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Abstract: The study presents an adaptive neural network output feedback tracking control scheme for a class of
complicated agricultural mechanical systems. The scheme includes a dynamic gain observer to estimate the un-
measurable states of the system. The main advantages of the authors scheme are that by introducing non-separation
principle design neural network controller and the observer gain are simultaneously tuned according to output
tracking error, the semi-globally ultimately bounded of output tracking error and all the states in the closed-loop
system can be achieved by Lyapunov approach. With the universal approximation property of NN and the
simultaneous parametrisation, no Lipschitz assumption and SPR condition are employed which makes the system
construct simple. Finally the simulation results are presented to demonstrate the efficiency of the control scheme.
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INTRODUCTION

After it was proven that Neural Network (NN) and
Fuzzy Logic Systems (FLSs) are universal function
approximators, the adaptive control algorithms of
unknown or ill-defined nonlinear systems that employ
NN and FLSs have been developed (Chen et al., 2009;
Yu et al., 2011; Liu et al., 2010; Hu et al., 2010a; Liu
and Wan, 2002; Chen and Jiao, 2010), especially when
modern mechanical or electrical systems that are to be
controlled become more and more complicated and,
thus, their mathematical model is often hard to be
established. To remove the assumption that the states of
the system are available for measurement in the
aforementioned control approaches, in the references
(Leu et al., 2005; Hu et al., 2010b; Tong and Qu, 2005;
Wang et al., 2010; Ge and Zhang, 2003), the problem
of adaptive fuzzy or neural network output feedback
control for uncertain SISO, MIMO nonlinear system via
state observers has been investigated and the stability of
the resulting closed-loop adaptive control system has
been analyzed. For state observers, likewise high gain
observers, it is often very hard to choose a proper
observer gain. In some schemes (Ge and Zhang, 2003),
a low-pass filter is designed to make the estimation

error dynamics satisfy the Strictly Positive-Real (SPR)
condition so that they can use Meyer-Kalmon-
Yakubovitz (MKY) lemma, which makes the stability
analysis of the closed-loop system and real
implementation very complicated. And the parameters
of filter are hard to be chosen. Above researches are all
based on the concept of separation principle which can
realize the original state feedback with the
corresponding  observer states and thus the
corresponding output feedback controller can be
constructed. But it is hard to choose the observer and
controller design parameters. Such problems have been
solved by using some non-separation principle designs
by Qian and Liu (2002), Bullinger and Allgower (2005)
and Du and Ge (2010), but they need to satisfy
Lipschitz assumptions.

To simplify the system construct and relax the
constraints, in this paper an adaptive neural network
output feedback tracking control scheme for a class of
affine nonlinear higher relative degree systems is
presented. Combined with non-separation principle, the
gains of the observer and the neural controller are
simultaneously tuned according to output tracking
error. The proposed scheme has few adapting
parameters to be tuned and Lipschiz assumption, SPR
condition are not required.
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PROBLEM FORMULATION

The following notations and definitions will be
used extensively throughout this study. Let R be the real
number and R’ represent the real i-vectors. |k| denotes
the usual Euclidean norm of a vector £. In case where &
is a scalar, |k| denotes its absolute value.

Consider the following SISO affine nonlinear
uncertain system:

{x @)+ g "
y=h(x)

where, x =[x, ---, x,|]€eR"are the states of the

system and y € R, u € R are system output and input,
respectively. Only y is available for control design. f
(%), g (x) are unknown smooth nonlinear function. /4 (x)
€ R is smooth scalar function. The system has higher
relative degree r<n. According to differential geometry
theory of nonlinear system, there is a nonlinear
coordinate transformation T (x) = (¢, #")" which can
change the original system (1) into the equivalent input-
output description, namely:

Ao g imlerol
dt
dér _
7 = 0.’(5, 77) + ﬂ(é’ 77)” (2)
an _
pRkAC)
y:§1
where, &, = L';'h(x) ,a(&,n)=L,h(x) and

BEn)=L.L " h(x)#0. For all (x,u)eQ xR the

function £ (&, #) is nonzero and bounded. This implies
that # (&, n) is strictly either positive or negative.
Without loss of generality, we assume £ (&, #) >0 and
there exist constants f,,>fmin>0 such that f;,< |8 (*)|
<Pmax on the compact set {r,E}eQ ; the smooth

nonlinear functions g (&, ), a (£, #) and g (&, n) are
unknown and satisfy g (0, 0) = 0. The subsystem
1 =q(&,n) is unmodelled zero dynamics and the states

(&,- .., &) and 7 are not measurable.

The control objectives of this study is to utilize an
adaptive neural network to determine a tracking
controller for a class of affine nonlinear systems (1)
with strong relative degree such that the system output
y follows a desired trajectory y, while all signals that
are involved in the resulting closed-loop system are
bounded.

Zero dynamics %=q(0,17) is
exponentially stable and the function ¢ (& #) is
Lipschitz in & By Lyapunov converse theorem, there is

a Lyapunov function ¥, () which satisfies:

Assumption 1:

623

alnlf < ¥, 0n < a; 3
ED 4(0,7) < —ao @)
n
0¥, (1)
< 5
)< ®)

where, a;, i =1, 2, 3, 4 are positive constant:

la(&.m)—-q(0, )| < L,

4 (©6)
where, L is Lipschitz constant.

STATE OBSERVER AND ADAPTIVE OUTPUT
FEEDBACK CONTROLLER DESIGH

Define the vectory; = [Vq Va ...ycgr_l)]T ER",
state vector & =[&; &,..&.]7 €R". The reference

signal y, and its time derivative are assumed to be
smooth and bounded. We also define the tracking error
as e = y - y, and corresponding error vector as

— T r
gzé_l’dz[fl_yd""afr_yz(tr ])J €R.
The error equation is as follows:

7 =q(&,1m)
é=dye+Bla(En)+pEmu-y.] ™
e=Ce
where,
01 0 0 1
0 0 1 0 0
7 " B=lo| " c=|o
0 0 0 1 : :
0 0 0 0 0 r ] rx1 0 ]

Consider the following observer that estimates the
state vector e in (7):

A A A R
i:ei+l+_l[(el_e]) @i=L-,r=1)
Yo
R ~ A R
e, =—K'é+(e-¢) (®)
Yo,
6=C"¢
Define:
0 1 0 -4 1 0
= : 4=
4=lo o 1 A
kK Y dr ~4 0 0 xr
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Equation (8) can be rewritten as:

é=Aé+00
NS ©)
g=Ce
A _TA A 1T ~ A _
where, é=1[6,..,6], é, = e —é, Ay =

/P, 2 /P71

Choose the vectors K = [ky, ...., k1%, A = [A1, ...,
4,]" to make matrices 4, 4; be Hurwitz. Thus, there
exist square matrices Py = P'y>0, P, = P',>0,

O, =0! >0,0, =07 >0 satisfying:
A'P +P, A =-0,, AP, +P,A, =0, (10)

The gain of the observer is time-variable (0<p<1)
and is updated by:

2
p=e", d:{K(|el|—n0) |el|>‘:‘0 a(0)>0 (11)
0 |31|§50

where, design parameters «, = are positive.

Considering the Eq. (7), the ideal control law u" is
chosen as:

L " -KT 12
u ﬁ(m)( a(gm+y-Ke) (12)

Then, the following equation holds:

a(&m+&mu—yy =a+pu-y) +pu’ - pu’

. 1
=a+pu-pu —yL”+ﬂ*E(—a+yL”—KT§)

:7Krg+ﬂ(u7u*)
(13)
Then system (7) can be rewritten into:
B =gi{5. 5
4o=6, =L =1
g =-K'e+ Bllin-u")
a4 =C'g (14)

Define the observing error as € = e — é. Subtracting
(14) from (8), we have:

n=gic.n)

R .
5 =% |

- -7 = £ - !
:-I ;—A'E—Lﬂ.‘-lﬁllll.l.'—.'l |
o

g=C¢ (15)

=

=i

Considering the following change of coordinates

e . & . e

zZ = rfl’ZZ_ wZ””’ZW: =

é., (15) can be written as:

hS)

==y g =-f"—:',-K",p;ﬂi.a.-.u--u'. (16)

where,
r—1
- T= - 1T L 0
g:[z]’ 5 Zr] 5 £=
0 p°
and ¢=pz.

Considering (9), (10), (14) and (16), we have:

Fedr+d Al-in I.l [l WL
o L
' (17)

The control design presented in this study employs
a Radial Basis Function (RBF) neural network to
approximate the unknown function over a compact
region of the state space because of their good
capabilities in function approximation. The following
RBF NN is used to approximate the any continuous
function %(z):R" — R over a compact region Q c R”

with arbitrary accuracy by choosing enough nodes:
h(z)=W"¢(z)+&(z),Vz e Q (18)

where, W' is a vector of adjustable weights, z €
Q,yny € R™ is the input vector and the kernel vector is
¢ (2) = ¢1(2),...¢, (2)]Twith  active  function

_ntlzmal? - :
¢; (2) = exp[—=—],i=1,2,...,L. 1 is the hidden

2

4
layer nodes number and &(z)is the approximation
define the ideal
which is an artificial

error.  We weight  vector

PR et |
::ILILI‘ |.'|| ] Bl 1] I| |
quantity required for analytical purposes. Since the
functions are approximated over a compact set, we have
the following relationship:

" 2 arg it
wep" |

"W* Vze Q.. (19)

LW, ,||g|| <é

max 2

where, @__,&__ >0. According to Equation (15), we

max >~ max

have:

W h(2)+2(2) < |77 9| + @] <[ A Oy + 6 < 5W(2)
(20)
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Whel‘e, ‘//(Z) = (zfn:l ¢2 (Z)) +1 » ¢ = max {a)max ’gmax } ‘

Lemma 1 (Du and Ge, 2010):
basis function is used,

X:[xl, xn]T,Y:[yl, yn]f,

positive constant £ =2 ’”Z[-,l(l/"fz) on R” such that:

@1)

If Gaussian radial
then for
exists

there a

[éx) ¢ <L, |x-7]

So the unknown function u’
approximated by RBF NNs:

in (17) can be

u (e z y(’)) w" ¢(e z y('))+£ (22)

where, W is the ideal NN weight vector and ¢ is the
approximating error. With Lemma 1, "/_7" <1 and

lell= ||£g|| <||Z]|, we can obtain:

“‘(ll,g :7 \7‘ (r)) ”v'T¢(’] e,z (V))+g
_HI{"”T;&(O:;_ (%}e 230006 27,00 4]
Y@y e, L
(23)

A - r [ A - r
where, w(é,z,5,,5]) =\/ Zm:,féz(g,z,yd,yfz ’)) +1,

¢ =max{m,_,&. }. ¢ is an unknown parameter and

max ? “ max

we define ¢ as the estimation of unknown scalar

[?max

Dmax " Define:
ﬂmm
- . B .
c=¢——"¢ (24)
ﬂmin

The adaptive and control laws are chosen as
follows:

Y spp s £BRBY i éTPKBHZWZ
G Ty kR G T
(25)

where, design parameters y, 7 and o are positive.
STABILITY ANALYSIS

In this section, stability analysis for the proposed
output feedback tracking control scheme will be
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presented. To this end, we firstly give the relationship
according to (3), (4) and (5):

- 5V(77)

g(0.7)+ 0(”)[q(g“ ) —a(0.7)]

ol
_Gyp ey Gy (26)
<Ll + 22

a.a 2
e+
2a, =

S+l <)

S+

We are now ready to establish the main theorem of
this study.

Theorem 1: Consider the closed-loop system
consisting of the plant (1) under the assumption 1, the
adaptive controller and adaptation law (25), with an
appropriate initial value a(0)>a’ for o satisfying the
condition (31), all closed-loop signals are semi-globally
uniformly bounded over the following compact sets,
namely:
V>0 2[V(0)g +0']
qal

W
} >

Q0 {’7(’)’7(’)

2[V(0)g +o
Q= [e(l)e(t) < 1o +o]

q'//{min(PK)
N 2[7(0)g +0']
Q,, =1e@|[e@] < T ,
TN 2|V (0)g +o
Q;, =150[[c0)] < [T.J
- T ={e(r)e(r)g 120(1))}

20
=L&0)||é@)| < ’ : .where

¢ =min El , A T\/> G O
A (P) A (B2
Proof: Define 1= Anin Q¢ )59, = 4,0 (0 5
ﬂmaxa)maXLz
R T e e
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2ﬂmaxa)maxL2 CZ Zq ﬂmaxa)mBXLz
q¢ = —P 1 = (ﬂmax +ﬂmin)q4(// > CZ = ﬂmaxq4wmapr > Gy = : +c q4ﬁ o ;
a3 :Bmin T\/; 2\/_ﬂmm [l3
Let the Lyapunov candidate function be defined as:
|, N
| .I_-_:q- 'I:-""-.-‘: PZ+—0 o 27)
With (25), e =¢+ ¢ and ” p” <1, then |¢| < " pz" |Z]| > the derivative of (27) with respect to time is given by:

__" I';'-'._ L 1"{1_||_u if :l]——ll I-.? -:_'_-P Ei:,lljr'H""‘r"|'ﬂ-rt]:;}_ﬂmr."-‘:-‘:
<F,-2 el ——[— [BOu—1")]+ B, +2 BB BeYu—u) |+ 2 B.B[ B(u-u)]
(28)
<7~ Spf -3 +oq3 [BC =Y ]+ B 4} + B
where, the item ' RB] Y —u)] satisfies:
e_'-’ﬁ._.j.‘l_ﬁi-u'.lr—.lr'i_——El_ r:D'” FFE‘IB " 'jlm F"
| 1 R
_ Buin || 57 "g b Bl//" 5T -
S e I v el R
B | 2 ey
<ol 2o finof - sl i nof @

According to (25), the control law can be parameterized as |u|gl||éTPKB"+y/|g‘|. For the item

o84 |2](|u] +[u[) in (28), it shows that:

Busts |0+l ) < Bras12l| =& Bl vl + v + o, (124
N

7/’33‘14 IZ112” Be B+ B @ L, |12 + 0B @i L, |2 ]

T . N
PastlB (1 of ) o a0)

< B |22l +]s7]) +

4 miny

S(c3+c4)||§||2 2\/;

Using (26), (29) and (30), (28) becomes:

gTPKB" +

-l - el —(72% 200726, zc4)|| [ opsio o] ot el
P f ||e Bwll . IIeTP By’
S el —[72% z%—zc3—zc4j||z||2—%ﬁ[ﬁ—l]lléwuz G
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In (31), there exists a constant ¢ for the following relationships hold:

o
2

qze”‘ +2q,-2q,—2¢,—2¢,>0, e? =120 (32)

From (11), the variable o is no-decreasing. Considering two aspects:
e Ifa (0)is chosen large enough

e o Depends on the output tracking error e;, when e, increases, which makes (32) hold and thus e; is decreased
until it equals to error tolerance = . So there exist ¢(0) and a finite time t" such that:

g,e” +2q, —2q, —2c,—2¢, > 7' e?—120 (33)
Then, (31) can be written as:

mmT\/7 (

: a q 1 .
p<-Lofpff e -1y

|§|+|§|) + s 0 S—qV+o (34)

where,

q’ = Tnln{i 4 U T\/;} > UY = maxg*o-

A (P) A (P) 2

‘max ‘max

Multiplying both sides of (34) by ¢ and integrating over[0,#], we obtain:
le@r, | < |for | <27 @ <2v e +2qi,(1 —eh) 35)

So,

HOIE

[V(O)eq'mJ
44 (P V’>°"e<’>"<m Tinde (36)

Repeatedly, we can obtain the rest conclusions. With the boundedness of vectors e and €, it is easy to prove

the boundedness of the vector é. This completes the proof.

SIMULATION STUDY

To verify the performance of the proposed adaptive neural network output feedback tracking controller,
simulations will be taken for a class of affine nonlinear higher relative degree system described as follows:

‘.‘;21 :fz

& ==2((&=m) =1)(& ), +(2+sin(&m )

771 =11,

1, ==21m,-0.21m, + ¢

y:‘,fl (37)
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Fig. 1: Plots of output tracking of system

— — 2 o didlt
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5 20

Fig. 2: Plots of state tracking of system

where, B(&,n) = 2+Sin(§lnl) >0. The system has an

unmodelled zero dynamic. Only output is available for
feedback design. The control objective is to force the
system output y to follow the desired trajectory that is
employed asy, =-2sint+2cos(0.5¢). The tracking
erTors ¢ =& ~y,.0, = &~V
The system initial conditions

x00)=2,x,(00=-2, ¢/(0)=1¢,(0)=2.
simulation parameters are selected as follows:

are
The

1
03]

4 0

10 0
- = A =
K Lo}’QK {o 10} N {—2

1

P_10.6
“10° %7 1

140 8 0
ﬂ = s U, = )
-140 1 0.357 1
4, = P, =
-4 0 1 140.143

Choose other design parameters as follows:

—
=)
—

0

0

0.04,x=1.6,a(0)=3.8,0=02,7=0.02,
1

T

The simulation results using MATLAB is shown in
Fig. 1 to 4, where the neural network initial structure
and parameters is adjusted on-line by using GGP-RBF
algorithm.

Figure 1 and 2 shows the results of output and state
tracking. It can be seen that the actual trajectory
converges rapidly to the desired one. The control input
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Fig. 3: Plots of control input
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20

1 1.8
tish
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Fig. 4: Node number of hidden layer

signal is shown in Fig. 3. The growing and pruning
automatically of hidden layer nodes is shown in Fig. 4.
These simulation results demonstrate the tracking
capability of the proposed controlled and its
effectiveness for control tracking of affine nonlinear
higher relative degree systems.

CONCLUSION

A new adaptive neural network output feedback
tracking control scheme is presented for a class of
affine nonlinear higher relative degree systems. The
scheme does not require Lipschitz assumption and SPR
condition which makes the system construct simple. By
using the non-separation principle and the universal
approximation property of NN few adapting parameters
are required and the observer gains and controller
parameters can be simultaneously tuned according to
the tracking error. Output tracking error and all states in
the closed-loop system are guaranteed to be semi-
globally ultimately bounded by Lyapunov approach.
Simulation results are provided to demonstrate the
effectiveness of the proposed control scheme.
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