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Abstract: The problem of asymptotic stability for some class of nonlinear control
systems, where the relative degree of the system is well defined, with relative degree
being 1 and n — 1, n is the dimension of the system, is addressed in this paper. To
solve the problem, we will design an input control. For the design of input controls,
the system will be transformed through partial feedback linearization such that the
zero dynamic of the system with respect to a new state is asymptotically stable and
the new state is a linear combination of state variables.
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1 Introduction

In the analysis for nonlinear control systems, there is no general method which can be
applied to any nonlinear control system in designing the control input for solving the
stability problems. Therefore, in general, the researchers describe some particular non-
linear classes only. Recently, stability problems for nonlinear control systems have been
intensively investigated. J. Naiborhu and K. Shimizu [1] proposed a dynamic feedback
control for the asymptotic stability of a nonlinear class, where its unforced dynamic is
asymptotically stable. In 2004, P. Chen et al. |2] and L. Diao et al. [3] introduced the
problem of stability through system transformation, where the transformation of the
system is made through dynamic feedback. One of popular methods for solving stability

* Corresponding author: mailto:firman.mathii@gmail.com

(© 2021 InforMath Publishing Group/1562-8353 (print)/1813-7385 (online)/http://e-ndst.kiev.ua238


mailto: firman.math11@gmail.com
http://e-ndst.kiev.ua

NONLINEAR DYNAMICS AND SYSTEMS THEORY, 21 (3) (2021) 239

problems is the input-output linearization method. Some researchers studied the stabil-
ity problems of a nonlinear control system using the input-output linearization method,
for example, Ricardo Marino and Patrizio Tomei [4] discussed the stability of a lower
triangular nonlinear control system. Its stability control was the dynamic feedback of
order n 4 2(r — 1) (n is the system order, r is the relative degree). Results on stabiliza-
tion of nonlinear lower triangular systems with uncertainties in the output feedback form
have been presented in [5] and [6]. In [7], J. Naiborhu et al. discussed the asymptotic
stability problem for a nonlinear class, where its control’s design used exact lineariza-
tion. Furthermore, in [8], the authors have addressed the problem of stabilization for a
class of nonlinear control systems with the relative degree of the system being not well
defined. Then, in [9], the authors have introduced the problem of stabilization for a class
of nonlinear systems with uncertainty.

In this paper, we will investigate asymptotic stability of some class of affine nonlinear
control systems, with the relative degrees of the system being 1 and n— 1. For the design
of input controls, the system will be transformed through partial feedback linearization.

2 Problem Formulation

Consider the affine nonlinear control system

2(t) = fi(z(t) + fa(x(t))u, (1)

where z(t) € R™, u(t) € R. fi: D — R™, f(0) =0 and f, : D — R™ are sufficiently
smooth in a domain D C R".
Let a state y(t) = f3(x(t)), fs : D — R be sufficiently smooth in a domain D C R™ ,

f3(0) =0.
According to [10], if we have

y P (t) = L?l fa(z)+ Ly, L]pcl_lfg (2)u, (2)

with Lf2L];c1f3(l‘) =0,k=0,1,2,--- ,p—2, szLfcl_lfg(l‘> # 0, for all z € Dy, then the
relative degree of the system with respect to the state y is p, 1 < p < n, in a region Dy C
k (L}, fs) k k-1 (L fs(@))
D, where Lf2Lflf3(ac) = =3 fo(x), Lflfg(.%') = LJclLf1 3(x) = ——5—= fi(2),
O(Ly, f3(z) dfs(x
1% f) = 2B 0, Ly, () = 5 1y (), 1, fole) = fole).

Let the relative degree of the system with respect to the state y be p. By partial
feedback linearization, the system with respect to the state y can be transformed to

Zk = Zk+1,k:1,2,-"7p—1, (3)

Zp = f(2)+9(x)u, (4)

Zop1 = Qp+1(2)7 (5)

with the Jacobian matrix of z(z) being nonsingular at a point xg, z = (21,22, - , 2n),

Yy=z.
Consider the system (5)-(6). If z; = 0 for all ¢, then the system ()—(6) is said to be
zero dynamic with respect to the state y = 2.
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The following theorem describes the asymptotic stability of the nonlinear system
(see [11]).

Theorem 2.1 Consider a system

X = flov), (7)
v o= g(v) (8)

and suppose that v = g(v) has an asymptotically stable equilibrium at v = 0. If x =
f(x,0) has an asymptotically stable equilibrium at x = 0, then the system (@—(@ has an
asymptotically stable equilibrium at (x,v) = (0,0).

In order to use Theorem 1, we need to choose the state variable such that the zero
dynamic of the system is asymptotically stable. In this paper, we present asymptotic
stability of some class of affine nonlinear control systems, where the relative degree of the
system is well defined, with the relative degree being 1 and n — 1, n is the dimension
of the system. For a class of affine nonlinear control systems with the relative degree of
the system being 1, the input control design is needed so that the zero dynamic of the
system is asymptotically stable. Next, for a class of affine nonlinear control systems with
the relative degree of the system being n — 1, to achieve the stability, we will design an
input control when the zero dynamic of the system is asymptotically stable.

3 Main Results

First, we will investigate the asymptotic stability for an affine nonlinear control sytem
in the following form:

t=Ax+7u, z(t)eR", TER", u(t)eER, 9)
with
01 ... 0
A=
0o o0 ... 1
1 0 0
and T =1 =---=0,7T1=—aq,a1 >0, 7, = as+ ¢(z1),a2 > 0, ¢(0) = 0.

The following theorem states that the new state variable of the system @D can be
chosen such that the zero dynamic of the system @D is asymptotically stable.

Theorem 3.1 Suppose the nonlinear system as in equation @ Then there exists a
state variable y = agx1 + a1x2 + -+ + Gn_2Tn_1 + an_12, such that the relative degree
of the system (@ with respect to the state y is 1. Furthermore, the zero dynamic for the
system @ with respect to the state y is asymptotically stable.

Proof. Let y =apx1 + a122 + asx3 + ...+ apn_o2Tp_1 + ap_1x,. We have
U =aoTa+ a123+ asty + ...+ an_op + an_121 + (an_1(cz + &(21)) — an_201) u.

Thus, the relative degree of the system @D with respect to the state y is 1, with
an—1 (02 + ¢(x1)) — an—20a1 # 0.
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Furthermore, the partial feedback linearization is

y = v, (10)
o=, (11)
N2 = 13, (12)
(13)
ﬁn72 = MNn-1, (14)
-1 = Tn—aiu, (15)
where m =21, M2 =2, ..., Mp—1 = Tp—1-

We will choose the input control u such that the zero dynamic is asymptotically stable.
Next, we choose v = —kiapr1 — koa1x2 — kzasxs — ... — kpGy_12,, with a,,_1 = 1. We
have

ao1 (—]ﬁ - %01) + a122 (—k2 - _a?o) + ot an—12n (—kp — an—2)
u
s+ (z1) — o
_ —Blagz1 + arze + agws + -+ -+ xy,) (16)
az + ¢(x1) — ap—201 ’
Whereﬁ:klﬂ-%:kg—f—%:kg-’-%:...:kn-ﬁ-an,Q.

Next, if y(t) = 0, Vt, then the zero dynamic of the system @D with respect to the
state y is

o= ne, (17)
772 = 13, (18)
(19)
ﬁn—2 = TNn-1, (20)
Tno1 = —GoN1 — Q172 —a2M3 — *** — Ap_2Mn—1- (21)
From Egs. 7, it can be written
7.7 = Alna
where n = (11,12, ..,7,-1)7 and
0 1 0
A = : : - :
0 0o ... 1
—ap —a1 ... —Qp-2
If we choose ag, a1, ..., a,_o such that all the root of the characteristic polynomial of the

matrix A; p(A) = ag + a1 A + - + a,_2A""2 + A"~ ! have negative real part, then the
zero dynamic of system @ with respect to the state y is asymptotically stable. Hence,
there exits the state variable y = agz1 + a1x2 + - - - + an—12, such that the zero dynamic
of the system @D with respect to the state y is asymptotically stable.
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Proposition 3.1 Consider system (@ with the state y = apx1 +a1x2+ -+ Ap_1Tp-
Chose a,—1 =1 and ag,ay,...,a,—2 such that the polynomial

p()‘) =agt+aA+...+ an_2)\n*2 41 (22)

is Hurwitz. If we choose the new input v as in Eq. (@/ such that y = v has an asymptot-
ically stable equilibrium at y = 0, then at using the input control in Eq.@, the system
@)- has an asymptotically stable equilibrium at (y,n) = (0,0)). Furthermore, the
system (9) has an asymptotically stable equilibrium at z = 0.

Next, the affine nonlinear control system is considered in the following form:
& =Mz+71u+0(x1),2(t) € R", u(t) € R, (23)

with (z1) € C*(R"™), 6(0) =0, 7 = (0,0,...,0,7_1,7n)T, Tn_1 # 0,

01 0 ... 0
0O 0 1 ... 0
Tn1=—Tp, M= | .1 |, 0i(x1)+02(x1) + -+ bp(x1) =0.
o0 o0 ... 1
0 0 O 0

Theorem 3.2 Suppose the nonlinear system as in equation . Let the state vari-
ables y = axy + 22 + - -+ + xp, a # 1. Then the relative degree of the system with
respect to the state y is n — 1. Furthermore, the zero dynamic for the system with
respect to the state y is asymptotically stable.

Proof. Let y = az, a = (a,1,...,1), . = (v1,72,...,2,), a # 1. We have

Yy = ax=aMzx+ab(z), (24)

j = aMQm—i-aMO(xl)—Fa%, (25)

: (26)

y " = aM D 4 aM™G(zy) + -+ aM(0(x1) Y + a(f(z) ), (27)
y Y = aMO Ve 4 aM20(z) + -

+aM(0(z1) " + a(0(x1) " +b,(1 — a)u. (28)

Thus, the relative degree of the system with respect to the state y is n — 1.
Furthermore, the linearized input state for system with respect to the state y = 2z;
is

G = e k=1,2,...,n—2, (29)
o1 = flzm) +9(z,n)u, (30)
N o= Iy tdgttd,=n—1 (31)

with f(z,1) = aM ™ Do 4+ aM™=20(x1) 4 - + aM(0(21)) ") + a(f(z1)) =2,
g(z,m)=by(1—a),a#1, 2= (21,22, -, Zn—1)-
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Furthermore, we will investigate the stability of the zero dynamic of the system
with respect to the state y = z;. Consider

. 21—1
mo= nn—z)=n"—n(=—). (32)
a—1
If 27 =0and 0 < a < 1, then
L (33)
M=

Therefore, the zero dynamic of the system with respect to the state y = 2z is
asymptotically stable.
Consider the system —. If we choose the input control

1
g(z,m)

U= (—f(z,m) —coz1 —c122 — ... — Cn—22n-1) (34)

then we have the normal form of the system with respect to the state y = 21

2 = Bz, (35)
o= q(z,m), (36)
with
0 1 0
B= : : - : 7
0 0o ... 1
—Cp —C ... —Cp_2

7 =q(z,n) in Eq.. In particulir, the matrix B has a characteristic polynomial
PN =co+ A+ Fcp oA AT (37)

Because the zero dynamic of the system with respect to the state y = 2; has an
asymptotically stable equilibrium at w = 0 and if we choose cg,c1,- - , ¢,—2 such that all
the roots of the polynomial p(\) have negative real part, then the system — has
an asymptotically stable equilibrium at (z,7) = (0,0).

Proposition 3.2 Consider the zero dynamic of the system with respect to the
state y = z1. Let all the roots of the polynomial in Eq. have negative real part. Then,
at using the input control in Eq. , the system (@)— has an asymptotically stable
equilibrium at (z,m) = (0,0).

Example 3.1 Suppose the nonlinear control system is

.’E.1 = T2, (38)
Q;'Q = I3 — u, (39)
T3 = w1+ (042 + x%) u. (40)

Let y = coz1 + c122 + x3. Then § = cowa + c1o3 + 21 + (0 + 22 — c1aq)u.
Thus, if @y > ciay, the relative degree is one for all z. Then, according to , the
input control is
—B (cox1 + c1ao + coxs + x4)
as + 22 — cra

u(t) = (41)
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with g = k1 + é =ko+ 2—‘1) = ks + cq. If we choose ki, ko, ks > 0 and cg, ¢; such that all

roots of the polynomial p()\) = ¢y + 1A + A? are Hurwitz, then the system - has
an asymptotically stable equilibrium at (z1, 22, 23) = (0,0,0).

Simulation result is shown in Fig.la for constants k1 = 5—5, ko = 4—;,14;3 =35 ¢ =
6,c1 = 5. The initial value z1(0) = —1,5, 22(0) = 2,5, 23(0) = —3.
Example 3.2 Suppose the nonlinear control system is
T4 = o+ m%, (42)
Ty = x3—u+ (43)
@ u — 222, (44)

3 =
The relative degree of the system 1} with respect to the state y = axy + x2 + 23
is 2, 0 < @ < 1. The system l) can be transformed to

21 22,
. zZ1—n
n o= n- (Oé 1 ) )

with y = 21, f(2,1) = azz + (o — 2)2} + 2(a — w122 + 2(0 — 1)25,
9(27 7’) =1l-a

Thus, the zero dynamic of the system |) with respect to the state y = 21 is
asymptotically stable. Then, according to (34)), the input control is

1
u=T— (—a(z,m) — coz1 — c122) . (46)
If we choose c¢g,c; such that all roots of the polynomial p(A) = ¢o + 1A + A% have
negative real part, then the system — has an asymptotically stable equilibrium at
(xly T2, .Tg) = (05 07 O)

L | 1 N

\ 3 oF | \ 3] 4

———————

200

\
= 10/ N
x = |/ N
off e
aofh 7
\ /!
# \ 7
=201 1\ i
3| A /
s 1) 1 LA !
\/ sor b
Y g
4 . . . . . . . . . 40 e
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
t t
a b

Figure 1: a) simulation result for Example b) simulation result for Example

Simulation result is shown in Fig.1b for constants a« = 0,5, ¢y = 6,¢; = 5. The initial
value z1(0) = —3, 22(0) =5, 23(0) = —6.
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4 Conclusion

In this paper, we have investigated asymptotic stability of some class of affine nonlinear
control systems through partial feedback liearization. For a class of affine nonlinear
control systems with the relative degree of the system @[) with respect to the state y
being 1, the input control is designed so that the zero dynamic of the system @[) is
asymptotically stable. Next, for a class of affine nonlinear control systems with the
relative degree of the system with respect to the state y being n — 1, the input
control is designed when the zero dynamic of the system (ED is asymptotically stable,
where the state y is the linear combination of the state variables.
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