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Abstract;: The intelligence nonlinear control scheme via double power reaching law based sliding mode control

method is proposed to solve the problems of model uncertainties and unknown outside disturbances. Firstly, the

aerodynamic parameters of the morphing vehicle are replaced with curve-fitted approximation to build the accurate

model for control design in the hypersonic flight. Then the nonlinear vehicle model is transformed into the strict

feedback multi-input/multi-output nonlinear system by using the input-output feedback linearization approach. At

the same time, the disturbance observer is used to approximate the unknown disturbance, and the sliding mode

method is used to solve the problem of non-matching and uncertainty. Finally, according to the buffeting problem

in sliding mode control, the double power is improved. Simulation results show that the proposed method can en-

sure the global stability of the closed-loop system, and has good tracking and robust performance.
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0 Introduction

The hypersonic vehicle is a multivariable sys-
tem with strong nonlinearity, strong coupling and

(121 Due to the wide range of

fast time-varying
changes in the flight environment of the aircraft,
the dynamic changes of the aerodynamic parame-
ters are intense and there are external aerodynam-
ic disturbances. The control-oriented aircraft
model has a certain mismatch with the actual
model, that is, the uncertainty of modelling. The
above reasons lead to the large uncertainty of hy-
personic vehicle, and these uncertainties will have
negative effect on the stability and rapidity of hy-
personic vehicle control. Therefore, it is very im-
portant to study the dynamic characteristic analy-
sis of hypersonic vehicle with model uncertainty.

At present, for the problem of hypersonic

» Corresponding author, E-mail address:liurong(@ nuaa. edu. cn.

Article ID: 1005-1120(2018)05-0849-09

aircraft uncertainty, many scholars start from the
aspect of controller design directly, regarding the
uncertainty as a disturbance, assuming it in a cer-
tain range, and introducing it into the design of
controller, such as Refs.[3-4]. However, this
method does not analyze the physical nature of
the uncertain factors, and not specifically reflect
the impact of a particularly uncertain factor on the
dynamic system, so the analysis of vehicle uncer-
tain parameters does not accurately reflect the dy-
namic and control characteristics of the aircraft
under the real conditions. Conventional vehicle
attitude control usually adopts a small disturbance
linearization method, which is difficult to apply to
highly non-linear hypersonic vehicle. In Refs. [5-7 ],
back stepping control, sliding mode control, ro-

bust control and adaptive dynamic surface control
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are used to overcome the influence of external dis-
turbances and uncertainties. However, due to the
high requirement of the transient and flight accu-
racy of the vehicle during the flight, it is difficult
to guarantee the transient performance of the sys-
tem when the external disturbance is aperiodic
signal. In Ref. [5], the gain pre-set control was
applied to hypersonic vehicle, but the closed-loop
performance of the system can not be guaranteed
when the nonlinear characteristics of the model
change drastically. In Ref. [6], a high-supersonic
vehicle height control based on dynamic inverse
method was realized. In Ref. [7], a flight control
system based on dynamic inverse was designed for
a highly nonlinear and complex hypersonic longi-
tudinal model, but it was found that this method
does not have robustness to parameter and model
changes. Ref. [8] used sliding mode control tech-
nique to design a time scale separation flight con-
trol system for reusable launch vehicles, but it
was prone to buffeting on the sliding surface.
Refs. [9-10] analyzed the uncertainty and external
disturbances of hypersonic vehicles. In Ref. [117,
the sliding mode control method was adopted for
the uncertain disturbance of the multi-input and
multi-output system, but the buffeting was not
improved obviously. In Ref. [12], for the con-
troller design of the near-space vehicle, when
there was parameter uncertainty and disturbance,
the dynamic inverse control was combined with
the sliding mode variable structure control, which
greatly improved the ability of the aircraft to co-
ordinate flight. Ref. [13] aimed at the re-entry
attitude control of the aircraft, and the control
system was designed based on the second-order
terminal sliding mode method, which can effec-
tively eliminate buffeting, considering the uncer-
tainty and unknown disturbance during flight.
Meanwhile, the adaptive control method was
combined with the sliding mode to improve the
accuracy of the system. In Ref. [14], a sliding
mode control method was used to design a sliding
mode control system for the launch and re-entry
modes of reusable aircraft (X-33), using high

control gain to solve the model uncertainty and

external disturbance. In Ref. [15], the adaptive
feedback linearization method was applied to the
design of the re-entry vehicle (X-33) controller,
and the Pseudo-Control Hedging idea was intro-
duced in the neural network to solve the disturb-
ance and actuator saturation in the controller.

In this paper, the sliding mode variable
structure controller of hypersonic vehicle is de-
signed by using the double power method based
on disturbance observer and the model with pa-
rameter uncertainty. In the model of feedback
linearization, we add uncertain parameter chan-
ges, then design the controller and verify its sta-
bility using the Lyapunov function. In order to
verify the effectiveness of the method, the nomi-
nal model and parameter perturbation model are
used in the simulation, and observation results
show that the double power sliding mode based
on disturbance observer has good command track-
ing and robustness to the nonlinear control of hy-

personic vehicle.

1 Longitudinal Modelling of Hyper-
sonic Vehicle

In this paper, double power reaching law
based sliding mode control method and nonlinear
disturbance observer are proposed to design the
control system of hypersonic vehicle disturbed by
uncertainties factors. The system control struc-
ture of hypersonic vehicle longitudinal channel is
shown in Fig. 1, where h represents the height,
hy the expected height, V the speed, V. the ex-
pected speed, §. the elevator rudder output, and
B. the throttle opening output.

Gain Nonlinear
4 Dot adjustment‘_ dljlt,l:el;:g:e ‘_|x
L4, |Double power %A 5, |Mathematical| |#
h, —»] reaching law @ | modelof [
v based sliding + o h i
S sl < ypersonic |
) T B. | vehicle v
V| controller ; Nonlinear x
.Gam r disturbance
adjustment observer

Fig. 1 System control structure of hypersonic vehicle lon-

gitudinal channel

1.1 Nonlinear mathematical model

The longitudinal motion model of the vehicle
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in hypersonic cruise flight conditions is described
as[1617]

V= (Tcosa — D) /m — psiny/r* (1
y = (L + Tsing) /mV —

(p —V*r) cosy/Vr? (2)

a=q—Y (€))

g=M/I,, D

h =Vsiny (5)

where V', 7, a, q, h are the indicate the flight
speed, the flight-path angle, the angle of attack.,
the pitch angle rate and the height. L, D, T, M
represent the lift, the drag, the thrust and the
pitching moment of vehicle, respectively. u re-

presents the gravitational constant, I,, is the mo-

RAY
ment of inertia, and r represents the radial dis-
tance from Earth’s center.

Aerodynamic and aerodynamic torques are

expressed as

L=pV*SC,/2 (6)
D =pV*SC,/2 )
T=pV"SC+/2 ®)

M= pV*ScaC,,/2
where S represents the wing penetration area, c,
means the aerodynamic chord, and p means the
density of air. C;,C,,C;,C,, are the lift coeffi-
cient, the drag coefficient, the dynamic thrust co-
efficient and the pitching moment coefficient, re-
spectively.
The calculation formula of engine thrust is
T =0.5pV*SC+ €D
0.025 768 g1
0.022 4+40.003 368 B <1

The dynamic equation of the engine adopts

Cr =

the second order system model
B=— ZEwnB — wiB+ @i f

The control input of the model is the engine
throttle set value B. and elevator deflection §..
The output is speed V and height h. y= [V #h]".
Damping £= 0. 7, and natural frequency w, = 5 rad/s.

In the analysis of the hypersonic vehicle
model, it is necessary to consider its internal in-
terference and uncertainty, using the assumed
rating and adding a variable to represent the un-
certainty of the parameter

m=mo+Am,J, =T, +AJ,cn=

Cao + ACA ’ Su — Su-o + ASu 20 = Po + A‘O
wherem, J,, S., p represent the aircraft mass,
moment of inertia, wing infiltration area and at-

mospheric density, respectively.
1.2 Input-output feedback linearization

feedback
achieved through accurate state transitions and
feedback.

In the paper, a double power sliding mode of

Input-output linearization  is

hypersonic vehicle is proposed with the control
purpose of ensuring that the vehicle flight speed V
and height & can be quickly tracked to the speci-
fied values V. and h. within a given control input
vector range. In Egs. (1)—(5), full-state feed-
back linearization is used to process the output of
{light speed V' and flight height 2 . Differential n
and m times for V and h, respectively, until the
control input B, or §. appears in the differential for-

mula. Then, we have

JV:fV(x)
V=wx/m (10)
1\72 (X +xTQ2x) /m

h = fh (x)
h = Vsiny + Vycosy
h= Vsiny + 2Vycosy — Vy?siny + Vycosy
A = {}siny 4+ 3Vycosy — 3Vy?siny + Vycosy +
3Vycosy — 3Vyysiny — Vy®cosy + Vycosy
(1)
where x =[V,7.a.q,h]", the five states of the

non-linearity of the hypersonic vehicle are the
speed, the track angle, the angle of attack, the

pitch angle rate, and the height. x =

[V y o« B h]'.y® =gl%+x"ILx.Vand h”
contain ¢ and B. a = ao + a; 0. + a5 s s, =
%&CS(:M.JC ’ (:;71.8C -

Y

(0 —a) B= —26wp—w' B+

w”B. . The expressions of V and A" contain con-
trol input 8. and §. . m means the mass.

The third order differential expression of the
output flight speed and the fourth order differen-
tials of the flight height are expressed as
V } _ V0 + EJU [912} Ec} +
Ao Y bor o] |
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by by | |di (D) (12) expressions of the right-hand side of Egs. (1),
by by | |dy (1) Ifv(x) Q, — Jw

where

V,=LV(x)= (X, +x"w,x) /m (13)
H{ =3Vycosy — 3Vy?siny + 3Vycosy —
(wlio + J.CT.QZJ.C) Sil’l'}/ +

3Vyysiny — Vy® cosy + -
Veosy (mx, +x"IIx) (14)
b1 = (0V* Sqwi/2m) cosa (15)
by, =— (cqu2 Sc/2ml ) (Tsina + D, — T,cosa)

(16)
by = (0V* Sy /2m) sin(a + 7) an

byy = (‘Jﬁ) [Tcos(a+ )+ L,cosy +
2ml

T,sin(a + ¥) — D,siny] (18)

and d,(¢), d,(t) represent uncertainty factors.
Assumed that ratings add a variable to repre-
sent the uncertain output of parameters. The
third order differentials of the output flight speed
and the fourth order differentials of the flight

height are expressed as

5 AR
V= |V +B[ }+B{ ‘} (19
h,( 4) h(()/l ) B(_ Af'ﬂh

(2), respectively, and w, =

’ 2

ax ax '

af d
NG 9

. AFy,AF, are uncertain
ax dx

Ty
errors.

1.3 Analysis of open-loop characteristics of hy-

personic vehicle

In high-speed cruise flight, the zero-input re-
sponse of the hypersonic vehicle nonlinear model
and the motion state quantity curve of the aircraft
are obtained, and the open-loop characteristic of
hypersonic vehicle is analyzed. Set its initial state
to beV=4 590 m/s, h=233 528 m, 8. =0, other
states are zero, and the response curve of each
state variable is shown in Fig. 2.

As can be seen from Fig. 2, when the hyper-
sonic vehicle is cruising, all the motion parame-
ters cannot be kept stable under the zero input re-
sponse of the aircraft. On the one hand, the
flight speed of the aircraft is constantly falling
and the pitch angle rate keeps fluctuating. On the
other hand, the flight angle of attack shows a
trend of increasing, which makes the flight height

bu by continuously rise, the entire aircraft lose stability
where B= , fv and f, are the short-hand o i
by by and cannot maintain normal flight. Therefore,
4600 3441 10
3.42
~ 4550} - I
» E 340 >
g =
Z 338
N 4500 - = 0
3.36
4 450 . ) 3.34 . ) -5 . )
0 5 10 0 5 10 0 5 10
tls t/s t/s
(a) Flight speed (b) Flight height (c) Pitch angle rate
201 4r
15f 3
'S 2
J10r
S 1k
5L
0
0 . , 1 X ,
0 5 10 0 5 10
t/s t/s
(d) Flight angle of attack (e) Flight path angle

Fig. 2 Output response of hypersonic vehicle in zero input state
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the intelligence-nonlinear control scheme via
double power reaching law based sliding mode
control method is proposed to solve the stable
tracking control of the hypersonic morphing vehi-
cle considering compound disturbances caused by
the morphing vehicle, as well as the influence of
model uncertainties and unknown outside disturb-

ances.

2 Design of Double Power Sliding
Mode Controller Based on Inter-

ference Observer

During flight, due to its own elastic deforma-
tion and uncertainty disturbances caused by other
factors, hypersonic vehicle will make flight con-
trol worse. In this paper, the nonlinear disturb-
ance observer and double power sliding mode dy-
namic surface control method are applied to the
design of hypersonic vehicle systems with un-

known disturbances.
2.1 Controller design

The controller adopts double power sliding
mode method, which can ensure that the system
can approach the stability at a faster speed and
guarantee the smaller control gain of the system,
which can greatly reduce the buffeting in sliding
mode control.

The determinism of the pa-

<

Assumption 1
rameters is bounded., |AFy| < My, |AF,
M, (My > 0,M, > 0).

Assumption 2 BB is a non-singular matrix,

and (BB") ! is existent.

In the all flight envelope, track angle y +#

+ %, flight track is not perpendicular to horizon-
tal plane, thus matrix B is reversible'®, and As-
sumption 2 is tenable.

According to the model of hypersonic vehi-
cle, the sliding surface is chosen as
51 |(@di+a) e de
= [l- R
g (d/dl‘f"_lnyjen (r) dr

where Ay A, are constant values. ey (z) =V — V|

and e, (1) =h — hy are the tracking errors of speed
and height. The integral term is used to eliminate
the static error.
Then, we have
s {SV} - { — Vi + 3avey + 3dbey + Aey }
— h$" - 4x,€, + 6afe, + Adje, + Ale,
@D

S,

The double power design is
— kv | Sy P sgn(Sy) — kyy | Sy [V sgn(Sy)
e { — ki |S, Prsgn(S,) — ki, | S, [+ sgn(S,) }
22)
where kyy skys sk sk > 0,0 <aysap <1.8v B, >

1,sgn(Sy),sgn(S,) are sign functions.

‘70 Vd F \4
NE — +
VTR

— ki ‘ Sy ‘ﬂv sgn(Sy) — ky, ‘ Sv ‘HV sgn(Sy)
— bk | Sy [Prsgn(S,) — &y | S,

«=B"(BB") |—

“ sgn(S,)
(23)
FV 3;\Vev+3;{é€\/ +A€/6V
where = i N
) 4, + 65, + 4xje, + Ase,
Bring Eq. (22) into Eq. (21), we have

§—
AFV — le SV "QV Sgn(Sv) - kvz ‘ SV ‘av Sgl’l(Sv)
AF/, - k/,] S/, P Sgn(Sh) - k/zZ S[, K Sgn(s;,)
@A)

2.2 Design of nonlinear disturbance observer

To eliminate the influence of uncertainty and
unknown disturbance on the performance of the
system, the disturbance observer is firstly used to
estimate the system disturbance, and the unob-
served part of the disturbance is compensated by
using sliding mode control.

Considering the external interference and un-
certainty of the system, we have
=h,x; =h,

Xl —VsTyg —UVsT3 — Vs Ty

2y =hex; =h (25)

Make [6.,8.]=Lu1» u» ], the system is
x5 =f1(x)+ by uy + by oo ou, +ds
{1, =fo(x)+ by e uy + by o u; +d;

Considering the nonlinear control of speed

(26)

tracking, the following state of the disturbance
observer is designed

2 =d; — p1(x) 27)
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where d; is the estimation of ds, p, (x) is the
nonlinear function to be designed, and it should
satisfy p, (x) =L, (x) « ;.
The design of the speed observer is
le =d; — p; (x)
2= —L,(x)z, + L, (x) (— p, (x) — b6, —
1 biofe — f1)
(28)
Similarly, the height of the nonlinear observ-
er is
ng =ds — p, (x)
5= =L, (x)z, + Ly (x) (— py () — b d. —
1 bazfBe — [2)
29
Observing unknown linear disturbances so
that the height and speed can be well controlled in
the presence of interference, which can improve
the robustness of the system and reduce the im-
pact of external uncertainties on the vehicle, thus
obtaining the improved stability of the vehicle.

) The system disturbed by uncer-

Lemma-
tainty factors is given, and its extended state
space form is

x =Ax + Bu + Ed

y=Cx (30)
where A, B, E, C are the matrices of coefficient
of the state space expression. d represents uncer-
tainty factor. Thus, the disturbance observer of
this system can be designed as

z=Az +Bu+L(y—y)

y=C (31)

Errors of disturbance observer can be defined
as:e=x —z,e=Ae+r. A,=A—LC., r=Ed .

If the suitable gain of disturbance observer L
is selected, matrix A, is Hurwitz, so arbitrary
bounded disturbance d can make the error of dis-
turbance observer e be bounded.

According to Eq. (12), uncertainty factors of

hypersonic vehicle system D; and D, can be de-

{ } - H e

The error of height disturbance observer e,

scribed as

and the error of speed disturbance observer e, are

described as

él =A, —LiC)e +E, fi :Agl e, +E fi
Iéz =(A;, —L,Cy)) e +Ezf2 :Apz €; +E2fz

(33)

~
T B
wheree, =[e;; e, e ] s e, =x,,;,—x1,;,]=1,
~

_ T _
"»3;32*[621 €22 €33 624] HE 2V N I N X

k= 1,+,4; E = [0 0 1]",E, =
0 0 0 1]".¢,=[100]".C,=[1000]".
0100
010
0010
A2: 001 7A2:
0001
000
0000

According to Lemma 1 and Assumption 2,
z&1 and A[,2 are Hurwitz, so arbitrary bounded dis-
turbances D;and D, can make the errors of dis-
turbance observers e; and e, be bounded. If gain
of disturbance observer is adjusted suitably, esti-
mating error can be arbitrarily small, and the ac-

curacy estimation of disturbance can be realized.
2.3 Stability analysis

Select the system Lyapunov function
V =0.58* (34)
The derivation of Eq. (34) is
V=8"§=S5,S,+S,S, =
Sv(AFy — kv | Sy [ sgn(Sy) — ky, | Sy [vsgn(Sy)) +

Sy (AF, — ki | S, Prsgn(S,) — ki | S, Jrsgn(S,)) =
SyAFy — by | Sy "% — ky, | Sy v+ S, AF, —
Big | Sy 78— Ry | S, e (35)
Then, we have
V< ko | Sy [ — kv | Sy [V — &y | S, [T —
ki | Sy [+ | S, | | AF, [+] Sy | |AFy |=
— k| Sy M — k| S, [T —
‘ Sy ‘ (kys | Sy ‘QV* ‘AFV )—
Sil CRuo | Silo— | AF, D (36)

Eq. (36) is not negative, if ky,|Sy|v—
‘ AFV ‘ 2 O, /3/12 ‘ S/Z ‘uh - ‘ AF}, > 0. Then Eq. (35)
V gi le ‘SV ‘]+,9V7

expressed as
S/, ‘l+'@/' ’
Finally,

My
kv,

can be

ki

and it is negative.

according to Assumption 1, if

M,
khl

S,

ISy | < ( )i and < ( )ﬁ% , the system is

stable.

In addition, Eq. (36) can be expressed as
Vé— k\/l ‘SV T kvz ‘ SV Itay, k/x] S/z ‘IA,?,I_




No. 5 Liu Rong, et al. Nonlinear Control Method for Hypersonic Vehicle Based on Double-:- 855

ki | Sy [T+ [ S| |AF, |[+] Sy | | AFy |=
— by ‘ Sy v —k,, ‘ S, [Fa—
| Sy | Ckvi | Sy v — | AFy |) —
|Si | CBiy | Sy Pr— | AF, (37)

The inequality of the right side of Eq. (37) is
not negative, but if by, | Sy [ — |AFy| = 0 and
ko ‘S,, By — ‘AF,, > 0, we
— kv | Sy v — k| S,

can get V <

Ita,

., and it is negative.
2.4 Simulation

To verify the feasibility of the double power
sliding mode based on the disturbance observer,
the simulation of the hypersonic vehicle is carried
out with MATLAB/Simulink, and the balance
conditions of hypersonic vehicle are V, = 4 590. 3 m/s,
he =335 28 m,y, =0°,q, =0 °/s. Simulation pa-
rameters are selected as Ay = 0.5, A, = 0.5,
kyy =0.8, by, =0.2, kyy =2.8, kyy =0.2, by =
1.5, ay =0.5, b, =1.5, a, =0.5.

To verify the robustness of the method, the
maximum uncertainty parameter change is select-
ed as |[Am|/m, = 0.03, |AJ,|/J,, = 0.02,
| Aca|/cao = 0.02, |AS.|/Sw = 0.03. |Ap|/
o0 =0. 03.

The simulation results are shown in Figs.

Double power sliding mode
Sliding mode

Fig. 3 Response to speed between double power sliding

mode and sliding mode

Figs. 3,4 show that both the sliding mode
controller and the double power sliding mode
nonlinear controller can well track the desired
trajectory. The tracking trajectory is fast and the
overshoot is small, but the double power sliding
mode controller is obviously superior to the slid-
ing mode controller in the tracking speed and ac-

curacy, so the double power sliding mode control-

Double power sliding mode
Sliding mode

Fig. 4 Response to height between double power sliding
mode and sliding mode
Nominal model
Parameter+100%
Parameter—1009
Fig. 5 Response of nominal model and uncertainty model
to speed
Nominal model
Parameter+100%
Parameter—100%
40 5
Fig. 6 Response of nominal model and uncertainty model

to height

ler has better speed and stability.

From Figs. 5,6, it can be seen that there is a
small overshoot in the speed tracking when the
parameter perturbation occurs, and the fine
tracking error occurs in the height tracking.
Therefore, the speed and height are well con-
trolled.

The hypersonic control input elevator and the
control valve have very little buffeting, and from

the track point of view, the parameter perturba-

tion has little effect on the trajectory change,
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0.000

> —0.005

-0.010 ;

-0.015 V

-0.020

Nominal model
Parameter+100%
Parameter—100%

0

Fig. 7 Response of nominal model and uncertainty model

to elevator

Nominal model
Parameter+100%
Parameter—100%

Fig. 8 Response of nominal model and uncertainty model

to control valve

which proves that the method has good robust-
ness. The simulation results show that the double
power sliding mode based on the disturbance ob-
server has better tracking and robustness to the

hypersonic vehicle.

3 Conclusions

A double power sliding mode nonlinear con-
troller based on disturbance observer is designed
for the outer ring stability tracking control of hy-
personic vehicle with strong nonlinearity and un-
certainty. The controller utilizes the unique ad-
vantages of the sliding mode method in dealing
with nonlinear problems and uses the disturbance
observer to solve the nonlinear interference. The
simulation results show that the controller de-
signed in this paper realizes the stability control
of the outer ring of the hypersonic vehicle, im-
proves the flight control performance under the
internal parameter perturbation and external un-

known disturbance, and has good tracking and

robust performance.
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