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ABSTRACT. A simple and computationally feasible approach to feedback stabilization of a class of bilinear
systems with unstable drift is presented. Feedback stabilization is carried out in two stages. In the first
stage the system is steered to a stable manifold which corresponds to a special selection of constant controls
in the original bilinear system. In this phase, a control Lyapunov function is used in conjunction with Lie
algebraic control, allowing the system to reach a stable manifold in finite time. The Lie algebraic control
involves a solution to a non-linear programming problem whose formulation results from a direct application
of the Campbell-Baker-Hausdorff formula for composition of flows. In the second phase, the system is made
to “slide” through the ensemble of stable manifolds corresponding to the largest set of constant controls

for which such stable manifolds exist.
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1. INTRODUCTION

The aim of this paper is to present a method for the construction of discontinuous (in the state) stabilizing
controls for a class of bilinear systems which are homogeneous in the state and defined on R™:

m
(1.1) &= Agr+ > upAgx

k=1
Here, A € R™" k =0,...m, and ug € R are the control inputs, with m < n. Systems of this form are
of practical relevance as they arise from the linearization of certain nonlinear systems with respect to the
state only; see [1, 5]. The stabilization problem for bilinear systems has thus received much attention in

the literature, see for example [1, 2, 3, 4, 5, 6, 7, 8, 9].
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Unlike many existing stabilization methods, the control law proposed in this paper does not require the
drift Agz to be critically stable, or stabilizable by constant controls. Our stabilization approach requires
merely the existence of a constant control which renders the resulting linear system to have at least one
eigenvalue in the open left half of the complex plane. By continuity, the latter induces the existence of a
set of constant controls which yield a family of linear systems with stable manifolds. Our approach is thus
suited for bilinear systems with inherently unstable drift terms. To our knowledge, feedback stabilization

of such systems has not yet found a general solution (except for systems which evolve in the plane).

The proposed control law comprises two phases: the reaching phase and the sliding phase. In the reaching
phase the state of the system is steered to a selected stable manifold by employing a suitably designed
control Lyapunov function in conjunction with Lie algebraic control. The latter is necessary when there
do not exist controls which generate instantaneous velocities decreasing the Lyapunov function. The Lie
algebraic control is constructed in terms of a sequence of constant controls which yield a decrease in the
value of the Lyapunov function after a finite time 7. The control sequence is calculated as a solution to
a non-linear programming problem whose formulation results from a direct application of the Campbell-
Baker-Hausdorff formula for composition of flows. Conditions are given under which the constructed
feedback control renders the stable manifold globally attractive and attainable in finite time. Once the
set of stable manifolds is reached the control is switched to its sliding phase whose task is to confine the

motion of the closed loop system to the latter set, making it invariant under limited external disturbances.

The contributions of this paper can thus be summarized as follows:

e A novel Lie algebraic approach to the synthesis of stabilizing feedback control for homogeneous
bilinear systems with an unstable drift is presented. The method applies to systems in which the
drift cannot be stabilized by any constant control. Sufficient conditions for the existence of the
proposed control law are given.

e Two examples corresponding to different dimension of the stable manifolds are presented to demon-

strate the effectiveness of the approach.

2. PROBLEM DEFINITION AND ASSUMPTIONS

The objective in this paper is to present an approach to the synthesis of globally stabilizing feedback

control for homogeneous bilinear systems of the type (1.1). For simplicity of exposition, we will explain
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our approach with reference to bilinear systems which, through the use of constant controls, yield linear
systems with stable manifolds of co-dimension one with respect to the state space. Our approach can
be generalized to systems with stable manifolds of any co-dimension, as is later shown in terms of an

example.

d
For any set of constant controls u e [Ul, ..., upy), let

(2.2) A(w) = 40 +3 w4y
k=1

The following basic assumptions will be needed:

Al. The controls ug, k = 1,...,m can vary freely over R and the feedback control law is sought in the

class of piece-wise continuous functions in the state x of the system.

. d . . .
A2. There exists constant controls u* </ [u},...,u},] such that the corresponding linear system with
. . . . d
system matrix A(u*) has n —1 stable eigenvalues A\;(u*),i =1,...,n—1,ie \(u*) € C™ e {z €

C| Re{z}<0},i=1,...,n—1.
A3. The system (1.1) satisfies the LARC condition for accessibility, namely that

(2.3) span L{Agz, A1x,..., Apx}(x) =R"
where L{ Aoz, Ayz,..., Az} denotes the Lie algebra of vector fields Agz, Ayz, ..., Az and where
L{Apz, Aiz,. .., Apz}(x) ={z € R" | z = Az, Az € L{Apz, A1z, ..., Anx}}

Additionally, (1.1) is completely controllable in the sense that for any two points xg, 2 € R™ there

exists a piece-wise constant control which steers (1.1) from x¢ to x in finite time.

Remark 2.1. Assumption A2 implies that there may not exist constant controls such that Ao+ ;- | up Ay

1s stable.

3. STABILIZING FEEDBACK CONTROL

The underlying idea of the feedback synthesis is simple and draws on variable structure control approach.
The feedback control comprises two stages: the reaching phase and the sliding phase. The task of the
reaching phase control is to steer the system to a stable subspace in finite time, while the task of the
sliding phase control is to keep the system’s state evolving in the set of stable subspaces in the presence

of limited external disturbances.
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3.1. The reaching phase control.

Let A\g(u*) = ax + 4 bg,k = 1,...,n— 1 and let wy = sp + ¢ vg,k = 1,...,n — 1 be the generalized
eigenvectors of the matrix A(u*). Under assumption A2, let n(u*),|[n(u*)|| = 1 be the normal vector
to the stable and invariant subspace E*(u*) = Span{sg,vr | ar < 0}. A generalized control Lyapunov

function is defined by the signed distance to the stable subspace:
(3.4) V(z) % nTs

Along the trajectories of the system (1.1)

dv c
—(x) def a(z) 4+ b(z)u
dt
with a(x) = V.VAx , u = [, ..., Unm]
(3.5) b(a) Y (@) (@), be(e) € VoV A k=1,...,m

It is clear that the control

oy def —al@) — nsign{V(@)} .y
() = B@E )

with 7 > 0 is well defined and bounded for all z ¢ N_E® where N_E® denotes a suitably chosen e-

(3.6)

neighbourhood of the set

B' %z eR | b(a) =0

(3.7) —{zeR" | nTAz=0, k=1,...,m}

so that N.E® % {2 € R" | |b(z)|| < €}. Moreover, for all z ¢ A/, E?

dv def

(3.8) @) = al@) +b(@)u(z) = —nsign{V (2)}

which implies that the distance between the current state of the system using the control u” and the
stable subspace E®(u*) is decreasing at a constant rate 1 as long as the closed loop trajectory evolves in

the complement of N EP.

Once the system trajectory enters N E?, a different control needs to be constructed as for z € N E? there
may not exist any control value v which renders %(m) < 0 guaranteeing monotonic decrease in V. In this

event, further (non-monotonic) decrease in the generalized Lyapunov function will be achieved as follows.

Consider a sequence of constant inputs {u1),u(2),--,u)} denoted by 4, and suppose that each u; is

applied to (1.1) for a time ¢;, ¢ = 1,...s. Also, let & denote the sequence of times {e1,¢9,...,e5}, and
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let T'=3"7_, . Now, if (T;z) denotes the state of (1.1) resulting from the application of (a,&) to this

system with initial condition = at time ¢ = 0, then
(3.9) 2(T; ) = AU o ... o 2247 g1z,

cA(u)x cA(u)x

where e denotes

the flow of A(u)z.

x denotes the solution of & = A(u)x through x at ¢t = 0 evaluated at t =¢; i.ee

By virtue of the CBH formula, for sufficiently small times &, the composition of flows in (3.9) can be

expressed in the form of a single flow; i.e. there exists a vector field f(z,,#) such that

(3.10) o(T;z) = T F @08 g

By assumption A3, the vector field f(z,,) has the following finite expression

N
(3.11) flz,u,8) = ci(u,6)Bix
i=1
where B;,i =1,..., N, with N > n, is some basis for L{Agz, A1z, ..., Az} and ¢; are coefficients which

are nonlinear functions in the components of (u, &), whose analytic expressions can be determined from

the CBH formula, after collection of terms involving the same basis elements, see Example 2.

For a given x € N, E® it is now possible to solve the following satisfycing problem with respect to the pair

(u,€)):

Find a feasible pair (@, £) such that :
N

(3.12) sign{V (z)In" Z ci(u,&)Bix < —2n
=0

where 77 > 0 is some suitably chosen constant.

Let @(z,t),t € [0,T] denote the concatenated control resulting from a solution pair (u,&) to (3.12); i.e.
=u

u(z,t) = ug),t € [t tr +ex,k=1,...,8,t1 =0ty =t)1 +ex-1,k =2,...,s.

The following partial results warrant the existence of solutions to the satisfycing problem (3.12) and

establish its properties.

Proposition 1. Under assumption A3, for any x # 0, any time horizon T > 0, and any constant n > 0
there exists a solution to (3.12) provided that s, the number of switches in the control sequence u, is

allowed to be large enough, and that the CBH formula holds (globally) for all (u,¢€).
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Proposition 2. Let assumption A3 hold and let x(t;x),t € [0,T] denote the state of (1.1) resulting from
the application of u(x,t) to this system at initial condition x(0;x) = x. There exists a time horizon T > 0

such that for any x € N E°

(3.13) sign{V (x)}[V (z(T;x)) — V(x)] < —nT

The proofs of these results can be found in [10].

The above discussion leads to the final definition of the reaching phase control and a subsequent charac-

terization of its property.

Theorem 3.1. Suppose that assumption A3 holds. There exists a time horizon T > 0 such that the
reaching phase control defined by
u"(x r ¢ N.E
(3.14) w0 # Ne
a(z,t); forte [t t* +T] x € N.E®
in which t* is the time instant at which x is detected to be a member of the neighbourhood N.E®, brings

the system (1.1) to the stable subspace E*(u*) in finite time.

The proof of this result can be found in [10].
Remark 3.1.

i. The reaching phase feedback control is time varying as the sequence of controls u(x,t) is applied (as
an open loop control) over a time interval of length T whenever the current state of the controlled
system is detected to be a member of N E°

ii. The satisfycing problem is easier solved in two stages. To this end, an extended system to (1.1)

can be defined first:
N
(3.15) &= vBga
k=1

such that any instantaneous velocity of (3.15) can be achieved by a suitable selection of the “ex-
tended controls” v,k =1,...,N. The latter is possible by virtue of Assumption AS3. In the first
stage, in intermediate solution to the satisfycing problem could then easily be found in terms of

the extended controls by requiring that

N
(3.16) sign{V (z)}nT Z v;Bix} <= —2n
i=1
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A feasible solution to (3.12) could then be obtained by solving the least squares minimization

N
(3.17) mz’n@s—) Z[’l}k — Ck(ﬂ, 5)]2
k=1

3.2. The sliding phase control.

Once the closed loop system using the control uft reaches the stable subspace E*(u*) it is then logical
to switch the control to the constant value u*, which, in the absence of any external disturbances, keeps
the system’s state evolving in E*(u*) for all future times. The latter results in asymptotic stabilization
since F* is stable. As the assumption about the absence of external disturbances is not practical, a
more realistic (feedback) version of the sliding control must take account of any possible deviations of the
system’s state from the desirable stable subspace E*(u*). First let us notice the following consequence of

continuity of the eigenvalues as functions of the control u*, see [10].

Proposition 3. Let u* € R™ be a control which satisfies assumption A2. Then there exists a § > 0 such
that assumption A2 holds for allu € U = B(u*; ), where B(u*;d) C R™ is a ball of center u* and radius
0. The mapping u — n(u), with n(u) € R", ||n(u)|| = 1, the normal vector to E*(u), is continuous on U.

Consequently, the point to set mapping u — E*(u) is continuous on U.

The sliding phase control is now defined on the set S = Uwey E?(u) € R™:

(3.18) u® () “o forz e E?®(u)

where, additionally, u”(z(t)) is required to be continuous along any trajectory of the system t — x(t) € S.

It is now possible to prove the following stabilization result, see [10].

Theorem 3.2. Suppose all assumptions A1-A3 are satisfied and let T be such that the reaching control
defined by (3.14) is steering the system from any initial point xo € R™\ E*(u*) to the subspace E*(u*) in
finite time. Under these conditions, the combined reaching and sliding phase controls:

def uR(x> x ¢ ES(U'*)

(3.19) u(z) = S@) zes

provide an asymptotically stabilizing feedback control for system (1.1).

It should be noted that the regions of definition of the reaching and sliding controls are overlapping.

In this context, definition (3.19) should be interpreted as one delivering a switching control u with the
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switches occurring at time instants in which the closed loop system trajectory leaves any region currently

traversed, be it S or E*(u*).

4. EXAMPLES

4.1. Example 1: dim E*(u*) = 2,n = 3.

The feedback control constructed is applied to a single-input bilinear system on R?, with the following

matrices:
1 -1 0 -1 0 -1
(4.20) Ao=11 1 0 A = 0o 0 1
0 0 1 1 -1 1

It can easily be verified that the drift term Agx is unstable as all the eigenvalues of Ag have positive real
parts. It is also possible to verify that A(u) = Ay + Aju has at most two eigenvalues with negative real
part for all u. The two stable eigenvalues of A(u) occur for u < 0 and are complex conjugate. It may also

be verified that the Lie algebra generated by Agz and Az satisfies the LARC condition.

The trajectories of the closed loop system are shown in Fig. 1.a for an initial state
zo = [—0.0939 0.6460 -0.7575]"

on EP. The trajectory z(t) never enters the set E° again, thus the control (3.6) is enough two reach E*.

A value of u* = —6 was adopted for the design of the feedback u"(x), in which case
n(u*) = [—0.8860 — 0.3047 — 0.3496]"

In this simulation the constant rate of decrease n was chosen to be 0.05.

4.2. Example 2: dimE*(u*) =1,n = 3.

Consider a single-input bilinear system on R? with matrices:

1 -1 0 0 -2 1
(4.21) Ao=11 1 0 A = 2 01
0 0 —1 -1 -1 0
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X(t)

20

V(x)

0.18

-0.02

Time Time

b. Lyapunov function V().

a. Close loop trajectory z(t).

FIGURE 1. Stabilization of system (4.20) to a stable plane, with initial condition 2o € E°.

In this example A(u) = Ag + Aju has only one stable eigenvalue regardless of the choice of u € R. The

set S is then a collection of one dimensional subspaces E*, where:

(4.22) E*={zeR" |z =sdu),secR}

Here d(u) denotes the eigenvector corresponding to the stable eigenvalue A(u). It is now convenient to
consider a control Lyapunov function V' (x) which is defined as the distance between the current state z

and its orthogonal projection on E*, given by:

(4.23)

The reaching phase control u”(z) is hence defined as:

def —a(x) — K

r e ( HZT
@ = e @

(4.24)

whenever = ¢ N E°, with K > 0 and

(4.25) E' = {zeR"|2T(dTdA, —dd" Az =0, k=1,...,m}

It is easy to check that E® C EP°, thus in the process of reaching E® it is inevitable for the state of the
controlled system to enter the set A.E?. This necessitates the construction of the time-varying component

of the reaching control (u, €).
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Let Xog = Agx and X; = Ajx. The system satisfies the LARC, since
SpanL{X07 Xl) [X07 Xl}? [Xlu [XOa Xl]]}(l‘)) = Rs

The Lie algebra of this system is non-nilpotent, however it is finite dimensional and can be approximated

by the following fourth order basis:

Bi=X, DBy=2X,
(4.26) By =[Xo, X1] By = [Xo,[Xo,X1]]  Bs = [X1,[Xo, X1]]

Bs = [Xo, [Xo,[Xo, X1]]l Br = [Xi,[Xo, [Xo, X1]l]] Bs = [X1, [X1,[Xo, X1]]]

The stable subspace E® is spanned by d = [0 0 1]T, which corresponds to the direction of the stable

eigenvector generated with u* = 0 and for which

Lo o
(4.27) V(z) = 5(361 + z3)
and the reaching phase feedback (3.14) may be written as:

(e ad) K b
(4.28) gy = ) e for e ENE

a(z(t*),T) for x ¢ N_E®
with N E® = {z | (z1 + z2)73 < €}, € = 0.01.

The computation of the values the control sequence @ requires of the expressions for the coefficients

c;i(1, &) that define the vector field f(z,, ) of equation (3.11), resulting from the composition of flows in
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equation (3.9). Considering a control sequence @ with s = 4, application of the CBH formula yields:

(4.29) ci(u,e) = T

(4.30) co(u,e) = (U(l) +uge) +uE) + U(4))€
2
_ €
(4.31) c3(u,8) = (=3un) —u@) +u) + 3“(4))5
3
_ €
(4.32) ca(®,8) = (uq) —up) —uE) +uw)y
(4.33) cs(u,e) = (—311%1) — 2u<1)U(2) + 4U(1)U(3) — 3“%2) — QU(g)U(Q)
3
€
—&%y+mW@WU+4W®Wm—QW@Wm—3ﬁ®H§
4
€
(4.34) co(m,8) = (Bu) + Tug) = u) — )5y
4
€
(4.35) cr(@,8) = (Sufy) + duqyuce) + ufy) — duue) + 4w — uly — fuayue) + 3uiy) o,
(4.36) cg(u,z) = (—5u%4)u(1) - 3u%4)u(2) - u?4)u(3) + 5u(4)u%1)
4
€

Huayu(yu(e) — duaue) + 3umul) + vy 5y

for ey, =€, k=1,2,3,4, with e = T/4 and the basis (4.27).
With the above ¢; the control @ is computed by solving (3.12) via nonlinear least squares procedures.

The stabilization of (4.21), by means of (4.28) and the sliding phase control with v* = 0 is shown in
Fig. 2. Note that the initial condition, g = [~0.1 0.1 0.4]7, lies in E°. The control sequence period is
selected to be T' = 1. The simulation results show that the trajectory z(t) stays in N.E® for almost the

first 0.5 seconds until it enters S.

5. CONCLUSIONS

Switching stabilizing control of bilinear systems has previously been proposed only for non-homogeneous

bilinear systems [2], or for single input systems with a dyadic A; matrix [3].

The contribution of this paper is a novel approach to the synthesis of stabilizing feedback control for
homogeneous bilinear systems with an unstable drift. The method applies to systems in which the drift
cannot be stabilized by any constant control. The examples presented demonstrate the effectiveness of

the approach.
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a. State trajectory z(t). b. Lyapunov function V().

FIGURE 2. Stabilization system (4.21) to the stable line, with initial condition z¢ € E°.
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