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Abstract: The design of a hypersonic vehicle controller has been an active research field in the last
decade, especially when the vehicle is studied as a time-varying system. A time-varying compound
control method is proposed for a hypersonic vehicle controlled by the direct lateral force and the
aerodynamic force. The compound control method consists of a time-varying linear quadratic
regulator (LQR) control law for the aerodynamic rudder and a sliding mode control law for the lateral
thrusters. When the air rudder cannot continuously produce control force and torque, the direct lateral
force is added to the system. To solve the problem that LQR cannot directly obtain the analytical
solution of the time-varying system, a novel approach to approximate analytical solutions using
Jacobi polynomials is proposed in this paper. Finally, the stability of the time-varying compound
control system is proven by the Lyapunov-Krasovskii functional (LKF). The simulation results show
that the proposed compound control method is effective and can improve the fast response ability of
the system.

Keywords: hypersonic vehicle; time-varying compound control; linear quadratic regulator; sliding
mode control; Jacobi polynomials; Lyapunov-Krasovskii functional

1. Introduction

The near-space hypersonic vehicle is a new type of aircraft with a large flight envelope
and ultra-high speed that has the advantages of fast response and high penetration success
rate. At the same time, the response speed of the tracking acceleration command is also
required in the course of combat. Therefore, it has been very important to study the
design of the aircraft controller. Due to the influence of thermal protection, lift-drag ratio,
aerodynamic rudder size, and other factors of the aircraft, the variation of the deflection
angle of the control surfaces is limited within the allowable value range [1]. And it is difficult
for the single aerodynamic rudder to continuously and efficiently produce the control force
and control torque, which makes it easy to induce the saturation phenomenon [2]. It can be
seen that the method based on the command control of direct lateral force and aerodynamic
force is an important solution to achieve a fast response of a hypersonic vehicle. In addition,
the aerodynamic parameters of the vehicle are constantly changing during the flight [3].
So, the control system of a hypersonic vehicle is time-varying. Because of the complexity
of the time-varying system and the variability of the parameters, the control methods of
time-invariant systems are limited and not strict when applied to the time-varying system.
Therefore, it is particularly important to establish an appropriate time-varying model and
design an appropriate control method for it.

The design of a compound control law for a dual controlled hypersonic vehicle has
been an important topic. Many researchers at home and abroad have done some research
on the compound control method of hypersonic vehicles, including adaptive and sliding
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mode control [4-7], LOR and sliding mode control [8,9], neural networks and adaptive
control [10,11], active disturbance rejection and sliding mode control [12,13], adaptive and
backstepping control [14], sliding mode and PID control [15], etc. However, many of the
references are similar to the research methods mentioned above, which are based on the
time-invariant system model. In this paper, the design of a compound controller based on
time-varying model is proposed.

Currently, there are few relevant publications on the design of time-varying compound
controllers for hypersonic vehicles. In [16], although the control object is a time-varying
compound control aircraft, it only studies the switching conditions of compound control
and does not focus on the design of the compound control law. In [17,18], the compound
control of a variable parameter system is studied, but the control process is implemented
in stages. Reference [19] uses LOR and a sliding mode control method to design the time-
varying control law, but it does not give the solution process of the time-varying control
law; that is, it does not get the analytical solution of the LQR method. In this paper, based
on a designed time-varying compound control system, a novel method of solving LOR
analytical solutions using Jacobi polynomials is presented.

Some scholars have given different methods for the solution of the LQR time-varying
control law. Among them, references [20-22] use an iterative algorithm to approximately
solve the LQR time-varying control law. However, this method is limited by the number
of iterations. In [23,24], the LOR control law in a time-varying system is approximately
solved by reducing the order of the system state equation, but the stability of the system is
affected. In [25], the LQR time-varying control law is solved by using a genetic algorithm,
but this method has a strong dependence on the initial conditions. Therefore, herein Jacobi
polynomials are proposed to solve the analytical solution of the time-varying LQR.

As for the stability analysis of systems, there are many theories of the stability analysis
of time-invariant systems [26-28] and also the stability analysis of discrete systems [29-31],
while the stability analysis of time-varying systems is relatively rare. Based on refer-
ences [32,33], this paper proposes to study the stability of time-varying control systems by
using the Lyapunov-Krasovskii functional (LKF) theory. Compared with time-invariant
systems, the stability of time-varying systems is more difficult to deal with because the
function describing the dynamics takes time as the parameter. And the theory of inverse
Lyapunov is generally not sufficient for studying time-varying systems because such Lya-
punov functions are difficult to obtain. Therefore, LKF is used to prove the stability of the
designed time-varying system.

In this study, the main contributions are as follows: (1) To solve the problem of
time-varying aerodynamic parameters of hypersonic vehicles with direct lateral force and
aerodynamic force control during flight, a new time-varying compound control method
based on LQR and sliding mode control is proposed. In the aerodynamic control system,
the time-varying control law is designed based on LQR. When the air rudder cannot
continuously produce control force and torque, the direct lateral force is added to the
system. A sliding mode control design method for a time-varying system with direct lateral
force control is presented. Compared with the traditional compound control method, this
method embodies the time-varying characteristic of the control system and has practical
significance. Moreover, the response speed of the system designed by using this method is
faster than that of the time-invariant system. (2) The approximate analytical solution of
time-varying LQR is derived by using the Jacobi polynomial innovatively. The problem of
a difficult analytical solution for time-varying systems is further studied. Compared with
the control method of time-invariant systems, it has more practical significance. (3) A novel
method is presented to prove the stability of a time-varying compound control system by
using the LKF theory.

The structure of this article is as follows. In Section 2, the time-varying model of a
hypersonic vehicle is described. In Section 3, the derivation of the approximate analytical
solution of the time-varying LQR by using Jacobi polynomials is given. In Section 4, the
compound control law based on time-varying LOR and sliding mode theory is designed.
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The stability analysis of the system based on LKF is proven in Section 5. Simulation results
and analyses are illustrated in Section 6. Conclusions are made in Section 7.

2. Dynamic Model

For a compound control hypersonic vehicle in near space, the control torque is gen-
erated by both rudders and reaction control systems. Since the aerodynamic parameters
change during the flight, it is necessary to establish a time-varying model for the design
and analysis. For the skid-to-turn (STT) vehicle, its dynamics model can be decoupled and
linearized into a longitudinal channel model, a lateral channel model, and a rolling channel
model. The control laws for the three channels can be designed, respectively.

Herein, the longitudinal channel is taken as an example to design the time-varying
compound control law. The model can be described as:

iy = —ag(t)my + Faa(Hews — gasné: — ghynFry + gastéze + gk
o ax(t)g a(t)a a2 (t)k,

Wz = —MWz — a:(t)Vny + ( i4(t)5 N a3)(5z + ( a4(t)j N ZZ)FTV

52 = —T6; + Tz

)

Fr, = —ToFr, + ©Fryc

where 1, is the normal acceleration; ¢ is the gravitational acceleration constant; w; is
the angular velocity; J, is the elevator deflection angle; 71 and 1, represent the time
constants of the rudder and the direct lateral force, respectively; and m and V are the
vehicle mass and flight speed, respectively. k, = 1/(mV); I, = —1/],. | represents the
distance from the center of force to the center of mass, J, represents the moment inertia,
Fry represents the direct lateral thrust provided by the engine, Fry, represents the direct
lateral thrust command, and é,. represents the command of the elevator deflection angle.
ay, az, a3, a4, and as are the dynamic coefficients of the hypersonic vehicle, ay = —Mz?/J,,
as = —M‘ZSZ /]2, a5 = Y%/ (mV); the changes in a; and a4 are expressed as time functions,
denoted as a5(t) and ay(t). MY* and MY represent the partial derivatives of pitching
moment M, to w; and J;, respectively; V& represents the partial derivatives of lift Y to J,.
The tracking error of the normal acceleration command is defined as:

ey = Nyc — Ny (2)

where Myc is the normal acceleration command. To improve the tracking accuracy of ny,
a tracking error integral term is introduced. Equations (1) and (2) are expressed in state
equations. Define the state vectors as x; = fot eydt, Xp = ey, X3 = Wz, X4 = bz, and x5 = Fry,
respectively. The control vectors are 1y = J;c and u; = Fry, and the state equation is
written as

5(1 = X2

5(2 = ( )Xz — *ﬂ4( )X3 + Ka5'c1x4 + ZkyT2X5 — %051’1“1 — %kyTzuz

. tk

X3 = u4(())g 2 —a1x3 + ( (t()t‘)l5 a3)x4 + (azi())v —1 ) 3)
5(4 = —TX4 + Tl

X5 = —TrXs5 + Ty

The design of the compound control law in a time-varying system (3) consists of two
parts. The first is that the aerodynamic system controlled by the rudder is studied, and then
the system with the direct lateral force is analyzed when the aerodynamic rudder cannot
continuously generate control force. When analyzing the aerodynamic control system, the
influence of the direct lateral force is ignored; i.e., let x5 and u; be 0, and the state space
equation is expressed as

X; = A1 (t)X; + By (4)
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In Equation (4), the state vector is X; = [xl Xy X3 x4]T, the control vector is

0 1 0 0 0

|4 |4
0 —ay(t) —§a4(t) <05T 7§a5.ﬁ
ul - (5ZCI Al(t) - 0 az(t)g o az(t)u5 o 7 Bl -
ay(t)V n () 0
0 0 0 -7 a

Since the rank of the controllability matrix of A;(t) and Bj is 4, the system (4) is
completely controllable. And then consider with the linear time-varying control theory, the
feedback control law is designed by using LOR. Due to the fact that the analytical solution
of time-varying LQR cannot be obtained directly, this paper proposes to obtain the LQR
time-varying control law by using Jacobi polynomials.

3. Time-Varying LQR Control Law Design

In this section, in order to solve the time-varying LOR control law, the solution process
is derived from the transformation form of the proposed Jacobi polynomials in the time-
varying system and its operation matrix.

3.1. The Jacobi Polynomials for Time-Varying System
First, the hypergeometric polynomial is defined as [34]

Ca o & (B ok
F(-n,B,7,2) = kZ:(:) Tk (2) ®)

where Z is the variable, the interval is —1 <z < 1; 7 and 7 are non-negative integers, and B
and k are parameters with § > —1,k = 0,1, - - - , 7. The Jacobi polynomials are expressed

in the form of hypergeometric polynomials, denoted as Pﬁ(a’ﬁ ) () [35],

PP E) = (ﬁ+l) F( AA+E+B+1,B+1, 17)

= (-1)" ('Bj;l)”F<—n A+a+B+1,B+1, 132) (6)
_ (ﬂ+1) Ao (=) (A (142
==Y ,Eo (B+1)k! ( 2 )

where @ is a parameter with@ > —1, A = @+ + 1,z € [-1,1], 1-2)/2 € [0,1],
z B8 7 B!
12j €01 (B+1)y=1,(B+1); = (ﬁ(—llg:n)"

)

In order to apply the Jacobi polynomials into a time-varying system, it is proposed
to convert the variable z to the time variable t with t € {to, t f} Due to ﬁ € [0,1],

—to 1+z _ t=ty
tf i €[0,1], let = f1p, We can get

Z=(2t—to—ts)/(ty —to) (7)

_ The Jacobi polynomials converted to the time-varying system are defined as Ta(t);
Jii(t) is expressed as

. o . k
Ja(t) = PP [(21& —to—ts)/(tf— to)} = h(n)Y_ 1(1,k) (; _ff()) (8)
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where h(n) = % and 1(71,k) = % At the same time, the orthogonal

property of the Jacobi polynomials is given as:

0 4

[ =P -0 O 0d = 3 -0 rEeaerapen o ©)
' (27 + ) AT (7 + 1) ’

N
N
—.

=
I
-

where I'(-) is the Gamma function.

Next, the arbitrary time function f(f) and the arbitrary time matrix M(t) are repre-
sented by the Jacobi polynomials, respectively. The arbitrary time function f(t) is denoted
by the Jacobi polynomials as:

i
|
—_

flt) =) fala(t) =f(t) (10)

0

3
Il

where
T

T = o®1(#) - Jaa(b)] (1)
J(t) is the Jacobi polynomials vector; f; is the Jacobi polynomials coefficient of f(t);
f=1[fofr - fi_1)" is the Jacobi polynomials coefficient vector of f(t).
Among them, the Jacobi polynomials coefficient f; can be obtained by solving the
minimum value of the integral square error

2

E= [ ity - 0710 - T folo) 1
According to Equation (12), the necessary condition to get the minimum value of E is
E?}Sﬁ:O,E:O,l,...,(n~1—1) (13)
By the orthogonal property of Equation (9), we can get
=R [ (0= )Rty — SO0 (14
where ﬁ(ﬁ) _ (2A+A)AT (7i+A) '

(tr—to) T (fi+&+1)T (7i+p+1)
In addition, the arbitrary time-varying matrix M(t) is expanded by the Jacobi polyno-
mials. For any 71 X 7 dimensional time-varying matrix M(t), it can be expressed as

myi(t)  myp(t) -+ my(t)
M) = m21:(f) mzf(t) E le?:(f) 15)
ma(t) ma(t) e ma()

According to Equation (10), the arbitrary time-varying function in the matrix M(t) is
represented by the Jacobi polynomials as

-1
mij(t) = ; m?j];(f) (16)
k=0
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where i represents the ith row of matrix M(t), i € [1,7], j represents the jth column of
matrix M(t), j € [1,7], k € [0, — 1]. Then the M(t) can be recorded as

i1
M(t) = Y M () 17)
k=0
with _ _ -
k k k
my My e My
k k k
My My wor My
Mg=1 — 7 (18)
k k k
M Mo o0 Mgy

According to Equation (17), M(t) can be written as

o (t)
L1 (t) ~
M(t) = [My M M 1] : = MJ;(t) (19)
L1 (t)
whereM = [My M; --- Mj_1], Iy represents the 7 dimensional identity matrix, and

J:(t) is the generalized Jacobi polynomials vector.

3.2. The Jacobi Polynomials Operation Matrix

In this subsection, the operation matrices of the Jacobi polynomials are further for-
mulated; these include the product operation matrix (POM) and the integral operation
matrix (IOM).

To obtain the result of J;(t)J(t), according to Equation (11), first, fﬁ(t)T](t) is solved,

j € [0,m — 1]. Define gﬁﬁ ; as the expansion coefficient of Tﬁ(t)E(t), ie.,

1

S‘?

i) = ¥ & () (20)

N/

bt
Il

0

Then, according to Equation (14), we can get

&= RE) [ (1= Py = T 00T 0 @
Combined _
/1 #(1— ) = LBHDIEFD) (22)
0 Iw+p+2)

and Equation (8), ?g%ﬁ jis solved as

g = (tr—to) R()(mh(j)h(k)
noJ . = Tu+o+w+p+1DI@E+1) (23)

i k
ugOUEOwEOZ(n,u)l(]lv)l(k’W) Tu+v+w+A+1)
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Based on the above process, J; ()]J(t) is as follows

ROTO = [ROROKORE - Tﬁuﬁm_l(t)f

fi—1 izl Al T
= Z nO]k( ) Z gn 1]k( ) : ~Z gﬁ,nz_ljﬁ(t)
L R k=0
g 7,0 o SR 1) ' (24)
g’%l 3~%,1 gnh:fl A o~
- | : : J(t) 2 Gal(h)
L gpﬁ,m’q 37%,;?1—1 o ﬂ?f;%lfl

where 11 € [0,m — 1], Gy is the coefficient matrix. Letting G = [Gy Gy - - Gj_1], G is
defined as POM of the Jacobi polynomials. And Gy is called the 7ith sub-block of G.
Furthermore, the integral expression of IOM is performed as the following equation

tr __ .
/t "J(hyar = () (25)

where Py is called the integral operation matrix, shown as follows:

dg ¢ 0 0 0 0 0

d b & 0 0 0 0

d, @ by 0 0 0 0

s 0 @ --- 0 0 0 0

Piy=(t;—to)| . Do : : : : (26)

dp3 0 0 -+ dzg b3 Gz O

dipp 0 0 - 0 a3 by Cua
di1 0 0 -+ 0 0 Gz b

with
~ =@+ (B T ~ .
a; = (A+2i42) (A+2i+1) (A+) ((=123...,m=2)

[ () im—1);

by = (A+2i+1)(A+2i-1)" (=123 .. m—1);

A U5 & o V s g

€ (A+2i-1)(A+2i-2)” (=123, —1);

d _ /3+1 J _ (B+D@E+L) ( B+2)
Tt T TG+ (A+2) AT(B)’

T DT 7 _
dr = TGO (z =2,3,...,m—1).

3.3. LOR Time-Varying Control Law

Based on Sections 3.1 and 3.2, the LQR time-varying control law is derived. First,
consider the following minimum quadratic index [36-38]

Join =5 [/ [FT 0@+ 1T (R ()] @)

For a linear time-varying system

x(t) = A(t)x(t) + B(t)u(t), t € [to, t] (28)

where Q(t) > 0, R(t) > 0, x(t) is a 77 dimensional state vector, u(t) is a 7 dimensional
control vector, and A(t) and B(t) are 71 x # dimensional and 7 x 7 dimensional time-
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varying matrices, respectively. The elements of matrix A(#) and matrix B(t) are continuous
functions for the time interval 0 < tp <t <t < oo The time-varying control law is

u(t) = R ()BT (H)P()x(1) (29)

Define
A(t) = P(t)x(t). (30)

Ifand only if A(t)| t=t, = A(tf) = 0. Then

u(t) = =R ()BT (H)A(t) = —K(t)x(t), t € [to, t] (31)

where K(t) is the feedback gain, K(t) = R~ (t)BT(t)P(t) and P(t) satisfies
—P(t) = P()A(t) + AT()P(t) — P()B(t) x R™'(t)BT (1) P(t) + Q(1) (32)

The augmented state equation can be written as

x(t)| [ A() —B(HOR (BT [x(1)]
lm][—Q(o —AT(1) HA(tJ“”[A@J )

where F(t) is a time-varying matrix. Next, define the state transition matrix of the aug-
O (to, tr) Ot ty)
O (to, tr) Ooa(to, ty)
dimensional time-varying matrix, and €2(to, t) = L;;. We can get

mented state Equation (33) as Q(to, tf) = [ ], Q(to, ty)isa2n x 21

x(t)] _ [x(te)] _ [x(tf)
oot [300] = [ =[] 49
and
D1 (to, tr)x(t) + Qa(to, tp)A(t) = A(tf) =0 (35)
Further, »
At) = — [sz(fo,ff)} [QZI(tOrtf)}x(t) (36)

P(t) can be described as [39]

P(t) = — [sz(tof tf)] o [021@0, tf)} (37)

To determine P(t) and Q(to, tf), we take the derivative of Equation (34) and combine
it with Equation (33), then the following result is obtained:

Oto, tf) [;((?)} = —0(to, tf) [;((?)1 = —0(to, tf)F(t) [;((tt))} (38)
Therefore,
O<t01 tf) = _Q(tor tf)F(t) (39)

To get u(t) in Equation (29), the key is to solve Equation (39). By integrating Equation (39)
from tg to tf, we get

ot
Q(to, tf) — b = 7./t ol tr)E(t)dt (40)

According to Equation (19), Q(to, t7) and F(#) are expressed by the Jacobi polynomial as

F(t) = Fly(t) (41)



Aerospace 2024, 11, 567 9of 24

Q(to, ) = Q5(t) (42)

i = [Li 0 -+ 0]]x(t) (43)
Substituting Equations (41)—(43) into Equation (40), we get

O (t / Ol (OFLa(Ddt+ [y 0 -+ 0] T (t) (44)

The integral term in Equation (44) can be described as the Kronecker product, i.e.,

Qo5 (1) Fy(t) = [z Gy ® Fr| T (t) (45)

where G;, is the kth sub-block of the product operation matrix according to Equation (24),
and ® represents the Kronecker product. Herein, the expansion process of Equation (45)
is given. The left side of Equation (45) is written in the form of a time-varying matrix
polynomial series according to Equations (17), (41) and (42), i.e.,

o (OFTan (1) = [’f“zl Q;T}(t)} [TleJw)}
k=0 k=0

(46)
= {Qofo(t) + i)+ Qﬁz—lfnﬁfl(t)] [Fofo(t) +FRi() - +Fﬁflfﬁ71(t)}
According to Equations (24), the Equation (46) can be further written as

QLa(OF5(t) =[ Q0 01 - Qo || X GeF|[Jo 1 - Jia )
k=0
m—1 ~
~0|'L GoF| L)
k=0
(47)
According to Equation (25), it is easy to get
tr -
Jon (D)t = (Pig @ I ) Tou (1) (48)
0
Substituting Equations (45) and (48) into Equation (44), we can get
~ m—1 ~
Qy(t) =-0 NZ Gy ® K fto Pa(Bdt+[ Ly 0 ... 0 ]J(t)
- (49)
[ Y. GG F (Ptf®12n)]2n( )+ [ by 0 ... 0 ]]a(t)
Since J;(t) is linearly independent, Equation (49) can be written as
O:—Q[ZG~® (Ptfealzﬁ)ﬂlzﬁ 0 ... 0] (50)
k=
Further,
i1 -1
Q=L 0 .. o}[[lﬁ 0 ... 0}+< G’,;@F,;)(Ptféblzg) (51)
k=0
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Based on the above analysis, K(t) can be obtained according to Equations (29), (37),
(42), and (51). The above steps of solving the LQR time-varying control law are organized
into a flow chart as shown in Figure 1.

According to equation (29),
to obtain u(z), first,
consider solving for P(¢) .

v

According to equation (37),
to obtain P(f), second,
consider solving for (1, t) .

L]

According to equation (42),
to obtain £(%, t;), next,
consider solving for 2 .

v

According to equation (51),
finally, £ is obtained,
and u(f) can be solved by
inverting the above steps.

Figure 1. The solution process of LOR time-varying control law.

By the above method of solving the time-varying control law, the command of rudder
deflection for system (4) is written as

uy = K()Xq = Kq(t)x1 + Ko (t)x2 + K3(#)x3 + Ka(t) x4 (52)

where K(t) = [Ki(t) Ka(t) Ks(t) Ky(t)]. Substituting Equation (52) into system (4),
the closed-loop system is written as

X; = (A1(t) + BiK(£)X; = A1 (DX, (53)

~ 0 1 ~ 0 ~ 0
where dr(0) = |20 TR0 Y D]
ag(t) ap(t) agm(t) adu(t)

, with @ (t) = —VasuKi(t)/g, an(t) =

—ay(t) = VasTiKa(t) /8, a23(t) = —Vay(t)/g — VastiKz(t) /g, aoa(t) = Vasti /g — VastiKy(t) /g,
a3 (t) = ax(t)g/as(t)V, azs(t) = ax(t)as/as(t) — a3, as1(t) = 1Ky (t), ag(t) = ukKa(t),
a43(t) = TK3(t), aaa(t) = —11 + T Ky(t).

4. Sliding Mode Control Law Design

For the dual controlled hypersonic vehicle, the system model with the direct lateral
force is written as ]
X, = Ay(H)Xo + Bouy (54)
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where the state vector is X, = [X? x5]T, and the control vector is up = Fry;
0 1 0 0 0
ax(t) axn(t) @xa(t) ax(t) axs(t)
Ay(t)=1| 0 axn(t) —ar au(t) as(t) |, withas(t) = %/535(1*) = aiit()t];y — 1,
ag(t) ap(t) agm(t) aut) O
0 0 0 0 )

B, = [O ~Vkyr2/g 0 0 Tz] T, The rank of the controllability matrix of A,(t) and B,
is 5, so system (54) is completely controllable. Since the direct lateral thrusters work in
an on-off mode, the sliding mode control is an appropriate selection for the lateral thrust
control law design.

To design the sliding mode surface, the system (54) needs to be converted into the
following controllable standard form.

X = A3(t)5(+ Bsu;p (55)
0 1 0 0 0
0 0 1 0 0
where A3(t) = | 0 0 0 1 0 [,Bs=10 00 o 1,
0 0 0 0 1
—do(t) —ay(t) —da(t) —as(t) —aa(t)
do(t), a41(t), ax(t), as(t), a4(t) are the variables converted to the standard form;
X = [?1 X» X3 Xg 75]T is called the state vector of the controllable state equation; and
X= Pil(t)Xz, P(t) is the transformation matrix as follows
p1 pl
pz plAZ(t)
P(t) = | Bs| = [PAA(1) (56)
p4 plAZS(t)
Ps PiAy (1)

with Py =[0 0 1][B, Ax(t)B, AP (1B,

Then, the sliding mode is designed as
S(X) = Pyx; + Pyxy + P3X3 + Pyxy + %5 = 0 (57)
Herein, the selection of P; through P, ensures that the states converge to the origin. To
guarantee the reaching condition of the sliding mode,
S(X)S(X) <0 (58)

the sliding mode control law is designed as

vy — {Fs, S(X) >0 (59)

-F, S(X)<0

where F; is the direct lateral force of the side-jet thruster. To eliminate the chattering
phenomenon, the controller with boundary layer is designed as

F, SX)>c¢
Up = <0, —e<S(X)<e (60)
-F, S$(X)< —¢
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In Equation (60), € represents a small constant that satisfies € > 0. For the near-space
hypersonic vehicle, the lateral thruster is able to output two amplitudes. If the current state
of the system is far away from the sliding surface, the larger amplitude is taken, while if
the state of the system is close to the sliding surface, the smaller amplitude is taken. Thus,
to meet the need for chattering elimination and fuel savings, the expression of variable
structure control is further written as

Fa S(X) =&
Fs e < S(X) <&
Uy = 0 —e < S(X) < & (61)
—Fo —e<S5(X)<—&
—F1 S(X) < -—&

where F;; is the larger lateral thrust, Fs, is the smaller lateral thrust, and e; and ¢; are
boundary constants that satisfy €1 > &, > 0. In order to improve the durability of the
controller, while eliminating chattering and saving fuel, herein, thrust values with large
amplitude differences need to be set. At the same time, to reduce the frequent opening or
closing of the controller, it is necessary to select a suitable boundary layer range according
to the actual situation. The controller is turned on when the chattering is large, and
the controller is not turned on when the chattering is small or even within the allowed
fluctuation range, so that the control system tends to a steady state.

5. Stability Analysis
5.1. Lyapunov—Krasovskii Functional

The Lyapunov-Krasovskii functional (LKF) is constructed to analyze the stability of
time-varying systems according to the following assumptions [32,33].

Assumption 1. Consider a system x(t) = A(t)x(t) + B(t)u(t), there exists a locally Lipschitz
continuous functional V(t), a scalar function p(t), two xe functions v;, i = 1,2, and a x function
v such that

vi([x(8)]) < V() < va(lx(8)])

V(t) < p(OV() + (v (1)) ©2)

Consider the following linear time-varying (LTV) system about some concepts of the

scalar function u(t),

(1) = Su(t)y (o) (63)

where y(t) is the state variable. If there exist two positive constants k and a such that the
solution to the scalar system (63) satisfies

(D) < [y(to)[*ke=*=%0), t > £ (64)

then the scalar function p(t) is said to be uniformly exponentially stable (UES). If there exist
two positive constants ky and ap such that the solution to the scalar system (63) satisfies

(D) > ly(to) [Pkoe 0l ~0), £ > kg (65)

then the scalar function y(t) is said to be uniformly exponentially expanding (UEE). By
noting that the solution y(t) to Equation (63) is

() =yt exp (5 [ 0 )t = 1 (66
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we further conclude that u(t) is a UES function if and only if there exist two constants a > 0
and b > 0 such that

/t‘u(s)ds < —a(t—ty)+bt>ty (67)
t

0

and yu(t) is a UEE function if and only if there exist two constants a9 > 0 and by € R
such that ,
/ u(s)ds > —ag(t — to) + bo, t > to (68)
to
When Equations (67) and (68) are satisfied, y(t) is both UES and UEE, where ay > a
and b > b.
We end this subsection with the following lemma.

Lemma 1 ([32,33]). Consider Assumption 1. Let u(t) be a both UES and UEE function satisfying
Equations (67) and (68), Ty, be a constant such that

Tp> 2. (69)
a
Then Wy, is a LKF for which is defined as
A t+Ton T—t\"
Wy (t) = V(t) exp (/ u(7) <1 - > d’L’) (70)
t m

where n > 1 is a positive constant, V(t) satisfies Assumption 1. And Wy (t) is written in the
following form

knvi(|x(£)]) < Wa(t) < Knva(|x(£)]) 71)
|

Wn(t) < _Van(t) +Kn7(v|(t) )
where k, = e—0Tn/(n+1)+by g — o=aTw/(n+1)+b gy, —q—nb/T, > 0.

5.2. Stability Analysis

In order to analyze the stability of the time-varying compound control system, firstly,
the parameters of the hypersonic vehicle are given in Table 1.

Table 1. Parameters of the hypersonic vehicle.

Parameter Value Unit
m 500 kg
|74 1963.4 m/s
gl 0.0025 S
15 0.001 S
l 1.36 m
g 9.81 m/s?
I, 300 Nms?

In the hypersonic vehicle time-varying system, the aerodynamic parameter a; = 0.0381,
a3 = 14.1014, and as = 0.0062. a,(t) is a bounded time-varying parameter, according to
the actual situation, and a4(t) and a;(t) are approximately proportional, so it is denoted as
a4(t) = kaay(t); herein, the proportionality coefficient is taken as k, = —0.042.

According to the method employed by Zhao and Zhou [32,33], the stability analysis
of the hypersonic vehicle is given. In system (55), the matrix A3(f) of the standard form
system is written as
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As(t) =

o o o o
_ o O O

with 7o(t) = —9.293e 2a(t) — 9.382¢°, 71(t) = 1909a,(t)+2.622¢7, #5(t) = 46,200a5(t)+
3.187e%, 73(t) = 396.4a5(t)+1.605€%, 74(t) = —0.09491a,(t)+1156. B3 has an upper bound,

i.e., |B3| < 1. Choose the Lyapunov function W(X) = |X 2, then its derivative is as follows

W(X) =2X X =2X A3(H)X +2X Bsus
= 28, (HW(X) — X' D1 ()X + 2X" Bsus (72)
< i (HW(X) - X' D1 ()X +2X Baus

274(t) -2 0 0 0
0 274(t) -2 0 0
where ]/ll(f) =274(t), D1(t) = 0 0 274(t) -2 0 . As Dq(t) > 0,

0 0 0 27,(H) -2
20(t) 2P1(t) 27a(t) 273(f) 4P4(t)
Vt € R. Based on the scaling method, we have W(X) < u1()W(X) + 2X" Bsus. Since a5 (t)
isbounded, forany t,ty € J, t > to,

t
t H1(s)ds < —po(t —to) +qo, t > to (73)
0

where py, qo are constants, which corresponds to Equation (67), and we know that y;(s) is
a UES function. Notice that, forany ¢,y € ], t > tg

t
t pi(s)ds > —pi(t —to) +q1,t > to (74)
0

where p1, g1 are constants, wahich is in the form of Equation (68), and we know that p(s)
is a UEE function. By Lemma 1, an LKF is constructed to state system (55) and is stable as
Wy (t) = W(t)¢1(t), for any T, > q;;—:, where

P1(t) = eXp( :”’” 11 (1) (1 - TT_t)ndr>

m

=exp <ftt+T"’ 274(7) <1 - TT_ t> dT)

m

(75)

To sum up, the time-varying compound control system of the hypersonic vehicle is
stable by constructing LKF.

6. Simulation

In this section, the controller solved by the Jacobi polynomials with time-varying
aerodynamic parameters is presented firstly, and then different simulation cases for the
time-varying compound control system are analyzed. Among them, in order to highlight
the importance of compound control design, the simulation results of time-varying single
aerodynamic control (TVSAC) and time-varying compound control (TVCC) are compared
in Case 1. In order to demonstrate the importance of time-varying compound control
design, the simulation results of time-invariant compound control (TICC) and time-varying
compound control (TVCC) are compared in Case 2.
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Ki(t) =

The hypersonic vehicle is simulated at altitude 30 km, the maximum elevator deflection
angle is d;max = 30°, and the two amplitudes of lateral thrust are F;; = 6000 N and
F;» = 800 N, respectively.

6.1. LQR Time-Varying Control Law

The variation range of the time-varying aerodynamic parameter a4(t) over a period of
time is shown in Figure 2.

0.25

o
[N

o
N
o

©
—

0.05¢

Aerodynamic parameter a 4

Time(s)

Figure 2. The variation range of aerodynamic parameter ay(f).

According to the actual situation, the aerodynamic coefficients a(t) and a4(t) are
approximately proportional to each other; herein, it is denoted as

ap(t) = —23.8a4(t) (76)

Substitute a(t) and a4(t) into system (3), according to the process of solving the LQR time-
varying control law in Section 3, the feedback gain is obtained as
K(t) = [Ki(t) Ka(t) Ks(t) Ka(t)] by the Jacobi polynomials and the detailed results
are simplified as follows:

as(—1.96t7 + 3.49t% — 52215 + 6.35t* — 6.0t> + 4.13t> — 1.83t + 3.93)

, 77
(—3.03¢2t7 + 5.4¢2t6 — 8.08¢2t5 + 9.82¢2t4 — 9.28e213 + 6.38¢2t2 — 2.83¢2t + 6.07¢2) @7)
Ky(t) = (—0.35t7 +1.05t% — 0.27t5 + 0.56t* — 0.9t + 1.07t> — 0.82t + 0.3) 78)
2V T (14917 — 4.946 1+ 1.3715 — 3.09t* + 54213 — 6.8912 + 5.64t — 2.23)’
(—5.03t7 + 8.85t% — 1.31£° + 1.57t* — 1.47t3 4 10.07t> — 4.45¢ + 96.15) 79)
(—9.55¢7 + 1.7e1t6 — 2.55t5 4 3.09t4 — 2.92¢3 4 2.01e1t2 — 8.93t + 191.4)"
5.9t7 — 1.76t° 4 4.38t> — 8.88t* 4 1.4t3 — 1.61t> + 1.19t — 4.26
(80)

(14.8717 — 4.9416 4 13.73t5 — 30.94t* + 5.4213 — 6.8912 + 5.64t — 22.25)°

The above results are substituted into Equation (52) for further simulation.

6.2. Simulation Analysis

In order to demonstrate the effectiveness and fast response of the designed time-
varying compound control system for the hypersonic vehicle, two simulation cases are
given. In the above two cases, the tracking command of normal acceleration is set to be
nye = 10g.

yc
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(1) Casel

The simulation results of time-varying single aerodynamic control (TVSAC) and time-
varying compound control (TVCC) are shown in Figures 3—6. The simulation results of
single aerodynamic control refer to the simulation situation when no direct lateral force is
added to the system.

15
)
~ 10
[=]
[=]
.2
5 ............... TVSAC
2 5 -_——==n
8 ye
2 TVCC
=
g 0f:
z

-5 . . ! .

0 1 2 3 4 5

Time(s)

Figure 3. The response of normal acceleration in case 1.
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Figure 4. The response of pitch rate in case 1.
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Figure 5. The response of elevator deflection in case 1.
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Figure 6. Variations of lateral thrust in case 1.

As can be seen from Figures 3-6, the system with compound control is more stable
and responds faster than that with single aerodynamic control when the direct lateral force
is added. The tracking response of normal acceleration is shown in Figure 3. The response
time of normal acceleration in the compound control system is 0.18 s, the maximum
overshoot is less than 3%, and it quickly reaches a stable state. In contrast, the response
time of normal acceleration in a single aerodynamic control system is 0.4 s, the maximum
overshoot is greater than 3%, and it lasts for a long time before returning to a stable state.
Obviously, the response time of the compound control system is faster than that of the
single aerodynamic control system.

In Figure 4, the maximum pitch angle rate of the compound control system is 151°/s.
As can be seen from the comparison, the pitch rate of the compound control system changes
rapidly and becomes stable quickly, while the pitch rate of the single aerodynamic control
system takes a longer time to become stable. In Figure 5, in the dynamic process, due to the
step change of the normal acceleration instruction and insufficient aerodynamic pressure,
the elevator deflection is saturated at the initial stage of the response and remains stable in
the steady state process. It can be seen from the comparison that the elevator deflection
angle of the single aerodynamic control system has been saturated in the first second; that
is, the elevator deflection angle remains at 30°, while the elevator deflection angle of the
compound control system quickly returns to a stable state after a short saturation process.
In addition, in Figure 6, the variation of the direct lateral force provided by the engine is
shown. The side-injection engine only works in the dynamic process, i.e., initial period,
and the steady state is always turned off, thus avoiding fuel consumption and disturbance
to the system. It can be clearly seen from Figure 6 that in the single aerodynamic control
system, the engine is in the shutdown state, and the direct side force is always 0.

According to the above analysis, the time-varying compound control system of the hy-
personic vehicle is more stable and has a faster response speed than the single aerodynamic
control system.

(2) Case?2

In order to verify the importance of time-varying compound control design, the
simulation results of time-invariant compound control (TICC) and time-varying compound
control (TVCC) are compared in Case 2. The effectiveness and fast response of the designed
system are demonstrated by tracking the step signal and sinusoidal signal, respectively.

Herein, the time-invariant compound control system means that the controller in the
variable parameter system is set to a constant value. Taking a characteristic point in a
variable parameter, the time-invariant control law solved by LOR’s Riccati equation in a
time-invariant system is designed as K; = 0.006, K; = —0.17, K3 = 0.527, K4 = 0.397. The
simulation results are shown in Figures 7-11.
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Figure 7. Simulation comparison of the normal acceleration response curves at 30 km in case 2.
(a) Tracking step signal; (b) Tracking sinusoidal signal.
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Figure 8. Simulation comparison of the pitch rate response curves at 30 km in case 2. (a) Tracking
step signal; (b) Tracking sinusoidal signal.
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Figure 9. Simulation comparison of the elevator deflection angle response curves at 30 km in case 2.
(a) Tracking step signal; (b) Tracking sinusoidal signal.
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Figure 10. Simulation comparison of the engine thrust variation curves at 30 km in case 2. (a) Tracking
step signal; (b) Tracking sinusoidal signal.
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Figure 11. Simulation comparison of the sliding mode function variation curves at 30 km in case 2.
(a) Tracking step signal; (b) Tracking sinusoidal signal.

The tracking response of normal acceleration is shown in Figure 7. Among them, the
step signal is tracked in Figure 7a, the response time of the TVCC method is 0.2 s, the
maximum overshoot is less than 3%, and it quickly reaches a stable state. In contrast, the
response time of the TICC method is 0.5 s, and although there is no overshoot, the designed
TICC system can better meet the actual requirements for the fast response of the hypersonic
vehicle. Similar trends can be seen in Figure 7b. In Figure 8a, the maximum pitch angle rate
of the TVCC system is 151° /s, which meets the actual demand. In Figure 8b, it is easy to
find that the TICC curve is biased from the sinusoidal signal by comparison. In Figure 9a,
in the dynamic process, due to the step change of the normal acceleration instruction and
insufficient aerodynamic pressure, the elevator deflection is saturated at the initial stage
of the response and remains stable in the steady state process. In the first 0.4 s, which
have been saturated, the elevator deflection angle is maintained at 30°, and then quickly
stabilized. In Figure 9b, it is obvious that the sinusoidal signal tracked by TVCC has a slight
fluctuation but an obvious trend of sinusoidal change, while the sinusoidal signal tracked
by TICC has waveform distortion. In Figure 10, the variation of the direct lateral force of
the engine is shown. The side-injection engine operates in the dynamic process, and the
steady state is turned off, thus avoiding fuel consumption and disturbance to the system.
In Figure 11a, the sliding mode surface in the TVCC system rapidly converges to zero and
remains there, but the amplitude of the TICC sliding mode surface fluctuates greatly in the
initial stage. In Figure 11b, the convergence effect of the TICC sliding mode surface is not
as good as that of the TVCC.
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In order to highlight that TVCC is more effective than TICC at different flight altitudes,
simulation results of the hypersonic vehicle at 25 km are given, as shown in Figures 12-16.
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Figure 12. Simulation comparison of the normal acceleration response curves at 25 km in case 2.
(a) Tracking step signal; (b) Tracking sinusoidal signal.
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Figure 13. Simulation comparison of the pitch rate response curves at 25 km in case 2. (a) Tracking
step signal; (b) Tracking sinusoidal signal.
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Figure 14. Simulation comparison of the elevator deflection angle response curves at 25 km in case 2.
(a) Tracking step signal; (b) Tracking sinusoidal signal.
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Figure 15. Simulation comparison of the engine thrust variation curves at 25 km in case 2. (a) Tracking
step signal; (b) Tracking sinusoidal signal.
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Figure 16. Simulation comparison of the sliding mode function variation curves at 25 km in case 2.
(a) Tracking step signal; (b) Tracking sinusoidal signal.

The normal acceleration that the hypersonic vehicle needs to track at 25 km is n = 15g.
In Figure 12, it is clear that TVCC responds faster than TICC. In Figure 13a, the maxi-
mum pitch angle rate of the TVCC system is 205° /s, which meets the actual demand. In
Figure 13b, it is easy to find that the TICC curve is biased from the sinusoidal signal by
comparison. In Figure 14a, in the first 0.4 s, the elevator deflection angle is maintained
at 30°, and then quickly stabilized. In Figure 14b, it is obvious that the sinusoidal signal
tracked by TVCC has a slight fluctuation but an obvious trend of sinusoidal change, while
the sinusoidal signal tracked by TICC has waveform distortion.

Through the above comparative analysis, the designed time-varying compound
control system of the hypersonic vehicle responds faster, is more stable, and has
practical significance.

7. Conclusions

A time-varying compound control method is proposed for the hypersonic vehicle con-
trolled by the direct lateral force and the aerodynamic force. The time-varying compound
control model is established. The controller for the aerodynamic force control system is
designed as a time-varying LOR. To solve the problem that LOR cannot directly obtain the
analytical solution of the time-varying system, a novel approach to approximate analytical
solutions using Jacobi polynomials is proposed. When the air rudder cannot continuously
produce control force and torque, the direct lateral force is added to the system and the
sliding mode control method is applied to further solve the control law. The stability of the
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time-varying compound control system is proven by the Lyapunov—Krasovskii functional.
The simulation results show that compared with the single aerodynamic control method
and the time-invariant compound control method, the hypersonic vehicle designed with
the time-varying compound control method has faster response speed, better stability, and
practical significance.
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Nomenclature

ay,ay,4as, a4, s Dynamic coefficients of the vehicle

a7, by, ¢, d- Elements of the matrix Pys

ey Normal acceleration command tracking error
E Square error integral

Arbitrary time function
Jacobi polynomials coefficient of f(f)

Fry, Fryc Engine thrust and engine command, respectively

g Gravitational acceleration constant

gé/j Expansion coefficient of Tﬁ(t)T](t)

e Coefficient matrix

G Product operation matrix of the Jacobi polynomials
L 7 dimensional identity matrix

Iz Moment inertia

Jmin Minimum quadratic index of LQR

Ta () Jacobi polynomials in time-varying system

J(t) the Jacobi polynomials vector

the generalized Jacobi polynomials vector

ky Reciprocal of mV

l Distance from the center of force to the center of mass
I, Ratio of [ to J;

m Vehicle mass

fﬁﬁ' i,k Non-negative integers

i,k,u,0,w

M(t) Arbitrary time-varying matrix

1y, Myc Normal acceleration and its command, respectively
Pys Integral operation matrix

P(t) the nonsingular transformation matrix

S(X) Sliding mode surface

Vv Vehicle flight speed

x(t), X1, X2, X State vectors

z Variable of the Jacobi polynomials

w, 8,7, A Parameters of the Jacobi polynomials

05,02¢ Elevator deflection angle and its command, respectively
£,€1,€ Small constants

T, T2 Time constants

Wy Angular velocity

State transition matrix
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