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Abstract: In this paper we consider a reachability problem for a nonlinear affine-control system with integral
constraints, which assumed to be quadratic in control variables. Under controllability assumptions it was proved
in [8] that any admissible control that steers the control system to the boundary of its reachable set is a local
solution to an optimal control problem with an integral cost functional and terminal constraints. This leads
to the Pontriagyn maximum principle for boundary trajectories. We propose here a numerical algorithm for
computing the reachable set boundary based on the maximum principle and provide some numerical examples.
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Introduction

We consider here the reachable sets of a nonlinear affine-control system with joint integral
constraints on the state and the control. The numerical algorithms for constructing approximations
of reachable sets of control systems were investigated in many works (see, for example [2, 4, 7, 9—
12, 14, 15, 17]). The properties of reachable sets under integral constraints and algorithms for their
construction were studied in [1, 5, 6, 16]. For systems with pointwise constraints on the control it is
known (see, for example, [13]) that the control, which steers the trajectory to the boundary of the
reachable set, satisfies the Pontryagin maximum principle. In the paper [8] we have considered the
reachability problem for a nonlinear affine-control system with constraints on the control variables
given by the quadratic integral inequality. Assuming the controllability property of the linearized
system, we proved that any admissible control that steers the control system to the boundary of its
reachable set is a local solution to an optimal control problem with an integral cost functional and
a terminal constraint. This leads to the maximum principle for boundary trajectories. The last
result admits a generalization to the case of joint integral constraints on the state and the control
given by the inequality

t1

J(u() = t Folt,x(t),u(t))dt < p?.

0
The reachable set in this case may be considered as the solution to the inverse optimal control prob-
lem: to find the terminal states reachable from the given initial state by the trajectories satisfying
the constraints on the value of the cost functional. The aim of the present paper is to propose a
numerical algorithm for computing boundary points of the reachable set. This algorithm is based
on the solution of equations following from the maximum principle for boundary trajectories.
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1. Notation and definitions

Further by AT we denote the transpose of a real matrix A, I,, is an identity n x n-matrix,
0, is a zero n X n-matrix, 0 stands for a zero vector of appropriate dimension. For z,y € R" let
(x,y) = x "y denotes the inner product, 2" = (z1,...,2,), ||z| = (x,x)% be the Euclidean norm,
and B, (Z): B,(z) = {x € R" : ||z — Z|| < r} be a ball of radius r > 0 centered at . For a set

S C R" let 9S be the boundary of S, %(x) is the Jacobi matrix of a vector-valued function f(x).

For a real k x m matrix A a matrix norm is denoted as || A ||. The symbol R"*" denotes a space of
n X r real matrices, the symbols L1, Lo and C stand for the spaces of summable, square summable

and continuous vector-functions respectively. The norms in these spaces are denoted as || - ”]Lla
I My - lle-
We consider the control system
i(t) = filt,z(t)) + falt,z(t))u(t), =x(ty) =", (1.1)

on the fixed interval [tg, t1], where tg <t <t;, x € R", u € R", f; : R**1 5 R" fy : R*FL 5 RPX7
are continuous mappings.

The functions f; and fo are assumed to be continuously differentiable in z and satisfying the
following conditions:

it z) [ <@+ [Tz, | fa(t2) | <), (1.2)

where 11(-) € Ly, la(-) € Lg. Under these assumptions for any u(-) € Ly there exists a unique
absolutely continuous solution x(t) of system (1.1) which satisfies the initial condition x(ty) =
and is defined on the interval [tg,t;].2

Denote as J(u(-)) the following integral functional

J(u(-)) = /t (@t x() +uT (DR e()u(t)dt

0

Here xz(t) is a solution of system (1.1) corresponding to the control u(¢) and the initial vector
2. The function Q(t,x) and the positive definite symmetric matrix R(t,x) are assumed to be
continuous on [tg, 1] x R™ and satisfying the inequalities Q(¢,z) > 0, u' R(t,z)u > a|u||? for some
a >0 and any (¢, z,u) € [tg,t1] X R™ x R".

Define the set

U= {u(-) € Ly : J(u(")) < p?},
where p > 0 is a given number, and let P be a m x n full rank real matrix, m < n. Denote by
G(t1) the (output) reachable set of the system (1.1) at the time #; for the fixed 2° and the integral

constraints:
G(th) = {y eER™:Ju()el, y= Px(tl,u('))},

where x(t,u(+)) is a trajectory of system (1.1), corresponding to u(-).
The reachable set is a compact set in R™, but it may be empty.
Recall the following definitions: the linear control system

i(t) = A(t)z(t) + Bt)u(t), te€ [to,t1], z(ty) =2,

a) is said to be controllable on [ty,t1] with respect to the output y = P if for any y' € R™ there
exists a control u(-) € Ly that transfers the system from the zero initial state z(t9) = 0 to the final

2We use the same notation for the space Ly in the case of a scalar function lz(+) and a vector-function u(-).
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state x(t;) such that Px(t;) = y';
b) is said to be the linearization of the system & = F(t,x,u) along the trajectory x(t), u(t) if

A(t) = 90t wtt),ut), B = Tt (0) ().

2. The Maximum Principle for Boundary Trajectories

2.1. Extremal Properties of Boundary Points

Let us show that any admissible control that steers the control system to the boundary of its
reachable set is a local solution to an optimal control problem with an integral cost functional and
terminal constraints.

Theorem 1. Assume that:
1) yl e 0G(t1);

2) u(-) € U is a control that steers the system from the state x(tg) = x° to the point x(t1),
Px(ty) =y', x(t) is the corresponding trajectory;

3) the linearization along (x(t),u(t)) of system (1.1) is controllable on [to,t1] w.r.t. output
y = Px;

Then there exists o > 0 such that J(v(:)) > u? for any v(-) € B(u(-),0) C Ly satisfying the
condition Px(t;) = y*. Since J(u(-)) < p?, this implies that J(u(-)) = p? and the control u(-)
provides a local minimum in the optimal control problem

J(u(-)) = min, u(-) € Loy, x(ty) =2° Pax(t;) =y' (2.3)

with terminal constraint Px(t)) = y?.

P roof The proof follows the scheme of the proof of the Theorem 1 [8] and uses the Graves
theorem [3]. O

Since the local minimum in Lo admits the needle variations of the control, the local Lo-minimizer
satisfies Pontryagin’s maximum principle. Introduce the Pontryagin function (Hamiltonian) asso-
ciated with (2.3)

H(p,t,a:,u) = —pofo(t,ﬂj‘,ﬂ) +pT(f1(t7:E) + fg(t,ﬂi‘)’LL),

po >0, folt,z,u) = Q(t,z)+u" R(t,z)u. Assume additionally that Q(¢, ), R(t,) are continuously
differentiable in z. A locally optimal control for (2.3) satisfies the maximum principle: there exist
po > 0,1 €R™, (po,l) # 0, and a function p(¢) such that

H(p(t), t,x(t), u(t)) = gé%}fH(p(t)v t,z(t),v),

O p(0) 2(0),u1) = ~ATOp() + 02 1, 2(0), ). p(t2) = PTL

Since the terminal constraints are regular (rankP = m), we have py + ||p(t)|| # 0, t € [to,t1].
As previously, we denote here by (A(t), B(t)) the matrices of the linearization along (x(t),u(t))
of system (1.1). Applying the maximum principle to the solution of problem (2.3) we come the
following

p(t) =
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Corrolary 1. Suppose that u(t) satisfies the assumptions of Theorem 1. Then there exist
leR™, 1#0 and a function p(t) such that

OH

Oz

(p(t),2(0), u(t)) = ~AT(Wp(t) + 5 B (1, 2(0),u®), plt2) = P,

ut) = R™H(t,a(6)) f3 (¢, z(t)P(t), t€ [to,ta].

Proof. Ifapair (A(t), B(t)) is controllable w.r.t. y = Pz, then py > 0. Indeed, if it turned
out that pg = 0, then p(-) is a non zero solution of the equation

p(t) = —ATOp(t), p(t1) =Pl
and from the maximum principle we would obtain

pT(OB(Bu(t) = max pT (1B

p(t) =

almost everywhere in . The last is valid only if p'(t)B(t) = 0. Represent p(t) in the form
p(t) = X T (t1,t)PT1, then |[IT PX (t1,t)B(t)||> = 0, t € [to,t1]. Integrating both sides of the last
equality over [to,t1], we get [T VI = 0. This contradicts to the controllability of (A(t), B(t)) w.r.t.
y = Pz, since [ # 0. Thus we can take py = %, from the maximum principle it follows that
H,(p(t),t,2(t),u(t)) = 0, hence u(t) = u(t, z(t), p(t)), where u(t,z,p) = R7'(t,x)f) (t,z)p. O

2.2. Algorithm

Let us describe the following algorithm for calculating boundary points of reachable sets based
on the results of previous subsection. Further we assume that P = [I,,,0] if m < n or P = I,
if m = n. In this case the transversality conditions p(t;) = P Tl take the form p;(t;) = 0, i =
m+1,..,n. Letting
ao(t) = folt, x(t), u(t)), wo(to) =0,
we get J(u(-)) = zo(t1). Substituting u(t,z,p) into differential equations, we obtain the following
system

i(t) = fi(t,z(t) + fot, 2(t)ult, z(t), p(t), x(ty) = 2,
p(t) = —g—iH (p(t),z(t),u(t,x(t),p(t))), plto) =g, (2.1)
o (t) = fO(t7x(t)vu(tvx(t)7p(t)))v zo(to) = 0.

Denote by X the following (2n 4 1)-column vector X = [x;p; zo] and write equations (2.1) as the
system )

X(t)=F(t,X(t), X(to)= [zro;q;0], (2.2)
By F(t, X) we denote the right-hand side of (2.1). Since z° is fixed, the solution of (2.2) depends
only on the vector ¢ € R™, denote this solution as X (¢, q) = [x(¢,q); p(t, q); o (t, q)]. These functions
have continuous derivatives X, (¢,q) with respect to ¢, which can be found by integrating the
linearization of (2.2) along the trajectory X (¢,q)

XQ(tv Q) = g—)F((t’ X(t7 Q))XQ(tv Q)’ Xq(to, Q) = [0n§ Iy; 0]' (2'3)

The integration of equations (2.1)and (2.2) over the interval [tg,¢1] may be performed simultane-
ously. To this end, we unite both systems into one system of dimension (2n + 1)(n + 1)

X(t)=F(t, X(1), X(to)= [z05¢:0],

Xq(t,q) = g—i(t,X(t,q))Xq(t, q), Xg(to,q) = [0p; ;0]

(2.4)
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Consider the following continuously differentiable functions

wO(Q) = xO(tlaq) - ,LL27 wl(Q) = pm+i(t17Q)7 1= 17 e — 1N,

their derivatives in ¢ may be found by numerical integration of differential equations (2.4). The
calculations of boundary points require the solution of the system of equations

Yi(q) =0, i=0,...,n—m, (2.5)

and also the integration of system (2.1) with zeros of system (2.5) as the initial points for (2.1). In
case m = n the system (2.5) consists of a single equation 1y(q) = 0.

Let us describe a simple version of the algorithm for calculating zeros of 1;(q) in the case
m = n = 2. Represent ¢ € R? in polar coordinates: ¢1(6) = r(0)cos(d + 0o) + ¢?, q2(0) =
7(0)sin(0 + 0p) + ¢5. Here 7(f) is a distance from a reference point ¢° and @ is an angle between
q — ¢ and the reference direction § = (cos 6, sin f). Differentiating the identity vo(q(6)) = 0, we
get a differential equation for r(6)

Yoq, (4(0)) sin(0 + 0o) — 1o, (¢(6)) cos(6 + o)
Wog, (q(8)) cos(0 + 0o) + tog, (q(8)) sin(0 + 6o)”

To start the solution we use a one-dimensional search procedure for finding the root of equation
¥(q° + rg) = 0 and after this take this root as the initial state for differential equation (2.6).

7(6) = r(6) 0<6<2m (2.6)

3. Examples

Here we illustrate the above procedure for two examples of 2-dimensional control systems.
Examplel Consider the Duffing equation
T1 =T, Xo= 90(331) +u, te& [O,tl], l‘l(O) =0, l‘Q(O) =0, (3.1)

¢(r1) = —ax; — B3, «,B >0, which describes the motion of nonlinear stiff spring on impact of
an external force u. Consider the integral constraint on the state and the control

/tl (ax?(t) + bri(t) +u?(t))dt < 2,
0

where a,b are nonegative parameters and take P = I5.
It is easy to verify that the controllability assumptions of Theorem 1 are satisfied here. Really,
consider any trajectory (x(t),u(t)) of (3.3). The linearization of (3.3) along (x(t),u(t)) has the

matrices
0 1 0
40= (i o) B0=(1)
An adjoint system § = —AT (t)s is as follows
51(t) = = (21(t))2(0),
ég(t) = —Sl(t).

Thus, the identity s'(t)B(t) = s2(t) = 0 for t € [tg,t1] implies s1(t) = 0. This means the
controllability of the pair (A(t), B(t)).
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2 2 T T

Figure 1. Reachable sets for different values of ¢;. Figure 2. Reachable sets for different values of a, b.

The system (2.4) takes the following form
X1 =X,
Xy = p(X1) + Xu,
X3 =aX; — ¢ (X1)Xy,
X, =0bXy— X3,
X5 =aX?+0X3+ X3,
Xspi = Xoti,
Xopi = ¢ (X1) X540 + Xy,
Xrpi = aXsyi — ¢ (X1)X4Xspi — ¢ (X1) Xy,
Xspi = bXgyi — Xrgi,
Xoyi = 2aX1 X54; + 206XoXe i + 2Xa Xsti-

(3.2)

In equations (3.2) i = 1,6, so (3.2) is a system of 15-th order. Integrating this system over [0, ¢1]
for initial state X ' (0) = (0,0, ¢1, g2,0,0,0,1,0,0,0,0,0,1,0) we get

Do 2o

— X t ) b T — b .
0, 903 (9) 15(t1,9), ¢ = (q1,q2)

bola) = Xs(t1,q) — 1, (q) = X10(t1,9),
Since z(0) = 0 and ¢(x;) is an odd function having even derivative it is not difficult to prove that
the set {q : ¥o(¢q) = 0} is symmetric with respect to the origin. In this case it is natural to take the
reference point ¢° = 0. As the reference direction we choose ¢ = (1,0). The results of numerical
simulations for the case a = 1,8 = 10 are shown in Fig. 1-2.

The Fig. 1 shows the plot of the reachable sets boundaries for ¢; = 0.5, 1, 1.5, and 2 respectively,
and for a = 0, b = 0. The reachable sets boundaries for the values of a =0, b = 0; a = 5, b = 10;

a =30, b =15 and t; = 2 are presented in Fig. 2.
E xam ple 2. Consider the following system [16]
T1 =To, Xo= (,D(.Z'l) +u, te [0, 27‘(], xl(O) =0, 1’2(0) =0, (33)

where ¢(z1) = —sinz;. The integral constraint on the state and the control are given by the
inequality

/ 27r(ax%(t) + bx3(t) + u’(t))dt < 2
0
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Figure 3. Reachable sets for different values of a, b Figure 4. Zero-level lines of ¢y (q) for different val-
ues of a, b

Figure 5. Reachable sets for different values of 2. Figure 6. Graph of the function ().

as in Example 1. As above the controllability assumptions of Theorem 1 are satisfied for the
considered system.

The results of numerical simulation are shown in the Fig. 3-6. The Fig. 3 shows the plot of
the reachable sets boundaries for ¢t{ = 2, and fora =0, b=0;a =0.1, b =0; a = 0.5, b = 0.1
respectively. This plot demonstrates that reachable sets are nonconvex for a = 0, b = 0 and became
convex under increase of parameters a, b.

The next plot (Fig. 4) exhibits the zero-level lines of 1y(q) corresponding to the curves of Fig. 3.

The Fig. 5 demonstrates the dependence of reachable sets on the value u? = 0.5,1,1.5,2,2.2.
It shows that reachable sets that are convex for small u? loose their convexity as p? increases
(see [16]). In this example the method fails for x? > 2.2 because a numerical integration of (2.6)
unable to meet integration tolerances. Note that the considered procedure may by applied if the
zero-level line 1(q) = 0 is a differentiable curve. Differentiability can be violated in the points
where 9oq, (¢) = 104, (¢) = 0 or the right-hand side of (2.6) is singular. The graph of the solution
of (2.6) corresponding to the value p? = 2.2 is shown in Fig. 6.
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4. Conclusion

This paper describes an algorithm for computing the boundaries of the reachable sets under

joint integral constrains on state and control variables. The reachable set may be considered here
as the solution to the inverse optimal control problem: to find the terminal states reached from the
given initial state by the trajectories satisfying the constraints on the value of the cost functional.
The Pontriagyn maximum principle for boundary trajectories is applied to construct a numerical
algorithm for computing the boundary points. The results of numerical simulation for two examples
of second order nonlinear control systems are presented.
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