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This paper presents direct model reference adaptive control for a class of nonlinear systems with unknown nonlinearities.
The model following conditions are assured by using adaptive neural networks as the nonlinear state feedback controller.
Both full state information and observer-based schemes are investigated. All the signals in the closed loop are guaranteed to
be bounded and the system state is proven to converge to a small neighborhood of the reference model state. It is also shown
that stability conditions can be formulated as linear matrix inequalities (LMI) that can be solved using efficient software
algorithms. The control performance of the closed-loop system is guaranteed by suitably choosing the design parameters.
Simulation results are presented to show the effectiveness of the approach.
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1. Introduction

Nonlinear control design can be viewed as a nonlinear
function approximation problem (see, e.g., (Billings et
al., 1992; Narendra and Parthasarathy, 1990)). On the
other hand, neural networks have been proved to be uni-
versal approximators for nonlinear systems (Cybenko,
1989; Cotter, 1990; Ferrari and Stengel, 2005; Park and
Sandberg, 1991). Neural networks are capable of learning
and reconstructing complex nonlinear mappings and have
been widely studied by control engineers in the identifica-
tion analysis and design of control systems. A large num-
ber of control structures have been proposed, including
direct inverse control (Plett, 2003), model reference con-
trol (Narendra and Parthasarathy, 1990; Patino and Liu,
2000), sliding mode control (Zhihong et al., 1998), inter-
nal model control (Rivals and Personnaz, 2000), feedback
linearization (Yesildirek and Lewis, 1995), backstepping
(Zhang et al., 2000), indirect adaptive control (Chang and
Yen, 2005; Narendra and Parthasarathy, 1990; Neidhoe-
fer et al., 2003; Poznyak et al., 1999; Patino and Liu,
2000; Seshagiri and Khalil, 2000; Yu and Annaswamy,
1997; Zhang et al., 2000), and direct adaptive control
(Ge et al., 1999; Huang et al., 2006; Sanner and Slo-
tine, 1992; Spooner and Passino, 1996; Zhihong et al.,
1998). The principal types of neural networks used for

control problems are the multilayer perceptron (MLP),
neural networks with sigmoidal units, and radial basis
function (RBF) neural networks.

Model reference adaptive control (Landau, 1979) is
a technique well established in the framework of linear
systems. In the direct model reference control approach,
the parameters of the linear controller are adapted di-
rectly either by gradient- or stability-based approaches to
drive the plant output to follow a desired reference model.
This structure can be extended by utilizing the nonlinear
function approximation capability of feedforward neural
networks, such as the multilayer perceptron (MLP), to
form a more general, flexible control law (Narendra and
Parthasarathy, 1990; Patino and Liu, 2000; Zhihong et al.,
1998). Such a network could be trained on-line within the
MRAC structure, to facilitate the generation of a nonlin-
ear control law that may be necessary to drive the output
of the plant to follow the desired linear reference model.

In this paper, we propose a new neural-network-
based model reference adaptive control scheme for a class
of nonlinear systems. Unlike in the cited works, neural
networks are not directly used to learn the system non-
linearities, but they are used to adaptively realize, like in
linear MRAC, the model following conditions. The idea
behind this approach is that activation functions play the
role of a continuous scheduler of local linear feedback,
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such that at each operating point there exists a controller
that achieves the model following objective. Both full
state information and observer-based approaches are de-
veloped. The stability in both cases is established using
Lyapunov tools. It is shown that this approach is robust
against external disturbances, and the tracking and ob-
servation errors are bounded. Compared with the previ-
ously developed direct adaptive approaches, this adaptive
scheme requires few assumptions, and its implementation
is much simpler, i.e., neither supervisory nor switching
control is needed to ensure stability, and no upper bound
on the high-frequency gain derivative is required. Simu-
lation results for an unstable inverted pendulum show the
capabilities of the proposed approach for both tracking a
reference model and estimating the system states.

The rest of the paper is organized as follows: Sec-
tion 2 introduces the neural networks used and states the
nonlinear systems direct model reference adaptive control
problem. Section 3 develops the full state information ap-
proach, based on neural network state feedback. Section 4
develops the observer-based approach using an adaptive
observer to estimate the system states. Section 5 presents
simulation results, and Section 6 concludes the paper.

2. Preliminaries

The following notation will be used throughout the paper:
The symbol |y| denotes the usual Euclidean norm of a vec-
tor y. In case y is a scalar, |y| denotes its absolute value.
If A'is a matrix, then || A|| denotes the Frobenius matrix
norm defined as

147 =Y a? = tr[ATA],
ij
where tr[-] denotes the trace of the matrix.

2.1. Neural Networks. The general function of a one
hidden layer feedforward network can be described as a
weighted combination of V activation functions

N
y=> ¢i(z.0,)w. 1)
i=1

Here the input vector z and ¢, (+) represent the i-th activa-
tion function (with its parameter vector ¢,) connected to
the output by the weight w,. The number of the input and
output layers coincides with the dimension of the input
vector and the output information number, respectively.
The activation functions are chosen following the neural
network at hand. For example, the MLP uses generally
the sigmoid function defined as

1

1+ exp(—g;z)’ @)

QO'L (&) Ql) =

or the logistic function defined by

_ 1 —exp(—g;2)

~ 1+exp(—gz)’ ®)

©i (Ea Qz)
On the other hand, RBF networks use Gaussian functions
defined as

2
207

2

o1 (2.0,) = exp (—M> )
Since the above neural networks will be trained on-line to
realise a control task, in order to reduce computation load,
we will assume that the parameters of the activation func-
tions 6, are fixed, i.e., their number and shapes are fixed
a priori. The only adjustable parameters are the weights
w;. Then (1) is rewritten in the compact form

y=9¢(@)w, (5)
where
¢ (z) = [ ¢1 (2) on (2) ]
and
W= o],

From approximation theory it is known that the mod-
eling error can be reduced arbitrarily by increasing the
number N, i.e., the number of linear independent activa-
tion functions in the network. That is, a smooth function
f(z),z € Qy C R can be written as

f(z)=9¢(2)w" +e(z), (6)

where e (z) is the approximation error inherent in the net-
work and w™ is an optimal weight vector. Following the
universal approximation results, for the neural network (5)
there exist a finite set of w* and a constant ¢* such that
(6) holds with |e (z)| < €*.

2.2. Problem Statement. Consider the class of
continuous-time nonlinear systems given by

z=Az+0b[f(z)+g(z)u], ©)
y=c"z, (8)
wherez?' = [ z; x, ] € R™is the state vec-

tor, u, y € R are the system input and output, respectively,
and f (z), g (z) are smooth nonlinear unknown functions.
Furthermore,

A:

len

O(nAI)Xl I ]
nxn
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where I, is the n x n identity matrix.
The nonlinear system (7)—(8) satisfies the following
assumptions:

P1. The high-frequency gain g (z) is strictly positive and
bounded by 0 < ¢ (z) < go, for some known con-
stant go, in the relevant control space 2. The nega-
tive case can also be handled.

P2. The nonlinear function f(z) can be decomposed
as f(z) = a(z)z + ao(z) with a(z) =
[ a1 (z) a2(z) a,(z) ] € R™ as an un-
known smooth nonlinear vector function, and a ¢ (z)
as a bounded nonlinear function.

Note that P1 is a usual assumption in adaptive con-
trol, and P2 specifies the discussed class of nonlinear
systems. Note that, from a practical point of view, a
large class of real plants satisfies Assumption P2, e.g., ro-
bot manipulators, electrical drives, hydraulic rigs, power
plants and turbofan engines, etc.

The reference model is defined by the following sta-
ble LTI state equation:

Qm = Amﬁm + l_)me, (9)
Ym = QTxmv (10)

where z,,, € R™*1 is the state vector, v,, is the reference
model output, r is a bounded reference input, A, is given

by
Am =

On—1yx1 In—1 1
nxn

—a,,

with a,,, € R**"™ and b,,, > 0.
Substracting (7) and (8) from (9) and (10), respec-
tively, and using P2 yield the following tracking error dy-

namic:

Apme+b[ — (a,, + a(z)) z + b1
—g(z)u — ag () ], (11)

ey =cle, (12)

e

where ¢ = z,, —z and e, = yn,
output tracking errors, respectively.

The control problem can be stated as follows: Design
the control input « such that the reference model following
is achieved, under the condition that all involved signals in
the closed loop remain bounded.

— y are the state and

3. Neuro-State Feedback Design

The neural adaptive controller to be designed consists of
three neural components (see Fig. 1) such that

u=¢ (z)Kiz+ ¢, (x)ky + ¢, (2) ks, (13)

where ¢, (z) € RN, ¢ (2) € R 2 and ¢, (z) €
R*Ns are the vectors of activation functions in the three
networks of dimensions Ny, No and Ns, respectively.
K; € RNMixn |, e RM>>*1 and kg, € RM:>! are ad-
justable parameters of the three networks. The first and
third terms in (13) are a nonlinear replica of the standard
reference model feedback control. The second term is
added to account for the nonlinearity aq (z). As can be
seen from Fig. 1, the first term in (13) is realized by a sin-
gle multi-output (n outputs) network, and the others are
formed by single output networks.

* _) NN 1
NN 2 VAN
i SNV
| NN 3 *;%/

Fig. 1. Neural state feedback structure.
Now, introducing (13) in (11) yields
e = Ape+b[ — (a, +al2) + 9@)o, (@) K1)z

— (a0(2) + 9(2)0, (x) b,

~ (9@)¢, @) by — bm ) - (14)

According to the universal approximation results, there
exist optimal parameters K7, k5 and k3 defined as

a,, +a(z) + g(z)¢, (x) K7

K{ =arg min { sup
1
Ki1€eQ, £€Q£

k; = arg min { sup [ao(2) + 9(2)e, (@@;\} 7

k€€ €N,

k3 = arg min { sup ‘g(g)gj(g)@, — bm‘} ,

ks€Qs | zeQ,

where 4, s, Q3 and Q, are constraint sets for K, k,,
ks and z, respectively. Define the minimum approxima-

& oo
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tion errors
a, +a(z) +9(2)¢ (2)K] =g (z),  (19)
ao(z) + 9(2)9, (2) ky = e2(z),  (16)

9(2)p (@) — by =e3(z),  (17)

where g, (z) € R™™and g3 (2),¢e3 (x) € R are the min-
imum approximation errors achieved by the three neural
networks in (13) with the optimal parameters K5, k3 and
k.

The properties (15)—(17) can be viewed as a non-
linear version of the linear model following conditions,
where the activation functions play the role of schedul-
ing parameters, i.e., for every sample z (t), the activation
functions ¢ (z) to ¢, (z) quantify the contribution of the
linear feedback to the controller output.

The adaptive neural controller (13) satisfies the fol-
lowing assumptions:

C1. The activation functions in ¢, (z) are such that

@3 ()] < o, where ¢q is a known positive con-
stant, and ¢, (z) k3 > 0.

C2. Suitable upper bounds ©Q; = {K7 | |K7| < K1},
Qo = {ky | k3| < ko} and Q3 = {k;3 | |k3| < ks},
with k1, ko, k3 > 0, are given.

C3. The approximation errors are upper bounded by
le; ()] < €1, |e2(z)] < €2 and |3 (z)| < e, for
some positive constants €1, ¢; and es.

Assumption C1 indicates that the activation functions
in ¢, (2) should be chosen as smooth functions with a

bounded rate of change. Note that ¢_ (x) may not nec-
essarily be globally bounded, but it will have a constant
bound within €, due to the continuity of ¢, (z). As-
sumption C2 is made to prevent any drift of the neural
controller parameters. Assumption C3 follows from the
universal approximation property of neural networks.

Hence, using (15)-(17) in (14), we obtain
é = Ane+b|9@)e, (1) Kiz+ g(), (@),
+9(2), (2) ksr — e1 (2) 2 — €2 ()

~a@r). (18)

where Ky = K7 — K1, ky = ki —ky and ks = k% —k, are
the estimation errors of the neural networks parameters.

Further exploiting the property (17), (18) can be
rewritten as

e=Ane
bm
t R @Rt 6, @k £ 4y () ke
1
i Qg(z)kgb lane+¢], (19)
with
§=—a 1z, + a2+ agr,

es () ¢, () K,
(2) ¢, (z)k3,

Q) =&y (E) 93 (@)Eg -
az = e3(z) ¢, (2)ky — £2

az = €3 () ¢, (2)ks.

Combining (12) and (19) yields the following transfer
function:

b,
SN
< ¢, @ Kiz+¢, @)y + ¢, (@) byr
G (s)
— 20
+Q(_)E[ e+¢], (20)
where G (s) = ¢ [sI,, — A,] " b, and s is the Laplace
operator.

Define the polynomial H(s) = s" ' + Bo5" "2 +

-+ + Bn—28 + B,—_1 such that H~1(s) is a proper stable

transfer function. Then, dividing and multiplying (20) by
H(s), we get

bm
€y = G() (S) m
< |0y, @ Kz + 6, @)k + 6, (&) kyr
Go (s)
+ m [Q1f§+€f] 5 (21)
With Go(s) = H(s)G(s), ayy = H '(s)ay, & =
“!(s)¢and ¢, (@)= H(s)g, (z) fori=1,...,3.

Hence, (21) can be rewrltten in the followmg state
space form:

) b,
e=Ane+ ——=b,

x [0, @) iz + 0, @)k + 6, () Eyr

1
+ ——5b. | e+ ¢ (22)
ey = QT§7 (23)
where bl =1 0 0 1 B Bn-1 ] €R™
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Since G(s) is Hurwitz, and the pairs {A,,,b} and
{A,,,c} are controllable and observable, respectively,
H(s) can always be chosen such that G (s) is strictly
positive real (SPR). It follows that, for a given @ > 0,
there exists P = P7 > 0 such that the following equa-
tions are satisfied (Landau, 1979):

AT P+ PA,, = —Q, (24)

by P=c". (25)

The parameters of the neural controller are updated
using the following projection algorithm (Sastry and Bod-
son, 1989):

Kl = ’Ylbmey?’ff (&)&T

1+ K1\ 2
_ Ilfylbmey tr KlTQTf (g) gTi| <M) }'{17

K1
(26)
_ kyksy ¢, (2)
ky = Yobme,d; (z) - Imbmeyﬁ7 27)
&2
. E3E3T¢T (@)r
ks = Vsbm@y??,Tf (z)r — I373bmey |;3f2 , (28)
3
where
IK1]| < Ky oOF
0 if { [[Kill =51
I = and e, tr {KlT_le (z) QT} <0,
Lt K =k and e, tr | KT 67 (2) 2] >0,
0 if |E2| < Rg Or
I = |E2| = kg and eyfgf (@) EQ <0,
1 if |ky| = ko2 and eyQQf () ky >0,
0 if |ks| < kg or
Iy = k3| = k3 and ey @, (z) kgr <0,
1 if |ks| = k3 and ey?gf () kgr > 0,

and ~1,v2,v3 > 0 are design parameters.

The update laws (26)—(28) ensure that | K || < k1,
|ks| < ko and |k4| < ks, VE > 0, if the initial values of
the parameters are set properly.

To prove that || K[| < w1, let Vi = L ||K|]° =
+ tr[K{ K1]. Then

_ld|)®
2 dt

If I, = 0, we have either ||K1|| < sy or ||Ky|| = k1,
and

VK tr{KlTKl}.

Vi = Y1bmey tr [Kngle(g)gT} <0,

i.e., we always have ||K1|| < k. If I, = 1, we have
[|K1|| = 1 and

() )]

= Y1bmey (tr [Klele @)ET} —tr {Kngle (z) gT}

X (M)Qtr[f{lﬁq})

K1

= Yibmey tr {KlT ngf (z)&T}

2
x (1 - (%) tr[KlTKl]> : (29)

Since e, tr[Kngle(g)gT] > 0and | K| = w1, we get

Vi < 0, which implies that || K| < #,. Therefore, we
get | K| < w1, ¥t > 0 asimilar analysis can be used to
show that |k,| < ko and |ks| < k3 ¥t > 0.

Now, consider the Lyapunov function

1 . 1 fepe
V = 50, @) ke Pe+ o {KlT Kl}

1 ~7~
P k?, EB) (30)

i
272272 2437

where, for a given @ > 0, P is the solution of (24)
and (25).

The differentiation of (30) along the trajectory of (22)
yields

. 1 . 1. .
V = —50, (@) ke’ Qe+ 50, () kie" Pe
+bue” Pb, [, (2) izt o, (@)ly+0,  (@)lyr
+¢e" Pboje+ e Pb&s
1 ~ 1~1< 1 -1~
+—trKTK}+—EE+—EE. 31
’71{11 7222’7333 (31)
Further, using the facts that K1 = —K1,k, = —k, and

Eg = —k,, we can arrange (31) as

. 1 . 1. .
V= —593@)&35@@ + Eg(ﬁ)EggTPg

+ ¢ Pb.a, e+ e Pb.&s

@amcs
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1

o ol RE (s 2" - £

1-~7 T .
+ ks (12bmeydy (@) — by
1-~7 T .
+ ks (tabmendy (@) — ks ). (32)

Then, introducing the update laws (26)—(28) in (32)
yields

. 1 . 1. .
V= —5¢,(@kse’ Qe+ 59, (2)kse” Pe
+e"Pb.a se + €' Pb&y
+ I tr [I?{‘Fbmey tr [KITQITf (z) ET}
1+ [|K
" ( + | 1|) K1:|
K1

_rbmeykoks ¢F (x)
+IQE2T i 22_2f
|k, |

(33)
Further, (33) can be arranged as
: 1 « T 1- « T
V= —5¢,(@)kse’ Qe+ 59, (x)kse” Pe
+¢e"Pb.a, e+ e P&y

+ Libpey tr [f(lTKl} tr {KlTéle (z) 27

<1+ |K1I)2
>< —_—
K1

bmeyks ol (z)
~T mbtylvg L
+[2E2E2y——22f
|k, |

r eyl ol (@)

+ I3E3 Eg |k3|2 (34)

We now prove that the last three terms in (34) are
always nonpositive. If Iy = I, = I3 = 0, the re-
sult is trivial. If I; = 1, then ||Ki|| = k; and
ey tr[Kngle (z) zT] > 0. On the other hand, we have

_ 1 1
KT K| = 5 o[k KG] - 5 o [KT K]

— %tr [f{f 1?1} . (35)

Since tr[K;TK}] < k2, tr[KT K] = £2 and tr[KT K]
> 0, we get tr[KT K] < 0, which means that the fourth
term in (34) is always nonpositive. The same analysis can
be used to show that the last two terms in (34) are also
nonpositive.

Using the above result, (34) can be rewritten as

. 1 N 1- y
V < —5o,@)kie" Qe + 56, (2)kie” Pe
+ e Pboay je + e Pb &5 (36)
Further, using the fact that e” Pb.&; < e Pbb! Pe +
s¢3and [|b.a; || < o (Where o is a given upper bound)
in (36), we obtain
) 1 o7 1. .
V< —593(£)E3§ Qe+ 593(@@3@ Pe
T 1 T T 1 2
+ ape” Pe + 3¢ Pb.b. Pe + §£f7 (37)

which, using C1 and the fact that |¢_(z)| < 1, can be
upper bounded by

: 1 1
V < —ghse’ Qe+ Sporse’ Pe
T 1 T T 1 2
+aoe” Pe+ et Pbob. Pe+ 3¢5 (38)
Finally, (38) can be rearranged as
. 1 T (%)) 1 T
V< —ckze |Q—|wo+2— | P——Pbb, Ple
2 K3 K3
1 2
+ 55 7 (39)
If the matrices @ and P are chosen such that
Oé() ]. T
Q—(po+2— ) P——Pbb.P>Q1  (40)
K3 K3
for some positive definite matrix @, then (39) becomes
V< ty eTQre + 152 (41)
>~ 9 3E 1€ ) o
which can be upper bounded by
: 1 1
V< —gmadg le’ + 5 1L, (42)

where \g, is the smallest eigenvalue of Q.
Then V < 0 outside the bounded region defined by

el < ——1¢f]. (43)

\/ l<;3>\Q1
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Reference model B
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G
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4 > Update laws d y
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Y Nonlinear
u
Neural state feedback N plant
Ny 7
7
X
L

Fig. 2. Full state-based adaptive neural control structure.

The properties of the proposed adaptive neural state
feedback approach are summarized by the following the-
orem:

Theorem 1. The control system of Fig. 2, composed by
the nonlinear system (7)—(8) satisfying P1-P2, the refer-
ence model (9)-(10), the neural controller (13) satisfying
C1-C3, the update laws (26)—(28), and the matrices P, )
satisfying (24)—(25) and (40) guarantee the following:

()
|§| < |§m,| +ca |£f| ) (44)

(i)
[ul < K1 |z | + ks r| + 2|, (45)

(iii)

T T
/ le|* dt < cs + 64/ &> dt.  (46)
0 0

Proof. (i) Using (43) and the fact that |z| < |z,
have

|+ lel, we

s

1
2] < |z | + —== l&s1- (47)

\/Iig)\Ql
Then (44) holds by setting ¢1 = 1/1/k3)\o, -

(if) From (13) and the parameter bounds, the control input
is bounded by

lu] < k1 lz| + ko + K3 |r], (48)

where the fact that @i (2) li=1,....3 < 1is used. Then,
introducing (47) in (48), we get

lu| < k1 |z, | + K2 + K3 |r| + Kicr [§r]. (49)

Therefore, (45) is proved with co = Kk1¢y.

(iii) From (43) we have that ¢ € L., and since K1,
ko, ks € Lo, we obtain V' € L. Since all terms in (22)

are bounded, ¢ € L., and, therefore, e is uniformly con-
tinuous. Integrating both sides of (42) yields

T 2
| 1er ar<
0 H3)‘Q1

+

[V(O)] +[V(T)]]

T
2
dt. 50
=/ 1ol (50)
Hence, setting c3 = ﬁ [[V(0)] + |V(T)|] and ¢4 =
L yields (46). m

K3AQ,

Remarks:

1. The control law (13) is a nonlinear form of the lin-
ear MRAC control structure. Various terms may be
included, such as a term proportional to the tracking
error, or a switching control term. Note that different
control laws may be used in different control theory
frameworks, such as feedback linearization or adap-
tive sliding mode control.

2. In the proposed approach, RBF or MLP networks
may be used depending on the application context.
RBF networks are simple to design and rapid in the
training process, but they are not suitable for high di-
mensional systems since RBF suffers from the course
of dimensionality. MLP networks are more suitable
for highly nonlinear systems due to their parallelism
and approximation capabilities.

3. The bounds k1, ko and k3 are selected to force
the realization of (15)—(17), i.e., they should be
such that x; > max|(a,, +a(z)) /9(2)], k2 >
max |ag(z)/g(x)| and k3 > max |by,/g(x)|. Since
the system’s nonlinearities are poorly known, these
bounds should be large enough to ensure that the
above limits are included.

4. 1t would be simpler to choose the same set of ac-
tivation functions in (13), ie., ¢ (z) = ¢,(z) =
¢,(z) = ¢(z). But, in practice, f(z) and g(z) may
depend on different state variables and, therefore, the
proposed approach provides a mean to design the
neural control input with a reduced number of acti-
vation functions and adjustable parameters.

5. Compared with the direct approach presented in
(Spooner and Passino, 1996), this approach is sim-
pler since only neural state feedback is used, and
no supervisory control term is required to ensure the
boundedness of variables.

6. Compared with (Ge et al., 1999; Spooner and
Passino, 1996), where an upper bound on ¢(z) is re-
quired to achieve the control objective, this scheme
needs only an upper bound on ég (z), which is a user
designed parameter and, therefore, is available for
evaluation.

& o
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1
{ —AL P — PA,, - <<P0 + 2@) P——Pbb; P Pb—c"
K3 R3

bIP—c

P >0, (51)

> 0. (52)
0

7. Using Barbalat’s lemma (Sastry and Bodson, 1989),
it can be shown that if £, € Lo, then the track-
ing error asymptotically converges to zero, i.e.,
lim; o e(t) = 0.

8. The stability conditions encountered in (24)—(25) and
(40) can be expressed in the LMI form (51) and (52),
where the LMI (51) is introduced to force the posi-
tivity of P. Then, an LMI-based stability analysis is
carried out to check whether the stability condition is
satisfied. In the case where (51) and (52) are not sat-
isfied, the reference model dynamics and/or the filter
H (s) should be modified so that the above LMIs are
feasible.

4. Observer-Based Design

The above design was based on full state information.
Since this is seldom the case in many practical situations,
the problem will be solved using only the system’s output
as the available information.

To estimate the system states, define the following
observer:

e=AC+1(ey —¢,), (53)
e, =c"g, (54)
where ¢ = z,, — Z is the estimated tracking error,

€, = ym — ¥y is the output estimated tracking error, Z,
y are the estimated states and output, respectively, and
T =10n 1 l, | € R™ is selected such that
[A — e is a Hurwitz matrix.

The observer (53)—(54) can be further arranged as

e=[A-I"e+ic"e, (55)
e, =c"e (56)

The control input is now defined, using the estimated
states, as

u=¢, (&) KiZ+ ¢, @) ky + 6, D kyr.  (57)

Introducing the control input (57) in (11) and using (15)-
(17) yields

e=Ane
bon o - -
* m@ 6, @) K\Z + @)k, + 6, (@)Esr
1 o~
B mb lase + aze + (], (58)
with

¢ = agz,, + a7 +asr,
o, = 6, (2)kigl@)e, @KT — =3 (2) 6, @)Ky,
a5 = 6,@k (2 (@) - 9(2) (6, @ KT + 0, @)K)),
ag = —(ay +as),

ar = e3(z) ¢, (2)ks

+ 0, @)k; (9(2) (B, (0)ks+ 0, (@)ks) — &2 (@)

as = 3 (z) 0, (2)ks

+ 0, @)k; (9(2) (B, (0)k5+ 0, (@)k;) — &5 (@)

where ¢ (z) = ¢, (z) — ¢, (@),i=1,...,3.

T —1

Then, dividing and multiplying (58) by H (s) yields
e=Ape

b, o~ - -
+ mbc [Qlf(E)Klg'FQQf(E)EQ +93f(§)k3r

1 ~
+ mbc [Q4f§ + aze + (:f] , (59)

where ¢y = H™'(s)¢, ayp = H!
H=1(s)as.

(s)ay and a5p =



Neural network-based MRAC control of dynamic nonlinear systems

Using (12), (59) and (55)—(56), the augmented dy-
namics of the estimated error and tracking error is given

by

v = A
AL [qb @EKZ+ ¢ (a)f(zr}
bq(@)ky ™ T =
+ %ba lapu+ ¢, (60)
?3(£)k3
ey = Ca v, (61)
with vI = [AT o ], b:‘f = [ O1xn b! ] ¢, =
[ O1xn QT ],Qf :[ Qup Qgy ]and
A, = A—-1T 1T
Oan Am

Note that for the state space realization (60)—(61),
there exist two symmetric positive definite matrices P,
and @, such that

AZP(L + PaAa = _Qaa (62)
Paba =Cq- (63)

This can be proved by observing that ¢ [sI2, — A,] b, =
Gy (s) and, on the other hand, that G (s) can be always
made SPR by a proper choice of H (s), which means
that (62) and (63) are satisfied.

The parameters of the neural controller (57) are ad-
justed using the same update laws (26)—(28), except that
x and gf (z) are replaced by Z and Qif (Z), respectively.
It can be verified, using the same analysis, that the update
laws (26)—-(28) (with the indicated changes) guarantee that
HK1|| < K1, |E2| < Ko and |E3| < k3 Vt > 0.

Consider the Lyapunov function

1 1
V=3¢, (@ ki Pv+2—%tr[K1K1}

T R b (64)
27, 272 T 2y
where P, is the solution of (62) and (63) for a given posi-
tive definite matrix Q.
The differentiation of (64) along the trajectory of (60)
yields

: 1 ) 1. )
V = =50, (@) kv Quu + 50, (2) K3v" Pov

(@) K.z

T
+ b Pab, |6,

+ 0y, @) Ey + 0y, (@) by

1 S
+QTPaba [Qfﬂ"‘(f} + ztr[KlTKl]

LS
¥ 22 2
Then, exploiting (61), (65) can be arranged as

Lk (65)
V3 e

: 1 . T 1- . T
V= =50, (@) k3v’ Quo+ 50, () k3o” Pav
+ 0" Pob, [apv + (]
1 ~ .
+%tr{K1 ( 1bmey¢1f( ) Kl)}
1-~7 T .
+ %EQ (’YQbmey?Qf (&) - EQ)

1 ~1T
ks (tabmerdy; @r k). (60
Further, using the update laws (26)—(28) and the same
analysis as that performed in the previous section, it can
be shown that the last three terms in (66) are always
nonpositive. Hence, (66) becomes
. 1 . 1- .
V < =50, (@) kv Qe + 56, (2) kiv" Pov
+ 0" Pabyagv+ v Pab,(y, (67)
which is upper bounded by

: 1 1
Vy < _§H3QTQ(12 + 5@0%32TPGQ

1
+ pov” Pw + vTP b,bl Pov + 5(,20, (68)

aza=a

where the upper bounds HllanH < poand ¢, (z)| <1
are used.
Further, (68) can be arranged as

1 1
V< —gh ( . (¢o+2@)Pa——Pabaz_>ZPa)y
K3 K3

1
+ 5@. (69)
Hence, if the matrices @), and P, are chosen such that
1
Qa - (SOO + 2@> Pa - _Pababgpa 2 QQ (70)
K3 R3
for some positive definite matrix @, then
: 1 1
V < —ghsu’ Qou+ (. (71)
Hence, (71) can be upper bounded by
. 1 9o 1 4
V< _§K3>‘Q2 lv|” + igfa (72)

where \g, is the smallest eigenvalue of Q2.

aamcs
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> Reference model Observer
Ym
: )
i
N
€y
r \
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1 y
A Nonlinear
u
P> Neural state feedback > plant

Fig. 3. Observer-based neural adaptive control structure.

Then, V < 0 outside the bounded region defined by

1
o] € ==

B V H3)‘Q2

The properties of the observer-based neural adaptive
approach are summarized by the following result:

¢ (73)

Theorem 2. The control system of Fig. 3, composed of the
nonlinear system (7)—(8) satisfying P1-P2, the reference
model (9)-(10), the neural controller (57) satisfying C1-
C3, the state observer (53)—(54), the matrices P, and @,
satisfying (62)—(63) and (70), and the update laws (26)—
(28) (with the indicated changes) guarantee the following:

(1)
2] < lzp,|+esllsl, (74)
lz| < |z,,| + c6 ¢l (75)

(ii)
lu| < k1 lx,| + K2+ K3 lr[ +er |G, (76)

(iii)

T T
/ [e]? dt < Cg+09/ ICe? e, (77)
0 0

r 2 r 2
/ lef? dt < exo + 611/ G2 de. (78)
0 0
Proof. (i) Define the following Lyapunov function:
1
Vo = aiTPo/Q\; (79)

where, for some positive definite matrix Q ,,, P, is a solu-
tion of the equation
[A—1c"]" P+ P [A-1c"] = Qo (80)
The differentiation of (79) along (55) yields
1

Vo=—52"Qe+2 Polc’e (81)

which is upper bounded by
. 1 N N
Vo< 5o, e+ Ap, lllelle]. (82

where A\g,, Ap, are the smallest and the largest eigenval-

ues of @, and P,, respectively. Then, Vo < 0 whenever
|e] is outside the region defined by

- Ap,
2l < 257 |1/ el (83)

o

On the other hand, we have |v| = /|e|? + [¢|?. If com-
bined with (83), this yields

1
le] < - vl . (84)

144 (32 )

Further, (73) and (84) yield the following upper bound:

1
le| < - ICrl- (85)
\/m,AQZ <1+4(% 1)) )
Then, introducing (85) in (83) gives
. 22p, 1] /o,
el < .\l /2 Gl (@6)

K3AQ, (1 +4 (% |l|)2)

From (86) and the fact that |Z| < |,,,| + [€] we get

2\p, |l /Mg,

\/f%/\Q2 (1 +4 (igz |l|)2>

which yields (74), with

8] < Il +

ISl (87)

2Xp, || /g,
2
\/nmz <1 +4 (32 11) >

Now, from |z| < |e| + |z,,,| and (85), it follows that

Cy =

1

\/,‘13/\@2 (1 +4 (i—g’) |l|)2>

Then, (75) is satisfied for

|lz| < |z,,| +

ICrl. (88)

1

\/m,AQQ <1 +a(3e |£|)2> |

Cg —
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—ATP, — P,A, — (w STl

K3

by Pa —c

a

1
> P, — —P.b,bY P, P.b, —cT
R3

P, >0, (94)

> 0. (95)
0

(i) Using (87) and |u| < k1 |Z| + k2 + k3|r|, we get
[ul < K1z, |+ K2 + K3 |r| + Kics [Cr| (89)
Hence (76) is proved with ¢7 = k1c¢5.
(i) Introducing (85) in (82) gives
Vi< e el + 3ra.dlGl . (©0)

Then integrating both sides of (90) yields

TA2 2
LA@I&SX;WWM+M@M

o

T
+é/|@ﬁ@ (91)
0

which gives (77) with cg = 2 [|[V1(0)| + |V4(T)|] and

)‘Qo
Cg = C%.
To prove (78), integrating both sides of (72) yields

T 9
| at < S (vor+ v

- /Tmfw (©2)
H3)‘Q2 0 ! .

Further, using (84), we get
T 1 T
[efas——— [Tpra o9
AP
’ 1 (35 l)
Then, combining (92) and (93) yields (78), with

2[[V(O)] + [V(T)]]

K3AQ, (1 +4 (,/\\gz |l|)2>

1

K3AQ, (1 +4 (

Ci0 =

and

C11 =

e |L|)2) |

Remarks:

1. From (77) and (78) we have that if (; € L then, by
Barbalat’s lemma, the tracking and estimated track-
ing errors converge to zero.

2. Other observers such as a high gain observer may
be used, but in this case the control input should be
saturated to avoid the effect of large transient values
of the estimated states.

3. Parts (i)—(iii) of Theorem 1 and 2 point out the fol-
lowing facts: First, the tracking and estimation errors
are bounded and their bounds depend on some design
parameters that can be tuned by the designer. Sec-
ond, the input control is also bounded and the amount
of energy can be controlled by the design parameters.
Third, if the uncertainty terms are square integrable,
then the tracking and estimation errors converge to
zero.

4. The satisfaction of the stability conditions (62), (63)
and (70) can be expressed as an LMI problem of the
form (94) and (95). The feasibility of (94) and (95)
depends on the choice of the reference model (9)
and (10), the filter H(s) and the observer dynam-
ics (53) and (54). The reference model and observer
eigenvalues influence the magnitudes of the eigenval-
ues of matrix P, which affects the positivity of (95).
On the other hand, an increase in the norm of H(s)
reduces the norm of the uncertain terms o, , and s
which reduces the magnitude of p but increases the
filtering dynamics.

5. Simulation

The validity of the proposed neural adaptive control
scheme is verified on an inverted pendulum (Fig. 4), de-
scribed by

j"l = T2,
(96)
T2 = f(x1,72) + g(21)u + d,
with
Flan ) = (me +m)gsinx, — milx coszy sinxy
1 - 9

1(3(me+m) —mcos?x1)
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mg sinx,

Q Q

Fig. 4. Inverted pendulum.

CcoS I

x = 5
9(z1) 1 (3(me+m) —mcos?z1)
where x1, 2o and u are the pendulum angular position,
velocity and input force, respectively. Moreover, d is an
uncertainty term. Remark that f(z) can be written as

f(z) = a(z)z, withz” =[ z; , ]and

(2) (me +m)g sin xy
ai(z) = :
T 1(3(me+m)—mcos?zy) o1

mlxs cosxy sinxq

B = T+ m) - meo )

For the simulation, the system parameters are chosen as

follows: m., = 1 Kg, m = 0.1 Kg, ! = 0.5 m
and ¢ = 9.8 m/s?. The reference model is given by
am =[1 2 ]andb, = 1. The control system is dis-

cretized using the sampling step 7" = 2 ms. We note that
since T' is small, the stability conclusions drawn on the
continuous-time basis remain valid. If this is not the case,
the proposed approach should be redesigned in a discrete-
time framework.

The steps of the observer-based adaptive neural con-

trol design are as follows:
1. For the observer design, select /7 = [ 8 16 ] and,
to ensure the SPR condition, select H(s) = (s + 2).

2. Regarding the reference model dynamics, the ref-
erence variables are bounded within the interval
[-1,1] x [-2,2] (along 21 and o, respectively). As
for the form of f (z) and g (x1), the control input is
given by

szfl (xlw/iQ)Kl@—’—?zs (./,L‘l),&?)'r, (97)
where the first term in (97) is constructed by a two-
output RBF network defined by nine RBF functions,
ie, ¢, (z1,72) € R, having standard deviations
of 1/+/2 and v/2 and using mesh spacings of 1 and 2
with respect to x; and s, respectively. The sec-
ond term in (97) is constructed by a single-output

RBF network with three RBFs, i.e., ¢, (z1) € R1*3

having standard deviation of 1/+/2 and using mesh
spacings of 1 with respect to z;. K; € R%*2 and
ks € R3*! are the two adjustable parameters of
neural networks. Note that the pendulum velocity x 5
is replaced by the estimated one Z».

3. The required bounds are fixed as k; = 60 and
ks = 30, which implies |a1(z)| < 16, |az(z)| < 0.5
and 0.98 < g(x1) < 1.47, respectively. The evalua-
tion of ¢ (1) over the interval defined for 21 and x5

yields |¢4(x1)| < ¢o = 1.81. The upper bounds on
the approximation errors are fixed as e; = 0.05 and
€3 = 0.01.

4. Using the above bounds, the solution of the LMIs
(94) and (95) yields

305.1491 —45.1804 153.2330 —76.6165

| —45.1804 56.4105 —13.0517 6.5258 <0
| —153.2330 —13.0517  222.3894 —110.6947 ’

76.6165  6.5258 —110.6947  55.3473

which gives, with b} = [0 0 1 2 ]andc, =
[0 0 1 0 ],thefollowing result:

by Pa—c,

=10"%| 0.1340 0.0392 —0.1298 —0.0335

which is practically zero.

5. The free control parameters are adjusted using (26)
and (28), with v; = 500 and 3 = 100.

The tracking performance for the nominal plant (i.e.,
no uncertainty is introduced) is shown in Fig. 5. It is
clear that the tracking errors are rapidly reduced, and the
control input is moderate and smooth. Further, the pen-
dulum position and velocity are rapidly estimated by the
observer used. Figure 6 shows the tracking performance
under the disturbance term d = 2sign(z2) + 2x2, where,
after a short transient period, the tracking errors converge
to small bounded values. Figure 7 illustrates the effect
of parametric uncertainties, where the masses and length
are reduced by 50% (Case (a)) and increased by 50%
(Case (b)). Finally, Fig. 8 shows the combined effect
of the disturbance term with two parametric uncertainty
cases (a) and (b). Those results illustrate the neural con-
troller robustness against disturbances and uncertainties,
and its effectiveness in both tracking the reference model
and estimating the pendulum state vector. As predicted by
theory, the evolution of the norms of the neural adaptive
controller parameters converges to bounded values.
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Fig. 6. Effect of disturbance.

6. Conclusion

This paper has presented an extension of the model refer-
ence control approach to nonlinear plants using adaptive
neural networks. Both full state and observer-based ap-
proaches were analyzed, and their stability was proved.
The advantages of this approach over the previously de-
signed ones are as follows: no supervisory control is
needed to ensure closed loop stability, and no knowledge
of a high-frequency gain derivative bound is required. The
simulation results conformed the effectiveness and sim-
plicity of the proposed algorithm. Future work is directed
to extend this control design to multivariable nonlinear
systems.
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