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Abstract: In this paper we combine forwarding and backstepping techniques to stabilize
mixed interlaced systems. All the signals in the close loop remain semiglobally
ultimately bounded the output signal y follows a desired trajectory signal y,; with
bounded derivatives up to m™ order. We also present simulation examples that prove the
adaptation of mixed interlaced forms, using a backstepping controller.

1 Introduction

Recent technological developments have forced control engineers to deal with
extremely complex systems that include uncertain and possibly unknown
nonlinearities, operating in highly uncertain environments. Man has two
principal objectives in the scientific study of his environment: he wants to
understand and to control. The two goals reinforce each other, since deeper
understanding permits firmer control, and, on the other hand, systematic
application of scientific theories inevitably generates new problems which
require further investigation, and so on. Nonlinear control includes two basic
forms of systems, the feedforward systems and the feedback systems.

The strict feedback systems can be controlled using the well known
backstepping technique. The purpose of backstepping is the recursive design of
a controller for the system by selecting appropriate virtual controllers. Separate
virtual controllers are used in order to stabilize every equation of the system. In
every step we select appropriate update laws. The strict feedforward systems can
be controlled using the forwarding technique that is something like
backstepping but in reverse order. Other cases of systems that can be converted
to the previous forms are part of a larger class of systems that are called
interlaced systems as described by [9], and [3]. In these systems we combine
backstepping and forwarding techniques together in order to recursively design
feedback control laws. Interlaced systems are not in feedback form, nor in
feedforward form. These systems have a specific methodology that differs from
backstepping and forwarding. We don’t start from the top equation, neither from
the bottom.

Other special cases of systems are part of other forms that we call mixed
interlaced and we introduce their study in the present paper. The methodology is
based on classical interlaced systems and is developed by the authors. We want
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to make the systems solvable by one of the well known backstepping and
forwarding methods. This can be reached after some specific steps that convert
the system into a known form. We start from the middle equation and we
continue with the top. The previous method is based on classical interlaced
forms that are introduced by [9] and [3] and can be extended to more
complicated systems.

A lot of researchers developed a series of results that generalized and
explained the basic idea of nonlinear control. Teel [10] in his dissertation
introduced the idea of nested saturations with careful selection of their
parameters to achieve robustness for nonlinear controllers. After Teel ,
Sepulchre, Jankovic and Kokotovic [9] proposed a new solution to the problem
of forwarding that is based on a different Lyapunov solution.

The paper consists of four sections including the current one. The next
section introduces the meanings of Adaptive Control, Backstepping and
Forwarding techniques. In Section 3, the main body of this paper, the mixed
interlaced forms are analyzed. Finally section 4 draws some concluding remarks.

2 Background in Adaptive Control

The history of adaptive control began from the early 1950’s. With the
passing of the years a lot of papers and books have been published. These
research activities have proposed solutions for basic problems and for broader
classes of systems. Especially the interest for nonlinear adaptive control began
from the mid-1980’s. A lot of great scientists, such as Kokotovic et al [2], Lewis
et al [4], Ioannou and Sun [7], Christodoulou and Rovithakis [5] have studied
adaptive control and its applications extensively.

Adaptive control is a powerful tool that deals with modeling uncertainties in
nonlinear (and linear) systems by on line tuning of parameters. Very important
research activities include on-line identification and pattern recognition inside
the feedback control loop.

Through time, adaptive control has existed big development (Sepulchre et
al [9]) in order to control plants with unknown dynamics that appear linearly.
Adaptive control is based on Lyapunov design.

In order to make it clear, a short example will be reported. Let us consider
the nonlinear plant:

x=u+0x’ (1)
And select the control law as:

u=—qgx— 0x> 2)

which, if the estimated 6 (é) is equal to real & such that 6=0 , then the result is
a close loop system of the form:

X =—qgx 3)
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The filtered version of the signals x is:
1

X, =——Xx 4
I s+ @
The prediction error e is:
e:x—fc:(ﬁ—é)xf = éxf ©)

We use the commonly normalized update law:

A }/ 2z
O=—"—x,%0 (6)
27 f
1+xf

The previous update law is linear. It can be proved that 0 does not converge to
zero faster than exponentially and the easiest case is:

0=e76(0) (7)
Finally the close loop system has the following form:
X=—x+0x> (8)

where for simplicity g substituted with 1 and by substituting 6 from the
previous equation is obtained:

X=—-x+ e_t6’~(0))c2 )

where for simplicity y substituted with 1.
It is easy to see that the explicit solution of the previous is determined by the
following equation:

o 2(0) (10)
x(0)0(0)e™ +[2 - x(0)0(0)]e™

From the previous it is clear that if x(O)é(O) <2 then it is obvious that x
converge to zero as ¢ 2o, At the case that x(O)é(O) >2, at the time:

_1,_x(0)6(0)

27 x(0)(0)-2

the difference of the two terms of the exponential in the denominator becomes
zero, that is:
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| x()| >0 as t > 1,
The previous model is unstable (x goes to infinity at #,,) and Lyapunov design

models must be specified in order to achieve stabilization.
Let choose the following Lyapunov function:

1, 1.~
V==x"+=(0-60 11
5 > (0-0) (1)
The derivative of the Lyapunov function for our nonlinear plant is:
V=x(u+0x>)+(0-6)0
In order to find a control and an update law we must specify:

V<—x2 = x(u+60x*)+(0-0)*0 < —x* (12)

From the previous equation in order to remove the unknown 6 we use the update
law:

And the control law is:

u=-x—06x°

Both control law and update law yield V < —x? such that stability maintains in
opposition to the previous approach without Lyapunov.

Adaptive control in most cases has tracking error that converges to zero.
i) Adaptive Backstepping Design

Backstepping ([1], [2], [4], [7]) is a recursive design for systems of the
form:

. T

X =%+ (x,%,)0

. T

Xy =X+ @, (X,Xy,X5)0

- T
Xy =u +@3 (X,%),X3)0
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with state x:[x,T, X, x3T] and control input u. The value 6 is a p x I vector
which is constant and unknown. The function ¢; depends only to x;, x, function
@2, p3;depends only to x;, x5, x;3.

The purpose of backstepping is the recursive design of a controller for the
previous system by selecting appropriate virtual controllers. The virtual
controller for the first equation of the system is x, and is used to stabilize the
first equations, the virtual controller for the middle equation is x; and is used to
stabilize the first two equations, and finally the controller for the last is u. We
use separate virtual controllers in order to stabilize every equation of the system.
In every step we select appropriate update laws.

In classical backstepping, the output is selected as the state x; and the
purpose of adaptive control is to make this state to follow a desired trajectory
X14-

Adaptive backstepping design is a Lyapunov based design [4]. The previous
procedure can be applied only to systems that have (or transformed to) the
previous form (strict feedback).

ii) Adaptive Forwarding Design

Forwarding ([9]) is something like backstepping but for strict feedforward
systems. Let us introduce forwarding technique with an example such as:

o 2
Xp =Xy + X357+ xpu
S 2
Xy =Xy — X3 U

Xy =u

In the previous example we do not have feedback paths.
Firstly we stabilize the last equation ( x; =u ). We take the following Lyapunov
function:

Vs = %xf and a feedback to stabilize the system is u = —x;. With the previous

we augment x; =—x; by the middle equation, and write our system in the
cascade form:

Xy =¢y(x3)

X3 = _X3

where @, (x;)=x; —x;> is the interconnection term. x, =0 is stable and
Xy =—x; i1s GAS and LES. The next step is to construct Lyapunov function /,

for the augmented system when V7 is given.
After some specific steps we reach the following control law:
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3
u=—x;—(x, +x; +%)(1+x32) (13)

3 Mixed Interlaced Forms

a. Introduction and Linearization Method

To begin with we consider the following third order mixed interlaced
system and via an example we will introduce mixed interlaced forms [12]:

Xp ==Px +azy(c3 = X)X, +az (63— X)x3
Xy ==Xy +ay3(Cy — X)X +ay (C) —X5) X3 (14)
Xy =—=Bx; + (¢ —x3)u(t)
The previous system is not in feedback nor is it in feedforward form
because of specific terms such as x;x,, x;x3, x,x;. The Jacobi linearization of the

previous system is a chain of integrators.
Instead from starting on top, we start from the middle equation and treat x;

as virtual control and we want x, =—x, for stability. There exists a Lyapunov

function of the form V] :%xzz and a stabilizing feedback is

_ TPa%y + Ay Xy —ay XX X,

X3 which is x;=a(x;x;). We employ one step

ay1 Xy —dy16
of backstepping to stabilize the middle equation augmented by the top equation
of our system:

X| ==Bx +az(c3—x)x, +
—Boxy +aycyx — Ay XX 1 Xy )+
dy Xy —an &
+as,(c; —x))v (15)

+az1(c5 —x)(

Xy ==X +v

where the control x; has been augmented to x;=a(x;x)+v. With v=0, the
equilibrium (x;,x,)=(0, 0) is globally stable and forwarding yields the following
Lyapunov function:
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V, =V, + lim,(s)

R (16)
_ RN

fl—x1+x2 2x2 3x2

The feedback law: v =—(1 —x22)§1 maintains the system globally stable and the

augmented control is

—PaXy +ax30X —dy3Xp X + X,

ay1%y —ay1C 17)

Xy =a;(x,Xxy) +v=

—(1-x,7)& =ay(x,%,,8)

In order to stabilize our system we apply the backstepping technique.

b. Mixed Interlaced Forms, Adaptive Control and Simulations

Adaptive Control of dynamical systems has been an active area of research
since the 1960°s. The system is described by the following figure:

Reference
X1d

signal
€1 20

Unknown Plant .Y X

Dynamics >
Plant Output

Intelligent Controller
with the use of |«
Neural Networks

Because we have 3 states our controller design is described with Kaynak et al

[1] controller in 3 steps.
Stepl: In this step we want to make the error between x; and x;, (=y,) as

small as possible.
The previous is described by the following equation:

€ =X — Xy (18)

We take the derivative of e;. After that we have:
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e =X —xy; =e = fi(x)+g(x)x, —%, (19)

by using x, as the virtual control input. The previous equation can be changed
by multiplication and division with g;(x;) to the following form:

& =g (g () 1) +x; — gy (), ] (20)

We choose the virtual controller as:

Xog =X = _gfl () fi () + glil(xl)xld —kie (21)

where k; is a positive constant. In order to approximate the unknown
nonlinearities (functions f;(x;) and g;(x;)) we use RBF Neural Networks ([11]).
A Neural Network based virtual controller is used as follows:

Xoq = _91T§1 (x)+ 51T”1 (x)x; — ke (22)

where we have substituted the unknown nonlinearities g;(x;)"fi(x;) and g;(x;)”
with the RBF Neural Networks 6,'& (x;) and &,"#,(x,) respectively based on

Lyapunov stability ([6], [8]).
We take the following adaptation laws (c-modification) in order to avoid
large values of the weights:

91 =T leé(x)-06]] (23)
51 =T pl—enm (x)x, =761 (24)

with o, y; small and positive constants and 17;;=I 1T>(), =T 12T>() are the
adaptive gain matrices.

Step 2: In this step we make the error between x, and x,, as small as possible.
The previous is described by the following equation:

R (25)

We take the derivative of e,. After that we have:
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é2 :)'CZ_XZd :fz(zz)"'gz(fz))%—xz‘] (26)
= £ ®)E %) H(6) +x - 2,(%) K]

By taking the x;, as a virtual control input and by substituting the unknown
nonlinearities gz(fz)_1 f>(x,) and gz(fz)_1 with the RBF Neural Networks

92T§2 (>,) and 52Tn2 (,) respectively based on Lyapunov stability ([6], [8]),
we have:

X3g =—€ =0, & (X)) + 0, ny (X)) %y —kye, @7)

We take the following adaptation laws (c-modification) in order to avoid
large values of the weights:

0, =Ty lerds (1)~ 0,0,
6, =T'pl—e,ny (X3) %55 = 7,651 (28)
with o, 7y, small and positive constants and 7;=I" b '>0, T'y=I5,">0 are the
adaptive gain matrices.

Step 3(Final): In this step we make the error between x; and x;,; as small as
possible.

The previous is described by the following equation:

e = X3~ Xy (29)

We take the derivative of e;. After that we have:

€ =X — X3y = () + g3 (% )u — X3,

o _ _ (30)
=g, (B (X)) A() +u—gy(%) Ky ]

Where u is the control input and by substituting the unknown nonlinearities
2;(%) 7 £,(%;) and g;(x;)”" with the RBF Neural Networks 6,'&(%;) and

8, ny(x3) respectively, we have:

u=—e,— 0, &%) + 8, 1y (333, — kses 31)
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We take the following adaptation laws (c-modification) in order to avoid
large values of the weights:

93 =173 [e;85(x3) — 0365]

03 ='yp[—esn3(x3) X34 — 73051 (32)
with o3, y; small and positive constants and 773;,=I" 2 1>0, T3=3,">0 are the
adaptive gain matrices.

In order to prove the stabilization of mixed interlaced systems we apply the
previous described by [1] and we perform the following simulations:

We make the assumption that c¢;>>x;, c¢;>>x, c¢3>>x; and
ai=az;=P;=P,=p3=1, ¢;=9.99, ¢,=6.66, c3=3.33. Also we want our desired
output to be y,=sin(t).

Figs. 1-6 show the simulation results of applying the controller for tracking the
desired signal y,. From figure 1 we can see that good tracking performance is
obtained. Figure 2 shows the trajectory of the controller. Figure 3 shows the
phase plane of the system. Figure 4 shows the error e, , Figure 5 shows the error

e, and finally Figure 6 shows the errore; .

Adaptive Contraller

08t

06

0.4

a2

L0.2p

04

The output of the system {y)

06

08}

o2 4 B8 0 12 14 16 18 20
t(s)

Fig. 1: The output of the system under adaptive controller.



W3

Chaotic Modeling and Simulation (CMSIM) 3: 529-542, 2012

%10 Adaptive Contraller

The control input of the systermn (u)
o
-

o2 4 B8 0 12 14 16 18 20
t(s)

Fig. 2: The trajectory of the adaptive controller.

Phase plane plot of the system

w2 b -1

¥

Fig. 3: The phase plane plot of the system.
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Fig. 6: Error e;
4 Conclusion

In this paper, we recognize a new form of systems that we call mixed
interlaced form. We apply the well known backstepping and forwarding
techniques via specific steps. Also Lyapunov functions can be selected to
approve convergence and stability. A lot of systems have the mixed interlaced
form. For example we can think systems in biological models that have many
terms from different states. After the appropriate selection of the controller we
can apply adaptive control to make the systems follow a desired trajectory.

The tracking error is bounded and is established on the basis of the Lyapunov
approach. Finally, only the states of the unknown plant which are related to the
reduced order model are assumed to be available for measurement.

The authors hope that the proposed approach would serve as a promising tool
to analyze more complex systems.

References

[1] O. Kaynak, S. Qiang, X. Zhuang, and L. Yahui, “Robust and Adaptive Backstepping Control
for Nonlinear Systems Using RBF Neural Networks,” IEEE Trans. Neural Networks, vol
15, pp 693-701, 2004.

[2] M Kistic, I. Kanellakopoulos, and P. V. Kokotovic, Nonlinear and Adaptive Control Design,
New  York: Wiley, 1995

[3] M. Krstic, “Feedback Linearizability and Explicit Integrator Forwarding Controllers for
Classes of Feedforward Systems,” IEEE Trans. on Automatic Control, vol. 49, pp. 1668-
1682, 2004.

[4] F. L. Lewis, S. Jagannathan and A. Yesildirek, Neural Network Control of Robot Manipulators
and Nonlinear Systems, Taylor & Francis, 1999.

[5] G. A. Rovithakis and M. A. Christodoulou, Adaptive Control with Recurrent high-order
Neural Networks, Springer Verlag, New York, USA, 2000.

[6] G. A. Rovithakis, “Tracking Control of multi-inputs affine nonlinear dynamical systems with
unknown nonlinearities using dynamical neural networks, “IEEE Trans. Syst., Man,
Cybern., vol. 29, pp. 447-451, 1999.



542

(7]
(8]

9]
[10]
[11]
[12]

K. G. Vamvoudakis and M. A. Christodoulou

P. A. loannou and J. Sun, Robust Adaptive Control, Englewood Cliggs, NJ: Prentice-Hall
1993.

M. Polycarpou and P. A. loannou, “Identification and Control Using Neural Network Models:
Design and Stability Analysis,” Dept. Elect. Eng. Syst., Univ. Southern California, Los
Angeles, Tech. Rep. 91-09-01, 1991.

P. V. Kokotovic, R. Sepulchre and M. Jankovic, Constructive Nonlinear Control. New York:
Springer Verlag, 1997.

A. R. Teel, ”Feedback stabilization: Nonlinear solutions to inherently nonlinear problems,”
Ph.D., Univ. California, Berkeley, CA, 1992.

R. M. Sanner and J. E. Slotine, “Gaussian networks for direct adaptive control,” IEEE Trans.
Neural Networks, vol. 3, pp. 837-863, Nov. 1992.

Kyriakos G. Vamvoudakis, Manolis A. Christodoulou, “Adaptive Backstepping Control for
MAPK Cascade Models Using RBF Neural Networks,” Proc. Mediterranean Conf. Control
& Automation, Athens, Greece, June 2007.



