz s L) 8. (46)
2 210 2
I x n
AN - (-2 oo 4
2 X2 T 2 2X';

~ 2 ~ 2 n .
Let M, = $||Ax|| M, = iIIA_/II s My = T They are satisfied:

1 2
Ml < _A
25

1 -
M, < —A? 47
2 < 2)(2 f ( )

Consider Q = {(Sl, S5, 0, AJ, Af) 'V, < p] is a compact set. Thereby, n has a maximum value 7 on
2

1 1
Q. letM = —A2 + —A2 + ——, which leads to
2x1 ° 2x 2 X3

, 1
V,<-5§' [Td <C1 - ﬁTd)] Si+M, -85 (Cz - L 'I3x3> Si+M,— | - — L)oo +M;
2 2 T 2
1
=-s" |1 (c =218 -5t (=2 b)) o= (- =2 ) oTo+ M 48)
2 2 T 2

Lemma 3. [32] £, XX < XTAX < £, X"X, A € R™" is a real symmetric matrix. L, and {,.. are the
minimum and maximum eigenvalues of matrix A. X € R™" is the arbitrary matrix.

According to the Lemma 3, by choosing appropriate parameters c;, ¢, T, X1, X2, X3 and define

1 .
(TdCI = dTTd> (Cz > sz;> C= (— - %) as real symmetric matrixs. Then V, is
T

satisfied:
Vz < _flslrsl - Czsszz - CSUTU +M
S—fslTsl —{SZTSZ—Q‘GTU +M (49)
<=2V, +M

where, ¢, ¢, {3 are the positive minimum eigenvalues of the real symmetric matrixs A, B, C. ¢ =

min {¢,, &, &3}

https://doi.org/10.1017/aer.2023.79 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2023.79

The Aeronautical Journal 889

Table 1. HV and environment parameters

Variables Symbols Value
Mass m 63,500 kg
Reference aerodynamic chord c 24.38m
Wing span b 18.29m
Reference area S 334.73m?
x-axis moment of inertia J, 637,234 kg - m*
y-axis moment of inertia Jy 6,101,181 kg - m?
z-axis moment of inertia J, 6,101,181 kg - m?

The distance from the pressure centre to the mass centre Xeg 4.467m
Acceleration of gravity coefficient g0 9.8m/s”
Earth radius at the poles R, 6356.766km
Atmospheric density coefficient 0o 1.226kg/m’
Equivalent atmospheric scale height H, 7315.2m
Flight path angle y 0rad
Flight velocity Vv 4,590 m/s
Flight altitude (Distance from sea level) H 33km
By comparison principle, it is easy from Equation (49) to obtain that
V, < M + (V 0) — %> e (50)
2 = 2 g_ 2 2 ;_

M .
According to (50), if 2¢ > —, then we have V, <0 and V, <p is an invariant set. Therefore, if

V, (0) <p, then V, () <p, for all ¢ > 0. In addition, S,, S,, o are all semi-globally uniformly ulti-
mately bounded. By choosing proper ¢, and the convergence bound can be set as small as possible.
Furthermore, the unconstrained error is bounded. According to the previous conclusion, e, can also
meet the prescribed performance requirements.

4.0 Numerical simulations

This section will use the control laws in Equations (33 and 34) and (39), disturbance estimations
Equations (30 and 31) for simulation verification and analysis. The simulation verification of the com-
mand tracking with continuous time-varying external disturbances and other uncertain parameters are
implemented.

The parameters of HV model in this paper are shown in Table 1.

The parameters of controller and disturbance observer in this paper are shown in Table 2.

The parameters related to the adaptive scaling strategy are shown in Table 3.

The HV uncertainty model and the time-varying external disturbances (apply within 20s—30s) are
shown in Table 4.

We take the attitude control problem of HV longitudinal channel as an example. We focus on the
angle-of-attack simulation results. The 6-degree of freedom simulations are implemented. The com-
mand angle of sideslip and command angle of bank are set to fixed O (rad). In the simulation, we set the
initial angle 6 = [0.14, 0, 01" (rad), initial angle velocity w = [0, 0, 01" (rad /). Besides, considering the
limit of the elevons, we set |§] < 20°.

Due to the inability to provide explicit forms of system disturbances in the model of HV. Therefore, it
is difficult to provide a comparison chart between the disturbance terms and NDO observation results. So
the observation effect of NDO on system disturbances is verified here through the simple system shown
as Equation (25). The specific form is shown in Equation (51). The disturbance estimation method is
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Table 2. Controller and disturbance observer parameters

Components Numerical value

Outer loop control law C,=diag(2,2,2)

Outer loop disturbance observer R,=60,h, =1,
hy, =0.8

Inner loop control law C, =diag(1,1,1),
T =0.005

Inner loop disturbance observer Ry =60, hy =1,
hj'Z - 08

Table 3. Relevant parameters of adaptive scaling strategy

Components Numerical value
L=U=1,

Relevant parameters of A=0.1,[=1.1,

adaptive scaling strategy Yy =1,¢%,=0.8,

T=2h=60=7%

2

Table 4. Uncertainty and disturbances parameters

Components Numerical value

AC, 10%

AC, 10%

Ag(Dynamic pressure) 10%

d,, d, (Small disturbance) 0.01sin (0.5¢) + 0.01sin (1) +

0.01sin (1.5¢) + 0.01sin (2t)

d,, d, (Large disturbance) 0.1sin (0.5¢) 4+ 0.1sin () +
0.1sin (1.5¢) 4 0.1sin (2¢)

shown as Equation (26). The selected NDO parameters are also shown as Q =60, h;, =1, h, =0.8.
=f@)+g@U+d

zq = sin(t)

U=g"' @[-10c—2) —f@) —d+2] (51)
f@Q=24+z+2sin(x) +1
2@ =10

where, the given test disturbance is set to 0.1sin(0.5¢) + 0.1sin (t) 4 0.1sin (1.5¢) + 0.1sin (21).
Figure 4(a—d) show the relevant test results of NDO.

Comparing with the dynamic surface control method under observer compensation (DSC-NDO, the
green line in Figs. 5(b) and 6(b)) and the prescribed performance sliding mode control method (PPSMC,
the red line in Figs. 5(b) and 6(b)) to verify the advantages of the proposed method (IPPDSC-NDO, the
blue line in Figs. 5(b) and 6(b), the black line in Fig. 7). To prove the effectiveness of adaptive scaling
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Command Tracking Value
Disturbance Estimation

Time(s) Time(s)

0.02

Disturbance Estimation Error
Control Quantity

Figure 4. Simulation results of the NDO.

strategy, the method in this paper is also compared with the scheme without applying the adaptive scaling
strategy (PPDSC-NDO, the red line in Fig. 7).

4.1 Simulation results of the NDO

Figure 4(b, ¢) show the estimation effect of the NDO on disturbance. The disturbance estimation error is
shown in Fig. 4(c), and it is bounded. The tracking effect of the given is shown in Fig. 4(a). Figure 4(d)
shows the control quantity. Therefore, the NDO can be used to estimate the disturbance of the attitude
control system.

4.2 Simulation results with uncertainties and small external disturbances
Figure 5(a, b) show that the proposed method has better control effect than other method under small
external disturbances and uncertainties. Figure 5(c—e) show the other states simulation results of the
proposed method. The elevons are shown in Fig. 5(c). The disturbance estimations are shown in Fig. 5(d).
The virtual error of the angle-of-attack is shown in Fig. 5(e), and it is bounded.

Compared with the DSC-NDO and PPSMC, it has smaller overshoot and better transient response.
Besides, it has no buffeting effect.

4.3 Simulation results with uncertainties and large external disturbances

Figure 6(a, b) show that the proposed method still has better control effect than other methods under
large external disturbances and uncertainties. Figure 6(c—f) show the other states simulation results of
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Figure 5. Simulation results with uncertainties and small external disturbances.

the proposed method. The elevons of the proposed method are shown in Fig. 6(c). The disturbance
estimations are shown in Fig. 6(d). The virtual error of the angle-of-attack is shown in Fig. 6(e), and it
is also bounded. The change of the scaling coefficient is shown in Fig. 6(f).

It can be seen from the Fig. 6(b) that the PPSMC has diverged and cannot complete the stability
control of the system. Although the dynamic surface control method with observer compensation has
achieved stable control, its overshoot and transient response are significantly weaker than the control
method proposed in this paper. Besides, it can be seen that the system expanded the PPF at 25.86s, 26.24s
and returned to normal at 28.24s, verifying the high priority of the Algorithm 1. Under this method, we
can see that the error (blue line) doesn’t violate the constraint with a proper expansion. The extent of
expansion is also reasonable. Therefore, compared with other methods, the control method proposed in
this paper can not only ensure excellent dynamic performance, but also have strong robustness.
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Figure 6. Simulation results with uncertainties and large external disturbances.

4.4 Simulation results with and without adaptive scaling strategy under uncertainties and large
external disturbances

Under large external disturbances and uncertainties, the strategy proposed in this paper plays an impor-
tant role in Fig. 7. It can ensure the stability of the system by adaptively adjusting the constraint of
PPF, while the non-strategy control appears divergent phenomenon. Therefore, it further verifies the
effectiveness of the control method and the adaptive scaling strategy proposed in this paper.

This paper mainly investigates the constrained attitude control problem of HVs under large distur-
bances and uncertainties. Although the method proposed in this paper takes the attitude control of HV
as an example, we believe that it can also be used in other fields; for example, the control problem
of near-space vehicle and the industrial control problem of complex working conditions. The research
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Figure 7. Simulation results with and without adaptive scaling strategy under uncertainties and large
external disturbances.

background of these issues often has strong uncertainties and disturbances, which is consistent with the
research background of this paper. We hope this method can have a certain promotional effect.

5.0 Conclusion

This paper proposes an improved prescribed performance dynamic surface control method with an adap-
tive scaling strategy. This method achieves good tracking control of the HV attitude command angle.
Compared with the traditional PPF, the PPF designed in this paper can scale adaptively according to the
relevant state and avoid the tracking error violation. In addition, a NDO is introduced to enhance the
robustness of the system. Thus, based on the PPC framework and NDO, it improves both robustness and
dynamic performance of the system. Finally, the numerical simulation results verify the effectiveness of
the control method we design.
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