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Hypersonic vehicles are difficult to control due to their rapid time variation, dynamic nonlinearity, strong coupling, and model
uncertainty. This paper proposes a new nonlinear predictive controller to solve the problem. An improved model predictive
controller is used to improve the dynamic control performance of hypersonic vehicles by converting nonlinear dynamics into a
state-dependent linear model. The sliding surface can significantly increase the speed of convergence. The radial basis function
is used to reduce the influence of system uncertainty. The stability of the proposed controller is analyzed based on the
Lyapunov approach. The comparison of simulation results verifies the excellent control performance of the proposed method

both in convergence speed and antidisturbance ability.

1. Introduction

Hypersonic vehicles are difficult to control due to their fast
time variation, dynamic nonlinearity, strong coupling, and
model uncertainty. The characteristics of the nonlinear
dynamic model place high demands on the trajectory track-
ing control [1-4]. To ensure stable flight under complex
constraints, the control system must have fast response
and antidisturbance properties [3].

Many papers have been devoted to solving nonlinear
control problems for hypersonic velocities, and many new
controllers have been designed based on fault-tolerant con-
trol [5], robust control [6], adaptive control [7], predictive
control [8], sliding mode control [9], and other control
methods. The dynamic inverse controller is designed to
actively compensate elastic disturbance and solve the system
uncertainty problem [1, 4]. The robust controller is designed
for height and velocity tracking control, and the nonlinear
disturbance observer is used to estimate the external distur-
bances. These controllers can improve the robustness of the
system [6, 7, 10]. Instruction filters and actuators are also
used for robust nonlinear control to eliminate parameter
uncertainty [3]. The adaptive tracking controller based on

neural networks eliminates the uncertainty of the sys-
tem [11].

Sliding mode control is a kind of nonlinear variable struc-
ture control, which has the advantages of fast response, strong
antidisturbance ability, and strong robustness, and has been
widely used in the control of hypersonic vehicle. [9] proposed
a supertorsional sliding mode controller, which can approxi-
mate the global fast terminal sliding mode in finite time and
is robust to uncertain parameters and other disturbances. In
[12], a quasicontinuous sliding mode controller is designed
based on the high-order sliding mode theory, which reduced
the speed and height step response time and suppresses sliding
mode chattering. For the problems of model parameter uncer-
tainty and actuator failure, [13] uses a higher-order linearized
model to establish an adaptive terminal sliding mode to elim-
inate chattering and establishes a fault-tolerant control system
(FTC) to improve the fault-tolerant control capability of slid-
ing mode control. The sliding mode controller based on power
function is used to suppress its chattering effect, and the influ-
ence of disturbance on speed and height is suppressed through
direct feedback [14].

[8, 15] have studied predictive control. The predictive
control method has low requirements, good dynamic control
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performance, and online rolling optimization calculation,
which can better compensate the uncertainty caused by
model mismatch, distortion, and disturbance. [16] proposed
a new passive fault-tolerant control method based on
weighted tubular MPC. By introducing weighting factors,
the control performance of the system can be improved
while the robustness of the system is sacrificed. [17] pro-
posed a predictive control method based on the improved
model and introduced an online parameter estimation
method to eliminate the uncertainty and unknown interfer-
ence of the dynamic model. [18] proposed a tracking robust
nonlinear model predictive control. By combining the
sampled-data model predictive control and sliding mode
control, the influence of uncertainty is reduced efficiently,
and the asymptotic stability of the closed loop system is
improved, while the computational complexity remains
unchanged. [19] proposed an integrated fault-tolerant con-
trol method with a two-layer structure to achieve longitudi-
nal fault-tolerant control of hypersonic vehicles.

From the above analysis, it can be seen that the tradi-
tional nonlinear control methods have poor robustness and
stability, and it is difficult to solve the problem of parameter
uncertainty and system model mismatch. Observers [7, 20],
neural networks [5, 21, 22], and other methods are used to
actively compensate the system uncertainty, which have cer-
tain robustness. The sliding mode control method has obvi-
ous advantages in solving nonlinear problems with fast
response and antidisturbance ability, but it still needs to
solve the chattering problem. The model predictive control
method has the characteristics of good system robustness
and model mismatch. In this paper, the model predictive
sliding mode control method is designed as the trajectory
tracking method for hypersonic vehicle. Based on the model
prediction algorithm, the sliding surface is introduced as the
error model to improve the response speed. At the same
time, to weaken the influence of system uncertainty and
model mismatch, radial basis function neural network
(RBENN) is introduced to improve the robustness and sta-
bility of the system.

This paper is organized as follows: Section 2 briefly pre-
sents the longitudinal dynamic model of the hypersonic
vehicle. In Section 3, a nonlinear predictive sliding mode
control is designed for hypersonic vehicle, and its stability
is analyzed. Numerical simulations are performed to verify
the effectiveness of the method proposed in Section 4. Sec-
tion 5 provides the conclusion.

2. The Longitudinal Dynamic Model of
Hypersonic Vehicles

The longitudinal dynamic model of hypersonic vehicle con-
sidered here was developed at NASA Langley Center [23].
The nonlinear equations of motion are

V:Tcosoc—D_ysiny, (1)

m r2
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),):L+Z‘s/1noc_ (u VVQ cosy. 2)
thsiny, (3)
d=q-19, (4)
.M
q—gi (5)

where V, p, h, a, and q denote the velocity, flight path angle,
altitude, angle of attack, and pitch rate; m, I, 4, and r denote
the mass, the moment of inertia of the vehicle, the gravita-
tional constant, and the radial distance from the earth’s center;
and L, D, T, and M are the lift, the drag, the thrust force, and
the pitching moment of the vehicle, which are modeled as

1 2
L=-pV3sC,,
2
1 2
D= EpV SCp,
1
T=pV3SCr, (6)

1
M,, = 5pV ScCyys
r=h+Ry,

where p, S, ¢, and Ry, represent the air density, the reference of
the vehicle, the aerodynamic chord, and the radius of the earth
and C;, Cp, Cy, and C,, denote the lift, drag, thrust, and
moment coefficients. These coefficients are closely related to
the flight status and flight environment.

The aerodynamic coefficients for cruise flight at nominal
conditions (V=4590.3(m/s), hy=33528 (m), y,=0, and
q, = 0) are given by the following equations [24]:

C, =0.6203a,

Cp= 0.6450a” + 0.0043378a + 0.003772,

0.025763, B<1,
Cr=
0.0224 + 0.0033B, B> =1,
Car = Cys (@) + Coy(q) + Cye(8.), (7)

Cp(a) ==0.0350% +0.036617a + 5.3261 x 107,

Cilq) = (%) (~6.796a2 +0.31050 — 0.2289),

Cu(8g) =c.(6p — ).

Assuming the engine dynamics in second-order form,
the dynamic equation is given by the following equation:

p=-2kwp - B+’ B, (8)
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where £ and w,, represent the damping and the frequency of
the system and 8 and f; denote the setting value of the
engine throttle valve and its command value.

3. Design and Stability Analysis of Predictive
Sliding Mode Controller

3.1. Linearization of Nonlinear Systems. In this paper, the Lie
derivative method is used to linearize the nonlinear model of
hypersonic vehicle by linearizing its full-state feedback [23,
25]. After several derivations of the time of the output vari-
ables separately, the control variables appear in the differen-
tial equation:

V:f1<x)’

. WX
V= s
m

V:wl-k+5cT~QZ-5c
m

h=fy(x),
=V siny+Vy cos y,
E:Vsinyﬁ-ZV}'/cosy— V§? sin y + Vj cos y,

1 =V siny + 3V cos y - 3V§? sin y + 3V§ cos y — 3V sin y - V§? sin y + V§j cos y,

)
where

x=[Vyaph,
y=r3(x),
y=mx

j=mx+x" %,

of, (x
i (10)

W, =m

0w,

27 ox

= 9f5(x)

! ox

_om
2= o

The vectors w, and m; and matrices , and II, are given
in [23]. The equationsf, (x),f,(x), andf;(x)are represented
in equations (1), (3), and (2), respectively.

Separate the second derivatives of the angle of attack «
and throttle setting B into control-independent and
control-dependent parts:

. .‘/2. .
0=y + Cerpr¥ro0e S-¢ -Op,
21, (11)

B = Bo + “’2:8'1"

3
where
Bo = _25“):3 - “’Zﬁ»
. 172pV2Sc[Cyy () + Cpy(q) = ¢, (12)
oy = _ .
Ly, -y

a is the derivative of &. &, is not related to 8. &, = da/
06y is the part related to 8.
Therefore, X can be written as

0 0 «

o . 0 0
X=X, + [05P7] 0 0 0 2 o
w

00&600]

(13)
= [Vi}ﬁ‘o Bo h] +[0pPBr] {
0

0 0 w 0

Based on the above analysis, the linearized system
dynamic equation can be expressed as

V V B,, B )
\ _ f + [ 11 12] l E ] , (14)
h( ) h(() ) B,y By ﬁT

where

7, - w ko + %" Q%
m
Y P
w, X, + % ,%) sin . .
hf,‘” = <(10—mz)y> +3Vjcosy—3Vi?siny
+3Vj cosy—-3Vypsiny—Vj® cosy

+V (m)%, + %" I1,X) cos y, B

T,cosa—Tsina-D,.. Tpw” cos a
B om0 o om
[T cos (a+y)+T,sin (a+y)+L,cosy—D,siny].  Tgsin(a+y)
Xe> B
m m

Ty =pVSCy,
Ty=pv2sC
B= PV e
Dy = pVSCp,
Ly =pVSC;,

1 _,0C
L,=-pV?=L,
« 2P Ja

1 aC
D,=-pV?Z2.
« 2’0 o

(15)

The linearized system dynamic equation (14) can be
expressed in the following form:

Y=Y,+B-u (16)

3.2. Design of Predictive Sliding Mode Controller. Consider
the following nonlinear systems:

x=f(x) + g(x)u,

y=h(x),

(17)



where x € R"” denotes the system state; u € R denotes the
input control variables; f €eR", g€ R™", and he€R" are
smooth bounded functions; # and m are the number of state
variables and control inputs, and y = [V h]".

The output in the moving time frame is predicted by the
Taylor series expansion. Repeating the differentiation up to
p times of the output concerning time, together with
repeated substitution of the system (17), yields

j(t) = Lih(x),

8
yU(E) =1 (), "

PP(t) = LAR(x) + L, LY h(x)u(t),

where L?‘hi(x) € R indicates that ,;(x) calculates the p; order

Lie derivative along the vector field f.

When the control order is 7, the output Taylor expansion
series must be at least p + r, so that the control signal can
appear in the prediction, and then, there exists a current
time difference:

PPy = L R(x) + p(u(t), x(8)) + LLY h(x)it),

dL L7 'h
P (u(t), x(1)) = LLih(x)u(t) + %(x)u(t%

(19)
where p,, is nonlinear for both u(t) and x(t).

Similarly, the higher-order derivatives that can be output
everywhere can be summarized as

r y[(’] 7 [ h(x) ]
y[l] L}h(x) 0,111
=] | |= + (20)
y[ﬂ] th(x) 0,1
: : H(#)
L y[Pﬂl 1L L}Wh(x) ]

where H(#) € R"0*V is a matrix about 7(t), %(t), ---, @l (¢).

L,Lf h(x)a(t)

Pu(@(8),x(8)) + LyLf ™ h(x)a(t)

P (@) 5(0) + pyp (#(8), 08 (1), (1) ) -+ Ly L B 1)

(21)
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In this paper, the step function is chosen as the actual
control for predictive control:

u(t+7)=u(t),
(22)

Time-dependent derivative of current system output:

Jr=Lih(x)=V,

= szfhl(x) =V,

§y =Ly (x) + Loy Ly (x)uy + L L2k, (x)u, = V,
Jy=Lhy(x) = h,
5, = Ly (x) = h,

Yy = L;hz(x) =h,

4
P = Ly (x) + Ly L3y (x)uy + LypLihy (x)uy = ).
(23)

According to the linearization in the previous section,
the relative orders of the two outputs of the hypersonic vehi-
cle longitudinal model are p, = 3 and p, = 4. During the roll-
ing prediction time, the future output of the system is
expanded by the Taylor series, omitting the high-level term,
to obtain the predicted value:

3
. T
yy(t+1)=yy(t) + T)’V(t)‘*"'*’g)’%/(t)’

' (24)

V(4 T) Z9,(0) + TRy (e TAA(E):

At the prediction time 7, the output of the nonlinear sys-
tem equation can be expressed as

ya+ﬂ=[”“+”]=mﬂYm, (25)
Yo (t+7)
where
I(r) = diag [[,L,),
[ TPi .
Ii(7)= _11' . P,'} 1<i<2,
Y(t) =diag [Y,Y,], (26)
yi(t)
Y, = , 1<i<2
B0
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For the same reason,

ycl(t+T)]

=I(0)Y.(1). (27)
ch(t + T)

Ye(t+7)= [

In practical application system, due to perturbation and
model adaptation, there is a certain error between the pre-
dicted output of the model and the actual output. The error
at the time f + 7 is

e(t+7)=y.(t+7)—y(t+71)=T(7)(Y.(t) - Y(£)). (28)

In real systems, the initial point is often unknown at any
time. To make the system more stable, the sliding mode sur-
face is designed according to the error between the predicted
output and the expected output, so that the system motion
keeps moving close to the stability of the sliding mode sur-
face. Referring to [14, 26, 27], the sliding surfaces are
designed as equations (29) and (30). The speed sliding mode
surface and the height sliding mode surface are designed,
respectively,

sV(t+T):CV-EV(t+T):cVi~e[\g(t+T), (29)
sh(t+T):Ch~Eh(t+T):chj-eg](t+‘r), (30)

where e[‘;](t +1)=Vli -yl eg](t +7)=hll —hl ¢, cC,
€ Ry, 6, € Cy € Ry, i=0,1,2,and j=0,1,2,3.

Then, the performance index of the predictive sliding
mode controller can be designed as

1 TP T
j- EL S(t +7)TS(t + T)dr. (31)

The necessary condition to achieve the best performance
indicator is

a]

5 =0 (32)

Theorem 1. Consider continuous-time nonlinear systems,
and assume that the output of the prediction interval is pre-
dicted through p order Taylor expansion. For a given control
order r > 0, the control law of the minimum index of the opti-
mal nonlinear control system is [15]

u(t) = (L4 h)) B (KM, + Lh(x) - o (1)), (33)

where M, e R™P,

h(x) - w(t)
Lih(x) - @' (1)

—1 —1
L7 h(x) - (1)

5
Input layer node  Hidden layer node  Output layer
number n number m
FiGure 1: RBFNN structure.
K € R™? represents the matrix of [;(T,) =T;'T;:
i+j-1
T(i'): - .Tp — , Lj=1p+r+ 1.
P =D -DE+-1)

(35)

Derivation process:
The performance index for the predictive sliding mode
controller is

T,

(CE(t +7))"(CE(t + 7))dr,

(36)

J= —JTPS(t + T)TS(t +7)dr = %J

0 0

where
Ompxl
C-E(t+71)=C- M+ , (37)
H(u)
where
L}h(x) w(t)
Lih(x w(t
| ke || e )
L}H—rh(x) cU[p+r] (t)
Derivation of equation (21) is
-1
LgL; h(‘x) Omxm Omxm
oH _ Ximxm LgLfP_lh(x) Omxm
on . : ’
Ximxm Ximxm LgLfP_lh(x)
(39)

where x,,..,, represents a nonzero m X m size date block in
OH/0u and @ = [u(t) i(t) -+~ ull(2)].
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Linearized E.E, Sliding SysSh Pr.e dictive Sp:Py Dynamics Viphaq
sliding mode
V _.h model surface controller model
p
E,.E,
RBFNN
FIGURE 2: Trajectory tracking control system based on the predictive sliding mode controller.
TaBLE 1: Some default parameters used in this paper.
Parameter Value Parameter Value Parameter Value
m (kg) 136820 I, (kgm?) 9490740 po (kg/m?) 1.2266
S (m?) 334.73 C, 0.292 H, (m) 73152
C (m) 24.38 £ 0.7 Sk [-20, 20]
€ 3.9802E14 w 20 Cy, [80, 105, 50]
By [0~12] step (s) 0.05 c, [40, 50.625, 45, 10]
R (m) 6373100 stepNum 30

Equation (39) can be written as
oH\ T =T = oH\ T
— T T |M — | T.H(u)=0. 4
(au) 75T +(au) (H(W) =0 (40)

L}Hh(x) is
reversible, and the (9H/du)” is also reversible. At the same

time, I',, is a positive definite matrix. The above equation
can be written in

(%) -

Considering equations (21) and (22), the above equation
can be written as

According to the definition of relativity, L,

{F_lrgrlm(r+l)xm(r+l):| M. (41)

L,Lf " h(x)u(t) + KM, + Lfh(x)

af —w(t)=0,  (42)

where K represents the first m columns of I, 11" T, and sim-
ilarly, M, can be represented as

M, = |a(h(x) -

w(t))" ey (L) ~wl'()

Equation (33) can be solved by the above equation,

where[cl,-n,cp}T cC=[Cy;Cyl.

For the current system, equation (33) can be rewritten as
follows: the predictive sliding mode controller designed for
the system dynamic equation (16):

u(t)=-B(KS+F -Y,), (44)

T
where Y, = ¥ = [y20(1) y# (£)] and E, = [V, b
By reference [15, 28], this paper designs the formula
feedback matrix as follows:

K, 0
K= ,
L0 K,
(27 42 7
K1= Wﬁﬁ]) (45)
21, 5T, 24,
(216 36 108 9
= lsm 7 ot
L= P 4 P P

where T, = step”stepNum, in which T, represents predict

time, step means the simulation step, and stepNum is num-
ber of predictive steps.

3.3. Radial Basis Function Neural Network Controller. Radial
basis function (RBF) has the advantages of being able to
approximate any nonlinear function, dealing with the laws
that are difficult to analyze in the system, strong generaliza-
tion ability, and fast learning convergence [29, 30].

As shown in Figure 1, the RBFNN structure is mainly
composed of an input layer, a hidden layer, and an output
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Change of velocity with time
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i
3 46104
L
>
4605 4
4600 - §
4595 ¥
4590 . . . .
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Time (s)
— Exp -= NPC
--DIC e NPCR
—— SMC

FIGURE 3: Velocity changes with time under different controllers.

layer. Use the Gaussian function as the transfer function of
RBF [31]:

¢;(x) =exp (—M) i=1,2,-,m. (46)

207

When the Gaussian function is selected as the hidden layer
transfer function of RBF, the hidden layer is used to realize the
nonlinear mapping of X — ¢,(x), using the output layer to
realize linear mapping of ¢,(x) — ;. Assume that the input
of the input layer is X = (x, x,, -+, X}, =+, x,,) and the actual
output is Y = (¥}, 5, = ¥j> =+ ¥,); the output of the k neural
network in the output layer can be expressed as

?k: Zwk(/)i(X)’ k=1a2)"'$ m, (47)
i=1

where m is the number of output layer nodes and hidden layer
nodes, p is the number of output layer nodes, wy, is the con-
nection weight between the ith unit of the node in the hidden
layer and the k neurons in the output layer, and R;(x) is the
transfer function of the ith neuron in the hidden layer. There-
fore, when the cluster center ¢; and weight w; of RBF are
determined, the corresponding output value of RBF can be
obtained under the condition of a given output.

3.4. Design of Predictive Sliding Mode Controller considering
Uncertainty Compensation. Considering the mathematical
model uncertainty and the existence of external disturbances
d, € R, in the system,

Y=Y,+B-u+d,. (48)

x10* Change of height with time
3.3555
3.355
3.3545
E
fn 3.354
[
ju
3.3535
3.353
3.3525 T T T T
0 10 20 30 40 50
Time (s)
— Exp —= NPC
-— DIC e NPCR
— SMC

FIGURE 4: Height changes with time under different controllers.

15 Change of velocity error with time
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-10 4

Velocity (m)

-154
20§

-25 4

-30 2 T T T T
0 10 20 30 40 50

Time (s)

-~ DIC -~ NPC
— SMC e NPCR

FIGURe 5: Velocity error changes with time under different

controllers.

The RBENN approximation error is introduced. The
learning algorithm of neural network weight matrix is

WV =—ay Py Sy,

W), ==, ¢Sy

(49)

Then, the predictive sliding mode controller using RBF
neural network to compensate for the disturbance error is

u(t)=-B(KS+F, - Y. +p), (50)



where p denotes the compensation for system uncertainty
factors:

T % * T T
p=[Wydy Wiy = [WigyWidy]" +[eve,],  (51)
where W™ is ideal optimal weight matrix and ¢y, and ¢,
represent approximation errors. Assume that &, and ¢, are

bounded, and the neural network can approximate the
uncertainty of the model with any precision.

o0 2
levl <evps | llev]Pde < oo,
b 0
00
||sh||sshp,J eyt < oo,
0

where &y, and ¢, are normal numbers.

Based on the SMC and RBENN, this paper designs an
improved nonlinear predictive sliding mode controller. The
proposed control scheme is summarized in Figure 2.

3.5. Stability Analysis of the Control System. This section
analyzes the stability of the control law (50) proposed in this
paper and first makes the following assumptions [32]:

The internal zero dynamics of the nonlinear system
driven by desired state (w) are defined for all ¢ > 0, bounded
and uniformly asymptotically stable.

Assume matrix K in equation (50) be expressed as K =
ko ky -+ k,_1], where k; € R™". Formula (50) is substituted

into formula (18):

y[P] LP h(x

Z kic; (Lf

— Lih(x )+wPl( t) + We,

w[i](t)) (53)

where ¢; represents the values of sliding surfaces (29) and
(30), respectively, [cl,-n,cp]T cC=[Cy;C,); W¢ represents
compensation for uncertainty.

Consider tracking error:

e(t) =w(t) - y(t)- (54)
Substitute (54) into (53):
ePl(t) +k, yc, el ()4 +kocpe(t) =0.  (55)

It can be proved that the current controller is stable. Ref-
erence [15] shows the detailed proof process.

To prove that the RBENN controller is convergent, the
Lyapunov function is designed as [13]

1 1 -~ ~
L:§5€'5V+ ET;’(WT-W), (56)

where W, = W,,* — W,,. Because of the similarity of the
proving process between the stability of velocity channel

International Journal of Aerospace Engineering

and altitude channel, only the velocity channel is analyzed
here.
Differential equation (56):

. 1 ~ B
L=sl .5, + _Tr(wﬁ.wv). (57)
Xy
Solve the two distributions above:

—Tr(W WV) = —Tr[W S(Wy” ‘WV)}

& (58)
=- ‘X_V Tr {W (—(xvgbvsg)} .
According to formulas (29) and (48)-(50),
Sy = Cyr8y + Cyaéy + Cysby + Whdy, — py (59)
General assumptions [26]:
Dy (% u, £)] < [ Dy (%, u, )], (60)

where Dy (x, u, t) are nonnegative numbers. Take con-
trol quantity u as solution

—Kylsy|=sy(cyiéy +cyréy +cyséy), (61)
where K, is optional positive integer; then,
fs=-Kylsy|+ Dysy < (|Dy| - Ky)[Sy|. (62)
Substitute (62) and (59) into (54):
sy -8y =f,+ Wydy = py,
: T (virl *
L=f+sy (Wv¢v -Wyoy - €V>
— Tr [W (—(xvqbvsa)}

“V
(IDy| = Ky)|sy| -

(63)

=f.—syey < SyEy-

When K, > |Dy,| and s, # 0, L is negative definite, while
outside region Y's, = {sy (1[0 < [lsy (1) < (e,/(IDy| ~ K))
}. According to the assumption and Lyapunov theory,
tlim sy(t) =0. According to formula (29), tlim ey(t) =0,
—00 —00

which means the closed loop system of velocity channel is
asymptotically stable. Similarly, it can be deduced that the
closed loop system of high channel is asymptotically stable
as tknoosh(t) =0 and zknooeh(t) =0 show.

4, Simulation

For the longitudinal dynamic model and predictive sliding
mode control of the hypersonic vehicle in this paper, this
section verifies the correctness and effectiveness of the con-
troller through simulation. In this section, we select level
flight cruising stage (V, =4590.3 m/s, hy = 33528 m, y, =0,
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Change of height error with time

Height (m)

-12 T T T T
0 10 20 30 40 50
Time (s)
-- DIC -~ NPC
— SMC e NPCR

FiGUrRe 6: Height error changes with time under different
controllers.

TaBLE 2: Standard deviation comparison of different controllers.

No. DIC SMC NPC NPCR

1 0.1234761 0.387294 0.0648344 0.238022

2 0.132577 0.3969378 0.0645986 0.2374112
3 0.1224386 0.3837611 0.0649847 0.2368241
4 0.129998 0.3970867 0.064596 0.2380209
5 0.1229457 0.3866949 0.0642442 0.2455137
6 0.120701 0.3871694 0.0634814 0.256432

7 0.1216268 0.3908661 0.0649917 0.253489

8 0.1189904 0.3919185 0.0642716 0.2385589
9 0.1200567 0.3810074 0.0623854 0.2328096
10 0.1232244 0.3859532 0.0633241 0.2370749
Average 0.12360347 0.38886891 0.06417121  0.24141563

q,=0, and a=1.8736¢), the initial elevator angle §; =—
0.41290, and the engine throttle command valve f, =
0.1788. Given the expected trajectory,

vV, 4600 + 20 - cos (0.01 x t)
Y, = = . (64)
hy 33538 + 30 - sin (0.01 x f)

Relevant vehicle and controller parameters adopted are
shown in Table 1.

In this simulation, the computing platform is Intel i7-
12700 @2.1 GHz, 32GB RAM, and the operating system is
Windows 10.

4.1. Comparison between Different Controllers. To verify the
rationality of the nonlinear predictive sliding mode control-
ler with RBENN (NPCR) designed in this paper, the
dynamic inversion controller (DIC) in [33], the adaptive
sliding mode controller (SMC) in [34], and the nonlinear

9
Change of velocity with time
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FIGURE 7: Velocity changes with time under different prediction
steps.

x10* Change of height with time
3.3555
3.355 A
= 3.3545 4
£
T 3354 -
L
an
3.3535
3.353
33525 : : : :
0 10 20 30 40 50
Time (s)
— Exp —--=+ NPCR:60
-—- NPCR:30 e NPCR:70
NPCR:40 —— NPCR:100
—— NPCR:50

FiGure 8: Height changes with time under different prediction
steps.

predictive controller (NPC) in [28] are introduced for
comparison.

The state tracking curves are shown in Figures 3 and 4,
and the error curves are shown in Figures 5 and 6. It is obvi-
ously that the NPCR controller is the fastest one to reach the
expected convergence state both in velocity and height con-
trol. The SMC controller is the second one to reach conver-
gence in velocity control, while the DIC controller is the
second in height control. The traditional NPC is the slowest
with oscillation. In terms of stability, the NPCR and SMC
controller have no oscillation, and DIC controller is better
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FiIGUre 10: Velocity error changes with time under different

controllers.

than NPC controller. The error curves can support these

views.

In addition, the running time of different controllers is

simulated and analyzed. Run all the simulations for 10 times.

The running time is shown in Table 2. It is found that
among all the four controllers, NPC controller has the fastest
computing speed while its effect is the worst. SMC controller
is the slowest while its effect is only second to NPCR control-
ler. Due to the introduction of RBENN, the running time of
NPCR controller proposed in this paper has increased com-
pared with NPC controller, but it still has high computa-
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FiGure 11: Height changes with time under different controllers.
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FIGURE 12: Height error changes with time under different

controllers.

tional efficiency. The calculation time of all controllers is
far less than the flight time of hypersonic vehicles, which
can meet the mission requirements.

It is found that the convergence stability of NPCR is bet-
ter than the other controllers. Moreover, compared with
other controllers, the NPCR proposed in this paper has the
following advantages: nonoscillatory, fast convergence

speed, and stable flight.

4.2. Comparison of Predictive Steps. To better analyze the
control performance of NPCR, this paper designs different
prediction steps [30, 40, 50, 60, 70, and 100] to compare,



International Journal of Aerospace Engineering

TaBLE 3: Standard deviation comparison of different controllers.

11

No. stdVel_SMC stdVel NPC stdVel NPCR stdHei_SMC stdHei_ NPC stdHei_ NPCR
1 0.05243234 2.20237406 0.040025396 0.011370051 0.119032746 0.001720650
2 0.06040536 1.34278061 0.024144282 0.011743559 0.192104650 0.002195439
3 0.02832648 0.77988914 0.010792443 0.011309792 0.177574130 0.001863315
4 0.04555576 1.56965732 0.037606093 0.013559919 0.166577457 0.001183292
5 0.03811331 1.82886662 0.022685027 0.012647894 0.178744813 0.001534456
6 0.02646883 2.06267558 0.021519558 0.010611807 0.203627088 0.001062011
7 0.02081986 2.42904414 0.011553179 0.012366545 0.071514863 0.001199864
8 0.03791702 2.22209763 0.016365690 0.011411081 0.169800069 0.002157447
10 0.06009723 2.00051687 0.036688356 0.015281236 0.116195437 0.000701935
Average 0.037013619 1.64379020 0.0221380024 0.011030188 0.139517125 0.0013618409

and the results are shown in Figures 7 and 8. Simulation
shows that when the predictive step size is small (<29), the
prediction time is too short to realize trajectory tracking
control. By comparing the velocity change curve and the
height change curve, it is found that the convergence time
of NPCR controller increases with the increase of the predic-
tion step; that is, the smaller the prediction step, the faster
the convergence speed. Therefore, 30 (the prediction time
is 1.55s) is selected in this paper as the prediction step.

4.3. Comparison of Jitter Suppression. To solve the uncer-
tainties existing in the system, RBFNN is introduced in this
paper to predict and compensate for the disturbances in the
control process. In this section, the SMC controller means
the nonlinear predictive controller with sliding surface. As
is shown in Figures 9 and 10, the SMC and NPCR controller
have converged to the expected state in a very short time on
velocity control, while the NPC controller is still oscillating.
The same goes for height control as shown in Figures 11 and
12. It is found that the traditional NPC controller has a weak
ability to suppress uncertainties, while the NPC effect is bet-
ter than the traditional NPC controller after the introduction
of sliding mode and RBF. The introduction of RBF and the
sliding mode can achieve good control performance. At the
same time, it has strong robustness to model uncertainty
and external disturbances.

Although the introduction of RBFNN has considerable
advantages, it is difficult to distinguish the differences
between SMC and NPCR controller. To further analyze the
effect of introducing RBFNN, run for 10 times, intercept
the error value of the 25th~30th seconds, and count its stan-
dard deviation. The details are shown in Table 3. The aver-
age standard deviation of NPCR controller is less than
SMC controller both in velocity and height, while that of
the above two controllers is obviously less than NPC con-
troller. It is found that the introduction of RBF improves
the convergence speed, the stability of the controller, and
the performance of the controller.

5. Conclusion

The hypersonic vehicle has the characteristics of a large
flight airspace span, fast speed, being sensitive to environ-

mental parameters, fast time variation, coupling, nonlinear-
ity, uncertainty, and so on, which means that the
performance of the flight controller needs higher require-
ments. Traditional linear control methods and nonlinear
predictive control methods have shortcomings. Therefore,
this paper adopts a nonlinear predictive control method,
introduces sliding mode surface as an error function, and
uses RBFNN to compensate for uncertainty and external dis-
turbance. Simulation results show that the predictive sliding
mode control method proposed in this paper can not only
significantly improve the convergence performance, conver-
gence speed, and stability of nonlinear predictive control but
also significantly improve robustness to parameter uncer-
tainties and external disturbances.
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