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THE CONTROLLED CENTER DYNAMICS*

BOUMEDIENE HAMZIf, WEI KANG?, AND ARTHUR J. KRENERf

Abstract. The center manifold theorem is a model reduction technique for determining the
local asymptotic stability of an equilibrium of a dynamical system when its linear part is not hy-
perbolic. The overall system is asymptotically stable if and only if the center manifold dynamics is
asymptotically stable. This allows for a substantial reduction in the dimension of the system whose
asymptotic stability must be checked. Moreover, the center manifold and its dynamics need not be
computed exactly; frequently, a low degree approximation is sufficient to determine its stability. The
controlled center dynamics plays a similar role in determining local stabilizability of an equilibrium
of a control system when its linear part is not stabilizable. It is a reduced order control system with a
pseudoinput to be chosen in order to stabilize it. If this is successful, then the overall control system
is locally stabilizable to the equilibrium. Again, usually low degree approximation suffices.
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1. Introduction. Center manifold theory plays an important role in the study
of the stability of dynamical systems when the equilibrium point is not hyperbolic.
The center manifold is an invariant manifold of the differential equation which is
tangent at the equilibrium point to the eigenspace of the neutrally stable eigenvalues.
For instance, as the local dynamic behavior “transverse” to the center manifold is
relatively simple since it is the one of the flows in the local stable (and unstable)
manifolds, the center manifold method isolates the complicated asymptotic behavior
by locating an invariant manifold tangent to the subspace spanned by the eigenspace
of eigenvalues on the imaginary axis. In practice, one does not compute the center
manifold and its dynamics exactly, since this requires the resolution of a quasi-linear
PDE which is not easily solvable. In most cases of interest, an approximation of degree
two or three of the solution is sufficient. Then we determine the reduced dynamics
on the center manifold, study its stability, and conclude about the stability of the
original system [24, 26, 21, 6, 15].

The combination of this theory with the normal form approach of Poincaré [25]
was used extensively to study parameterized dynamical systems exhibiting bifurca-
tions [27]. The center manifold theorem provides, in this case, a means of systemat-
ically reducing the dimension of the state spaces which need to be considered when
analyzing bifurcations of a given type. In fact, after determining the center manifold,
the analysis of these parameterized dynamical systems is based only on the restriction
of the original system on the center manifold whose stability properties are the same
as the ones of the full order system.

This approach was also adopted in control theory. The combination of the normal
form approach for control systems [20] and center manifold theory enabled the analysis
and stabilization of systems with one or two uncontrollable modes in continuous and
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discrete time [17, 18, 19, 14, 23, 9, 12, 13, 11, 10]. After using a linear feedback
to asymptotically stabilize the linearly controllable part, it was possible to stabilize
the whole system by focusing only on the restriction of the original control system
on the center manifold, whose dimension equals the number of uncontrollable modes
(i.e., one or two). This allows us to study the stabilizability and the synthesis of a
controller for the full order system based on the linearly uncontrollable part.

In this paper, we generalize this approach to systems with any number of un-
controllable modes by introducing the controlled center dynamics. This controlled
dynamics is a reduced order control system over which the control design for the
full order system is performed and whose dimension is the number of uncontrollable
modes. This allows us to reduce the complexity of the stabilization problem, as the
dynamics of the linearly controllable part becomes stable by choosing a linear feedback
that places its eigenvalues in the open left half-plane.

In practice, the controlled center dynamics will allow us to study the stabiliz-
ability and synthesizing stabilizing controllers for some classes of finite- or infinite-
dimensional control systems based only on the study of a reduced order finite-dimen-
sional control system given by the controlled center dynamics. Thus, this methodology
can also be viewed as a reduction technique for some classes of controlled differential
equations.

By deriving an explicit formula of the controlled center manifold and the con-
trolled center dynamics, the link between feedbacks and the resulting center dynamics
becomes clear. By changing the feedback, the stability properties of the controlled
center dynamics will change, and thus the stability properties of the full order sys-
tem will change too. Thus, choosing a feedback that stabilizes the controlled center
dynamics allows us to stabilize the full order system.

The paper is organized as follows. In section 2, we define what is meant by the
controlled center dynamics and show how a feedback will affect it. Then, in section 3,
we apply this technique to stabilize systems with a transcontrollable bifurcation using
a quadratic feedback and then using a piecewise linear feedback.

2. The controlled center dynamics. Consider the nonlinear system

(2.1) = f(¢ ),

where the variable ¢ € R”™ is the state and v € R is the input variable. The vector
field f(¢) is assumed to be C* for some sufficiently large k.

Assume f(0,0) = 0, and suppose that the linearization of the system at the origin
is (A, B),

_of
A=5¢

(0,0), B = %(0,0)7

with
(2.2) rank([B AB A’B --- A" 'B]) =n —r,

and r > 0. Moreover, assume that the system (2.1) has r uncontrollable modes on
the imaginary axis. Let X5 denote the system (2.1) under the above assumptions.

The system Ys is not linearly controllable at the origin, and a change of some
control properties may occur around this equilibrium point; this is called a control
bifurcation if it is linearly controllable at other equilibria [23].
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From linear control theory [16], we know that there exist a linear change of coor-
dinates and a linear feedback transforming the system s to

jjl = All‘]_ + fl(.'lf]_,l‘Q,U),

2.3 z
(2:3) &9 = Asxo + Bou + fo(x1, 22, u),

where 1 € R", 2o € R" ", u € R, A7 € R™™" is in the real Jordan form and its
eigenvalues are on the imaginary axis, Ay € R(»=7*(®=) By ¢ R»=")*1 are in the
Brunovsky form, i.e.,

01 0 0 0
0 0 1 0 0
Ap=| i i ol Ba= |t
oo o0 --- 1 0
0 00 --- 0 1

and fi(z1,72,u) = O(z1, 72,u)?, for k =1,2.
Now consider the feedback given by

(2.4) u(xy, x2) = k(1) + Koxo,

with x a smooth function and Ko = [ k21 -+ kon—yr |

Because (As, Bs) is controllable, the eigenvalues in the closed-loop system asso-
ciated with the equation of x5 can be placed at arbitrary given points in the complex
plane by selecting values for K. If one of these controllable eigenvalues is placed in
the right half-plane, the closed-loop system is unstable around the origin. Therefore,
we assume that Ky has the following property.

Property P. The matrix Ay = Ay + By K> is Hurwitz.

Let us denote by F the feedback (2.4) with Property P.

Now consider the closed-loop system (2.3)—(2.4) given by

i1 = A1z1 + fi(21, 2, k(21) + Kaz2),

2.5 _
(2:5) Bp = Apxy + Ba(k(x1) + Kowa) + fo(w1, w2, k(21) + Kaxa).

This system possesses r eigenvalues on the imaginary axis and n — r eigenvalues in
the open left half-plane. Thus, a center manifold exists [6]. It is represented locally
around the origin as

(2.6) We = {(z1,22) € R” x R" " |25 = I(1), |21] < 8, 11(0) = 0}

for 6 sufficiently small.
For any point (x1,x2) in W€ we have

xo = II(x1);
hence
L O(xy) .
(27) T = 8361 xq.

Since the points in W€ obey the dynamics generated by the closed-loop system (2.5),
and since in W€ the feedback law (2.4) is

(1, 22)|p,=11(z,) = K(21) + KoIl(21),
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then, substituting

iy = Avwy + fi(ey, (z), k(2) + K2H(xl))a
L.EQ = AQH(I’l) + BQ(H(Il) + KQH(I’l)) + fQ(fEl,H(Il), H(Il) + KQH(JJl))

into (2.7) gives the PDE satisfied by IT and k:

flgH(xl) + BQKJ(ZL’l) + f_Q(.’El, H(.’El), Ii(.’El) + KQH((El))
(2.8) _on

= aixl(xl) (Alasl + fl(xl,ﬂ(xl), H(Z‘l) + KQH(xl))) .

The center manifold theorem ensures that this equation has a local solution for any
smooth k(z1). The reduced dynamics of the closed-loop system (2.5) on the center
manifold is given by

(2.9) &1 = fi(x1; k),
where
fi(zes k) = Aray + fi(zy, (), 6(21) + KoIl(z1)).

According to the center manifold theorem, we know that if the dynamics (2.9) is locally
asymptotically stable, then the closed-loop system (2.3)—(2.4) is locally asymptotically
stable (see [6], for example).

The part of the feedback F given by x(x1) determines the controlled center man-
ifold x5 = II(x1) which in turn determines the dynamics (2.9). Hence the problem of
stabilization of the system (2.3) reduces the problem of stabilizing the system (2.9)
after solving the PDE (2.8), i.e., finding x(x1) such that the origin of the dynamics
(2.9) is asymptotically stable. Thus we can view x(x1) as a pseudocontrol.

Since solving the PDE (2.8) is difficult, it is usually sufficient to approximate the
center manifold. Using the Taylor expansion of II and x around x; = 0 permits one
to have an approximation of the center manifold. Because k starts with linear terms

(2.10) k(x1) = Kizy + 6l () + - - -,
II starts with linear terms

(2.11) (z1) = MWay + 1 (z) + -+
The PDE implies that

(2.12) AQHM + By Ky = HmAl,

AQHP] (:1?1) + BQK/[Q] ($1) + f2[2] (.’L’l, H[l]:vl, Kz + KQH[l].'I;l)
(2.13) o1I2]
o 6371

(r1)Ar121 + 1t _1[2] (x1, Wy, Kz + KQH“]M),

and so on.
For any xlFl(x1), these linear equations are solvable for III*(z;) since the eigen-
values of As and A; do not coincide. In fact, Ko in (2.4) is chosen such that

%(U(Ag)) <0= %(O'(Al))
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The degree k equations are

(2.14)

OTII¥] k=1 arylk—i)
(21

A1 (21) + Bowl (1) — o (z1)A121 =

where
filwr) = filawr, (z1), k(x1) + KoTI(21)).

Note that fim (1) depends only on T (zy), ..., TIV " (z1) and sl (), ..., kU ().
For 1 <i <r —1, the ith row of these equations is

oM <ot
(215) M) = (@) A+ 30 e ) [ ) = ).

xr €Z
! =t 71

The rth row is

o1l (k] H[k Jl ) N
(2.16) kM () = GRS +Z DI @) = M ).

Note that H[lk] (1) determines H[Qk] (x1)y. .-, i (1), k¥ (21). Therefore we may change
our point of view. Instead of viewing x*/(z1) as determining H[lk} (z1),. .. M (1),
we can view H[lk] (z1) as determining H[zk] (1), .. Bty (x1), &!*¥l(x1). In other words,
instead of viewing the feedback as determining the center manifold, we can view the
first coordinate function of the center manifold as determining the other coordinate
functions and the feedback.

Alternatively we can view II; as a pseudocontrol and write the dynamics as

(2.17) i1 = Ay + fi(e ).

We will call this dynamics the controlled center dynamics.

Now let us write explicitly the solution of (2.12) and (2.13) giving, respectively,
the linear and the quadratic approximation of the center manifold of the closed-loop
system (2.5).

2.1. Linear center manifold. In this section we solve (2.12), which gives the
linear part of the center manifold, show how it is affected by the linear part of the
feedback (2.4), and see how we can change the orientation of the center manifold
through the linear part of the feedback (2.4).

Suppose the entries in Ky are Ko 1,K29,...,K2,—r. Then the characteristic
polynomial, P(\), of the matrix Ay + Bo K5 is defined by

P(A) = det ()‘I(nfr)x(nfr) - AQ - B2K2>

(2.18) B T
=N =Ko b AT — s — Ko g A — Ko g

The linear part of the feedback (2.4) is given by

(2.19) u(zy, x2) = K121 + Koxo + O(21, 22)°.
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From (2.11), the linear part of the center manifold is given by
H[l] (331) = H[l]l‘l,
and (2.12) is equivalent to the following system of equations:

! =mtla,,
= mhla,,

HELT = I_I[TlllA17
o=m A4 - K -k, — ...~ K,,_ 11!

n—r?
where HE” is the ith row vector in IT. Therefore,

! =nlla,,
n -l

-,
0=ty + 1A — g, il - o nla, - R, i A
= —Kl + H[ll] (A?ir - KQJI — K2’2A1 —_ . — KZ,’I’L*TA;Liril).

The last equation has the form of characteristic polynomial defined by (2.18).
To summarize, the linear part of the center manifold is defined by the following
equations:

) = K P(A)

(2.20) ,
Hgl] = H[ll]All_1 fori=2,...,n—r.

Note that P(A;) is always invertible for the following reason. The eigenvalues of P(A;)
equal the values of P()) evaluated at the eigenvalues of A;. Since Ay = Ay + By K> is
Hurwitz, the roots of the characteristic polynomial (2.18) are all in the open left half-
plane. Since the eigenvalues of A; are all on the imaginary axis, which are different
from the roots of P(\), we deduce that P(A;) has no zero eigenvalue. Thus, the
matrix P(A;) is invertible.

THEOREM 2.1. Given the feedback F, the center manifold is given by

zo = MMz + 0(2?),

with the components of TN uniquely determined by (2.20).

Now let us show that the orientation of the center manifold can be changed by
changing K in (2.10).

If we view the center manifold, represented by x5 = II(z1), as a submanifold in
the space of (z1,x2) € R™, we can say that the orientation of the center manifold at
the origin is a basis of the orthogonal complement subspace of the tangent space of
the center manifold. Indeed, the orientation of the center manifold at the origin is
a set of vectors which are orthogonal to the manifold; they are linearly independent;
and they generate a complement subspace of the manifold.
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THEOREM 2.2. Given any (n — 1) X v matriz of the form

[M(nfr)xr j\/'(nfr)x(nfr)]v

its row vectors define the center manifold orientation at the origin for (2.3)—(2.19) if
and only if N~ exists and TIM = — N =1 M satisfies (2.20).

Proof. Suppose that [M(,—r)xr Nm—r)x(n—r)] defines the orientation of the
center manifold. Then it is orthogonal to the tangent space of the center manifold. It
is known that the tangent space of the center manifold is given by its linear part

T — H[l]fL'l = O,

where TI satisfies (2.20). 1In the (x1,z3)-space, a set of orthogonal vectors of
the tangent space is the row vectors of [~II1| I]. Therefore, both [—IIY| I] and
[M(n—r)Xr /\f(n_r)x(n_r)] generate the same space, which is orthogonal to the tan-
gent space of the center manifold. Therefore, the row vectors of [Tl I] are linear
combinations of the row vectors in [M(,_p)xr Np—ryxm-n], i-€.,

[~ 1] = N7 My Nnryxnn)]

So MY = —N=! M, and it satisfies (2.20).
On the other hand, suppose —N\ ~! M satisfies (2.20). By Theorem 2.1, the linear
space

N_lMI1+l‘2:0

represents the linear part of the center manifold. It is the tangent space of the center
manifold. Therefore, [N"=! M | I], the row vectors in the coefficient matrix of this
equation, form a basis of the orthogonal space. It is easy to check that the row vectors
of [M N and [N ! M | I] generate the same vector space. Therefore, [M N defines
the orientation of the center manifold. O

Now consider the change of coordinates
(2.21) g =wa; — T AT gy i=1,..  n—m
then

i’Q,i:fZi—&-la i1=1,...,n—mr,
n—r
Ton—r = E koo ;.
i=1

Hence, the coefficient K; has been removed from the xo-part of the dynamics (2.3
(2.19) by a change of coordinates. With K; = 0, we deduce from (2.20) that T =
So the linear terms of the center manifold have been removed.

PROPOSITION 2.3. Given any feedback (2.19) satisfying Property P, and the
change of coordinates (2.21), the center manifold is given by

=
0.

(2.22) Ty = O(x?).
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2.2. Quadratic approximation of the center manifold. In this section, we
solve explicitly (2.13) giving the quadratic approximation of the center manifold and
show how it is related to the quadratic part of the feedback (2.4).

Under a linear change of coordinates (2.21), the system is transformed into

1 = Az + flm (21, %2 + T2y, 62 (21)) + O(a1, 22)3,
572 = AQ(IEQ + H[l]xl) + BQ(KlIl + Koo + KQH[l]l'l + Hm (Il))
+ fg[z] (1‘1,532 + H[l]xl,u(arl, i‘z + H[l]xl)) — H[l]Alxl
— TV P (g, &+ MWy, u(ay, & + T 2y)) + O(a1, 2)°,
in which w is the feedback defined by (2.4). Define a quadratic vector field f2[2] (z1,22)
by
PN, #2) = [ (@1, &0 + Wy, K2y + Koo + KoT1zy)

(2.23) o
- H[l]fl[ ](.131, J~32 + H[l]xla lel + Kgfg + KQH[l]Z‘l).

Then from (2.21) and (2.23), equation (2.3) is equivalent to

T, = Ajxq + fl[z] (.131,@2 + H[l]l‘l, U(Jfl,fg + H[1]1‘1)) + O(J?l,i;g)g,

(224) '
i = AsFy + Bo(Kaiis + 62 (21)) + f2 (21, 52) + O(21, 32)3.

In the (z1,Z2) coordinates, the center manifold has the form (2.22).
It satisfies the center manifold equation

- GHM (xl)

AgTIP) (1) + Ba( Kol (an) + 7 (@) + 57 (@1,0) = =
1

Alxla

or, equivalently,

I 8H[-2] .
EZ]l(xl) = % 411‘1 — f2[21]($17 ) f()r 7 = 2,37 N
r1 ) 0
(2'25) 0 Ean—] (331) A 712]
# 141 2,n—r(x170) - KQH[2] (xl) — K[Q] (Il)
1

In the following, we adopt the matrix notation

P (1) = 2] Qias,
(2.26) ~2[2Z] (21,0) = o Ry,
k(x1) = :clTL:cl,

where @Q);, R, and L are symmetric r X r matrices. Define a linear operator by

(2.27) L4,(Q) = ATQ + QA
for all symmetric 7 X r matrices Q. Then (2.25) is equivalent to

Qi—i—l = EAl(Qz) - Rz for i = 2,3,...,n—r,
0= EAl (anr) - Rnfr - K2,1Q1 — s — KZ,nf'ranr — L.
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Solving these equations, we have

Qi =L (Q) Z.c Ri_j_1),
(2.28)

n—ri—2

P(‘CAl)Ql =L+ R(n—?“) + Z ZKQ,i»Ci‘l (Rifjfl).

i=2 j=0

To summarize, the equations (2.28) imply the following result on the quadratic ap-
proximation of the center manifold.
THEOREM 2.4. If

xy = 11 (x1)+ 2 (x1)+ O(a:l)?’

approzimates the center manifold of (2.3), then TP (zy) is uniquely determined by
the equations

H?](xl) =27 Qixy fori=1,2,...,n—r,
where
n—r i—2
Q1 =PLa,) " L+ Rur+ Y > Koild (Rij )|,
i=2 j=0

Qi =L Q1) Z.c Rij_1)

in which L4, is the operator defined by (2.27); R; is from the quadratic dynamics
and is defined by (2.26) and (2.23); L is from the quadratic feedback and is defined
by (2.26); and P is the characteristic polynomial of Ay + B K given by (2.18).

Similar to the derivation of the linear center manifold, the operator P(L,,) is
always invertible. The set of eigenvalues of the operator L4, is {A\; + A; : for
,7=1,...,r}with Ay, £ = 1,...,r, being the eigenvalues of A;. Therefore, o(A;) =0
implies that the eigenvalues of £ 4, are all on the imaginary axis. Since Ay is Hurwitz,
the roots of P(\) are all in the left half-plane. They do not coincide with the eigen-
values of £4,. Thus the eigenvalues of P(L4,) given by P(A\;+X;), 4,5 =1,...,r, are
nonzero. The linear operator, P(L4,), from R™" to R"*" must be invertible. The
implicit differential equation (2.13) is thus solvable since P(L4,) is invertible.

There are some special cases in which the center manifold is simpler. For instance,
if (2.24) is in quadratic normal form (see [20]), then f2[2] is independent of z. In this

case, ~2[2] (z1,0) = 0. Therefore, R; = 0. Under the feedback
u = Koxs + 21 Qpp1,
the quadratic approximation of the center manifold of (2.24) is
zg = 12 (2y),

where
17 (1) = 27 Qi

Q1= P(La,) 1 (Qyp),

Qi = ﬁfq?(Qﬂ-
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One special but useful case include systems with a zero uncontrollable mode
(transcontrollable bifurcation). In the following section, the specific center manifolds
of these systems are derived. The results in this section provide a tool to reduce
a system to a low-dimensional center manifold. Feedback laws for the control of
bifurcations can be derived based on the reduced system on the center manifold of
the closed-loop system.

3. Stabilization of systems with transcontrollable bifurcation. In this
section, we use the precedent results to stabilize systems with a transcontrollable
bifurcation, i.e., those where A1 =0 € R.

From [17, 18], we know that there exists a quadratic change of coordinates and
feedback,

z=z+0¢P(2),

u=uv+a?(zv),
bringing the system (2.3) to a quadratic normal form

r+1

4= B2 + 2z + 2522; +0(z1,29,0)°,
i=1

9 = Az + Bov + O(21, 22,0)?,

(3.1)

with 23,41 = v. Moreover, we know that this system has a transcontrollable bifurca-
tion if 42 — 4861 > 0 (see [17, 18]).
Now suppose that we use the linear feedback

v=Kiz1 + Kozo,
and assume that the linear part of the center manifold is given by
29 = H[I]zl.
Since A; = 0, we deduce from (2.20) that

o =o0, i=2..0r

(3.2) "
Ky = —-Knlli;

SO H[Ql]a e 7HL1]7K1 depend on H[ll].
Thus, the controlled center dynamics is

= (5l 4 5,11 ) 22 4 O

Because 72 —438; > 0, there are two choices of H[11] such that ﬁ—i—’yH[ll] +61 (H[ll])2 =0.
After such a choice, the stability of the controlled center dynamics depends on cubic
terms.

We use quadratic and cubic change of state coordinates and invertible quadratic
and cubic feedback,

v =2+ ¢P(z) + ¢9(2),
u=uv+a(z,v)+all(z,0),
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to bring the system from linear normal form to quadratic and cubic normal form
(see [23]):

r+1 r+1
5 = B2+ yzi201 + Z ;o + B2 + 2tz + Z 8i2173;
i=1 i=1
(33) r+1r+1
+ )0 Ejzizs; + O(21, 22,0)",
i=1 j=i

%o = Aozo + Bov + O(Zl, 2270)2.

Let X7 denote this system. Because z, is linearly stabilizable, the quadratic and
cubic terms will not affect the stability properties of the zo-dynamics.

3.1. Stabilization using a quadratic feedback. Consider the quadratic feed-
back

(3.4) v= Kz + Kaxy + H[2](Z1)
to shape the linear and quadratic parts of the center manifold
zo = H[I]Zl + H[Q] (Zl),

which in turn shape the quadratic and cubic parts of the controlled center dynamics.
The procedure to choose K7 and K in (3.4) is as follows. From Property P, we know
that K is such that o(A+ By Ks) < 0. Moreover, we choose H[ll] so that the quadratic
part of the controlled center dynamics is zero; then we deduce K; from (3.2).

We can choose H[12](zl) = c2? arbitrarily; then the controlled center dynamics is
given by

s=((r+26me + 5+ 31+ 8§ @2 + & (1)?) 2 + 0",

There were two possible choices of H[ll] that canceled the quadratic part of con-
trolled center dynamics. Since 72 — 436; > 0 there is at least one such H[ll] SO
that v + 26, T} % 0.

Then we can choose ¢ so that

(v + 26110 )e 4 B+ A1 4 6, (1) 4 & ()2 < 0

and the controlled center dynamics is locally asymptotically stable, so the closed-loop
system is locally asymptotically stable.

THEOREM 3.1. Consider system (3.3) with v* — 436, > 0; then the quadratic
feedback (3.4) locally asymptotically stabilizes the system L.

3.2. Stabilization using a piecewise linear feedback. The quadratic con-
troller (3.4) is not robust to small parameter variations because we must choose H[ll]

such that
B+ A1 + 5 ()’ =0

to cancel the quadratic part of the controlled center dynamics. A small variation of
B, v or 81 introduces quadratic terms in the controlled center dynamics, and hence
instability.
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Therefore we take an alternative approach. We use a piecewise linear feedback;
i.e., r is of class CY. So k is not smooth as supposed previously, but we will see that
our approach is still valid.

The control law has the form

(35) V= Kl(Zl)Zl + KQZQ + O(Zl, 22)2,
with

ki, 2z >0,
K ={ 0 220

Under the feedback (3.5), the system (3.1) has n — 1 eigenvalues with negative real
parts (As is Hurwitz), and one zero-eigenvalue.

THEOREM 3.2. Consider the closed-loop system (3.1)—(3.5); then there exists a
center manifold defined by zo = I1(21) whose linear part is determined by the feedback
(3.5).

Proof. The linear part of the dynamics (3.1)—(3.5) is given by

21 = O(z1, 22)%,

(3.6) . _ ,
Z9 = BQKl(Zl)Zl + AQZQ + 0(21,22) .

Let Xj, (resp., 3, ) be the system (3.6) when Ki(z1) = ki (vesp., Ki(z1) = k1) for
all z1. Since the system ¥j (resp., E;ﬁ) is smooth and possesses one eigenvalue on
the imaginary axis and n — 1 eigenvalues in the open left half-plane, then, from the
center manifold theorem, in a neighborhood of the origin, Xy, (resp., X ) has a center
manifold W (resp., W¢).

For X, the center manifold is represented by 23 = TI(21) for z; sufficiently small.
Its equation is

Zo = AQﬁ(Zl) + Bg(iﬁz1 + Kgﬁ(21)) + O(Zl, 22)2

(3.7) ot

- %ﬁﬂ 2 =0(z1, )%
Since the linear part of the center manifold is of the form 2z, = ﬁ[l]zl and its ith
component is z9 ; = ﬁ£1121 fori=1,...,n—1, using (3.7) we obtain that ﬁ[ll] = fﬁ

and ﬁE” =0 for 2 < i <mn-—1. Similarly for E;W the center manifold is represented
by 29 = ﬁ(zl) Its linear part is given by zo = ﬁ[l]zl, whose components are defined

by ﬁ[ll] = —% and ﬁgl] =0, for 2 < i <n—1. Since A5 has no eigenvalues on the

imaginary axis and kg ; is the product of all the eigenvalues of Ay, then ko1 # 0.

The center manifolds W and W¢ intersect along the line z; = 0, since TI(21)|2=0 =
0 and TI(z1)|2,—o = 0.

Hence, if we slice them along the line z; = 0 and then glue the part of W* for
which z; > 0 with the part of W€ for which z; < 0, along this line we deduce that, in
an open neighborhood of the origin, the piecewise smooth system (3.6) has a piecewise
smooth center manifold W,. The linear part of the center manifold W, is represented
by 25 = Iz, . The ith component of 23, 25 ; is given by
(38) Zgﬂ' = H[l] (21)217

)
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with

(3.9) H[ll](zl) = —% and Hgl](zl) =0 fori>2. |
2,1

Using (3.3) and (3.8), the controlled center dynamics is given by

1]

O(IL} )27 + O(27)
~[

(I1})zF + 0(=1)

21205
z1 <0,

7
)

(3.10) 4 = {

with @ the function defined by ®(X) = 8+ vX + 6; X2,

The following theorem shows that the origin of the system (3.10) can be made
asymptotically stable.

THEOREM 3.3. Consider system (3.3) with v — 4361 > 0; then the piecewise
linear feedback (3.5) locally asymptotically stabilizes the system 3.

Proof. Since 42 — 4361 > 0, and given any ®q such that 0 < ®y < |8 — v2/(49)],

there is a ﬁ[ll] such that @(ﬁ[lu) = —®y and a ﬁ[ll] such that @(ﬁ[ll]) = ®y. The
controlled center dynamics is then

21 = —®g|21]21 + O(21)?,

which is locally asymptotically stable.
To show the local asymptotic stability of the closed-loop system, we make the
change of coordinates

Zonew = Z20ld — H(Zl)
In these new coordinates the system becomes

z';l = —®0|21‘Zl + gl(zlsz)a

o = Agzo + ga(21, 22),

where g;(z1,0) = 0, 2—5;(0,0) = 0. So given any € > 0, there exists a 6 > 0 such that
if |z| < 6, then

19:(21,0)| < €lzz].
Since A, is Hurwitz, there exists a unique P such that
PAy + ATP = 1.
Since P is positive definite, then there exists 0 < m < M such that!
m|z|? < 2 Pzy < M|2o)2.

Let V be the composite Lyapunov function [22]

1
V(z1,22) = 52’% +1/28 Pz

We can choose m = Apin(P) and M = Amax(P), the smallest and the largest eigenvalue of P,
respectively.
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then

d _
—V(21,22) < —®ol212] + |21]|71 (21, 22))|

dt (—lz2| +2M|g2(21, 22)|)

1
9 Tm
| 22|

i (gm0 7)) =

< =gz |27 —

By choosing e such that ﬁ —e(6+ %) > 0, then £V (21, 22) < 0. So the origin of
the closed-loop system (3.3)—(3.5) is asymptotically stable. 0

With this approach, we generalize the results in [4], where the authors used a

piecewise linear optimal controller to stabilize a special class of systems of the form
(3.1).

(21]
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