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Output Tracking of Some Class Non-Minimum Phase
Nonlinear Systems Via Output Redefinition

Firman, Janson Naiborhu

Industrial & Financial Mathematics Group, ITB

Abstract. In this paper, we present the output tracking for a class non-minimum phase nonlinear. To achive the output tracking, we
will apply the modified steepest descent control. To apply the modified steepest descent control, the output of the system will be
redefined such that the system will become minimum phase with respect to a new output.

INTRODUCTION

In the output tracking theory, the input output linearization is one of the most available methods [1]. Output tracking
problems for nonlinear non-minimum phase systems is a rather difficult issue in control theory. Most of researcher
restrict their research to some special nonlinear classes only. The stable inversion proposed in [2], [3] is an iterative
solution to the tracking problem with the unstable zero dynamics. This method requires the system to have well defined
relative degree and hyperbolic dynamics, i.e. no eigenvalues on the imaginary axis. In [4], control design procedure
for the output tracking was proposed. The design procedure consists of two steps. In the first step, the standard input
output linearization is applied. In the second step, we group an output with the internal dynamics as one subsystems,
which is usually nonlinear, and the rest of the output as the other subsystem that is linear, the nonlinear subsystems
is linearized about its equilibrium. In [5], the asymptotic output tracking which is a class of causal nonminimum
phase uncertain nonlinear systems is achieved by using higher order sliding modes (HOSM) without reduction of the
input-output dynamics order. In [6], J. Naiborhu ez.al have developed a method to design the input control to track
the output of a non-minimum phase nonlinear systems asymptotically. The design of the input control is based on
the exact linearization. To perform an exact linearization, the output should be selected such that its relative degree is
equal to the dimension of the system. Results on stabilization of non-minimum phase system in the output feedback
form have been presented in In [7], [8], [9]. The main idea in [7], [8], [9] is output reconstruction such that becomes
minimum phase with respect to a new output.

In this paper, we will modify the steepest descent control for output tracking of a class non-minimum phase nonlinear
uncertain systems, with relative degree being n — 1, n is the dimension of the system. The modification is the addition
of an input artificial of the steepest descent control. The design of descent control can not be initiated from the
output causing the system to be non-minimum phase. In this paper to solve the problem, we transform the system
into a normal form which is minimum phase with respect to a virtual output, which is a linear combination of state
variables.

Problem Statement

Consider affine nonlinear system

Ax + bu+ ¢(y), x(t) € R", u(r) e R €))]
= x 2
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in which ¢(y) is smooth vector field in R”, with ¢(0) = 0, b = [0,...,0,b,_1,b,)7 , by_y # 0, by_y = —b,,

o1 ... 0
N
0O 0 ... 1
0O o0 ... 0

The relative degree of the system (1)-(2) is n — 1. The system (1)-(2), can be transformed to

Wy = Wil k=1,...,n-2 3)
w1 = alw,n) + blw, nu 4)
noo= n-xit+¢i(x)+ -+ Palx1) 5

y =  w.

Then the zero dynamic of the system (1)-(2) is

Thus the system (1)-(2) is non-minimum phase.

Our objective is to make the output system (1)-(2) tracks the desired output. To make the system (1)-(2) track the
desired output, we will use the dynamic feedback control. The design of the dynamic control is based on the modifica-
tion of the steepest descent control. By “Trajectory Following Method [10], the steepest descent control is determined
from the differential equation & = —‘g—f, where F is a descent function which has a variable as solution of internal
dynamics system. So, to modify the steepest descent control can not be initiated from the output causing the system
to be non-minimum phase. Therefore, the output of the system will be redefined such that the system will become

minimum phase with respect to a new output.

Output Tracking

We consider system (1). Consider now a new output u = ax; + x, + - - - + x,,. The relative degree of system (1) with
respect to p is n — 1. The system (1) with respect to u, can be transformed to

e = L+l k=1,...,n-2 (6)
-1 = alz,m) + bz, nu @)
f] = Xi+x+...+x,
= n-x+¢(x)+...+dp(xy)
ko= .
Furthermore
m=nn—x1+¢10)+ -+ () (®)
Case 1 :if ¢p1(y) +--- + ¢,(y) = 0.
Then
mo= nm-x)=n"-nx
7 —
=7’ =n(—D ©)
a-—1
Thenifz; =0and 0 < a < 1, then
an?
nn = <0. (10)
a-1

Therefore, the zero dynamic (1) with respect to output u is asymptotic stable. Thus the system (1) with respect to
output u is minimum phase.

Case 2 :if ¢1(y) + -+ + ¢,(y) = h(y) # 0.
Then

mi ==+ hoN) =1ty - (2T (220)
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ifzz=0and 0 < @ < 1, then
2

a _
m = 1 +nh( 1 ) (11)
a-—1 a—1

If we choose h(y) such that nh (%) < 0. then the zero dynamic (1) with respect to output u is asymptotic stable

Let u, is the desired output of the new output.

Assumption : Substituion x; = x4, i = 1,2,...,n— 2.
Based on assumption, we have xo4, X34, ..., X(u-1)d T€Spectively.
Then %, = f(xi, x,-1, x,) can be solved by substituting x,—1 = X(-1)4-

Thus x,, = x,,4. Furthermore definition error

e =U—[q, Hg = AX1q + Xog +++ Xpq

. We design a control law u through properties of the solution of higher order ordinary differential equation. Consider
a differential equation
@€ + ar_1eVV@ + ..+ are(d) + age(®) = 0, (12)

where 7 is the relative degree of the system. If a polynomial
p(s)=ars" +a,_1s .. +ais+ag (13)

is Hurwitz, then solution of differential equation (12) tends to zero if  — oo.
In this case for the purpose of designing the control law required an explicit relationship between input and output.
For that, we define a descent function as follow :

n—1 2
Flus pas it fras o1V, @) = [Za,»(u—ud)@]
j=0

n—1 2
[Z aj(e)(j)] . (14)

j=0

By ’Trajectory Following Method” [10], the control u is determined from the differential equation

OF “ )| e
S _ . (620 ST
U= ol 2a,-1 [j:EO aj(e))V ] F (15)

The control law in equation (15) is called the steepest descent control.
Calculate the time derivative of the descent function (14) along the trajectory of the extended system

X = Ax+bu+ o), (16)
n—1 ) (n—1)
i = =2a,.; (Z a_,-(el)(])] a(e+ a7
= !
Then we have
n—1 n-2
F(ei,éy,...,é") = 2 [Z aj(e )(j)] (Z aj(el)(ﬂl)]
/=0 =0
n—1
o | (Oale + Ba,m)  Obe + Ba, 1)
. )
+ 2a,-1 []Z:(; aj(er)” ]( ” + % u
n—1 2
o oF
- 2a, [Z a,-(en“)]y;) - (a—) : (18)
=0 "
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From equation (18), the value of the time derivative of the descent function (14) along the trajectory of (16)- (17) can
not be guaranteed to be less than zero t > 0.

Now we modify the steepest descent control (15) by adding an artificial input v. Thus &z = —‘Z—I; +v

By the same way, let us calculate the time derivative of the descent function (14) along the trajectory of the extended
system yielding

F(ey,én,...,é")

n—1 n-2
2 [Z llj(el )(j)] (Z aj(el)(j”)]

=0 =0
n—1
y | (Oale + Ba,m)  Oble + Ba, 1)
. @)
+ 2a,.1 [Z aj(er) ]( ot + ot u
Jj=0
wl o) (9F\ . OF
— 2a,, ;a,-(el) A o It (19)
We will choose the artificial input v such that F(ey,éi,..., e(lr)) be less then zero. If we take
1 OF \*
v= oo ke er.... el = k(e er,.. el l>)) + (a_) : (20)
o u
where
n—1 n-2
k(ey,eq, ..., e(ln_l)) = 2 [Z aj(el)(/)] [Z aj(el)(ﬁrl)]
=0 =0
n—1
5| (Oale + Ba,m)  Ob(e + Ba,m)
. ()]
+ 2a,-; [Z aj(er) )( ar + it u
j=0
n—1 )
- 2, [Z a,-<e1><f>]yf,">. @1
=0
Then
. oF OF \*
. (n 1) _ _ . (n—1) ur
F(ey,é,....e" ) = (au) \/(k(el,el,.. e )) +(6u) (22)
We have F(ey, ¢, .. (” Dy < o, if P 5 aj(e) # 0. Thus, the descent function (14) becomes minimum. The
minimum value of descent function (14) is zero. Therefore F(ey, €|, .. (" Dy = 0, then Py yaj(e)¥) = 0. Thus,
we choose aj, j = 0,...,n— 1 such that the polynomial p(s) = ap + a;s +--- +a,_1 5" 24 g 1 is Hurwitz, then error

e)(t) = 0,if t — oco. Thus u tend to yy if time # — oo . Hence the output of the original system y = x; tracks to the
desired output y, ().

Example
Example 1. Consider nonlinear system (SISO)
X1 = X + )C%
X, = X3 - u+x (23)
X3 o= u-2x
Yy = X1, Yq=sin(t)
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FIGURE 1. output tracking z; to zj4

The nonlinear system (23) with respect to output y is non-minimum phase. Now, redefinition output z; = u = ax; +
Xy + x3, withO < a < 1.
By considering the new output, the relative of the system (23) is 2 and normal form

1 = 22

2 = b(2)+alxu (24)
. 3 (Z1 - 77)

=)

with a(z) = ax3 + (@ — 2)x% +2(a — Dxjxy + 2(a — l)x?, b(z)=1-a.

If z; = 0, we have
2

r=nln=(7) = 3=

m=mn{n a1/ a1
Furthermore if 0 < @ < 1, then i < 0. Thus system (23) in respect to output z; is minimum phase.
Let y,(¢) = sin(t). Next, we choose z;4 such that if z; track z;4(f), then y(¢) tracks the desired output y,(¢). By replacing
x1 with x;4 = y; = sin(?), then xog = cos(t) — sin*(¢). By replacing x, with x»4, we have a differential equation
X3 — x3 = sin(f) + sin(2t) — sin(?).
Thus x33 = —0.5cos(f) — 0.5sin(t) — cos*(t) + 1. Now, 214 = @x14 + Xog + X34 = (@ — 0.5)sin(f) + 0.5cos(?). According
to (15), the modified steepest descent control is

it = =2ax(ao(z1 — z1a) + a1(Z1 — zig) + a2(Z1 — 1)1 — @) + v, (25)

with v as in (20).
The simulation results are shown in figure 1 and figure 2.

Example 2.
x'l = X2 — x?
X, = x3 — u+2x (26)
X3 = u— x?
y = X, Ya=sin(r)

The nonlinear system (26) has relative degree 2. The system (26) is non-minimum phase. Now redefinition output :
71 = U= ax; + xp + x3, with 0 < @ < 1. Furthermore

71 = axy + x3 — a/x?
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FIGURE 2. output tracking y f0 y,

2 = axy + x5 — 3ax(1)’

Thus the relative of the systems (26) with respect to the output z; is 2.
If z; = 0, we have
2 4
. an n
== 4 27
m=-"7 @- 1y (27)
Therefore system (26) is minimum phase with respect to a new output.
Let y () = sin(t) = x14(¢). Next, we chose z;,4(f) such that if z;(¢) tracks z;4(¢), then y(¢) tracks the desired output
y4(t). By replacing x; with x;4(f) = sin(f), then we have x,y = cos(t) + sin’t. By replacing x, with x,4(f), we have a
differential equation x3 — x3 = sin(t) — 3sin’*tcost.
Thus x3; = 1/10cos(t) — 1/5sin(t) — 3/10cos’t — 9/10sin’t. Next, zig = X1g + 2X2q + 2X34. According to (15), the
modified steepest descent control is

it = =2xpax(ao0(z1 — z214) + a1(Z1 — zia) + a2(Z1 — 21a)) + v, (28)

with v as in (20). The simulation results are shown in figure 3 and figure 4

Conclusions

In this paper, we have investigated the output tracking for a class non-minimum phase nonlinear systems (1)-(2). The
modified steepest descent control has been applied for the output tracking. To apply the modified steepest decent
control the system (1) are required to be minimum phase with respect to a new output, where the new output is linear
combination of the state variables. Furthermore, the new desired output will be set based on the desired output of the
original system.
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