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Optimal control of a class of hybrid systems
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(1. School of Management, University of Shanghai for Science and Technology, Shanghai 200093, China;
2. School of Mathematics and Physics, Shanghai University of Electric Power, Shanghai 200090, China)

Abstract: An optimal control problem is investigated for a class of hybrid systems, where the impulsive instants are
state-dependent. Instead of relying on the usual technique of variational approach, necessary optimality conditions of this
hybrid system are obtained by parameterizing the impulsive instants. Then, the optimal control problem is transformed
to a boundary value problem, which can be solved by numerical method or analytic method. Moreover, taking advantage
of the theory of generalized differential, necessary optimality conditions are extended to Frechet differential form. It is
shown that, at the continuous part of this hybrid dynamic system, the necessary optimality conditions have the same form
as traditional continuous system. At the impulsive points of this system, the Hamiltonian function is continuous and the

adjoint variable satisfies certain condition. Finally, two examples are presented to illustrate validity of the methods.
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1 Introduction

Over the last few decades, there has been much re-
search on a special class of complex systems, which are
called hybrid systems. Hybrid systems can be character-
ized by a combination of continuous-valued and discrete-
valued variables. In many cases, it is not only desirable
but also natural to use hybrid models to describe the dy-
namical behavior of the systems. For example, modeling a
car with four gears. Therefore, hybrid models have been
used extensively in many application fields, such as the
field of behavior-based robotics, multi-agent network con-
trol systems, chemical processes, manufacturing systems
and electrical circuit systems, etc. In [1], Michael Bran-
icky et al. provided a unified framework to model and con-
trol hybrid systems. They observe four phenomena that
occur in a real-world system, including autonomous and
controlled switching of the state variables. More exam-
ples, theory and applications of hybrid systems are intro-
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duced in [2]. See [3] and references therein for a recent
survey on hybrid systems.

In recent years, the issues of optimal control in hybrid
systems have attracted increasing interest in both theoret-
ical research and practical applications. Various methods
emerged to find optimal solutions for hybrid systems, such
as the maximum principle!*, the viscosity solution tech-
niquel®!, some numerical optimal algorithms/%8!, the em-
bedding approach!®! and the method of smoothed approxi-
mation!'%!,

In particular, special attention has been focused on
necessary optimality conditions for hybrid systems be-
cause of its theoretical and practical value. In general, it
is easy to get the necessary conditions for continuous dy-
namics subsystems of hybrid problem. The difficult and
challenging part is the necessary conditions at the switch-
ing times. Many researchers have done a lot of work in this
aspect. Following the direct techniques of variations, nec-
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essary conditions of optimality are established for a class
of impulsive hybrid systems!'!! and the switching control
system with nonsmooth cost functionals!!>~131. By employ-
ing such direct techniques or indirect methods, different
kinds of necessary conditions are given to different hybrid
problems in [14-21]. Most of these papers concern opti-
mal control of hybrid systems with time-driven dynamics.

However, in many real situations, some transition of
hybrid systems depends on event instead of time. For ex-
ample, in the thermostats, the system will change its state
when the temperature attains some values. Similarly, in
the design of robot, the robot may be required to change
its state when it reaches some special state. In both cases,
the transitions are event-driven.

In this paper, we consider necessary optimality con-
ditions for a class of impulsive hybrid systems, in which
the transitions depend on the state. By introducing a new
time variable as the method of [16-17, 21], we get nec-
essary optimality conditions for this problem. Moreover,
we extend such necessary optimality conditions to the case
with nonsmooth cost functional. Usually, the advantage of
hybrid system lies in its nonsmooth trajectory. Therefore,
the use of nonsmooth objective functional can reflect this
advantage better.

The rest of the paper is organized as follows. In Sec-
tion 2, some knowledge of nonsmooth analysis are given.
The problem is formulated in Section 3. Section 4 is de-
voted to the statement of the necessary optimality condi-
tions. In Section 5, nonsmooth form of necessary opti-
mality conditions is presented. The conclusion is drawn in
Section 6.

2 Basic knowledge of nonsmooth analysis

In this section, some knowledge of Frechet differen-
tial is introduced. For more information, the reader can
see [12—-13] and [22-23].

If ¢ is lower semicontinuous at z, the Frechet subdif-
ferential of ¢ at x is defined by

dp(x) ==
y—w ly—=|

>0},

Similarly, If ¢ is supper semicontinuous at z, the
Frechet supperdifferential of ¢ at x is defined by

0t p(x) =
ely)—pl@)-<z*,y—z >
lly—z|l
From the above definitions, we have
0t p(x) = —0(—p)(2).
If ¢ is continuous, the Frechet differential of ¢ at x is
defined by

It p(z) ==

{z* €R"| lim sup <0}.
Yy—x

—plz)y-<z*y—z >
y—o ly—2||

From the above definitions, we can get the follow-
ing relationships among Frechet subdifferential, Fre-
chet supperdifferential and Frechet differential.

Proposition 1 Let » : X — R with |p(z)| < oo.
Then dp(z) # @ and 0" p(x) # @ if and only if ¢ is
Frechet differentiable at xx, where

dp(x) = 0T p(z) = V().

When dyp(z) is a singleton, ¢ may not be Frechet
differentiable at x. For example, let p(z) = max{0,
zsin(1l/z)} if z # 0 with ¢(0) = 0, then dp(0) = 0
and 07 (0) = @.

3 Problem statement

Let us consider the following control system:

&(t) = f(a(t), u(?)), h(xz(t)) #0,
z(t) = g(x(t), u(t)), h(z(t)) =0, (1
r(z(a), (b)) =0,
where f : R x R - R", h : R" - R, g : R® x R™
— R”, and r : R" x R — R! are twice continuously
differentiable with their variables.
Suppose that 2 (x(t)) = 0 have a finite number of iso-
lated roots ¢;, j = 1,--- ,N — 1 and

a<t;<---<tny_1<b.

Now we give the following definitions as [24].

Definition 1(Hybrid time set) A hybrid time set
7 = {L}¥, of (1) is a finite sequence of intervals of the
real line, such that I; = [t;_1,¢;],¢=1,--- | N.

Definition 2(Run) A run of (1) is a collection
(7, x,u) with

T= {Ii}ijilv T = {yz()}ivzla u = {Ui(') ZN:I’
that satisfies:
Continuous evolution: for h(z(t)) # 0, y;(-) is the
solution to differential §(t) = f(y;(t), vi(t)).
Discrete evolution: for

h(x(t:)) =0, yit1(ti) = g(yi(ts), vi(t:)).

An admissible tuple (7, 2, u) for (1) is a process satis-
fying the constraint of (1).

Now we give the following optimal control problem
(P): Minimize the functional

N b
J= L eile(t) + [ L@ um)3 @

over the set of all admissible pairs (7, z, u), where @, L are
twice continuously differentiable with their variables.

An admissible pair (7°, 2% u°) is called a weak lo-
cal minimum point for problem (P) if for some € > 0,
(7%, 2% 4°) minimizes (2) over all admissible processes

(7, z,u) satisfying
‘tl_tﬂ <67 7:17 7N_15 ||yt_y?||00<67

||vi7v?||00<67 Z:L,N

4 Necessary optimality conditions

At the beginning of this section, we give one conven-
tion which will be used in this section. Let r : R™ X
R™ — R! be a C! function, then

D(z(a),zv))r(2(a), 2(b)) =
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or or ar or H (%), ul (1), \(¢
81:1(1@) 8$n(1a) 8x1(1b) axnéb) OH( ()éu O:2A) _ o 4 e (0,8, )
: : : : : : At the switching instants, the following conditions are
ary o or ory - or satisfied
Jz1(a) 0rp(a) Oz1(b) 02,,(b) H[t]) = H[t)"], (6)
denotes the Jacobian of function . 0_ i (x°(t9))] O[h(z (D))
Suppose the state of (1) is left continuous at the switch- A7) = Ao oz (t;) +é oz (t;) +
ing points ¢;, ¢ = 1,--- , N — 1, thatis 3[/\T(t?+)g(x0(t?), uC(t9)]
x(t;) = lim x(t). 0x(t;) ’ @
o wheret=1,--- N — 1.

Let

x(tiy1) = hm x(t), to =a, ty = b,
t—>t

according to the discussion of Section 3, problem (P) can
be written as the following problem (P1): Minimize

N
> piluilti)) + Z [ L.t

subject to

9i(t) = f(yi(t),vi(t)), t € [ti1,ti],

i=1,---,N,

Yir1(ti) = g(yi(ts), vi(t:)), i=1,--- ,N — 1,

h(yl(tl)) :0’ 1= la 7N_ 17

r(z(a),z(b)) =0

For ¢« = 1,---,N, introduce a new time variable

s €[0,1] with t = t;—1 + s(t; — t;—1) and define
yi(s) = y(ti-1 + s(ti — tio1)),
vi(s) = U(ti_l + S(tq; - ti—l))-
Then problem (P1) can be reformulated as the following

equivalent problem (P2): Minimize

N
;%(yz(l)) +

N -1
2 Jo [(ti(s) =t () Lo (), wils))1ds,
subject to
Ui(s) = (ti(s) = ti-1(5)) f (yi(s), vi(s)),
i=1,---,N,
ti(s)=0,i=1,--- ,N —1,
yiJrl(O) = g(yi(l)vvi(l))a i=1 N —1,
h(yz(l)) = 07 i = 13 7N - ]-7
(11(0),yn(1)) =0

Now we give a necessary condition for problem (P).

Theorem 1  Let (7°,2°,4%) be a weak local mi-
nimum point of problem (P), the rank of the Jocabian
D(2(a),2(v))7(x°(a), 2°(b)) is I, then there exist a piece-
wise continuous differential variable A(t) : [a,b] — R™,
multipliers 4 € R, w; € R*, & € Ryi=1,--- N — 1,
and \g € R, such that for H(z,u,\) = L(x,u) +
AT f(x,u), the following equations hold

Aa) = =Dy(o) [ r(2%(a), 2°())],

A(b) = Dy [Aop(x°(b) + p'r(

COH(2°(t), u’(t), A1)
or

%(a),z°(b))], (3)

, t € [a, ], “)

At) =

Proof Let (79, 2°,u%) be a weak local minimum of
Problem (P), then it is a solution to Problem (P2). Apply-
ing classical necessary conditions to Problem (P2), there
exist \;(s) € R", i =1,--- ,N — 1, multipliers u € R/,
L EeERw, eR™ 6= ,N —1, and \g € R, such that
for

H(z,u,\) =
S (b — to ) Lo v3) + X F (e vi)]} =

=1
N

;[(ti —ti_1)H],
o) = 20 3= @ul(1) + T 0), (1) +
Ngj&-h( yi(1)) + z T (i (0) -
we have

oo OH(@0u0N)
)‘i (s)__Tv Z_la aN_ ]-7 (8)
I L B
Ai(o)*iT@*O?Z*L 7N717 (9)
/\;‘(l)zw =0,i=1,-,N—1. (10

Because the Hamiltonian is constant along the optimal
trajectory, the right hand of (8) is constant on [0, 1]. Thus
by equations (8)—(10), we get the continuity condition (6).

On the other hand, we have

8ﬁ(m0,uo,Ai) B

Ai(s) = — o
OH,; (yl 7v Adi)
— (ti —ti,l)a—yl7 (11
1170 UO
M0 = _aq;(yl(7 0) -
Dy, o[ r(57(0), y (1))], (12)
0 ,U
Aw(1) = &g( — )) _
Dy oWk (1) +1 710 (0), yX (1)], (13)
' 09
)\H_l(O) B 8yz+1(0) B i (14)
B Ap(z0, u°) B
MU= "o -
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AO‘% i(yi(1)) fah(yi(l)) _Olwlg(yi(1), vi(1))]
Ay;(1) “oyi(1) dy; (1) ’
(15)
7 (0 0
DR (a(5). (). Ms) _ 6
ou
wheret=1,--- /N —1,.
Recombine the adjoint variable
t—t9
/\(t) = /\ (W) te [t’L 17tz] 1= 17 aNa
1—1

the state variables and control function accordingly, then
equations (12) and (13) lead to the natural boundary con-
ditions (3). Equations (14) and (15) yield in the jump con-
dition (7). The adjoint (4) and the minimum condition
(5) come from equations (11) and (16), respectively. This
completes the proof of the theorem.

Now we consider the following system, which extend
problem (P) from one switching function to several func-
tions:

) = O (o). T hy(a(0) #0,
o(0) = gy a0 Iy =0, 7
rle(a). (b)) =0,

where t; are the roots of
M .
th](it(t)) = 07 J = 13 e aM'

If h;(z(t)) = 0 have the same root for

je {Z.17i2a"' 7ik}7 iy <idg < --- <ik7

then a rule can be set to choose the minimal index and the

state of (P) jumps as the requirement of h;, (x(¢;)) = 0.
Now we give the following problem (P): Minimize

the functional

J = Z wi(z j t))de,

subject to (17).
Similar to the prooonf Theorem 1, we can prove the
following theorem for (P).

Theorem 2 Let (7°,2°,u°) be a weak local min-
imum point of problem (P), and if all the conditions in
Theorem 1 are met, then the results in Theorem 1 hold ex-
cept the jumping condition (7) replaced by
g («°(1))] +§,5[hj(£°(t?))] y
O™ (1 )g; (2°(19), u*(19))]

Ox(t;) ’

At;7) = o

where t; are the roots of
M
I1 hj(z(t) =
j=1

Remark 1  The method used in proving Theorem 2 is
similar to the methods in [16-17,21]. However, our problem is

different from theirs. First, the problems in [17,21] are time-
driven, but our problem is event-driven. Second, the trajectory
of the state in this paper is discontinuous, while the track of
state is continuous in [16]. Third, as stated in Theorem 2, the
state space can be divided into a number of different parts by
several different switching functions. The model used in [16]
can only divide the state space into two parts as the switching
function becomes positive from negative.

Example 1 We consider a mobile robot navigation
problem. The task of the robot is to reach a goal point
from a fixed starting point. Let

. t) :u2( )a

(
{501( ) = 21‘1(t)
(t) = 22(t),

z1(t) + 22o(t) # 3,  (18)

z1(t) +2x2(t) =3,  (19)

with boundary condition
21(0) =0, 22(0) =0, 21(2) =4, z2(2) =3, (20)

where (z1(t),z2(t)) is the position of the robot in R2,
uq(t), ua(t) represent the speed of robot along the z-axis
and y-axis. The meaning of (19) is that the robot will oc-
curs a jump in state when it encounters some obstacle. Our
aim is to find the optimal jump points ¢;,¢ = 1,--- ;N —1,
and the control variables wuj(t), us(t), such that the cost
functional

N-1
S ox f —u? + u2 )dt
i=1

is minimized during these processes.
For simplicity of calculation, we suppose the switch-
ing function x; () + 222 (t) = 3 has one root in [0, 2].
Let
Lo, 1,
H = §u1 + §u2 + 2 U1 + Asus.
By the continuity condition (6), we have

AATE) = AED) + A7) = A5 = 0. @D
By the jumping condition (7), we get that

{Al(t‘) =2z () + &+ 20 (1),
)\Q(t_) = 2%2(15) + 26+ 2)\2(t+),

combining equations (18)—(21) with equations (4)—(5), we
can obtain six nonlinear equations with six unknown quan-
tities after some calculation. By Newton iterative methods
of solving nonlinear equations and MATLAB procedure,
we get that the system jumps at ¢ = 0.8864 s and the con-
trol variables are

uy(t) = 405439, te [0,0.8864] s,
BY000.9299, € (0.8864, 2] s,

ualt) = {1.1484, t € [0,0.8864] s,

(22)

0.8658, t € (0.8864,2]s.

The behavior of control, adjoint and state variable is shown
in Fig.1.
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Fig. 1 Control, adjoint and state variable in Example 1

5 Generalized differential form of necessary
optimality conditions
We start with a lemma about Frechet differential,
which can be found in [12,23].

Lemmal Lety: X — R, |o(Z)| < co. Then
for any z* € dp(x), there exists a function s : X — R
with s(Z) = ¢(Z), s(r) < ¢(z) whenever z € X, such
that s(-) is Frechet differentiable at  with Vs(Z) = «*.

Now we give the supperdifferential form of necessary
optimality conditions by the method of [13].

Theorem 3  Let (7°,2° u") be a weak local min-
imum point of problem (P), ¢; is Frechet supperdifferen-
tiable at 32, then for every z*(t;) € &t p;(z0(t;)), i =
1,2,---, N, the result of Theorem 1 hold except that (3)
and (7) replaced by

{)‘(a) = 7Dw(a) [,LLTT(‘TO(G“); xog

b))],
A(b) = Xox* (b) + Dypypr(a%(a),x (23)

A7) = Xoa™ (£2) + giia[h(xo(t?))] +

t ox
OINT (£ )g(=°(19), u® (£9))]
9z (t;) ’
i=1,---,N—1. (24)

Proof For any z*(10) € Otp;(a°(t;)), using
Lemma 1 to —x*(tY), there exists s; satisfying
si(2° (7)) = @i’ (1)), si(x(t:)) = @il (t:))
in some neighborhood of s;(x°(t?)).
Frechet differentiable at z°(t?) with
Vsi(x®(t))) = 2*(¢?), i=1,--- , N.

Therefore (7°,2°,u%) is a weak local minimum of pro-

blem (P3): Minimize the functional

N b
J:;g@m”+LL@@m®Mt

over the set of all admissible pairs (7, «,u). Combining

Moreover, s; is
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the results of Theorem 2 and Lemma 1, we complete the
proof of the theorem.
Example 2 Minimize the cost functional
N 2.1 1
J = ;[—m(ti)n + ], (Gui+5uz -
1 (t) - 3t$2 (t))dt
subject to equations (18)—(20).
As in Example 1, we also suppose the switching func-
tion has only one root in [0, 2]. Using the jumping condi-
tion (24), we derive that

{Al(t‘) =d+E4200Y),

2
Aa(£) = 26 + 20 (1), *

2.5
20
1.5F
1.0
0.5
0.0+

w,/(m-s™)

,0.5 -

41.0 -

_1 '5 1 1 1
0.0 0.5 1.0 1.5 2.0

0.6
0.4
0.2
0.0
02k
-041
0.6
-08k
-1.0

-1.2
0.0

T T

A/ (m-s™)

5.0 T T T
44
4.0
35
3.0
-~ 25
8 20k
1.5 E

1.0
0.5
0.0

0.0

0.5

1.0
t/s

1.5

2.0

where d € [—1,1] is Frechet supperdifferential at the
switching point.

Taking advantage of similar method in Example 1,
we get that the feasible switching time belongs to the set
[0.2469, 0.2475]. Comparing the values of the cost func-
tional in this feasible set, we obtain that the optimal switch-
ing time is ¢ = 0.2475 s and the control variables are

(t) = —2t —1.813, t € [0,0.2745] s,

W= —2t 4+ 2.944, ¢ € (0.2745,2] s,

us(t) = —1.5t% +3.9641, t € [0,0.2745]s,
2T —1.5t%2 4 2.8016, t € (0.2745,2] s,

The behavior of control, adjoint and state variable is
shown in Fig.2.

A/ (m-s™)

u,/ (m-s™)

0.0 0.5 1.0 1.5 2.0

4.0
35
3.0
251

2.0F A

xz/m

1.5F b
1.0F b
0.5 4

00 1 1 1
0.0 0.5 1.0 1.5 2.0

t/s

Fig. 2 Control, adjoint and state variable in Example 2
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Remark 2
mooth, so we cann’t use Theorem 1 to get the optimal switching
point. The necessary optimality condition of Frechet differen-
tial form is a good way to solve this problem.

The cost functional in Example 2 is nons-

6 Conclusions

This paper has addressed optimal control problems for
a class of impulsive hybrid systems, where the transitions
are state-driven. By parameterizing the switching instants
and reducing all the state and control variables to a com-
mon fixed time interval [0, 1], we obtain the necessary op-
timality condition for this hybrid system. At last, using the
theory of Frechet subdifferential, we extend the necessary
optimality conditions to the nonsmooth case.
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