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Abstract. Backstepping design, neural network technology, robust adaptive control and terminal
sliding-mode control is combined. Firstly, neural networks are used to estimate the virtual control
laws of the controlled system. Secondly, terminal sliding-mode control is utilized to improve the
convergence speed and robustness of the controlled plant. Thirdly, robust adaptive control method is
employed to estimate the unknown upper boundary of uncertainties. Lastly, backstepping design is
incorporated to design the virtual control laws and actual control law of the controlled system.
Based on Lyapunov stability theorem, all of error signals are bounded and exponentially converge
to a bound neighbor of the origin. Simulation results show the effectiveness of the proposed control
method.

Introduction

Compared with the attitude control system, the overload control method is simpler and more
reliable. In this thesis, a robust adaptive terminal sliding mode control system is preed for the design
of overload control system of target missile.

Overload control model of missile target missile

Taking the aerodynamic shape distributed in axial symmetry of missile target as an example, we
studied the dynamics model of the pitch channel:
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In the formula, « is incidence; , w,is the speed of pitch angle; o, is pitch rudder angle;n,

is normal overload; is the flight speed; g is acceleration of gravity, the meanings of other symbols

can be found in literature [1].
Linearizing the model we can get the linear dynamic model:

a= 0, — 830 — a3552 + Aa
@, = 8,0 + 8y, + 850, + A, (2)
N, =a,Va/g+aVe,/g+A,
Inthe formula, a,,. a,,+ a,-. a, and a, areall dynamic coefficients of the missile, A_ .
A, and A, A, areuncertainties in the linearizing process of the model.

,

Considering the dynamic characteristics of the rudder system:
52 =Wy 0, + W; Us, 3)
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In this formula, w; is the bandwidth of pitch control system; u, is control input..
In order to make the state of the system cover the performance of the missile directly, we

transform the coordinate as follows:[a o, 5Z]T—> [a o, ny]T, combine (2) and (3) we can

get :
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As for the pitch channel model of the missile target (4), <_:0ntrol target is: under the _effect of

given normal overload order n,

overload of the missile n, tracing n
converge to ideal status.

yc !

besides, incidence « and the speed of pitch angle

design reasonable control law u; , making the actual normal

@, all

In order to realize the above objectives, we transform (4) into standard triangle form, and define

the reversible state transformation matrix T as follows:
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Applying the state transformation matrix T | &, |=T| @, |, we can get:
53 r]y_
éél 0 1 0 é:l 0 A
&1=|0 0 1] &+ 0uy +|A, (6)
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In the formula, the parameters are as follows:
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Since the state transformation matrix T is reversible, the system (6) and the system (4) are
equivalent transformation. based on system (6), we will design and analyze the overload control
system of target missile pitch channel.

Design of Overload Control Based on Robust Adaptive Terminal Sliding-mode Control

Assumption 1 There exist unknown upper boundaryr,, r,andr,, which enable the uncertainties
of the systemA,, A,and A,satisfy:
A<y A<, |Ay<r, (")
In the formula, || represents the absolute value of “-”.

As for the pitch channel overload control model (6) of the missile after equivalent
transformation, we adopt adaptive backstepping design and Terminal sliding-mode control design.
Define the state error of under control target (6) as follows:

Hh=& &4
X2 =8 =& (8)
X3 =3~ Sa

In the formula, &, , &,  and &, are system expected state trajectory, &, is from the desired
overload signal n . wave filtering, &,,and¢&,;, are defined by (12) and (20) separately.
From (6) and (8), we can get the dynamic equation of state error:
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Step 1: Considering the first formula of system (9), the form of RBF neural network is presented
for the differential signal &, of the desired state. Because the RBF neural network has the ability of
on-line approximation 3!, we adopt pitch channel missile expected overload signal n,and state
variablesa , ,,n, as the input signals of RBF neural network, apply arbitrary approximation ability
of neural network to estimate signal &, .
Design the differential signal &, of desired state as: &, =W " g(n a,m,)+ey (10)
o Ny a,0,) e R™,

network reconstruction error ¢, €R, and|gNN|§rNN, Iy 1S unknown upper boundary. We can

yc! y'
In the formula, optimal weight matrixW ™ e R**, Gauss function vector ¢(n

integral differential signal £, to get the desired state &, .

Employ &, as the virtual control law of (9), thus there exists an ideal virtual control law:

& =&, A~k =WTg(n,.n,a,0,)—A =Kz, + &y (11)

which enables 7, =k z, + (&, - &), k >0as design parameter, because &, is inaccessible;
we choose desired virtual control law as:

5 W ¢(nc’ y’a’a)z)_vl_klzl (12)
In the formula, W is the estimated value of the optimal weight matrixW", v, is introduced
robust item, whose form is as (17).

We choose Lyapunov function as follows: V, = %;{f +%tr (WTF;VW ) +% 2 +% e (13)

r-NN

In the formula, W =W -W", r, =Ty, >0is design parameter, f,is the estimated value of the
upper boundary r,, fis estimated errorf =f —r,, f, Iis the estimated value of the upper
boundary r,, f,, isestimatederror f, =Tf —My -

According to derivation ofV,, Apply (9), (10) and (12) to (13), we have:

vl = klZl + ZlW ¢(nyc’ & ®,) = Y& + X Xo = IV + A T (WTF\;/W ) + rlrl + Py I%NN (14)
Select the adaptive adjustlve law of the of neural network parameters as:

W =T 4NNy, @,0,) 15 =Ty W (15)
In the formula, &, > 0is design parameter.

Combine (15) and (14), and take assumptionl into account, we have:
vl = _klllz + 00 — Otr (WTW ) —XiEw — X+ A+ r +1y rNN = k17(12 + 00 — Otr (WTW )

+|Zl| NN +|Zl| L—=xVv+ F1'71 + P P (16)
Select the adaptive adjustive laws of parameterst; ,f,,, and robust item v, as:
P = 0-1)(1 —mh
A 2 A
f'aw = O X1 — T (17)
2 2
~2 ~) o, + O\
Vi=hpnthntt 1 X

In the formula, o, >0,7, >0,0,, >0and 7, > 0are design parameters.
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Combine (17) and (16), we have:

Vl S_klllz‘*'lllz ”\NH - 771~2 77NN w G (18)
In the formula, ¢, =_”w H +2m +;77NN r2, +4L01+4:::N o

Step 2, considering the second formula of system (9), selecté, as the virtual control law of the
second formula of (9), and there exists an ideal virtual control law:

f §2d A, =K1, (19)
which enables 7, = —k, z, + (& — &), k, >0is design parameter, because £&, is inaccessible, we
select desired virtual control law as: Ey =y — 2Kty H K 3P - (20)

In the formula, pand gare positive odd numbers and p>q,k3 >0 are design parameters,
introduce V, into robust item, whose form is as (23).

We select Lyapunov function as follows: V, =V, +%Z§ +% 5 (21)

In the formula, T, is the estimated value of upper boundaryr,, f,is estimated errorf, =f, —r,.
According to derivation ofV,, and Combine (9) , and take assumption 1 into account, we can get:
vz :vl T2 (53 +A, _ézd )+ FZ'éz Svl —kots = 222+ 2 (kslg/p +Zs)_szz +|Zz| r,+ F2'72 (22)
Select parameters , adaptive adjustive law and robust itemv,as follows:
P, = 0-2122 /A

_ o3 (23)
Vo =L, +7752

In the formula, o, > 0,7, >0 are design parameters.
Combine (23) , we can have:

V, <k —k, ;5 +7(2<k37(g/p +7(3 ||\N|| 771 r = 772 %UNN fn +C (24)
In the formula,c, = ¢, +1772r22 T
2 4o,
Step 3, considering the third formula of system (9), uj is actual control law, and we adopt
Terminal sliding-mode control design control lawu, Design system sliding surface as:
=15tk (25)
Design system control law u; as:
. bé +b,E, +h.E +v, - &, +K,S+ 7,

1 . (26)
b, +ksgz£“*”””(cfa—§2d)+k5sgn(s>

In the formula, V,is introduced robust item, whose form is as (32), k, >0, k; >0are design
parameters, sgn(-) represents sign function.
Select Lyapunov function as follows: V, =V, +ESZ S s % (27)

~

In the formula, F,is the estimated value of upper boundaryr,, f, is estimated errorf, =1, —r,,
- k L A :
r, is the estimated value of upper boundaryr, = k| ——r,, T,is estimated errorf, =1, —r,. According
p

to derivation of V,, Combine (25) , we can have:

124



b1§1 + bzétz + b3§3 + buu5 + As - ésu

V, =V, +S " % (580 Ey) + i, + 1, (28)
Combine (26) and (25), we can have:
\/3:\/Z—k4SZ—S;(2+S(A3+k3%;(§qp)/pAz—v3j—k5|S|+@F3+ﬁ,ﬂ (29)
Define variable y,as: = 0<|z|<1
2,850 7, =11, (30)
|;(2|21

Considering variable ¥, and assumptionl, we can get:
V, <V, —K,S% =Sz, +|S| 1, +[S|| 7|1, — SV + Tyfy + Ty, (31)
Select parameterst,, f,adaptive adjustive law and robust itemv, as follows:

w

Sz 773":3
= SZz 774f4 (32)

2

v =f25+f23—2+6—35 Gig
3= I3 49X 4 4 7(2

In the formula, o, >0,7,>0,0, >0and 7, >0 are design parameters.
Combine (32) and (31), we can have:

1 1
Vy <k ko 25 + 2, (k3Z§/p +7(3 < ||\N|| __771 A E’]NN Fn +C, =k, S’

2
1 1 1 1 I, r,
Sy, — =B A= == B =, S
X2 27733 27733 27744 27744 4o, 4o,
=~k y! -k, y2 —k,S* - 21~21~21~2 <-CV, 33
=K TR Ry ”W” 7711 - _Eﬂsr3 _5774r4 _EUNNrNN+C4—_CS 5 +¢,(33)

In the formula,

¢, = min {2k1 % %, - oi(mrl) o m nNN}’ Amex (+) Tepresents the maximum characteristic
max W

root of matrix

C, C+1 I‘+1
| T T

To sum up, we can conclude::

Theorem 1 Considering system (6), under the premise of assumption 1, virtual control law and
control law take the forms of (12), (20) and (26), RBF neural network adjustive parameter law takes
the form of (17), the adjustive laws of adaptive parametersf, . f,, - f,~ [, f1F,take the forms of

(17), (23) and (32), the error o system state tracing y,, y,and y,, estimated error of neural

network parameters, and estimated error of adaptive parameters all are bounded and exponentially

converge to a bound neighbor of the origin: Q={Zl,lz,}cg,W B,F, T, F, T, |V,<2c,/cC } (34)
From (34) we can conclude that if we adjustk,,k,,k,,d, .m.1,.,7,,7,andn,, we can adjust

convergence rate and the size of the domain of convergence.
System (6) and system (4) belong to equivalent system, control law (26) can also be applied to
system (4). In the actual operating process, we can measure signal n, by the pitch acceleration speed

of missile target; we get the signal o, of the speed of pitch angle by velocity measuring
gyroscope; we can use accelerometer output signaln and pitch rudder angle signal o,to get
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incidence « of the missle, calculation formula iSa:VLny—kéz. Apply transformation of
8y Ay

. . . T
matrix T to the available signal vector[a o, ny] , thus we can have the necessary state vector

& & fs]Tin control law (26).

Adopt the design model elaborated in thls ﬁ)aper the design schematic diagram of the target
missile pitch channel overload control system[**! is shown in Fig 1.

¥ ‘l‘ &

in . . — &

‘)%}_)controller |smiservol smlFitch dynamics =
n,

Fig 1.The design schematic diagram of the target missile pitch channel overload control system

Simulation analysis

The pitch channel dynamics model is shown in (2) and (3), and we assume the uncertainties in
this model as: A, =0.2sin(5t) , A, =0.07cos(4t), A, =0.95sin(3t) -

According to the design requirements in theorem 1, we select parameters:k, =8, k, =10,
05 0 0 O
0O 05 0 O
0O 0 06 O
0O 0 0 01

_lIn —osl? _lIn —oslf - o, —0.
¢(nyc,ny,a,wz):|:exp[M] exp[M] [ ” ”J { ” 05 1” J]

p=7,9=5, ¢, =001, ,=05, 0,=03, 0,=01, 0,=06, o, =05, n,=1, n,=1,
n,=12, n,=2, ny, =1. Atthe same time, in order to weaken the phenomenon in sliding-mode
control, we operate continuous treatment to signal functionsgn(S), replace sgn(S) with continuous
functionS/(| S | +¢),& =0.003. Employing the controller designed above, we get the simulation
results as shown in Fig 2~Fig 5.

12 . . . . . . . .
"JC
—n A
10 peofray y U f

_Il[ | i 1 . il I Illf._’\

Fig 2 Normal overload n simulation curve Fig 3 Incidence « simulation curve
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Fig 4 Pitch angle speed , simulation curve Fig 5 Pitching Ruddera‘z'éimulation curve
In simulation fig 2, the dotted line is normal overload order signaln,., the solid line is the actual

normal overload signal n, of the missile target. According to the simulation result, we can know

that when there exist uncertainties in the pitching channel model, the control method proposed in
this thesis can still controln and tracen, . in a good condition and the incidence « and pitch angle

speed w, signal are in reasonable range, and there is no buffeting phenomenon in pitching rudder g, .

Therefore, it shows that the design of pitching channel control system based on the method
proposed in this paper has good dynamic quality, tracing performance and robustness.

Conclusion

This thesis employs neural network to estimate the virtual control law of the controlled system; it
adopts Terminal sliding-mode control to enhance the convergence rate and robustness; it uses robust
adaptive function method to estimate the unknown upper boundary of the uncertainties in the
system; it adopts back stepping design method to deduct the virtual control law and actual control
law of the system. The simulation results show that the designed pitching channel control system
has good dynamic quality, tracing performance and robustness.
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