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Abstract

This paper presents an inverse optimality method to solve the Hamilton-Jacobi-
Bellman equation for a class of nonlinear problems for which the cost is quadratic
and the dynamics are affine in the input. The method is inverse optimal because the
running cost that renders the control input optimal is also explicitly determined.
One special feature of this work, as compared to other methods in the literature,
is the fact that the solution is obtained directly for the control input. The value
function can also be obtained after one solves for the control input. Furthermore,
a Lyapunov function that proves at least local stability of the controller is also ob-
tained. In this regard the main contribution of this paper can be interpreted in
two different ways: offering an analytical expression for Lyapunov functions for a
class of nonlinear systems and obtaining an optimal controller for the same class of
systems using a specific optimization functional. We also believe that an additional
contribution of this paper is to identify explicit classes of systems and optimization
functionals for which optimal control problems can be solved analytically. In par-
ticular, for second order systems three cases are identified: i) control input only as
a function of the second state variable, ii) control input affine in the second state
variable when the dynamics are affine in that variable and iii) control input affine in
the first state variable when the dyamics are affine in that variable. The relevance
of the proposed methodology is illustrated in several examples, including the Van
der Pol oscillator, mass-spring systems and vehicle path following.
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1 Introduction

Optimal control problems are hard to solve because the optimal controller is the solution
of a partial differential equation called the Hamilton-Jacobi-Bellman (HJB) equation [1].
However, when the cost is quadratic and the dynamics are affine in the input there is
an explicit solution for the input as a function of the derivatives of the value function.
This fact will be used to develop a method to solve the HJB equation for a class of
nonlinear systems. The main motivation for this work comes from the controller designer’s
perspective. When designers are faced with a control engineering problem and want to
formulate it in the optimal control framework, the first challenge is to choose the most
appropriate cost that will yield a control solution with physical significance. Although
this is a difficult choice, quite often the following three properties are required for the
design:

1. The closed loop system should be asymptotically stable to a desired equilibrium
point

2. The system should have enough damping so that the trajectories do not take too
long to settle around the desired equilibrium point

3. The control energy should be penalized in the cost to avoid high control inputs that
can saturate actuators

The particular functions involved in the cost are not usually pre-defined, except possibly
the requirement on the control energy that is usually represented by a quadratic cost
on the input. The work on this paper attempts to find a controller and a cost that
together meet the requirements 1-3 and render the controller optimal relative to that
cost. To that aim, the cost will be fixed to be quadratic in the input and have an
unknown term in the state that shall be determined. The solution is therefore based on
the concept of inverse optimality. One special feature of this method, as compared to other
methods in the literature, is the fact that the solution is obtained directly for the control
input without needing to assume or compute a value function first. Rather, the value
function is obtained after one has solved for the control input. A Lyapunov function
will also be constructed, at least locally. Work on optimal control and approximate
solutions, such as inverse optimality, has started in the sixties (see for example [2], [3] and
references therein), concentrating mostly on linear quadratic problems driven by aerospace
applications. Thirty years later, the concept of inverse optimality has been revisited by
many authors to address nonlinear optimal control problems. In a pioneering paper, Lukes
[3] approximates the solution to an optimal control problem with analytic functions by a
a Taylor series, starting with first order terms in the dynamics and second order terms in
the cost. The resulting controller is therefore the sum of a Linear Quadratic Regulator
(LQR) with higher order terms. Reference [4] finds the dynamics that verify the HJB
equation given the running cost and a value function. In [5] an analytical expression for a
stabilizing controller is obtained for feedback linearizable dynamics given the coordinate
transformation that feedback linearizes the system, a control Lyapunov function obtained
as the solution of the Riccatti equation for the linearized dynamics and a bound on the
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decay rate of the Lyapunov function. It is shown that the controller is optimal relative
to a cost involving a control penalty bias. Reference [6] uses Young’s inequality, which
was used before in [7] for the design of input-to-state stabilizing controllers, to find an
analytical expression for the solution to a class of nonlinear optimal control problems. An
expression for the cost that makes the controller optimal was also found. However, there
is no indication as to what conditions must be satisfied such that the obtained cost is a
sensible cost, namely, such that it is non-negative. This is shown on a case-by-case basis
in the examples. Reference [7] showed that both the inverse optimal gain assignment and
H.. problems are solvable for the case where the system is in strict-feedback nonlinear
form. For a similar strict-feedback nonlinear form, the work presented in [8] develops
a recursive backstepping controller design procedure and the corresponding construction
of the cost functional using nonlinear Cholesky factorization. It is shown that under
the assumptions that the value function for the system has a Cholesky factorization and
the running cost is convex, it is possible to construct globally stabilizing control laws to
match the optimal H ., control law up to any desired order, and to be inverse optimal with
respect to some computable cost function. In terms of applications, reference [9] presents
an inverse optimal control approach for regulation of a rotating rigid spacecraft by solving
an HJB equation. The resulting design includes a penalty on the angular velocity, angular
position, and the control torque. The weight in the penalty on the control depends on the
current state and decreases for states away from the origin. Inverse optimal stabilization
of a class of nonlinear systems is also investigated in [10] resulting in a controller that is
optimal with respect to a meaningful cost function. The inverse optimality approach used
in [9] and [10] requires the knowledge of a control Lyapunov function and a stabilizing
control law of a particular form. In [11] an optimal feedback controller for bilinear systems
is designed to minimize a quadratic cost function. This inverse optimal control design is
also applied to the problem of the stabiliz! ation of an inverted pendulum on a cart with
horizontal and vertical movement.

Building on the concept of inverse optimality, but in contrast with previous approaches,
the objective of this paper is to offer a solution method for a class of nonlinear systems
that can determine at the same time a controller and a sensible non-negative cost that
renders the controller optimal. Although limited to models up to third order, an important
contribution of the work presented in this paper is the fact that the models considered here
do not have to be in strict nonlinear feedback form. In fact, the derivative of state variable
© does not necessarily have to be an affine function of state variable ¢ + 1 for the models
considered in this paper. Furthermore, the running cost is not assumed to be convex. In
addition, the analytical solution for the control input is obtained directly, without needing
to first assume or compute any coordinate transformation, value function, or Lyapunov
function. The value function and a Lyapunov function can however be computed once!
the optimal control input has been found. Finally, conditions are given such that the cost
that makes the controller optimal is a sensible non-negative cost. The paper is organized
as follows. First the optimal control problem is defined and solved for a class of second
order systems, followed by its extension to a class of third order systems and conclusions.
Several examples are presented throughout the paper. In the notation used in the paper
V., denotes the partial derivative of V' with respect to z; and f’(z;) denotes the derivative
of function f with respect to its only argument z;.
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2 Optimal Control Problem Definition and Solution:
Second Order Systems

Consider the following optimal control problem

V(zg) = inf fooo {Q(x) + ru?} dt
s.t. .T1<t) = f1<.§L’1,.T2)

.T2<t) = f2<.§lf1,372) + bu
z(0) =x0, uel

where it is assumed that V is of class C', Q(z) >0, Q(0) =0, r >0, b # 0, x(t) =
[#1(t) zo(t)]T € IR?. The set U represents the allowable inputs, which are considered
to be Lebesgue integrable functions. The functions f;, fo are not identically zero and
are assumed to be continuous with f1(0) = f2(0) = 0. These functions will be further
constrained in the theorems presented in the paper. The term

(1)

L(zy, w2,u) = Q(x) + ru” (2)
is called the running cost. When f;, fo are linear, from the LQR theory [1], one knows
that the optimal solution is a linear state feedback law u = —kyx; — koxs. Inspired by

this fact, for nonlinear f;, f> we will search for nonlinear additive state feedback laws of
the form u = uy (1) 4+ ug(z2) with u;(0) = us(0) = 0. The first problem to be solved is to
find out for what forms of Q(x) such a control input exists. The second problem is to find
a solution u = wuy(x) 4+ ug(z) given a Q(z) in the allowed form. We start by presenting
necessary conditions that the value function V must verify for additive control solutions
to exist.

Lemma 1 Assume that a control solution of the form
u(;z:) = ul(xl) + UQ(SL’Q) (3)

with uy(x1) of class C* and uy(x2) continuous, exists for problem (1) with uy(0) = uy(0) =
0. Furthermore, assume that a class C* function V exists that verifies the corresponding
HJB equation

inf H (21, 29, u, Vyy, Vi) =0 (4)
where
H = Qz)+ru®+ Vg fi(wy, 22) + Vi, folxy, 1) + Vy,bu (5)
with boundary condition V(0) = 0. Then V must be of the form
V(z) = =2b"r (zouy (1) + Us(2)) + h(z1) (6)
where uy(z1), h(zy) and U(xy) are functions of class C* with
us(x2) = Us(x2),  h(0) = 2b~"rUs(0) (7)

Furthermore, uy and us are solutions of the equation
Q — ru? — 2rujug — rul — 2b \roul f1 + W fy — 207 rug fo — 207 runfo = 0 (8)

where the arguments of the functions were omitted for simplicity.

4
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Proof. Consider the HJB equation (4) associated with (1). The necessary condition on
u to be a minimizer is

Vi = —2b_1ru(:p) (9)
and therefore
V(z) = —2b1r/u(:c)d:c2 + h(xy) (10)

where h(x;) is an arbitrary integration function of z;. Replacing (3) into (10) yields (6).
From the boundary condition V(0) = 0 one obtains the constraint (7) taking into account
that u(0) = 0. Differentiating (10) with respect to x; and using (3) yields

Ve, = —2b" tragu) (21) + B (1) (11)

Finally, replacing (3), (9), and (11) in (4) yields (8) after rearranging. This finishes the
proof. O

Remark 1 [t is important to note that assuming a control input of the form (3) allows one
to transform the HJB equation into an ordinary differential equation instead of a partial
differential equation. Furthermore, it is interesting to note that if the value function (6)
does not have cross terms in x1 and xs, from (9), the controller will only depend on x;.

Based on the form of (8), this equation will now be solved for three different cases: i)
control input only as a function of xs, ii) control input affine in xs when the dynamics
are affine in that variable and iii) control input affine in z; when the dyamics are affine
in that variable.

2.1 Case I: Solutions depending only on -

For this case we first assume that f; is only a function of x5. The result is stated in
Theorem 1.

Theorem 1 Assume that fi(x1,xs) and fo(xo) are continuous and such that

f1(0,0) =0, f2(0) =0 (12)
and f1 is not identically zero. If Q(0,0) =0 and Q is of the form
Q(x1,22) = —g(x1) fr(21, 22) + Qa(72) (13)
where g is a function of class C* not identically zero, Qs # 0 and
Qa(z2) = 0
—g(@1) fi(wr, w2) + Qa(22) = 0 (14)

then the stabilizing control input u = us(x2) that is a solution of the quadratic equation
Q2(x2) — Tu3 — 20" 'rug fo(we) = 0 (15)

5
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is an optimal solution of problem (1) if it is continuous and the corresponding value
function is given by

V(xy,z0) = —Zblr/uQ(:EQ)d:pg + /g(:pl)dxl —2rb~ U, (0) (16)

Furthermore, if uy is of class C' and
g () >0, 21 #£0 uh(xs) <0, 29 #0 (17)

then V' 1is positive definite and it is a local Lyapunov function. The function V' is a global
Lyapunov function if it is radially unbounded. Finally, the trajectories converge to one
of the minimizers of L(z1,xe,u(x1,22)), i.e, to a point (x1,23) such that L = 0. If L is
convez, then the trajectories will converge to the origin for all initial conditions.

Proof. From the proof of Lemma 1 the HJB equation can be written as (8). With u; =0
this equation becomes

Q—rud+nfi—2b"rugfy = 0 (18)
where Q > 0 under conditions (14). Making
W (x1) = g(z1) (19)

using (13) and (15) yields 0 = 0, and therefore the HJB equation is satisfied. The HJB
equation is a sufficient condition for the control input (3) with u;(z;) = 0 to be a solution
that minimizes the cost of problem (1) because the second derivative of the Hamiltonian
(5) with respect to u is equal to 2r > 0. Using u; = 0 and replacing the integral of (19)
in (6) yields the value function (16) taking into account (7). Observe that from the HJB
equation (4) and from Q(z) > 0, if uy is continuous we have

V= —L(z1,0,u) <0 (20)

which makes V' a local Lyapunov function for the system if uy is also of class C! because
of the conditions (17) on the Hessian of V. If V' is also radially unbounded it is a global
Lyapunov function. Finally, since the optimal cost (16) is finite for all initial conditions,
then the trajectories will converge to one of the minimizers of L(z1, xo, u(x1,z2)) because
L > 0 and lim; ., L = 0 for integrability. If L is convex, then the trajectories must con-
verge to the origin because the origin is the only minimizer of L. This finishes the proof. [

Remark 2 Note that equation (15) with Qa(xs) > 0 corresponds to the solution of an
optimal control problem with running cost L = Q(z2) + ru® and first order dynamics
To = fo(xa) + buy. Therefore, the result of Theorem 1 reduces the solution of an optimal
control problem for a second order system to the solution of an optimal control problem
for a first order system.

Example 1 If fi(v1,22) = —a} — 22129, fa(wa) = 294/3(1+23) and Q(z1,129) =
(22 4 x5)° + 2}, b=r =1 then using the result of Theorem 1 we get g(x1) = x1, Qo(x2) =

23+ 23 and u = us(z2) = — (2+ V/3) 22/1 + 3.

6
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We now assume that f; is only a function of z5.

Theorem 2 Assume that fi(xs) and fo(x1,29) = for(21) + fao (71, 22) are continuous and
such that

f1(0) =0, f22(0,0)=0 (21)
and f1, fo1 are not identically zero. If Q) is of the form

Q(z1,79) = k> f2 + 267k f1 fao (22)

and

b_lkffl(l‘g)fzg(l‘l,l‘z) Z 0 (23)

then the control input u = us(x2) = kf1(x2) is an optimal solution of problem (1) and the
corresponding value function is given by

V(zy,20) = —2b" 1k (/ fi(za)dzy — / fgl(l’l)dl’l) (24)

Furthermore, if f1, fa1 are of class Ct and

b lkf](z2) < 0, 29 #0
b lkfy () > 0, 21 #0 (25)

then V' 1is positive definite and it is a local Lyapunov function. The function V is a global
Lyapunov function if it is radially unbounded. Finally, the trajectories converge to one of
the minimizers of L. If L is convex, then the trajectories will converge to the origin for
all initial conditions.

Proof. From the proof of Theorem 1 with u; = 0 the HJB equation can be written as

Q — ruz(x2) + N (x1) fr(w2) — 20~ rug(ws) [far (v1) + faa(w1, 22)] = 0 (26)

Making us(zs) = kfi(za),
h/(l‘l) = 2b_17“k’f21 (27)
and using (22) yields 0 = 0, and therefore the HJB equation is satisfied. Note that under

assumption (23), the running cost L is non-negative. The rest of the proof follows the
same reasoning of the proof of Theorem 1. O

Example 2 If fi(xs) = 23, fo(w1,20) = =23 —2219, Q(21,79) = rk*xS—20"rkaix] then
using the result of Theorem 2 we get that u = kx5 is the optimal control with V (xy, x5) =
—2b7'rk (23/4 + x1/4) where k is chosen such that b=k < 0.
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2.2 Case II: Solutions that are affine in z; and depend on both
X1, T2

For this case we assume that both f; and f5 are affine functions of x5. The main result
is stated in Theorem 3.

Theorem 3 Assume that

filz,za) = gi(w1) + ga(w1) 72
fo(z1,22) = g3(x1) + ga(w1) 22
(28)

where go(x1) # 0, g3(x1), ga(x1) are continuous functions, gi(x1) is of class C*, ¢1(0) =
92(0) = g3(0) = g4(0) = 0. If given Q1(x1) > 0,q9 > 0, the stabilizing solution u; of

Q1(x1) — ruf — 2b™ rusgs(zr) = 0 (29)
is of class C! then the control input
u = U1<.§L’1) - kQ.TQ (30)

with ky = ++/qer=1, b= tky > 0 is a solution of the optimal control problem (1) when Q
is of the form

Q(z) = Q1(w1) + g5 + 2rb~" (u)go — kaga) ¥5 — Mg (31)

and
k3 + 207" (1) gy — kags) >0, h'g <0. (32)

where h(xy) is a function of class C' satisfying
B gy = —2rks (u1 + b_lgg) 4+ 2rb~t (w94 + 1) (33)

The resulting value function is

V(z) =rb~" (—2uizs + koa3) —2rk; /g21 (ur + b "gs) dog+2rb~" / g5 " (u1gy + ulg1) doi+c

(34)
where ¢ is chosen such that the boundary condition V(0) = 0 is satisfied. The function
V' 1s also a local Lyapunov function provided it is positive definite in a region around the
origin. If V' is globally positive definite and radially unbounded then it is a Lyapunov
function. If L is convex, then the trajectories will converge to the origin for all initial
conditions. If L is not convex then the trajectories will converge to one of the minimizers

of L.

Proof. Taking into account (29), (30) and (31), equation (8) becomes after rearranging

/

h go
2r
(35)

q—r (k?g + 207" (u)go — koga) — %) T5+2r 2, (/fz (w1 4+ b7 gs) = b~ (wiga + uigr) +

)Jrhlgl =
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where ¢ = 2rb™! (u|go — kags) ¥3—Hh g1. Replacing ko = 41/ qor— ! and k' given by (33) into
(35), the HJB equation is satisfied. Note that this is a sufficient condition for optimality
because the second derivative of the Hamiltonian with respect to u is equal to 2r > 0.
For positivity of the running cost L one must have

Q1(21) + qowy + 2rb™" (U gy — kaga) 75 — h'gy > 0. (36)

Note that this constraint is always satisfied if (32) holds. The value function V' is obtained
replacing the control inputs and A in (6). Note that from the Hessian of V', b1k, is one
of the sufficient conditions for V' to be positive definite. The rest of the proof follows the
same argument as in the proof of Theorem 1. O

Remark 3 [t is important to note that the equation (29) corresponds to the solution
of an optimal control problem with running cost Q1(x1) and first order dynamics &1 =
93(x1) +buy. Therefore, the result of Theorem 3 reduces the solution of an optimal control
problem for a second order system to the solution of an optimal control problem for a first
order system plus the addition of a viscous damping term us(xe) = —kozs.

Remark 4 [t is interesting to note that when gi(z1) = 0, go2(x1) = 1, Q1(z1) = 0 and
x193(x1) < 0, 1 # 0, meaning that &1 = g3(x1) is asymptotically stable, then the result
of Theorem 3 coincides with the result of Theorem 2.

Example 3 Consider the mass-spring system with dynamics g1(x1) = 0, ga2(x1) = 1,
g3(x1) = =23, gu(x1) = 0, b = 1, and assume Qi(x1) = 0. Then, using the results of
Theorem 3, from (29) we get uy = 0. Therefore, with the running cost L(z,u) = qux3+ru?
the solution is u = —\/qor—xs with value function V(x) = \/gr (23 + 0.521), which is
also a Lyapunov function for the closed loop system. Note that the control input is adding
viscous damping to the mass-spring system to stabilize it to the origin, which makes perfect
sense from a physical point of view.

Example 4 Consider the Van der Pol oscillator with dynamics given by b =1, g1(z1) =
0, g2(1) = 1, gs(@1) = —1, ga(w1) = 0.5(1—27), and assume Q1(z1) =0, 2 = 1, r = 1.
Then, using the results of Theorem 3, from (29) we get u; = 0 and the optimal controller
u = —xy with associated value function V(z) = x3+x3, which is also a Lyapunov function
for the closed loop system. The running cost is L(x,u) = x2x5+u?. This controller makes
perfect sense from a physical point of view because to damp out the oscillations and make
the trajectories converge to the origin the input simply adds viscous damping.

Example 5 Let b = 1, gi(z1) = —a7, g2(x1) = 1, ga(z1) = ga(z1) = 0, Qi(m1) =
qr3, =1, q, ¢ > 0. This is a system in strict feedback form to which backstepping
techniques can be applied. From the results of Theorem 3, solving (29) the resulting
controller is w = —\/q1x1 — \/Q2x2. From (83) one gets

Wagr = =2 (Vager] + vV@al) <0
and from (31)

Q(71,19) = qat + 2/ Qe + 2/@as + (2 — 2/q1) 35

9
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The constraint (32) is o > 2./q1. Finally, from (34), the value function is

4
T
V(z) =2/qx122 + /@2 (:1:3 + \/q_lscf) + 2@21

which is a Lyapunov function for the closed loop system.

2.3 Case 1II: Solutions that are affine in 1 and depend on both
x1, T2

For this case we assume that both f; and f, are affine in x;. The main result of this
section is stated in the next theorem.

Theorem 4 Assume that there exist real scalars a, b, ¢, d such that

fi(zr,22) = axy + f(x2)
fg(l’l,l’g) = C.I’1—|—df<l’2) (37)

where f is not identically zero and is assumed to be continuous with f(0) = 0 and with
a locally positive definite anti-derivative F(x3) such that F'(xy) = f(x3). Assume further
that c(ad — ¢) > 0 and that for some B >0

Ba? > c* > a*d? (38)

This implies that either a = c¢ =0 ora # 0,¢ # 0 ora # 0,¢c = 0,d = 0. Furthermore,
assume that
Q(x) = qiai + 3 + q(2) (39)

where ¢ >0, qo > 0 and

@ = q@cta?+2rb%c(ad —c), a#0 (40)
q1 Z Q2d27 a = O

Finally, let q(x) be chosen as
q = 2rkikaxizo + 1077 (kiky? — &%) f? (41)

Then, there exist gains kq, ko, k verifying

by = \/% (42)

—cak,, 0
w={ o7 (43)
k=b" (d + %) (44)
2
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such that the control input (3) is a solution of the HJB equation (4) associated with (1)
with value function

2

V(z) = —rbtkex?+rbt <\l/“—]%2x1 + \/k:_gx2> (45)
+2rb=k (F(x2) — F(0))

The function V (z) is also a local Lyapunov function provided b > 0, kc < 0 and the term

kF(x9) is locally positive definite, i.e, if for some class K function 6 and positive v one

has

kF(22) 2 0 ([laal)), Vo2 € Q2 {ay ¢ [l2afl < 7} (46)

If V' is globally positive definite and radially unbounded then it is a Lyapunov function.
Finally, the trajectories converge to one of the minimizers of L. If L is convex, then the
trajectories will converge to the origin for all initial conditions.

Proof. The HJB equation (8) can be written as

0 = (@—rp)at+ (g2 —7k3) 23 +¢
+W f + poxy f —rk (K —2071d) f*

=27 [kiko — b7t (k1a + koc)] w20 + B axy (47)
+2r [b_l (/{71 + /{ZQd) — kgk] SL’Qf
where the arguments of the functions were omitted for simplicity and
pl(kla ]{3) = k’% — 2b710k’1 (48)

pg(kl, k) = 2r [bil (kld + kC) — klk]

Since by assumption ¢ > 0, then (42) implies ky # 0 and (44) is well defined. Note that
the term [b! (ky + kod) — kok] 2o f in (47) vanishes because of (44). Note that if a = 0
then ¢ = 0 because of inequalities (38). This observation together with (43) yields

k;la + kIQC =0
and therefore the term (kja + kac) 122 in (47) vanishes. Making
h/(ZL'l) = —pg(k’l, k’)[L‘l (49)

the term A/ f + poxy f in (47) vanishes. Using (48), (40), (42), (43), and (44) for the case
a # 0, and using (48) and (43) for the case @ = 0 (which implies also ¢ = 0), one finds
that ¢, — rp1 = apy. We also see that the term (g, — rpy) 22 + Wax, in (47) vanishes.
The term (qy — rk3) 23 vanishes because of constraint (42). Using (41) and (44) the term
q — 2rkikoz 29 — vk (k — 2b71d) f% in (47) also vanishes. Since all terms in (47) vanish,
the HJB equation is satisfied. This is a sufficient condition for the control input (3) to
be a solution that minimizes the cost of problem (1) because the second derivative of the
Hamiltonian (5) with respect to u is equal to 2r > 0. The running cost is a sensible cost
because from (2) and (38)—(43) it is given by

L = r (kyxy + kows)” + 2rc(ad — )b~ 222 + rb~2 (kiky? — &%) f2 + ru?

11
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and it is non-negative with a minimun at z; = 29 = uw = 0 under the assumptions
clad —¢) >0, (38), (40), (42), (43). Replacing the integral of (49) in (6), using (48) and
(44) yields the value function (45). The boundary condition V(0) = 0 yields the term
—2rb~'kF(0), which is a constant of integration. The rest of the proof follows the same
argument as in the proof of Theorem 1. O

Remark 5 [t is interesting that the square of the nonlinearity comes naturally as a term
in the cost, although this would be difficult to predict based on a general tendency to always
construct costs that have only quadratic terms on the state.

Example 6 For system (1) with f(z3) = 22, a = ¢ =d =0 and b = 1 one obtains a
double integrator. According to Theorem 4, the solution corresponding to ¢ = q =1 =1
18

U= —I] — 2Ty

and the running cost is
L(l’l, :L‘27u) = (xl + .1'2)2 + «Ig + U/z

The closed loop system 1is critically damped and has a double pole at —1. The value
function is
V = (.Tl —|—SL’2)2 —|—SL’§

which can be rewritten as V = xT Px where

Note that .
V=-— (.Tl + 1’2)2 — SL’% — (.Tl —+ 2.1’2)2 < O, v<SL’1, 1’2) # (0, O)

Therefore, the value function is a global Lyapunov function.

Example 7 For system (1) with a # 0, d = ca™, q1 = qc*a™2 and irrespectively of
f(x2), q1, qo one has k1k2_1 = —d, k=0 and the solution is a linear controller

u = —ky(2o — ca”xy)
The running cost and the value function are respectively
L = rk3(zy — ca tx1)* 4 ru?
and

V =rb tky(xy — ca txy)?

12
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Figure 1: Path Following of Unicycle

Note that in this case the two differential equations in (1) can be combined and the dynam-
ics become 2 = bu where z = x9 — ca” 'xy. The controller is u = —kyz, which makes the
trajectories of z converge to the origin exponentially. In fact, this all makes sense because
according to Theorem 4, the trajectories are guaranteed to converge to the minimizers of
L given by the points in the set {(x1,33) : xy = ca 'z}, for which the value function
s zero. However, note that in this case the value function is not a Lyapunov function
because k = 0 and there is no guarantee that the trajectories converge to the origin. It s
however a Lyapunov function for the dynamics of z. If ¢ = 0, which implies d = 0, then
¢ = k1 = 0 and the trajectories will converge to the set of points {(x1,x2) : o = 0}. But
for xo = 0 we have 1 = ax; and x1 therefore converges to zero if and only if a < 0.

Example 8 For system (1) consider f(zs) =3, a=c=d =0 and b= 1. According to
Theorem 4, the optimal controller corresponding to ¢ = q =1 =1 is

u:—xl—xQ—xS

the running cost is
L(l’l, :L‘27u) - ($1 + .1'2)2 + xg + U/z

and the value function is
V= (SL’l + .T2)2 + 0537;1

Note that
V=- (21 + 372)2 - 372 - (551 + z2 + 55%)2 <0, V(x1,22) # (0,0)

Therefore, the value function is a global Lyapunov function.

Example 9 For system (1) let f(z2) = sin(xs), a =c=d =0 and b = 1. This system
15 the kinematics model on the x — vy plane for path following of the line y = 0 at constant

13
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Figure 2: Unicycle Trajectories

unitary velocity by a unicycle. For this model, based on figure 1, one has x1 =y, x9 = 1.
According to Theorem 4, if ¢ = qo = r = 1, the optimal controller is

U= —x; — Ty — sin(zy)

the running cost is

L(z1, 22,u) = (11 + 29)* + sin®(25) + u?

and the value function is
V = (214 22)> 4+ 2 — 2 cos(x,)
The deriwative of the value function is

V = —(z;+x)" —sin?(z,)
— &1 4 25 +sin(z,)]* < 0

Therefore, the value function is a local Lyapunov function, which proves local stability in
the sense of Lyapunov. However, the Lyapunov function is not radially unbounded (it is
zero for x1 = —x9 = 2nm for n integer) and asymptotic stability to the origin cannot be
proved. In fact, by LaSalle’s Invariance Principle [13], the trajectories are only guaranteed
to converge to the largest invariant set contained in {(xy,x5) : V(xy,25) = 0}, which is
the set {(x1,x2) : 3 = —x9, xo = nmw} where n is an integer. Notice that this is also the
set of minimizers of L, which is in accordance with Theorem 4. Furthermore, invoking
the result of Theorem 4, one cannot guarantee convergence to the origin because L is not
convez in this case. Figure 2 shows several trajectories of the unicycle for different initial
conditions. Convergence to the desired path is clearly seen for the initial conditions shown

in the figure.

14
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3 Optimal Control Problem Definition and Solution:
Third Order Systems

The results of the previous section are now extended to a class of third order systems for
which a = ¢ = 0. Consider the following optimal control problem

V(zg) = inf fooo {@2? + a3 + gs23 + Q(z) + ru*} dt
o(t) = df (x2) + g(x3) (50)

z(0) =z0, uel

where it is assumed that ¢, >0, g2 >0, g3 >0, r >0, b # 0, x(t) = [z1(t) 22(t) z3(t)]T €
IR?, d € IR. The set U represents the allowable inputs, which are considered to be
Lebesgue integrable functions. The functions f, g are not identically zero and are assumed
to be continuous with f(0) = ¢(0) = 0. The function g(z3) is assumed to have a locally
positive definite anti-derivative G(z3) such that G'(z3) = g(x3).

As before, we start by presenting necessary conditions that the value function V' must
verify for a solution of the form (51) to exist.

Lemma 2 Assume that a control solution of the form
u(w) = —k1w1 — kowg — ksxs — kaf (12) — ksg(3) (51)

exists for problem (50) and that a class C' function V exists that verifies the corresponding
HJB equation

ian($1,$2,$3,U, %17%27%3) =0 (52)
where
H = quui+ g5 + a3 + Q) + ru? + Vi, f(22) (53)
+ Vi 93(22, x3) + Vi, bu
with

93 = df (x2) + g(x3)
and with boundary condition V(0) = 0. Then V must be of the form

2

V(z) = 267y (k19€1$3 + koxoxs + kyf (z2)x3 + k‘?,% + k5G($3)) + h(z1, z2) (54)

where h and G are functions of class C' with

g(x3) = G'(x3) (55)
R(0,0) = —2b 'rk;G(0) (56)

Proof. Consider the HJB equation (52) associated with (50). The necessary condition
on u to be a minimizer is

Vi = —2b"tru(2) (57)

15
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and therefore

V(z) = —2blr/u(:p)d:p3 + h(xy, z2) (58)

where h is an arbitrary integration function of z; and x5. Searching for a solution of the
form (51), expression (58) becomes (54). From the boundary condition V(0) = 0 one
obtains the constraint (56). This finishes the proof. O

Theorem 5 Let Q(x) be chosen as

Q = 27’]€1kg.ﬁlfl.'L'Q+27’]€1]€31’1$3+27’]€2k3$21’3+7’ (ki — 2dk4]{?5) f2+7’]€52)g2—27’b71]€4fl.1’3 (df -+ g)
(59)
Then there exist gains k1, ko, k3, ks, ks verifying

key = \/% (60)

q2
T 1
2 . (61)
qs
ks = )= 2
3 " (62)
ky = b"kyt (ky + dks) (63)
ks = bk ks (64)

such that the control input (51) is a solution of the HJB equation (52) associated with
(50) with value function

Viz) = rb7t (\';—2—3961 + j—;—3$2 + \/]?ﬂ?») (65)
20711 [bky ks (F(w2) = F(0)) F kas f (22) + ks (Glas) — G(0))]

where u is given by (51). The function V is also a local Lyapunov function for the system
provided it is positive definite in a neighborhood of the origin and

7 (kyzy + kowy + kaxs)® +rb ks (k7 — &k3) f2+rkig> —2rb~  kaf'zs (df + g) > 0 (66)

If V' is globally positive definite and radially unbounded then it is a global Lyapunov func-
tion. Finally, the trajectories converge to one of the minimizers of L. If L is convex, then
the trajectories will converge to the origin for all initial conditions.

Proof. Differentiating (54) with respect to x; yields
VYJ»‘1 = 27“()_1]{311‘3 + hml, (67)
and with respect to xs yields

‘/;2 = 2Tb_1 (k‘z + k’4f/) T3 + hmga (68)

16
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where h,, is the derivative of h with respect to x; and h,, is the derivative of h with
respect to x5. Replacing (51), (67), (68), and (57) in (52) yields after rearranging

0 = (q —rki)ai+ (g —rki)xs + (g3 —rk3) 23+ Q
—QTkle.Tll’g — 2T]€1]€3.’171.§L’3 — 27’]€2]€3.§L’2.’L‘3 — T]{ZZfQ — T’kggQ

69
=21 (kaf + ksg) (kizy + kowo + ksxs) — 2rksks fg (69)
+2rb~ wy [kaf' (df + g) + f (k1 + dka) + gho] + (hay + dha,) f+ hayg
Using (59)-(62), (69) transforms to
0 = —2r (/{Z4f —+ k5g) (/{Zlﬂfl + kgl’g + /{Zgﬂfg) — 27’]€4]€5fg — 2Td]€4/{75f2 (70)
+2rb s [f (k1 + dk2) + gko] + (he, + dhey) f + hayg
Making
hoy = 2rks (k121 + kowa) + 2rkyks f (71)
yields by integration
h = 2rkskiz13y + rkskoxy + 2rksks F(z2) + w(x) (72)

where w is an arbitrary integration function of z;. Taking the derivative of (72) with
respect to z; yields
he, = 2rkskixo + w'(21) (73)

Replacing (71) and (73) into (70), making
U}I<.§L’1) = 27’]€1 <k4 — dk5) Al (74)

and using (63)—(64) yields the identity 0 = 0 which proves that the HJB equation is
satisfied. This is a sufficient condition for the control input (51) to be a solution that
minimizes the cost of problem (50) because the second derivative of the Hamiltonian (53)
with respect to u is equal to 2r > 0. Using (60)—(64) the running cost is given by

L =r(kizy + koxo + k?g[L‘g)z +Tb_2k;3_2 (k‘f — dzk:g) f? +Tk52)92 —2rb Y kg f x5 (df + g) +1u?

and it is non-negative with a minimun at x; = x93 = r3 = v = 0 under the assumption
(66). Integrating (74), using (72), (63)—(64) and the boundary condition V' (0) = 0, (54)
yields the value function (65). Since V = —L <0, the function V is also a local Lyapunov
function for the system if it is positive definite in a neighbourhood of the origin. The rest
of the proof follows the same argument as in the proof of Theorem 1. O

Remark 6 [t is interesting to note the similarity in the strucure of (45) and (65) for the
case ¢ = 0. It is also worth to mention that for d = 0 the results of Theorem 5 agree with
the ones obtained in [12].

Example 10 Consider now the third order integrator extension of example 9. The dy-
namics are given by (50) with f(xs) = sin(xg), g(xs) =23, b=1, d=0. If 4 = q3 =
r =1 and g = 4, then according to Theorem 5 the optimal controller is

u = —x1 — 2wy — 3x3 — sin(z2) (75)
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the running cost is
L = (z1 + 229 + 23)* + (4 — 2c08(x2)) 73 + sin’(x) + u? (76)
and the value function is
V(z) = (21 + 209 + 13)? + 203 + 25 sin(wy) — 4 cos(zy) + 4 (77)

Computing the Hessian of V' and approximating the sin and cos functions by their first
order Taylor series around zero one finds that V' is guaranteed to be positive definite in
the set {(x1,29,73) € R3 : 13| < €, |w3| < 1.5t} for small €. Note that if one plots
the functions that are the principal minors of the Hessian, one can actually find that €
can be as big as w/10 and the values of w3 can still be obtained from the approximation
above giving an accurate estimation of the region where V' is positive definite. Moreover,
the derivative of the value function is

V = —(4 — 2cos(x2))x2 — (z1 + 225 + 23)? — sin’(z5) (78)

— (21 + 229 + 3x5 + sin(zs))?
and is negative definite for xo € (—m,m). Therefore, the value function is a local Lya-
punov function in the largest invariant set contained in { (x1,22,33) € R*||za] < 7} N
{ (11,22, 73) € R3|V > 0} where > 0 stands for positive definite. Note that, as in the pre-
vious example, one cannot gquarantee convergence to the origin from any initial condition
because L is not convex.

4 Conclusions

This paper presented an inverse optimality method to solve a class of nonlinear optimal
control problems. The method is inverse optimal because the running cost that renders
the control input optimal is also explicitly determined. The resulting running cost was
shown to be a sensible non-negative cost with a minimum at the origin.

There are two main advantages of this method. First, the analytical solution for the
control input is obtained directly without needing to assume or compute a coordinate
transformation, value function or Lyapunov function. The value function and a Lyapunov
function can however be computed after the control input has been found. Another
advantage is that it is capable of solving many examples of interest, inlcuding the Van
der Pol oscillator, mass-spring systems and vehicle path following. The main drawback of
the method is that it is restricted to a specific class of optimal control problems for which
the dynamics are affine in the input and the cost is quadratic in the input.

Two interesting conclusions can be drawn from this work. First, the value function
contains terms that are the negative integral of the control input. Regarding the control
input as a force and the value function as potential energy, this integration leads to the
usual expression for conservative forces, which is physically interesting. Second, this work
emphasizes the importance of cross terms on the state to find a solution to some optimal
control problems. This is not only true in the value function, where they are needed to

18
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make the input be a function of both state variables, but also in the cost. Furthermore,
making the cost depend on the nonlinearity, potentially including nonquadratic terms on
the state, seems to be an important feature of this method. This is in contrast to the
traditional quadratic costs that have been used in a great percentage of the available
literature in optimal control.

Acknowledgments

The authors would like to acknowledge the Natural Sciences and Engineering Research
Council of Canada (NSERC) for funding this research and would like to dedicate this
paper to the memory of Dr. El-Kebir Boukas.

References

1]

2]

[10]

A. E. Bryson, and Y-C Ho, Applied Optimal Control, Hemisphere Publishing Corpo-
ration, 1975.

R. Kalman, ”When is a linear control system optimal ?”, ASME Transactions, Jour-
nal of Basic Engineering, vol.86, pp.51-60, 1964.

D. L. Lukes, ”Optimal Regulation of Nonlinear Dynamical Systems”, SIAM Journal
of Control, 7(1), 1969

J. Doyle, J. A. Primbs, B. Shapiro, V. Nevisti¢. ”Nonlinear Games: examples
and counterexamples”, IEFEE Conference on Decision and Control, Kobe, Japan,
pp-3915-3920, 1996.

R. A. Freeman, and P. V. Kokotovi¢, ”Inverse Optimality in Robust Stabilization”,
SIAM Journal on Control and Optimization, vol. 34, no. 4, pp.1365-1391, 1996.

M. Margaliot, and G. Langholz, ”Some nonlinear optimal control problems with
closed-form solutions”, International Journal of Robust and Nonlinear Control, vol.
11, pp.1365-1374, 2001.

M. Krsti¢ and Z.-H. Li, " Inverse optimal design of input-to-state stabilizing nonlinear
controllers”, IEEE Transactions on Automatic Control, vol. 43, no. 3, pp.336-350,
1998.

Z. Pan, K. Ezal, A. J. Krener, and P. V. Kokotovi¢, ” Backstepping Design with Local
Optimality Matching”, IEEE Transactions on Automatic Control, 46(7), pp.1014—
1027, 2001.

M. Krstic, and P. Tsiotras, ”Inverse optimal stabilization of a rigid spacecraft”, IEEE
Transactions on Automatic Control, vol. 44, Issue 5, pp. 1042-1049, 1999.

J. Guojun, "Inverse Optimal Stabilization of a Class of Nonlinear Systems”, Proceed-
ings of the 26th Chinese Control Conference, pp. 226-230, 2007.

19



hal-00456509, version 2 - 10 Oct 2011

[11] M. Kanazawa, S. Nakaura, and M. Sampei, "Inverse optimal control problem for
bilinear systems: Application to the inverted pendulum with horizontal and vertical
movement”, IEEE Conference on Decision and Control, pp. 2260-2267, 2009.

[12] B. G. Omrani, C. A. Rabbath, and L. Rodrigues, ” An Inverse Optimality Method
to Solve a Class of Third Order Optimal Control Problems”, IEEE Conference on
Decision and Control, pp. 48454850, Atlanta, GA, USA, 2010.

[13] H. Khalil. Nonlinear Systems, 2nd Edition, Prentice Hall, 1996.

20



