Hamburger Beitrage
zur Angewandten Mathematik

Nonsmooth Optimal Control Problems with
Switching Functions of Order Zero

Hans Joachim Oberle

Reihe A
Preprint 192
February 2006



Hamburger Beitrage zur Angewandten Mathematik

Reihe A Preprints

Reihe B Berichte

Reihe C  Mathematische Modelle und Simulation

Reihe D  Elektrische Netzwerke und Bauelemente

Reihe E  Scientific Computing

Reihe F Computational Fluid Dynamics and Data Analysis



Nonsmooth Optimal Control Problems with
Switching Functions of Order Zero

HANs JoacHIM OBERLE

Department of Mathematics, University of Hamburg, Germany

February 2006

The paper is concerned with general optimal control problems (OCP) which are charac-
terized by a nonsmooth ordinary state differential equation. More precisely, we assume
that the right-hand side of the state equation is piecewise smooth and that the switching
points, which separate these pieces, are determined as roots of a state- and control de-
pendent (smooth) switching function. For this kind of optimal control problems necessary
conditions are developed. Special attention is payed to the situation that the switching
function vanishes identically along a nontrivial subarc. Such subarcs, which are called
singular state subarcs, are investigated with respect to the necessary conditions and to
the junction conditions. In extension to earlier results cf. Ref.5, in this paper the case of
a zero-order switching function is considered.

1. Nonsmooth Optimal Control Problems, Regular Case.

We consider a general OCP with a piecewise defined state differential equation. The pro-
blem has the following form.

Problem (P1). Determine a piecewise continuous control function wu : [a,b] — R,
such that the functional

I = g(xz(b)) (1)
is minimized subject to the following constraints (state equations, boundary conditions,
and control constraints)

() = flxt),u(t)), t € [a,b] ae., (2a)
r(z(a), z(b)) = 0, (2b)
u(t) € U = [Unin, Umax] C R. (2¢)

The right-hand side of the state equation (2a) may be of the special form

fi(z,w), if S(x,u) <0,

fou) = | ()
fo(z,u), if S(x,u) >0,



where the functions S : R*"™™ — R, fi: R" xR — R* (k = 1,2), and
r: R"xR* — RY (€ {0,...,2n}, are assumed to be sufficiently smooth. S is
called the switching function of Problem (P1).

Our aim is to derive necessary conditions for Problem (P1). To this end, let (2%, u°)

denote a solution of the problem with a piecewise continuous optimal control function

u .

Further, we assume that the problem is reqular with respect to the minimum principle,
that is:  For each A\, z € R” both Hamiltonians

Hi(z,u,\) == X fj(v,u), j=1,2, (4)

possess a unique minimum u? with respect to the control w € U .

Finally, for this Section, we assume that the following regularity assumption holds.

Regularity Condition (R). There exists a finite grid a =:t) <t < ... <ts <{tsy1:=
b such that the optimal switching function S[t] := S(2°(¢),u"(t)) is either positive or
negative in each open subinterval |t;_1,t;[, j=1,...,s+1.

Note, that the one-sided-limits u(tjt) exist due to the assumption of the piecewise
continuity of the optimal control. Now, we can summarize the necessary conditions for
Problem (P1). Here, on each subintervall [t;,t;11], we denote H(x,u, \) := Hy(z,u, \)
where k € {1,2} is chosen according to the sign of S in the corresponding subinterval.

Theorem 1.1.
With the assumptions above the following necessary conditions hold.

There exist an adjoint variable \ : [a,b] — R™, which is a piecewise Cl—function, and
Lagrange multipliers vy € {0,1}, v € R®, such that (2°,u°) satisfies

N(t) = —H,(2°(t),u’(t), A(t), € [a,b] ae. (adjoint equations),  (5a)
WO(t) = argmin{H(z(t),u, \(t)) : u€ U} (minimum principle),  (5b)
Ma) = — ax?(a) Tr(2°(a),2°(b)]  (natural boundary conditions),  (5c)
Ab) = %@[VO g(2°(b)) + v'r(a"(a),2°(b))], (5d)
ME) = ME), j=1,...,8, (continuity condition),  (5e)
Hit] = H[), j=1,....s, (continuity condition).  (5f)



Proof. Without loss of generality, we assume, that there is just one point t; €|a,b[,
where the switching function S[-] changes sign. Moreover, we assume that the following

switching structure holds
<0, if a<t<t
Sli] , (6)
> 0, if tp<t<hb.

We compare the optimal solution (2, u°) only with those admissible solutions (z,u) of

the problem which have the same switching structure (6). Each candidate of this type
can by associated with its separated parts (7 € [0,1])
(1) = x(a+7(ti—a)), x2(7) = wx(ts+7(b—1t1)),
ui(r) = wla+7(t—a)), wus(r) = ulti+7(b—11)).

(7)

Now, (xy, T2, t1,u;, us) performs an abmissible and (29, 29,9, 4%, u9) an optimal solution

of the following auxillary optimal control problem.

Problem (P1’). Determine a piecewise continuous control function u = (uq,us) :
[0,1] — R?, such that the functional

I = g(xa(1)) (8)

is minimized subject to the constraints

/(1) = (t1 —a) filz1(7),u1(7)), 7 € [0,1], ae., (9a)
2y(7) = (b—t1) fa(2a2(7), ua(7)), (9b)
t(r) = 0, (9¢)
r(z1(0),22(1)) = 0, (9d)
29(0) — z1(1) = 0, (9e)
ui(7), ue(r) € U CR. (91)

Problem (P1’) is a classical optimal control problem with a smooth right-hand side, and
(29, 29,19, 4%, uY) is a solution of this problem. Therefore, we can apply the well-known
necessary conditions of optimal control theory, cf. References 24, i.e there exist continuous
and piecewise continuously differentiable adjoint variables A; : [0,1] — R", j = 1,2,
and Lagrange-multpliers vy € {0,1}, v € R, and 1v; € R", such that with the
Hamiltionian

H — (t1 — a) A\l filxr, uy) + (b —t1) A5 fa(wa, us), (10)

and the augmented performance index

d = vy g(wa(1)) + vr(z1(0), 29(1)) + vif (22(0) — 21(1)), (11)



the following conditions hold

~ 0

A= —Hy = —(tl—a>a—%(k?f1(x1,u1))> (12a)
N = e =~ t) 5 (o) (12b)
Ny = —H, = =M filwr,w) + X3 fo(ws, ), (12¢)
up(r) = argmin{\e(7) " fi(zi(r),u) : uwe U}, k=1,2 (12d)
M(0) = =B, ) = _ax?(O) '), M) = Q0 = —w, (12e)
M(0) = =0 = —11, (1) = Oy = axQ(l)(Vog + vhr),  (12f)
As3(0) = As(1) = 0, (12g)

Now, due to the autonomy of the state equations and due to the regularity assumptions
above, both parts Al f; and AJ f, of the Hamiltonian are constant on [0, 1]. Thus, A3
is a linear function which vanishes due to the boundary conditions (12g). Together with
the relation (12c) one obtains the continuity of the Hamiltonian (5f).

If one recombines the adjoints

Al(ttl__aa>’ t € [a,ﬁ[,
A(t) = (13)
A2(Z:2), t e [t,b],

one obtains the adjoint equation (5a) from Eq. (12a-b), the minimum principle (5b) from
Eq. (12d), and the natural boundary conditions and the continuity conditions (5c-e) from
Eq. (12e-f). O

It should be remarked that the results of Theorem 2.1. easily can be extended to nonau-
tonomous optimal control problems with nonsmooth state equations. This holds too, if the
performance index contains an additional integral term I = g(x(¢,))+ fttab fo(t, z(t), u(t))dt.
Both extensions can be treated by standard transformation techniques which transform
the problems into the form of Problem (P1). The result is, that for the extended problems,
one simply has to redefine the Hamiltonian by

H(t,z,u, N\ vg) = g folt,m,u) + N f(t, 2, u). (14)

Example (1.1) The following example is taken from the well-known book of Clark.
It describes the control of an electronic circuit which encludes a diode and a condensor.
The control w is the initializing voltage, the state variable x denotes the voltage at the
condensor. The resuling optimal control problem is given as follows.

Minimize the functional

Iw) = + /0 w(t)? dt (15)



with respect to the state equation
a(u—z), if S=z—-u<0,

6 = {b(u—x), if S=z—u >0, 1o

2(0) = 4, 2(2) = 3. (17)

First, we consider the smooth case, i.e. we choose a = b = 2. The solution easily can be
found applying the classical optimal control theory. The Hamiltonian is given by

H = u*/2 + aX(u—x),

which yields the adjoint equation A = a A, the optimal control w = —a A\. Thus, we
obtain the linear two-point boundary value problem

¥ = —d*X—azx, 2(0)=4,
(18)
N = al z(2) = 3.
The (unique) solution for the parameter a =2 is given in Figure 1.
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Fig. 1 Example 1.1: Smooth Case.



For the nonsmooth case, a # b, we assume that there is just one point ¢; €]0,2[ where
the switching function changes sign. Further, due to the results for the smooth problem
shown in Fig. 1, we assume the solution structure

> 0, if 0<t<ty,
S[t] (19)

According to Theorem 1.1 we obtain the following necessary conditions for the solution
(20, u):

@) te0h]: H = Hy = %uubx(u—x),
N=DbA u=—-bA
(i) t e [t,2]: H = H = %u2 + a(u—ux),

The continuity condition (5f) yields

_ a+b
Htf|— H[t;] = (b—a)\t) At1) + z(t1)| = 0.
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Fig. 2 Example 1.1: Nonsmooth and Regular Case, a =4, b= 2.



So, we obtain the following three-point boundary value problem

/ —b(bA+2x) : te0,ty],
—a(aA+z) @ tet,2],

)\/ _ b )\ cte [0, tl], (20)
aX : te€ [tl, 2],

a+b

z(0) = 4, x(2) = 3, 5

)\(tl)+$(t1) = 0.

In Figure 2 the numerical solution of this boundary value problem is shown for the pa-
rameters a = 4 and b = 2. The solution is obtained via the multiple shooting code
BNDSCO, cf. References 6-7. One observes that the preassumed sign distribution of the
switching function is satisfied. Further, the optimal control and the optimal switching
function is discontinous at the switching point #; .

For the parameters a =2 and b =4 the solution of the boundary value problem (20) is
shown in Figure 3. Here, the preassumed sign distribution of the switching function is not
satisfied. So, the estimated switching structure for these parameters is not correct and we
have to consider the singular case, i.e. the switching function vanishes identically along a
nontrivial subarc.
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Fig. 3 Example 1.1: Nonsmooth and Regular Case, a =2, b=14.



2. Nonsmooth Optimal Control Problems, Singular Case.

In this section we continue the investigation of the general optimal control problem (P1).
However, we drop the regularity condition (R). More precisely, we assume that a solution
(2% u%) of the optimal control problem contains a finite number of nontrivial subarcs,
where the switching function vanishes identically. These subarcs are called singular state
subarcs, cf. the analogous situation of singular control subarcs, cf. Ref. 1. In order to have
a well-defined problem, we now have to consider the dynamics on the singular manifold
S(x,u) = 0. Therefore, we generalize the problem formulation (P1) a bit, and allow the

system to possess an independent dynamic on the singular subarcs.

Problem (P2). Determine a piecewise continuous control function w : [a,b] — R,
such that the functional

I = g(z(b)) (21)
is minimized subject to the following constraints (state equations, boundary conditions,
and control constraints)

() = flx@t),u(t)), t € [a,b] ae., (22a)
r(xz(a), z(b)) = (22b)
u(t) e U = [umm,umax] CR, (22¢)

where the right-hand side f is of the special form
fi(z,w), if S(x,u) <0,
flz,u) = fa(z,u), if S(x,u) =0, (23)
fa(z,w), if S(x,u) >0,

with smooth functions f, : R®* x R — R", k = 1,2,3. All other assumptions with
respect to Problem (P1) may be satisfied also for (P2).

Again, our aim is to derive necessary conditions for (P2). To this end, we assume that
there exists a finite grid a <?; < ... <t; < b such that the ¢; are either isolated points
where the switching function S[t] := S(2°(¢),u°(t)) changes sign or entry or exit points
of a singular state subarc.

We assume, that the switching function is of order zero with respect to the control u, i.e.
Su(2®(t),u"(t)) # 0 (24)

holds along each singular state subarc. By the implicit function theorem, the equation
S(z,u) =0 can be solved (locally unique) for u. Thus, we assume that there exists a
continuously differentiable function w = V(z) which solves the equation above. With
this, we define

fa(x) = fo(z,V(2)). (25)
For the regular subarcs we introduce the Hamiltonian

H(z,u,\) = Hj(z,u,\) = A fij(z,u), (26)
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where j € {1,3} is chosen in the corresponding regular subinterval [tx,t;11] according
to the sign of S'. For the singular subarcs we set

H(z,u,\) = Hy(z,u,)\) = A fo(z). (27)
In the following, we summarize the necessary conditions for Problem (P2).

Theorem 2.1.
With the assumptions above the following necessary conditions hold.

There exist an adjoint variable X : [a,b] — R™, which is a continuous and piecewise
C*! —function, and Lagrange multipliers vy € {0,1}, v € R®, such that (z°,u°) satisfies
the conditions

N(t) = —Hu(2°(t),u’(t),\t)), t€la,b], ae. (28a)

argmin{ H (z°(t), u, A(t)) : v € U}, on regular subarcs,
uWOt) = (28b)
V(2°()), on singular subarcs,

NO) = = oo P (@) ) (280)
A = o 0 9(a0) + T @), O) (254
ME) = M), j=1,....s (28¢)
HIE] = HE), j=1,....s. (28f)

Note, that on a singular subarc there holds no minimum principle for the control which
is completely determined by the switching equation S(z,u) =0.

Proof of Theorem 2.1. For simplicity, we assume, that the switching function S[-] along
the optimal trajectory has just one singular subarc [t1,t5] Cla,b[, and that the following
switching structure holds

< 0, if a<t<t,

>0, if ty<t<bh.

Again, we compare the optimal solution (2% u®) with those admissible solutions (z,u)

of the problem which have the same switching structure. Each candidate is associated



with its separated parts (7 € [0,1], to:=a, t3:=b)

x](T> = x<tj—1 + T(t] - tj—l))? j = 17 27 37

wi(t) = u(tya + Tt —t;), j=1,3. (30)

Now, (1, 2o, x3,t1,ts, uy, u3) performs an abmissible and (29, 29, 23, 19,5, u?,u3) an op-

timal solution of the following auxillary optimal control problem.

Problem (P2’). Determine a piecewise continuous control function u = (uq,us) :
[0,1] — R?, such that the functional

I = g(z3(1)) (31)

is minimized subject to the constraints (o :=a, t3:=0, 7 € [0,1])

() = { (t; —tj—l)Afj(xj(T%Uj(T))a .a‘e‘a j=13, (322)
(to —t1) fo(za(T)), ae., j=2

t(r) =0, k=1,2, (32b)

r(z1(0),z3(1)) = 0, (32¢)

22(0) — 21(1) = 25(0) — (1) = 0, (32d)

i (7), us(7), us(r) € U CR. (32)

Problem (P2’) again is a classical optimal control problem with a smooth right-hand side.
We can apply the classical necessary conditions of optimal control theory, cf. Hestenes, Ref.
10. If S satisfies the constraint qualification (36), there exist continuous and continuously
differentiable adjoint variables \;, j =1,2,3, and Lagrange-multpliers vy € {0,1},
veRY, and 1y, 1, € R", such that with the Hamiltonian

H = (i —a) AT fi(zi,w) + (ta — ) AT folxa) + (b—ta) AT fi(as, us) (33)
and the augmented performance index

P = vy g(s3(1)) + v r(21(0), 23(1)) + 1 (22(0) — 21(1)) + vy (23(0) — 39(1)),  (34)

the following conditions hold

N = —H,, = —(t1 —a) <)‘1Tf1):c1’ (35a)
Y, = —H, = ~(a—t) (M) (35b)
Ny = —Hpy = —(b—t2) (\] fa)ay (35¢)
N, = —H, = =A'fi + AL, (35d)
N = —H, = -\ fr+ M\ fs, (35¢)
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uj(r) = argmin{\;(1)" f;(z;(7),u) : we U}, j=1,3, (35f)
M) = @) =~V ey M) = Ppy = - (35¢)
A(0) = —Pu) = —vi, A(l) = Py = —1n, (35h)
X0) = —Puy0) = 1o, M(1) = Py = (log + v 7)agmy,  (350)
A(0) = (1) = As(0) = As(1) = 0. (35])

Due to the autonomy of the optimal control problem, all three parts AT fi, )\gf; , and
A3 f3 of the Hamiltonian are constant. Therefore, the adjoints A\, and s vanish and
we obtain the global continuity of the augmented Hamiltonian (33).

If one recombines the adjoints

)\1<t1_a), t € [a,tl[,
t—t
At) = | )\2(t2_t11), t € [t ta], (36)
t—t,
)\ 9 te t7b7
\ S(b—tQ) Jt2, ]

the state and control variables accordingly, one obtains all the necessary conditions of the
Theorem. O

Again, we mention that the results of Theorem 2.1. easily can be extended to nonau-
tonomous nonsmooth optimal control problems and to optimal control problems with
performance index of Bolza type, as well.

Example (2.1) Again, we consider the example of Clark, Ref. 3, but now we try to find
solutions which contain a singular state subarc. The optimal control problem is given as
follows.

Minimize the functional

I(w) = % /O w(t)? dt (37)

(1) = { (38)

If we assume that there is exactly on singular state subarc, or more precisely

11



> 0, if 0<t<ty,
S[t] = 0, if 1 <t<ty, (40)
< 0, if ty<t<2,

we obtain the following necessary conditions due to Theorem 2.1.

(i) t € [0,ty]: H = H; = %uz + b (u—x),
N =b\ u=—-b\
(il)) t € [t,ta]: H = H, = %;ﬁ,

1
(i) t € [t2,2]: H = H = §u2 + aX(u—1),

The continuity of the Hamiltonian yields with
1
Hlty] = 5 D At1)? + bA(t) (=D A(t) — z(t))

- — % bA(t) (b A(t1) +2(t1))

HtT) = 5 (o)

the interior boundary condition xz(t;) + b A(t;) = 0. The analogous condition holds at
the second switching point ¢,

Altogether we obtain the following multipoint boundary value problem.

(—b(bA+2z) : te][0,t],
2’ = 0 Dt € [t ta),
(L —a(aX+2) : telt,?2],
(DX @ tel0,t],

)\/ = —Tr te[tl,tQ],

(41)

\ aX : te [tQ,Q],

z(0) = 4, z(2) = 3,
Jf(tl) + b)\(tl) = 0, ZL’(tz) + CL/\(tQ) = 0.

For the parameters a =2, and b =4 the numerical solution is shown in Figure 4. One
observes the singular subarc with the switching points ¢; =0.632117, ¢, =0.882117.
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Fig. 4 Example 2.1: Nonsmooth and Singular Case, a =2, b=4.

3. Conclusions

In this paper optimal control problems with nonsmooth state differential equations are
considered. Two solution typs are distinguished. In the first part of the paper regular
solutions have been considered. The regularity is characterized by the assumption that
the switching function changes sign only at isolated points. In the second part so called
singular state subarcs are admitted. These are nontrivial subarcs, where the switching
function vanishes identically. For both situations necessary conditions are derived from
the classical (smooth) optimal control theory.
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