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Neural Network Based Adaptive Fuzzy PID-type Sliding Mode Attitude

Control for a Reentry Vehicle

Zhen Jin, Jiabin Chen*, Yongzhi Sheng, and Xiangdong Liu

Abstract: This work investigates the attitude control of reentry vehicle under modeling inaccuracies and external
disturbances. A robust adaptive fuzzy PID-type sliding mode control (AFPID-SMC) is designed with the utilization
of radial basis function (RBF) neural network. In order to improve the transient performance and ensure small
steady state tracking error, the gain parameters of PID-type sliding mode manifold are adjusted online by using
adaptive fuzzy logic system (FLS). Additionally, the designed new adaptive law can ensure that the closed-loop
system is asymptotically stable. Meanwhile, the problem of the actuator saturation, caused by integral term of
sliding mode manifold, is avoided even under large initial tracking error. Furthermore, to eliminate the need of a
priori knowledge of the disturbance upper bound, RBF neural network observer is used to estimate the disturbance
information. The stability of the closed-loop system is proved via Lyapunov direct approach. Finally, the numerical
simulations verify that the proposed controller is better than conventional PID-type SMC in terms of improving the
transient performance and robustness.

Keywords: Actuator saturation, adaptive fuzzy PID-type SMC, attitude control, radial basis function neural net-

work, reentry vehicle.

1. INTRODUCTION

Reentry vehicle is sensitive to changes in flight condit-
ions, aerodynamic characteristics, and physical parame-
ters because of its broad flight envelope spanning and
flight condition of high Mach numbers [1]. As a result, the
model of the reentry vehicle is highly nonlinear and time-
varying, with modeling inaccuracies and external distur-
bances [2]. These problems have strong adverse in- flu-
ences on the performance of reentry vehicle and add the
difficult in design of the control system. Therefore, many
robust control algorithms, such as H, sliding mode control
(SMC), and adaptive control have been used for reentry
vehicle [3-6, 11].

Over the past decade, the sliding mode control, as one
of the most significant robust control methods, provides
a systematic approach to the nonlinear system with mod-
eling inaccuracies and external disturbances under match-
ing conditions [7-9]. Hence, SMC has been widely used
for the reentry vehicle attitude control [10, 11]. In [10],
a quasi-continuous high-order sliding mode control law
with feedback linearization (FBL) was proposed for a flex-
ible air-breathing hypersonic vehicle (FAHV). In [11], a
robust adaptive SMC design method for the longitudinal

model of FAHV with parameter uncertainties and external
disturbances was proposed, by which the system without
the prior knowledge of disturbances upper-bound is con-
sidered.

In the conventional SMC design, the chattering, which
may trigger unmodeled high-frequency dynamic [12],
must be addressed. The boundary layer technique [13],
as the main method to eliminate the chattering, has been
adopted in many papers. However, the robustness and ac-
curacy of the control system will not be guaranteed within
the boundary layer. Contraposing this problem, the con-
stant PID-type sliding mode control (CPID-SMC) was
presented in [14], adding an integral term to the conven-
tional PD sliding mode manifold, which has proved that
the less steady state error can be achieved. But it will
deteriorate the transient performance of the system [15].
In particular, it would lead to instable situation of system
with constraint of control input due to integral windup ef-
fect.

To deal with the problem of CPID-SMC, some studies
have been done in references [16, 17]. In [16], the authors
selected a small integral terms gain to avoid input satura-
tion and overshoot of the system, but it would sacrifice the
response rapidity of system. In [17], the authors incorpo-
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rated a conditional integrator, providing integral action
only inside the boundary layer. The essence of the method
is that the integral term would only work in some specific
areas, and it is effective to decrease system response over-
shoot. In this paper, we will consider this problem from a
difference aspect.

The prior knowledge of matched disturbances upper
bound is necessary for SMC. However, it cannot be ob-
tained in the actual system. To ensure the stability of the
system, one solution is to select a large switching gain,
which as a result may lead to more exquisite chatteting
phenomenon. To solve this problem, in [18], adaptive
control method is applied, in which the gain dynamics en-
sure that there is no over-estimation of the gain with re-
spect to the real a priori unknown value of disturbances,
and the controller chattering phenomenon is resolved. Be-
sides, observer technology, such as super-twisting algo-
rithm [19] and neural network [20,21] are also adopted to
estimate upper bound information of the unknown distur-
bances. But super-twisting algorithm still requires prior
knowledge of the disturbances. As the observer, neural
network is applied to the sliding mode control. In [22],
neural network is utilized to estimate the modeling inac-
curacies and external disturbances of linear system online,
by which the chattering phenomenon can be eliminated.
In [23], an adaptive sliding mode control with neural net-
work is proposed for a discrete nonlinear system, and the
neural network is used to approximate unknown functions.
Compared with [18], neural network observer can also en-
hance the system robustness except for estimating the un-
known disturbances.

In this paper, to overcome the aforementioned two
problems of CPID-SMC, an adaptive fuzzy PID-type slid-
ing mode control based on RBF neural network is pro-
posed.

The main contributions of this study are as follows:

1) In our paper, the adaptive fuzzy logic system is uti-
lized to tackle transient response problem. Different from
[24], in which fuzzy logic system without adaptive law
was used to tuning the PID control parameters for improv-
ing the system performances, in this paper, a new adaptive
law is designed for the fuzzy logic system to adjust the
gain parameters of sliding mode manifold. The principle
of the designing of adaptive fuzzy algorithm is that the
large errors correspond to small gains and the small errors
correspond to large gains. Then the problem of the actu-
ator saturation, caused by integral term of sliding mode
manifold, is also avoided.

2) The adaptive RBF neural network is designed as dis-
turbance observer to estimate the matched lumped distur-
bances . The RBF neural network observer is not only able
to estimate the disturbances information, but also avoids
the need for prior knowledge of disturbance upper bound.
Meanwhile, the superior properities, such as higher preci-
sion and robustness against disturbances, are achieved.

3) Although many states are considered in the system,
only three parameters are required to be adapted online in
fuzzy logic system and neural network. Thus the compu-
tation load of the proposed controller can be reduced, and
it can be applied in practice possiblly.

The paper is organized as follows. In Sections 2 and
3, the reentry vehicle mathematical model is described,
the FBL model of the vehicle and control objective are
presented. Then we review the CPID-SMC, and discuss
its characteristics and problems. The FLS and AFPID-
SMC are proposed for the attitude control of reentry ve-
hicle with modeling inaccuracies and external disturb- an-
ces, in addition, the stability of the closed-loop system is
also proved based on Lyapunov Theory in Section 4. Then
Section 4 also develops the adaptive RBF neural network
observer to approximate unknown disturbances. Numer-
ical simulations are presented in Section 5. Finally, the
conclusions are summarized in Section 6.

2. MATHEMATICAL MODEL AND PROBLEM
FORMULATION

In this section, the feedback linearization method is
used to linearize the dynamics of the reentry vehicle sys-
tem.

2.1. Mathematical model

The dynamic equations of related rotational model of
the reentry vehicle is described as cite25:

Q=T (Q)w+AT, 60
Io+ o Io=M+M,,
where
Q=[a,Bu",
—cosatan 3 1 —sinatan
T(Q)= sin o 0 —cosa ,
—cosacosf —sinf3 —sinacosf
Ixx 0 _Ixz
1= 0 L, O ,
_Ixz 0 Izz
o =[p,q,1",
0 - o
a)X: Q)Z 0 — @y 3
-0, 0 0

M= [MmA/IyaMz]Tv

Md = [deaMdyaMdz]Ta

AT = [AT}, ATy, ATs)",
Q = [a,B,u]" is the angular vector, o, §, u stand for
attack angle, sideslip angle, and bank angle respectively.

® = [p,q,r]" is the angular rate vector defined as roll,
pitch, and yaw rates. M = [M,,M,,M,]” denotes the vector
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of control moment with M,, M,, M, being the roll, pitch
and yaw moments respectively. [ is the inertia matrix.
My = [Mgx,May,Mg;)" is the bounded unknown external
disturbance moment. AT = [AT},AT>,AT;]” denotes the
bounded unknown modeling inaccuracies.

2.2. Feedback linearization (FBL) model

The dynamic equations of reentry vehicle described by
(1) can be rewritten as follows:

3
SEDWACITEVE 2
k=1
yi:hi(x) i:15253a
where x = [o,B,u,p,q,r]T is the state vector, u =
[”17’427’/‘3]T = [Mx»MyaMz}T and y= [ylayZayS] = h(x) =

[a, B,1]" denote the vectors of control input and output
respectively, and f(x), g(x) are smooth functions in R":

W= AR LK AE A HE f) ]

—pcosatanf +q—rsinatan B
psinQ@ —rcos o

—pcosocosfB —gsinf — rsinoccos 3

= (Ix — ]};,:’ L)L, pa+ (Lyy — IZ;EIZZ — IXZZ
I I, —1
ﬁ(r2 7p2) + zzI‘ xxpr

Ly , Yy
i (IXX - Iy;z[xx +Ixz pq+ (_Ixx +II): - Izz)]xz qr |
L. I.]"
gi(x) = 000;;0 } ,

1 T
g2(-x): 0705070770:| )
I,

T
g3(x) =0,0,0, ;:70 } ,

where I* = I, [I,, — Ifz. Af denotes the unknown external
disturbances.

Applying the FBL technique [26] to the rotational
model (2) of the reentry vehicle, we can calculate the dif-
ferential of the each output until the control inputs appear
in the final equations. The final equations can be obtained
by differentiating twice to each output y;. The output dy-

namic for y is described as

Vi [ L3 (A1)

Lgo(Lyhy)
L (Lyhy)
Lgo(Lyhs3)

E

Lg3(Lyhy)
Ly (L)
Lgs(Lyhs)

M+ Av

=F +EM + Anu, 3)

where Av = [Av;,Av,,Av3] denotes the lumped distur-
bances resulted from the linearization procedure. From
equation (3), we can know that the relative degree of the
reentry vehicle,  =24-242 = 6 = n, equals to the dimen-
sion of the system. Thus, the nonlinear system (2) can be
linearized completely.

Furthermore, by calculating, one gets

sinfftanfi _ cosfB
Ixl,  IxI,

cosf3
Ix1,

det(E) = £0,
where sideslip angle  can be considered as 0 during the
reentry phase.

Due to the nonsingular input matrix , the feedback con-
trol law can be defined as

M=E"'(-F+v), )

and
Vy=V+Av, ()

where v = [}, v,, v3]7 denotes the assistant control input.

Assumption 1: The aggregate disturbances Av; are as-
sumed to be bounded by known constants:

|AV| <ly, ly= max{Avl,sz,Av3};

where I; > 0 is a known constant.

2.3.  Control object
In this paper, the target of the attitude control design is
to determine the control moment vector M to guarantee
that the output vector y = [o, 8, u]? tracks the command
signals y. = [, B¢, )T asymptotically with external dis-
turbances and modeling inaccuracies, i.e.,
lime = hm(y ye) =0, 6)

t—oo t—

where e = [61,62,63]T = [y_yC]T = [a - acaﬁ _Bw:u -

ue)? is the tracking error vector.

3. CONSTANT PID-TYPE SLIDING MODE
CONTROL (CPID-SMC)

In this section, the conventional CPID-type sliding
mode control and its principle are reviewed.

Firstly, for the attitude system of reentry vehicle (5),
the CPID-type sliding mode manifold S = [s;,s,,s3]" is
designed as [27]:

13
S =é(1) + Kpe(r) + K; / e(t)dr, %)
0
where the parameters Kp = diag(kp1,kp2,kp3) and K; =

diag(ki1,kin,ki3) are the design parameters to ensure the
errors of the attitude angles can converge to zero on S = 0.
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Once the sliding mode manifold is established with a
proper controller, the dynamic of the CPID-type sliding
mode can be obtained by:

é(t)+ Kpeé(t) + Kre(t) = 0. (8)

With (8) and the design principle of sliding mode con-

trol, the CPID-type sliding mode control for reentry vehi-
cle system (5) can be acquired as follows:
— Kpé(t) — Kre(t) — nsgn(S), )
where 11 = diag(1n1,M2,N3) is the switching gain matrix
and its elements satisfy 1; > I; + ¢ with being an arbitrary
positive constant. The sgn(-) denotes sign function, i.e.,
sgn(S) = [sgn(s1),sgn(s2),sgn(s3)]"

Because (8) is a typical second-order system, it can be
concluded that the attitude tracking error e is asymptot-
ically stable. Moreover, it has denoted that less steady
state error can be achieved due to the existing of inte-
gral term in sliding mode manifold. However, from (8),
we can know that the large gains can cause control sat-
uration and response overshoot of the system but ensure
small static errors and fast response. Meanwhile, small
gains can eliminate control saturation and response over-
shoot of the system but will lose the advantages of small
static errors and fast response. These contradictions are
caused by the characteristic of the sliding mode manifold
dynamic of CPID-SMC.

V=75

4. NEURAL NETWORK BASED ADAPTIVE
FUZZY PID-TYPE SLIDING MODE
CONTROL

In this section, AFPID-SMC-RBF is presented and the
adaptive laws are developed based on the Lyapunov The-
ory.

The block configuration of overall scheme of reentry
vehicle is presented in Fig. 1. In this figure, it can be
seen that the overall scheme consists of two parts: adap-
tive fuzzy sliding mode controller and neural network ob-
server. The fuzzy logic system is applied to improve the
transient performance and avoid control saturation. Then
the need for prior knowledge of disturbances upper bound
is avoided by neural network which meanwhile enhances
the the system robustness.

4.1. Adaptive Fuzzy Logic System (AFLS)

As shown in Fig. 2, which presents the basic block con-
figuration of the adaptive fuzzy logic system, an AFLS
is composed of five principal components: fuzzier, fuzzy
rule base, inference engine, defuzzifier and adaptive law.
The five parts of a fuzzy system decide a MIMO struc-
ture: U € R™ — R", where U is a compact set. In this
paper, ||e||* and ||é||?, which characterize the degree of the
departure from the equilibrium point (e, é) = (0,0), are the

input of the AFLS. The parameters and are the outputs of
the AFLS.

The fuzzifier maps the detected crisp input space U into
the fuzzy sets defined in U. And the defuzzifier performs
a reverse function to map fuzzy sets in R into a crisp point
in R [28]. The fuzzy rule base consists of a set of fuzzy
rules based upon “IF-THEN.” Correspondingly, the fuzzi-
fier maps an observed crisp point (e, é) into the fuzzy sets
F, 1] B /inU. The fuzzy rule base and inference englne per-
form a mapping from fuzzy sets of input F; J F; J to fuzzy
sets of output Al AJ The defuzzifier maps the fuzzy sets
A{, Aé to a crisp point (Kap,Kaj).

The fuzzy rule base consists of M rules as follows:

RJ: IF ||e||? is F{ and ||¢||% is Fy, THEN Kyp is

10
Al and Ky is A}, j=1,2,...M (10)

where Flj , f2j JA— 1, Aé are fuzzy sets corresponding to
lell?, 1€l Kap, Kar-

Each fuzzy rule IF-THEN of(10) defines two fuzzy ap-
plications F] X F] —>A{, F’ X F’ — A’ And the mem-

bership functions of F; / Ff, Al A] are expressed by /’LF.

uFZ, uA] and qu.

In this paper, the FLS is designed by using singleton
fuzzifier, product inference, center average defuzzifier, so
Kap, K4y can be written as linear combinations of fuzzy
basis functions as follows [29]:

XA bty (el Py (l1]2)
S g (lel g (1€]12)
=riG([le]*,ll¢]]*), (11a)
ZMlk{upf(Hell g (llell?)
2t (el (le]2)
=G ([le]l? ll€]*), (11b)

Kap =fi([lell, [l¢]*) =

Ku =l [l¢1*) =

where I_q,’;, l_cl’ are the points at which p,; and u,; achieve
. . 1 2
their maximum value, and

i1 = (kp, k3, ..., kM), (12)
= (k} k7, ..., k)",
are adjustable parameter vectors. G(|le||?,||w]|?) is the

fuzzy basis function vector, and its elements are given by:

: ,qu(HeHz)[.LFj( é 2)
G (llel, ell”) = w5 s (13)
el 1) = S e sl

In this paper, the Gaussian membership function is ap-
plied to implement the adaptive fuzzy logic system. The
expressions of all membership functions can be defined
by:

N 2
o
[J%(V)Zexp — (V Cx) ) (14)

oX
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Fig. 1. Block configuration of overall scheme of reentry vehicle.
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Fig. 2. Basic block configuration of the adaptive fuzzy
logic system.

where V denotes ||e||? or [|¢||?, x denotes F and FJ. ¢},
oZ are elements of vectors ¢, ©.

4.2. Adaptive fuzzy PID-type sliding mode control

law

The main idea of AFPID-SMC is that gains of the slid-
ing mode manifold are adjusted online by the adaptive
fuzzy block designed in Section 4.1. The principle of
adaptive fuzzy logic system is that the large errors cor-
respond to small gains and the small errors correspond to
large gains. To ensure the stability of the closed-loop sys-
tem, the adaptive update laws of k, k, are given by:

rigeSTS  tgy(lel®)ugy (llel?)

-
EA S (lel?) g (lle]?)
:—Mg (15)
ko
,;{:_rzg{jSTS Muﬂf(Ilel\z)uF;(Iléllzi)
ki Xim Mg (lel®) g (llel?)
rngISTS

g,

z

where ry, 2, gp, and g, are positive constants.

Using the adaptive fuzzy logic system, the AFPID-type
sliding mode manifold S — [s1,s2,s3)7 is designed as fol-
lows:

S:é(t)—|—/OZKApé(l‘)dt—&-/OIKA[e(t)dt, (16)

where the proportional gain parameter vector Kjp =
diag(kapi,kapr,kap3) and integral gain vector Ky,
diag(kai1,kain,kaiz), are tuned by the AFLS online.

According to (16), the adaptive controller is designed
as follows:

V = . — Kapé(t) — Kare(t) — nsgn(S), (17

where 7 is selected in the same way as that in (9).

The proportional gain K4p and integral gain Ky; of the
controller (17) are adjusted by adaptive fuzzy logic sys-
tem. In order to achieve the expected transient perfor-
mance, the gains should be set as small values when the
tracking error is large, and the gains gradually increase
as tracking errors decrease. Finally, the transient perfor-
mances of the system is kept by this regulation strategy.

Theorem 1: Consider the reentry vehicle system (5)
with the sliding mode manifold defined by (16), and the
Assumption 1 is met. The adaptive fuzzy sliding mode
control (17) with the adaptive law (15) can ensure that the
attitude tracking error e is asymptotically stable.

Proof: Consider the following Lyapunov candidate

function:
V——lSTS+ ! KKT—i— ! KoK
! 2 2}"1 1™ 2r2 202

The time derivative of V; is given by:

(18)

. 1 1
Vy =STS+ — &kl + —foxd
r r
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:ST(é(t) +KApé‘(t) +KA]€(I)
1 1
+—kik| +—kK (19)
r r
:ST(V +Av —3Ji. +KApé(I) +KA,e(t))
1 1
+ —k k] + —forl .
r r
Substituting the controller (17) and adaptive law (15) in
(19), one gets:

V1 :ST (yL 7KAP€'(I‘) 7KA1€([) — nsgn(S)
+Av —yc—FKApé( )+KA1€( )

Z kjk/ + Z kjkl
1%( rignS'S )

r j=1
(20)

1Y rgSTS
_Z<k;r2g’_fjg>
kl

mn j=1

=ST(—nsgn(S) +Av) —

3 M
<Y (—nlsil+lalsi|) = Y (¢p/GS" S +21,GSTS).
i=1 J=1

Using the condition that 17; > [, + ¢, ¢ is an arbitrary

positive constant. The previous inequality can be simpli-
fied to:

3 M
Vi<—tY |si|— Z 2rjG+21,G)STS <0. 1)
i=1 :

From (18) and (21), it can be known that V;(¢) is pos-
itive definite and V(¢) is non-negative definite. For any
S € R3, V| <0, then V|(t) is monotonic decreasing, then
}ng Vi(t) < V1(0), i.e., Vi(¢) is bounded. Then, in view of
(21) and Barbalats Lemma [30] and Boundedness Theo-
rem [31] together with (15), the signals K4p, K4y and S are
bounded in the closed-loop system.

Next, we will proof the asymptotic convergence of the
attitude tracking error e.

Now, consider the following new Lyapunov candidate
function:

17
- Y 22
2S S (22)
Calculating the time derivative of V, yields:
v, =SS
=ST(¢(t) + Kapé(t) + Kaze(T)) (23)
:ST(V +Av —Jie —l—KApé(l‘) —|—KA1€(I)).
Substituting the controller (17) in (23), one gets:
Vo =S ((§ — Kapé(t)

— Kyre(r) —nsgn(S))

+ AV — 3, +KApé(f) +KA1€([)
=S"(—nsgn(S) +Av).

According to the Assumption 1 and the condition that
n; > l;+ ¢ (£ > 0), we can know that:

Vy =ST (—nsgn(S) +Av)

3
Z —n|si| +lalsi]) (24)

g—£Z|s,-|<o VS # 0.
i=1

Thus, from (22) and inequality (23), it can be known
that V5 (¢) is positive definite and V,(¢) is negative definite.
Therefore, the siding mode manifold S can converge to
zero asymptotically.

Once the siding mode manifold s; = 0, it follows from
(16) that

t)+/O[KAPé(f)+/OIKA’e(t) -

Then the dynamic of the closed-loop system can be de-
termined by:

e(t) +KAPé(l) +KA16(1‘) =0. (25)

Therefore, it can be concluded that the attitude tracki-
ng error converges to zero asymptotically. g

Remark 1: Unlike the PID-type sliding mode control
used in [32], the proposed AFPID-SMC adopts new form
that the gains of the sliding mode manifold are put into the
integral symbol to avoid existing derivative terms of fuzzy
parameters in the controller. It should be noticed that this
form directly simplifies the solving process and result of
the controller.

Remark 2: For the attitude system of reentry vehicle
(5), the CPID-type sliding mode manifold is designed as:

S—é(1)+ Kpe(1) + K; /0 "e(t)dr.

However, in this paper, the AFPID-type sliding mode
manifold S = [sy,s2,53]7 is designed as follows:

S=¢(r) +/0, KAPé(l)dt—‘r/ot Kare(t)dt.

We can see that the gains of the sliding mode mani-
fold are put into the integral symbol, so that the derivative
of fuzzy term will not appear in the control variable. It
should be noticed that this designed method simplifies the
solving process and result of the control variable. Besides,
the question of the well-posedness of the system equations
is avoided during the Lyapunov analyses.
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Remark 3: Due to the regulation strategy of the gain
parameters of PID-type sliding mode manifold, the prob-
lem of the actuator saturation is avoided by setting suit-
able initial gain values even existing large initial tracking
error. But this method cannot guarantee that the system
maintain stable when the actuator saturation has occurred.
Namely, the proposed controller is not saturation control
algorithm. Therefore, it is worthy of consideration for fur-
ther research.

Remark 4: In practical application, the switching term
given in (9) and (17) may result in the control chattering
due to imperfections in switching devices. To eliminat-
ing the chattering phenomenon, the boundary layer tech-
nique is applied in (9) and (17). The saturation function
sat(S) = [sat(s1),sat(sy),sat(s3)]" is used to replace the
sign function, and is defined by:

i if ‘Sl'| < @y,
sat(s;)) = @ i=1,2,3, (26)
sgn(s;) if |s;| > @y,

where @; > 0 represents the boundary layer thickness.

The attitude tracking errors will not converge to zero
but can be expected to converge to some vicinity of the
origin rest with the boundary layer thickness @;.

4.3. Adaptive RBF neural network disturbance ob-
server
The upper bound information of matched disturbance Av
is known in Assumption 1, but cannot be obtained in the
actual system. To ensure the stability of the controlled
system, the method is to select a large switching gain, but
it will lead to more exquisite chattering. Because of uni-
versal approximation property and robustness against en-
vironment noise, neural network (NN) is used for solving
this problem.

In this subsection, the adaptive RBF neural network dis-
turbance observer is designed to estimate the matched dis-
turbance Av. Then, the prior knowledge of the matched
disturbance upper bound is obtained and the robustness is
enhanced.

Based on the universal approximate property, the dis-
turbance Av can be expressed as:

Av =w"O(x) (27)

=T O(x) + &,
where W = [Wy,W2,...,W,| is the adaptive weighting ma-
trix, w = [wy,wy, ..., w,| is ideal weighting matrix. x is in-

put of the NN and € is an arbitrary approximate constant.
The basis function O(x) is given by:

O(x) = [61(x),6,(x),...,0,(x)]", (28)

where 6;(x) is gauss basis function. And its expression
can be described as follows:

—n.l2
6i('x) :g<||x ,YZPZH )? i= 1,2,...,”,

where p, ¥; are parameters of gauss basis function.

Assumption 2: The parameter € is an arbitrary ap-
proximate constant, and satisfies the condition:

]l < &, (29)

where &; > 0 is a positive constant.

In this paper, the input parameters of the ARBF neural
network are (e, ¢), and the adaptive law of weighting ma-
trix w is derived by Lyapunov method. Thus, the unknown
lumped disturbances estimation can be rewritten as:

AV =" O(e,é). (30)

Finally, the new controller and the adaptive algorithm
of optimal weighting matrix are designed as follows:

V=y.— KApé([) — KA1€(I)
—7sgn(S) +w O(e,é), (31)
w=2105", (32)

where the parameters 7 > €4, A > 0.

Theorem 2: Consider the reentry vehicle system (5)
with the sliding mode manifold defined by equation (17),
and the Assumption 2 is satisfied. The adaptive fuzzy slid-
ing mode controller (31) with the adaptive law (16) and
(32) can ensure that the attitude tracking error e asymptot-
ically converge to zero.

The proof for Theorem 2 is given in Appendix A.

Remark 5: In this paper, the RBF neural network ob-
server plays a key role. Firstly, the chattering can be re-
strained by selecting smaller switching gain because of
the compensation function of neural network for the ex-
ternal disturbances. Furthermore, the system robustne- ss
is enhanced due to the property of NN against external
environment noise. It effectively compensates the errors
caused by the saturation function in Remark 4.

5. ILLUSTRATIONS AND DISCUSSION

In this section, the simulations of the nonlinear reentry
vehicle system in conjunction with the control laws (9),
(17), (31) are carried out to validate the performances of
the proposed controller.

The aerodynamic model and parameters of 6-DOF
mathematic model of reentry vehicle is taken from [33].
The numerical simulation parameters of the reentry vehi-
cle are given by Table 1.

Case A: Comparison of the transient performance of
the reentry vehicle between CPID-SMC and AFPID-SMC
without matched disturbance Av.

The controllers (9) and (17) are carried to verify the
transient performance of the proposed controller in this
simulation. The attitude tracking errors and aerodynamic
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Table 1. Numerical simulation parameters.

Value
= 2800 m/s, #(0) =30 km

Parameter name
Initial velocity and
attitude v(0)

Desired attitude angle

az: = 30’ BL' = 007 .uc — 50
Fuzzy rule number: M =25
Gauss function parameters:
c=0.5,06=0.03

Order of NN: 3

Initial weight: wy = 0.001
Gauss function parameters:
pi=[-1,-0.5,0,05,1], % =7

(6. 18], 16,[]" <

[30°, 30° 30°]

Parameters in the
AFLS

Parameters in the
neural nework

Maximum allowable |6] =
actuator output

Saturation function = [@,®,
parameters = 0. 02 O 002,0.002)"
=[m,m,m]"
Switch gains of SMCs - [9 2 0.05,0. 5]
=[M etaz,eta;]
=10.1,0.02,0.2]"
= Comuan] =r=r=r= AFPIDSMNC ===== CPID-SMC [
5—— . .
E i 202 ]
T | boc : .
o 10 11 42 43 44 48
0 5 10 15
) ()
5
w050 -o@ ] -
) W, 0 11 12 13 14 15
= o=
_0-50 N 5 1'0 15
#(sec)
@ N "" -")" BERr 3
X |/ Egc); i
ol 0 11 12 13 14 15
[1] 5 10 15
#(sec)

Fig. 3. Simulation results of the attitude tracking of
AFPID-SMC and CPID-SMC.

surface deflections are shown in Figs. 3 and 4. From
Fig. 3, we can know that the transient performances of
the both controllers are dramaticly different. The response
speed of system governed by CPID-SMC is faster than
that of system governed by AFPID-SMC at the initial
phase of control procedure. But the response speed of sys-
tem governed by AFPID-SMC becomes faster than that of
system governed by CPID-SMC with the attitude track-
ing errors decrease. Additionally, the system governed
by CPID-SMC exists response overshoot while the system
governed by AFPID-SMC avoids this problem. Therefore,
the proposed controller solves the contradiction problem
that has been described in the previous section.

In Fig. 4, the aerodynamic surface deflections of the
AFPID-SMC are continuous and remain bounded with
|6| < 30° while CPID-SMC fails fulfill to this constraint.

|—.\1-‘1*{| ) SMC ===== PID-SAC \
30 : ‘
L ]
1l *\:__-
_m 1 1
() 5 10 15
#(sec)
g T
E 0. \“ -
S | Y=
30 —— L !
0 5 10 15
30 . 2iat)
@ [
e
=
_m L 1
0 5 10 15
#(sex)

Fig. 4. Simulation results of actuators output of CPID-
SMC and AFPID-SMC.

Consequently, the simulation results prove that the prob-
lem of the actuator saturation can be avoided under the
AFPID-SMC.

The gains of the AFPID-SMC are tuned online by
adaptive fuzzy algorithm. From Fig. 5, it is shown that
the proportional gain Ksp and integral gain Ky, are small
with the large errors to avoid the saturation of actuator
and response overshoot of the system. As errors decrease,
the gains become larger and the system response speeds
up. Finally, the proportional and integral gains of sliding
mode manifold are tuned to ideal values.

Case B: Robustness illustration of AFPID-SMC
and comparison of CPID-SMC and AFPID-SMC with
matched disturbance Av.

In order to illustrate the robustness of the AFPID-SMC,
and compare the performance of CPID-SMC and AFPID-
SMC, we simulate the nonlinear system with external dis-
turbances and modeling inaccuracies.

The aerodynamic characteristic and flight conditions,
which tend to change dramatically in the practical appli-
cation, are taken into consideration. About 10 percent of
bias condition for inertia and 20 percent of bias condition
for air density are introduced in the simulation scenario.

In addition, the external disturbance torque AM is given
by:

1+ sin(7t) + sin (§t>
T

AM = 1+sin(m)+sin< t) x 10°.

Qo

1 4 sin(7t) + sin (y)

1) Robustness illustration of AFPID-SMC
From Section 4, it can be known that the AFPID-SMC
is designed for the system with external disturbances and
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Kar
(%)
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(a) Time-varying proportional gain K4p of AFPID-SMC.

0.5 '_J
0 . ‘ . . ‘ ,
1 1.5 2 2.5 3 35
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(b) Time-varying integral gain K,; of AFPID-SMC

Fig. 5. Simulation results of the parameters updating on-
line of proposed controller.

modeling inaccuracies. Thus, to illustrate the robustness
of the controller, the AFPID-SMC (17) is applied to the
actual system. (Atual system represents the model with
lumped disturbance Av, ideal system represents the nom-
inal model.)

The simulation result of the attitude tracking error for
ideal and actual system is presented in Fig. 6. And there
is no evident difference in effect of attitude tracking errors
between actual and ideal system. The system outputs can

| — ikl ===== actual system

4
-
B, 2r 7 3 ]
¥/ S ]
o 10 11 213 14 15
0 5 10 15
i
" _ #sed)
W os| \ O%E i o
=) P 002
8 n L 10 1 12 13 14 15
0 5 10 15
toec)
5L
2%/
X |/ e ——————
o 0 1 12 12 14 1m
0 5 10 15
£(sec)

Fig. 6. Effect of the AFPID-SMC on attitude angles track-
ing of the system with disturbances.
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Fig. 7. Comparative results of AFPID-SMC and CPID-
SMC.

converge to 1% of their desired values, which verifies the
AFPID-SMC robustness against modeling inaccuracies
and external disturbances.

2) Comparison of robust performance of the nonlinear
system with lumped disturbances Av governed by CPID-
SMC and AFPID-SMC.

The control laws (9) and (17) are applied to the system
with the modeling inaccuracies and external disturbances.
The comparisons of the attitude tracking errors are shown
for this case in Fig. 7. The outputs of the system governed
by AFPID-SMC can converge to 1% of their desired value,
it is smaller than that of system governed by PID-SMC,
which converges to 2% of the desired value. Thus, it can
be seen that AFPID-SMC has better robustness against
modeling inaccuracies and external distubances.

Case C: Comparison of robustness of between AFPID-
SMC and AFPID-SMC with ARBF neural network distur-
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Fig. 8. Simulation results of AFPID-SMC-RBF and
AFPID-SMC comparing performance of the ro-
bustness of the system.

bance observer (AFPID-SMC-RBF) under lumped distur-
bance Av.

To compare the robust performance of AFPID-SMC
and AFPID-SMC-RBF, about 30 percent of bias condi-
tion for inertia and 30 percent of bias condition for air
density are considered in the simulation scenario. And the
external disturbance torque AM becomes 1.2 times initial
disturbances.

Fig. 8 presents the results of the attitude tracking errors
of the system controlled by AFPID-SMC and AFPID-
SMC-RBF. The attitude tracking errors of the system
controlled by AFPID-SMC-RBF, that even converging
to 1%, are smaller than that of system contr- olled by
AFPID-SMC. So AFPID-SMC-RBF possesses better ro-
bustness against modeling inaccuracies and external dis-
turbances, namely, the robustness of AFPID-SMC-RBF is
improved due to the usage of RBF neural network.

Case D: Comparison of robustness of between PD (Pro-
portional Derivative)-SMC [12], CPID-SMC and AFPID-
SMC.

To shown the transient and robust performances of
AFPID-SMC-RBF, about 30 percent of bias condition for
inertia and 30 percent of bias condition for air density are
considered in the simulation scenario. And the external
disturbance torque AM becomes 1.2 times initial distur-
bances.

The PD-SMC is the conventional sliding mode control.
To shown the contribution of this paper, the comparison of
robustness of between PD-SMC, CPID-SMC and AFPID-
SMC is presented in Fig. 9.

Fig. 9 presents the simulation results of the attitude
tracking errors of the system. We can see that CPID-SMC
is better than PD-SMC in terms of improving the robust-
ness, but the transient performance of PD-SMC is better

s Com; = AFPID-SMC  ===== CPID-SMC ===== PD-SMC

Fig. 9. Simulation results of AFPID-SMC, CPID-SMC
and PD-SMC comparing performance of the ro-
bustness of the system.

than that of CPID-SMC. And AFPID-SMC is better than
CPID-SMC and PD-SMC in terms of improving the tran-
sient performance and robustness.

6. CONCLUSIONS

This study proposes a robust adaptive controller based
on adaptive fuzzy logic system and RBF neural network
algorithm for reentry vehicle with external disturbances
and modeling inaccuracies. The AFPID-SMC adopts
adaptive fuzzy algorithm for tuning the gains of sliding
mode control online. By designing suitable fuzzy logic
system and the adaptive law, the contradiction of the tran-
sient and steady state performance of the system is solved.
Besides, the problem of actuator saturation is avoided un-
der control input constraint. Furthermore, to enhance the
robustness of the reentry vehicle system, the RBF neu-
ral network is introduced, which is used to eatimate the
unknown lumped disturbances. Finally, the stability of
closed-loop system has been achieved by the Lyapunov
method with the adaptation mechanisms of the FSL and
neural network. The performance of the proposed con-
troller has been examined via numerical simulations.

APPENDIX A

A.1. PROOF OF THEOREM 2
The proof of the Throem 2 is given as follows:
Consider the following Lyapunov candidate function:

1 1 1
Vs==8TS+ —Kxf +

1
T ~T ~
— KK + =t
2 2r 2r 2 rww),

21
(A1)

where W = w — W, rr(-) is the trace of matrix.
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Calculating the time derivative of V3, and substituting
(15) in (A.1), one can obtain:

: .1 1
Vi =SS+ —kik] + —tkokd + —tr(w
r r

=ST(&(t) + Kapé(t) + Knse(r))

r j=1
1 -irgriS'S
2 j=1 ky

:ST(V +Av -3y, +KAPé(l) +KA1€([))

M
~ (nggSTS+g1ngTS)f%tr(”TvT/). (A2)

j=1

Substituting control expression for (31) in (A.2), one
can obtain:

V3 =ST (—7sgn(S) —w! (e, é) + Av

M
1 .
— Y (87,GS"S +81,G8"S) — 2 1r(# )
j=1

=S"(—nsgn(S) +w' O(e,é)

—~

1 .
= ) (8pGS"S+21,G8"S) = Ztr(W", 1) (A3)

J

[ pg B

M
=S"(~7sgn(S)) — ¥ (gr,GS" S+ 81,G57S)
Jj=1

~

1 .
+S5Tw'e — Itr(vT/va/),
where W is the apprpximation error of optimal weighting
matrix, and Av = w @(e,é) = (W + W) (e, ¢).
Substituting the adaptive laws (32) in (A.3) and noting
that tr(w! ©ST) = ST’ @, one can obtain:

Vi=—nY |sil =} (sr,GS"S+1,5"S) +S"w'®

3 M
i=1 Jj=1

tr(w’ 20587)

S

3 M
=—7Y Isil = Y (¢r,GS"S +81,G5"S) + 5w ©
= =1
—-s'w'e (A4)
M

3
=—eiay |si|— Y (2r,G+281;9)S"S.
i=1

j=1

From (A.4), it can be known that V3(¢) is monotonic
decreasing, then tli_}rgV3 (t) <V3(0), i.e., V5(¢) is bounded.
Therefore, the signals kj, k» are bounded in the closed-
loop system.

The proof of asymptotic stability of the attitude trac-
king error and the sliding mode manifold is the same as
Theorem 1. O
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