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SUMMARY

A method is proposed to systematically transform a constrained optimal control problem (OCP) into an unconstrained OCP,
which can be treated in the standard calculus of variations. The considered class of constraints comprises up to m input
constraints and m state constraints with well-defined relative degree, where m denotes the number of inputs of the given
nonlinear system. Starting from an equivalent normal form representation, the constraints are incorporated into a new system
dynamics by means of saturation functions and differentiation along the normal form cascade. This procedure leads to a new
unconstrained OCP, where an additional penalty term is introduced to avoid the unboundedness of the saturation function
arguments if the original constraints are touched. The penalty parameter has to be successively reduced to converge to the
original optimal solution. The approach is independent of the method used to solve the new unconstrained OCP. In particular,
the constraints cannot be violated during the numerical solution and a successive reduction of the constraints is possible,
e.g. to start from an unconstrained solution. Two examples in the single and multiple input case illustrate the potential of
the approach. For these examples, a collocation method is used to solve the boundary value problems stemming from the
optimality conditions. Copyright © 2009 John Wiley & Sons, Ltd.
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1. INTRODUCTION

This paper proposes a new method to solve constrained
optimal control problems (OCPs). In general, numer-
ical methods to solve OCPs can roughly be divided
in two different classes. In direct methods, the OCP
is discretized to obtain a finite-dimensional parameter
optimization problem, see e.g. [1-6]. Well-known
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advantages of the direct approach are the good domain
of convergence as well as the efficient handling of
constraints. On the other hand, indirect approaches
are based on the calculus of variations and require
the solution of a two-point boundary value problem
(BVP), see e.g. [7]. Indirect methods are known to
show a fast numerical convergence in the neighbor-
hood of the optimal solution and to deliver highly
accurate solutions, which makes them particularly
attractive in aerospace industries [8§—11]. However,
the handling of constraints via Pontryagin’s maximum
principle [12] is in general non-trivial, since the overall
structure of the BVP depends on the sequence between
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singular/nonsingular and unconstrained/constrained
arcs and requires a priori knowledge concerning the
structure of the optimal solution.

In order to avoid these problems in handling
constraints, this paper exposes a method to incorporate
a set of constraints of a given OCP (called OCP,) into a
new unconstrained one. For a nonlinear system with m
inputs, the method can handle up to m state constraints
and m (state-dependent) input constraints. The state
constraints are required to have a well-defined relative
degree in the sense of nonlinear geometric control. The
technique is systematic and allows a straightforward
numerical treatment of the new unconstrained OCP
in the calculus of variations. For sake of simplicity,
the main principles of the approach are presented for
the single input case with one state constraint and one
input constraint, and are then extended to multiple
input systems.

In the first step, the system dynamics of OCP, are
transformed into a normal form consisting of an internal
dynamics and a cascade of integrators with the state
constraint function corresponding to the first variable.
In these preliminary coordinates, an equivalent OCPy, is
defined, where the constraints enter precisely at the top
and at the bottom of the normal form cascade. In a next
step, the constraints are represented by means of satu-
ration functions and successive differentiation along
the cascade. These substitutions propagate through the
internal dynamics and eventually define a new uncon-
strained dynamics. Its trajectories have inverse images
in the original coordinates, which intrinsically satisfy
the constraints.

Using the saturation functions, a new OCPZ is
derived, which includes an additional penalty term with
parameter ¢ to avoid unboundedness of the new states
or input, if one of the original constraints is touched.
The penalty parameter ¢ has to be successively reduced
during the numerical solution of OCPZ, to eventually
approach the constrained optimal solution of OCP,.
The systematic incorporation of the constraints into
the formulation of OCP@ has the advantage that the
constraints cannot be violated during the numerical
solution of OCP% and that the constraints can be
successively reduced, e.g. to start from an uncon-
strained solution.

Copyright © 2009 John Wiley & Sons, Ltd.

The paper is organized as follows. In Section 2, the
considered OCP,, in the single input case is exposed
and transformed to the equivalent OCP, in the normal
form coordinates. Section 3 describes the saturation
function approach to incorporate the constraints in
a new system representation and to derive a new
unconstrained OCPZ with an additional penalty term.
In Section 4, the convergence properties of OCP‘E are
studied for ¢ — 0. Section 5 is devoted to the solution
of OCP‘;:; by deriving the optimality conditions from
the calculus of variations. A modified version of a
standard Matlab BVP solver is shortly introduced
to numerically solve the BVP stemming from the
optimality conditions. An example system with state
and input constraints illustrates the method and the
numerical solution. Section 6 extends the results to
multiple input systems and applies the concept to
an example application with one state constraint and
two input constraints. Finally, conclusions are given
in Section 7, where some of the advantages of the
proposed method are discussed.

2. PROBLEM FORMULATION IN
THE SINGLE INPUT CASE

The considered OCP is initially introduced for
nonlinear systems with one control and a set of one
state constraint and one input constraint (Section 6
addresses the multiple input case). A normal form
representation is derived by using the state constraint
as linearizing output. In this way, the constraints appear
at the top and the bottom of the normal form cascade,
which is the basis for the saturation function approach
presented in Section 3.

2.1. Optimal control problem

We consider a nonlinear control-affine single input
system of the form

i=f)+gx)u, xeR*, uekR (1)
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with f, g:R*"— R" being sufficiently smooth. The
initial and (desired) final conditions are given by

x(0)=xo, x(x(T))=0 @)

with y: R" — R?. It is assumed that for each input u, the
system (1) and initial conditions in (2) yield a unique
state x. The cost functional to be minimized is of the
form

T

J(u):(p(x(T))—i—/ L(x,u,t)dt 3)
0

where the functions ¢:R" - Rand L:R" x Rx Ry —
R are sufficiently smooth. The end time T is fixed for
the sake of simplicity. The following two constraints
are considered:

c(x)e[c_,c+], ue[u_(x),u+(x)] “4)

The function c(x) of the state constraint is assumed
to have a well-defined relative degree (in the sense
of geometric nonlinear control) with respect to the
dynamics (1). The second state-dependent input
constraint corresponds to a mixed input-state constraint
d(x,u)€[d~,d"], which is well defined with respect
to u, i.e. dd/du#0, such that d can be inverted with
respect to u.

In summary, we consider the following OCP, noted
OCPy, and postulate the existence of an (at least local)
optimal solution in Assumption 1.

Problem OCP,:
T
minimize J(u):(p(x(T))—i-/ L(x,u,t)dt
0
subject to x=f(x)+g(x)u

x(x(T))=0

cx)elc™, ¢, uelu x),u” ()]

x(0) =xo,

Assumption 1
OCP, has an optimal solution (u*, x*) with the optimal
cost J(u*)=J* .

Copyright © 2009 John Wiley & Sons, Ltd.

2.2. Normal form representation for state constraint

Following [13], the relative degree r<n of the
constraint function ¢(x) at a point x =x? is defined by

LgLffc(x)zo, i=1,...,r—2

LoL'e(x) #£0 )

where Ly and Ly denote the Lie derivatives along the
vector fields f(x) and g(x). Literally, r reveals how
many times the constraint function c(x) has to be differ-
entiated until the input u appears (see again [13]).
The constraint function c¢(x) can be used as
(partially) linearizing output to derive a change of

coordinates
0
<y> _ ( y(x)) — 00 ©)
z 0, (x)

with y=(y1,...,y,)" and 0, = (01, ..., 0,)" defined by

yi=c)=01(x), yi=L7 " c(x)=0;(x)
i=2,...,r (7

The additional coordinates z=0,(x) € R"™" are neces-
sary to complete the transformation (6) if r<n. Since
the relative degree of c(x) is assumed to be well defined
in a sufficiently large neighborhood of the point x°, the
Jacobian 00/0x is non-singular such that the inverse
transformation

x=0""(y,2) (8)

exists. In these coordinates, we can transform OCP,
into an equivalent OCP, as follows:

Problem OCPy:

minimize Jw)=p((T),z(T))
T_
+ / Lnzundi (%)
0
subject to Vi=Yit1, i=1,...,r—1 (9b)
yr=ao(y,2)+a1(y,2)u (9¢)
2=bo(y,2)+b1(y,2)u (9d)

Optim. Control Appl. Meth. (2009)
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y(0)=0y(x0), z(0)="0:(x0)

1(T),z(T))=0 (%e)

yiele™, ¢l ueli™(y,2),at(y,2)]

9f)

where (]):goo@fl, L=Lo0", ;‘(:Xoa’l, af=uto

0~ follow from OCP, with the change of coordi-
nates (6).

The notation ‘o’ is consistently used throughout the
text as substitution rule to replace a specific argument of
a function p(-, v, -) by a given transformation v =g (w),
ie. p(’ Q(w)» ) = P(’ v, ) oqg.

In nonlinear control, the dynamics (9b)—(9d) are
often called input—output normal form, see e.g. [13].
The chain of integrators (9b)—(9c) with the func-
tions aO:L}c(x)oH_l and a; =LgL;flc(x)oH_1 are
the input—output dynamics, where the transformed
constraints (9f) appear at the top and bottom of the
cascade. The second part (9d) of the dynamics with
bo=Ly0,(x)o 0~! and b= Ly0,(x)o 0! represents
the internal dynamics of the normal form. It is always
possible in the single input case to choose z=10,(x)
such that the internal dynamics (9d) are independent of
the input u [13]. Nevertheless, (9d) is the more general
form.

The last Equation (9c) of the input—output dynamics
can be inverted to determine the input u# in dependence
of the states y, z, and y,:

_yr—ao(y,2)

10
a1(y,z) (10

where aj(y,z)#0 due to the well-defined relative
degree of c(x), see (5).

Note that OCP, and OCP, are two different forms
of the same OCP due to the one-to-one correspondence
of the coordinates x and (y, z) via the transformations
(6) and (8). This property leads to the following propo-
sition:

Proposition 1

Under Assumption 1 and due to the bijective
state transformation (6), OCP, has an optimal solu-
tion (u*,y*=0,(x*),z*=0,(x*)) with optimal cost
J(Ww*)=J*.

Copyright © 2009 John Wiley & Sons, Ltd.

3. USING SATURATION FUNCTIONS TO
REPRESENT THE CONSTRAINTS

This section presents an approach to transform the
constrained OCP, to a new unconstrained OCP
and utilizes ideas from [14] originally developed
in the context of feedforward control design. The
proposed method takes advantage of the normal form
cascade (9b)—(9¢) and systematically incorporates the
constraints on y; and # within a new system represen-
tation by means of saturation functions and successive
differentiation of y;. The derived unconstrained system
defines a new OCP‘} that contains an additional penalty
term with parameter ¢ in order to avoid unboundedness
of the saturation function arguments if the constraints
are touched.

3.1. Derivation of new system representation

The idea of the approach is to replace the coordinates
y and the corresponding input—output dynamics (9b)—
(9¢c) by a new system in unconstrained coordinates that
automatically satisfies the constraints (9f). In the first
step, the state constraint y; € [¢~,¢™] is replaced by a
saturation function

yi=y(&, e, eh) (11)

with the new unconstrained variable &; € R. The satu-
ration function (&}, c¢®) is assumed to be smooth and
strictly monotonically increasing, i.e. dy/0&; >0 for all
¢, € R, which means that the limits c¢* are only reached
asymptotically for &; — +oo, as shown in Figure 1.

Y

Cc

Figure 1. Asymptotic saturation function (11) with satura-
tion limits ¢ and coordinate &,.
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Hence, the constraint y; €[c"c™] is actually satisfied
on the open intervals (¢™, c™).

In order to substitute the next coordinate y,, Equa-
tion (11) is differentiated and a new coordinate &, is
introduced:

Ji=y2=y'¢ with & =¢ (12)

with the notation /= (dy/d&)(¢1,cF). By intro-
ducing &,, a first differential equation £; = ¢, is derived
for the previous coordinate ¢;. Further differentiation
of (12) leads to (if r>2)

==y E+yE  with &=8 (13)

The Equations (12) and (13) shpw the concept behind
the successive differentiation yf’) =y;+1 and the intro-

duction of new coordinates é,- =¢; 41 until y, is reached.
Hence, the following relations are obtained:

yi=hi(&)=y(&, ) (14a)
yi=hi(&,.... &)

=9, (&1, L )Y E, i=2,..,r (14b)

where the nonlinear terms y; are determined with
respect to the previous equation for y;_p, i.e. y5(&;)=0
and
i-2 0h;_, .
(ST <IN DY ;é]q»l, i=3,...,r
0& ;

j=l1

As a result, the successive differentiation of y; leads to
a new set of coordinates &= (¢, ..., &) that replaces
the normal form coordinates y by the relation

y=h@=(hi(E).....h ()T (15)
The final differentiation of y,. =h, (&) eventually gives
Y =7 (D +YE (16)

Since y, is affected by the input u via the final equation
(9¢) of the input—output dynamics, the input constraint
in (9f) can be interpreted as the constraint

yrela™(v,2),a(v,2)] (172)

Copyright © 2009 John Wiley & Sons, Ltd.

where a® (y, z) is defined with respect to the (constant)
sign of a1 (y, z) #O0:

T ao(y, 2)+ai(y, D" (y,2) if a1(y,2)>0
a (y,z)= _ .
ao(y, 2)+ai(y, 2ut(y,z) if ai(y,z)<0

(17b)

In order to incorporate the constraint (17a) in Equation
(16), a second saturation function

E=¢@, dH e (p™, M) (18a)

with a new input # is introduced, which eventually will
substitute the original input u in the equations. Similar
to Y(&;, ¢*) shown in Figure 1, the function ¢ (ii, ¢F) is
smooth and reaches the limits d)i only for i — Fo00.}

The saturation limits (bi have to be chosen such that the
constraint (17a) is satisfied. Using (16) and (18a), the
inequalities ¢~ (y, z)<y,<a” (y, z) can be written as

a (&,2)=7,41(9)
lp,(él ’ ci)

at(&,2) =741
lp,(él ’ ci)

<P, pH)<

with />0 and a*=a*oh being expressed in the
new coordinates (15). Hence, the saturation limits d)i
directly follow to

&i(év Z) - yr-}—l (é)
‘///(fl ’ c:t)

and thus depend on the states ¢ and z in order to satisfy
(17a). Inserting (18) in (17a) leads to

PF =9 ()= (18b)

)"rzhrJrl(é, Z, IZ)
= 9,1 (O +Y ¢, p* (&, 2)) (19)

in addition to the relations (15) for the coordinates y.
Finally, the original input u# can be expressed in terms

¥The explicit formulas for the saturation functions (&;, c*) and
¢, ¢™) used in this paper are stated in (Al) and (A2) in
Appendix A.l.
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new subsystem 25

AN

& &

<2

& & y1 = c(x)

Z~:IA\I

internal dynamics

Figure 2. New normal form (21) with subsystem X: and transformed internal dynamics iIN.

of the states (&, z) and the new input u# by using the
inverse dynamics (10) and (15), (19):

u=hy(&, z,0)= hys1 (é,&zl,(ué) ;)ao(g, 2)

with agp=agoh and a;=ajoh.

Owing to the introduced saturation functions
Y(&q, e®) and ¢ (i, d)i(f, 7)) and the successive differ-
entiation of yj, the coordinates y and input u are
replaced by ¢ and the new input #, which leads to the
new representation of the normal form (9b)-(9d)

T & =&,

& =&z, = (i, ¢ (£.2))
TNt 2=b(E 2, 0D)

=bo(&,2)+b1 (& Dhu(E,z,i1)  Q2lo)

with by=bgoh and by =b;oh. The block diagram in
Figure 2 illustrates the structure of the new system
(21). The two saturation functions (&1, ct) and
o, (bi(é,z)) are arranged at the top and bottom of
the chain of integrators, whereby the states £ feed back
into the modified internal dynamics v and (together
with z) into ¢ (@, d)i (&, 2)) to determine the saturation
limits ¢F (¢, 2).

Remark 1
The structure of the saturation limits ¢>i(f, z) in
(18b) has a particular advantage if the state constraint

(20)

i=1,...,r—1 (21a)

(21b)

Copyright © 2009 John Wiley & Sons, Ltd.

y1 €[c™, ¢T]is approached, which implies /' (¢, ¢c*) —
0. For certain properties of the constraint functions
(17b), it can be shown that the limits d)i(f, z) approach
+o00 for Y/ (&, ¢T)— 0, thus ‘opening’ the (normal-
ized) saturation function in (A2) (see Appendix A.l),
ie. ¢(u, (bi(é,z))%ﬁ. More details can be found in
Appendix A.2 and Section 5.3.

3.2. Inverse relations

An important point is that the strict monotonicity
of the saturation functions (11) and (18) ensures
the one-to-one correspondence between the original
(constrained) normal form coordinates yje(c™,c™)
with y;=y;11 and the new (unconstrained) coor-
dinates §=(§1<oo,...,ér)T related by & =&,

i=1,...,r—1. The unique correspondence is defined
from the inverse relations of (15)
&=y o1 cH=h" o) (22a)
g — yi—yi (&, &)
l W (&, ct)
=h;7 (&, &y, i=2,...r (22b)

which successively determine the coordinates &. In
summary, the overall inverse relation to (15) is denoted
by

E=h"1(y) (23)
with 2= (¢, ¢ct) x R"~! - R’. Owing to the asymp-

totic nature of the saturation function W(¢;,c™), the

Optim. Control Appl. Meth. (2009)
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coordinate &; =w71(y1,ci) becomes unbounded if y;
touches one of the constraints ¢*. For the particular
choice (A1) of (¢4, l//:t) in Appendix A.1, the inverse
function can be explicitly stated as

S =y (i, eb)
= Lt — ) og(n—c )~ log(ct—y)] (24)

where the two log-terms lead to unboundedness of &,
if y; touches either ¢~ or ¢, see Figure 1.

Similarly, the second saturation function ¢ (i, d)i)
can be solved for the new input & on the open intervals
of the constraints (9f). Using (19), the new input it can
be formally written with the inverse relation

~ -1 yr_errl(é) + ° —1
u_()b <lp/(€1,ci) 7¢ (évZ)) h (253)

In addition, y, is replaced by the right-hand side of
(9c), which formally leads to
u=h;y(y,z, u) (25b)

where the function /;:(c™,cT) xR~ xR x
(@~ ,ut)— R with #* :=i*(y, z) has bounded values
on the open intervals of the constraints (9f) (see also
(17a)). This equation can be simplified, in the case
when (A2) in Appendix A.1 is used, by inserting (17b)
and (18b):

a1 (y,z) (@ —a¥)
4y (&, cF)oy!
for ai(y,z)=0 (26)

i= [log|u—i¥|—log |t —ul]

Similar to the previous considerations for &;, the two
log terms show that &z becomes unbounded if u reaches
one of its constraints ﬁi(y, 2).

3.3. New penalized OCP‘;:;

The derived system (21) is used to define a new uncon-
strained OCP with respect to the new input . The cost
functional J (u) of the previous OCP,, can be expressed
in the new coordinates (&, z) and & by

T
f(ll)=<7)(é(T),z(T))+/ [&ziand (7
0

Copyright © 2009 John Wiley & Sons, Ltd.

with the substituted cost terms ¢ = poh and L=Loho
h,. However, as it was discussed in the last section, the
state £; and input # become unbounded if one of the
constraints (9f) is touched. This problem is taken into
account by adding an additional penalty term

T
p(it)= / Eiatde (27b)
0

to the cost J(i1). This yields the following penalized
OCPZ, with penalty parameter ¢ and repeating the
dynamics (21) for the sake of completeness, we have

Problem OCP‘Z:

minimize  P(i, &) = J (it) +ep(ii) (28a)

éizéi—i-lv i:l,...,r—l (28b)
E =&, 7, )=, $*(&,2)) (28¢)
i=b(¢, z,0i)
=bo(&,2)+b1 (&, 2Dy (&, 2, 0i)
(28d)

subject to

E0)=h""(0(x0)),  2(0)=0,(x0)

7(&(T),z(T))=0 (28e)

where bg=bgoh,by=b;oh and y¥=yxoh follow from
OCP,. The constraints (9f) are incorporated in the
dynamics by the asymptotic saturation functions
W(&,ct) and ¢(i, gbi(f,z)) with the variable limits
¢ (&,7) defined in (18b). Their successive deriva-
tives uniquely define y=h(&), y, =h,+1(, z,u), and
u=h,(¢, z,u) stated in (15), (19), and (20).

Note that the penalized OCP‘E is truly unconstrained
because the constraints (9f) are incorporated in the
normal form dynamics (28b)—(28d). In practice, the
new OCP@ will be successively solved with decreasing
values of the penalty parameter &¢— 0. Before we
discuss convergence, we state the following assump-
tion:

Assumption 2

For each penalty parameter >0, OCP‘;:; has an optimal
solution (%%, &%, z%). Moreover, this solution has
bounded components #° and &f.

Optim. Control Appl. Meth. (2009)
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Assumption 2 is reasonable from a practical point
of view to ensure solvability of OCPE. Moreover,
the assumption of boundedness guarantees that the
inverse transformations (23) and (25) are well defined,
which implies that y; and u strictly remain inside the
constraints (9f).

By successively decreasing ¢— 0, one intuitively
expects that the penalized cost P(i%, &) converges to
the optimal value J* and that y®=h(% z%), z%, and
ut=h, (&%, 7% a%) converge to the optimal solution
(u*,y*,z*) of OCP, (see Proposition 1). This point is
addressed in the next section.

Remark 2

Under certain assumptions, the penalization of &; used
to avoid its unboundedness is not required, since i also
becomes unbounded if y; touches one of the constraints

c¢E. Moreover, in these cases, i gives an infinite

penalty value fOT #2dt (locally not square-summable),
which automatically implies that y; strictly stays
inside the constraints (¢, c¢™) and therefore &, and i
remain bounded. These points are developed in
Appendix A.2.

4. INVESTIGATION OF CONVERGENCE

This section investigates the convergence of the cost
and states of OCPZ: for the penalty parameter ¢— 0.
Although the variables £° and #° as part of the solution
of OCP@ may become unbounded in the limit e — 0, the
convergence of the trajectories in the (y, z)-coordinates
can additionally be concluded under assumption of
strong convexity on OCP,,.

4.1. Some definitions and further assumptions

Several norms are used in the following. The Euclidian
norm for a vector p € R? is denoted by | p||. For time
(vector) functions p(¢) € R? defined on ¢ [0, T], the
standard norms Li(O, T;R%),i=1,2,00 are used and
denoted by || pll1, I pll2, and || pllco-

Moreover, some definitions and assumptions are
necessary, which are directly stated for OCP,, and not

Copyright © 2009 John Wiley & Sons, Ltd.

for the original OCP, for the sake of simplicity. Define
the set

S={uel™®0,T;R): y(O)ZHy(xo),
2(0) =0, (xo),

1 (T),z(T))=0,
(29)
yi€le "]

ueli (y,2),a" (y,2)]

Vi e[0, T}

denoting the set of admissible inputs #, which—
together with their associated unique states (y,z)
following from the dynamics (9b)—(9d)—satisfy the
boundary conditions (9e) and constraints (9f). With the
definition of §, OCP,, can alternatively be stated as

OCPy :minJ
» g )

with the optimal solution J (u*) = J* (see Proposition
1). In order to allow statements concerning the conver-
gence of OCPZ, define the following subset of admis-
sible inputs u for which the constraints (9f) are strictly
satisfied on the open intervals:

S'={ues: yie(,ch),
u€ (@ (y,2),u"(y,2) Vre[0, T1}
(30)
For each admissible input u € § 0 the inverse relations

(23) and (25) exist and yield bounded variables ¢ and
ii. This defines the image S° of set S© as

SO={i=h;(y,z,u):ueS% (31)

with respect to all u € S° and the corresponding states
(y,z). Hence, each new input u € 59 is admissible in
the sense that its associated states (&, z) are bounded
and unique and satisfy the boundary conditions (28e).
This allows to reformulate OCPZ as

OCPZ : min P (i, €)

eSO

Optim. Control Appl. Meth. (2009)
DOI: 10.1002/oca



INCORPORATING A CLASS OF CONSTRAINTS INTO OCPS

Note that S9 is non-empty due to Assumption 2, which
in turn implies the non-emptiness of S°.

Finally, we impose the following additional assump-
tions on OCP, and not on OCP? for the sake of
generality: )

Assumption 3

(a) The functional J is continuous in u for all u € S.

(b) The optimal control u* lies in the closure of S0,

(c) The functions ag, ay, bg, and by satisfy the linear
growth and boundedness properties

lao()l[<ao(L+11x1),  llar(x)ll<ar

DI<b - A
lbo@) I <bo(1+ 1), 11b1 (E)l|<by VX:< >ew
Z

(32)

V)ET_z 7, z_T) €R" and for some constants a,
0_11, bo, and bl.

Although we already assumed uniqueness of the states
X, the properties (32) of the (sufficiently smooth) func-
tions ag, ay, b, by of the normal form (9b)—(9d) state
more precisely that there exists a unique and bounded
solution x to each input u €S. Moreover, an impor-
tant consequence is that two solutions x,, and x, for
associated inputs u and v satisfy

Xy =Xolloo<Cllu—vll1 VYu,ves 33)

for some constant C>0. The proof can be found in
[15] using (32) and Gronwall’s lemma. The additional
assumption that the optimal control u* € S also lies in
the closure of SO is necessary to ensure that u* can be
approached from within S°, see e.g. [16] for a similar
assumption in the context of interior point methods.

4.2. Convergence results

The proof of convergence is adapted from the results
of Lasdon et al. [17] for OCPs with interior penalty

functions. Since OCPZ has to be successively solved for

decreasing penalty parameters e¥*! <&, the following

Copyright © 2009 John Wiley & Sons, Ltd.

lemma is of importance concerning the non-increase of
the cost (28a):

Lemma 1
Let i1 and @i* be the optimal controls of OCP@ for

0<&Xt1<gk. Then, the following inequalities hold for
the cost functional (28a):

J@ Ty <J@h,  p@ath=pak)

Pt Y < Pk, b (34)

Proof

The proof directly follows from [16]. Since the optimal
controls #* and #*T! minimize the cost (27a) for ¢&+!
and &, the following inequalities are true:

T+ paH<T @D+ path - (35a)
j(ﬂk+1)+8k+1p(l/~tk+l)<j(ﬂk)—|—8k+1p(ﬂk) (35b)

Multiplying the first inequality with &¥*1/¢k (which
satisfies 0<eft1/ek<1) and adding the resulting
inequality to the second one gives

k+1 k+1
G+ (1 - :—k) <J @) (1 - Fg—k) (35¢)

Since 0<ektl<ek it follows that J (k1)< J (k).
Using this result in (35a) and dividing by &>0 leads
to p(@*)<p@a*t!). The last inequality to be proven
follows from the nested relations
P(ﬁkJrl,8k+1)§P(lzk,8k+1)§P(lzk,8k). 0

The following theorem concerns the convergence of
the cost P(ﬁk, sk) using the results of Lemma 1:

Theorem 1

Let {¢X} be a decreasing sequence of positive penalty
parameters with limy_, oo 6¥=0. Then, P(i¥,é")
converges to the optimal cost

lim P@~, H=u* (36a)
k— 00
with
lim J@*)=J* lim &p@*)=0 (36b)
k— 00 k— 00
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Proof

The proof of the theorem is adapted from [17]. Since
J(u) is continuous over S and u*€S also lies in
the closure of SO (see Assumption 3), it follows
that for any parameter />0, one can always find
an admissible input u® eSO with associated states
(v%,z%) such that J(u®)<J*+38J /2. For this u® e S°,
there exists a corresponding new (bounded) input
0 =h;(y°,2%,u% eS80 with J(@°) =J(u®), which
allows to rewrite the previous inequality as

J@%)<J*+5J/2 (37a)
Select ¢ such that
é p(ii®)<oJ /2 (37b)

Then, for any k>[ with ek <&l and using Lemma 1, it
follows that

Pk, fy<p, dh<p@®, € (37¢)

where #i¥ and @' are the optimal solutions for ¢ and
e, respectively. With (37a) and (37b), there exists an
upper estimate on P(ii°, &) with

P, e)<J*+5J/2+48])2=T*+5]  (37d)

Finally, using P, > J (5> J*>J*=5J, Equa-
tions (37c) and (37d) lead to the conclusion that
V6J 0,3 such that Vk>I, | P(ii*, e)— J*|<6J. This
proves (36a) and additionally (36b) by remembering
that p(i%)>0. a

Note that until this point no convexity assumption
was necessary to prove the convergence of the cost (36).
In order to prove convergence of the states, we require
the following strong convexity assumption:

Assumption 4 B
The cost functional J(u) of OCP, satisfies the strong
convexity property
Dlu—vl3
é.l_(u)—i—.l_(v)—ZJ_(%u—l—%v) Vu,veS (38)

for some D>0.

Copyright © 2009 John Wiley & Sons, Ltd.

The strong convexity property (38) e.g. holds for
linear systems with quadratic cost functional.

The strong convexity assumption (38) would imply
uniqueness of the optimal control u™* if the set S was
convex. However, since this is not known (in particular
due to the presence of state constraints), we assume
uniqueness in the next theorem to prove convergence
of the trajectories.

Theorem 2

Assume that the optimal control u* of OCP,, is unique
and that Assumption 4 holds. Then, the input uk =
hu(EF, 2%, %) as well as y* =h(&X, Z) and z* following
from the solution of OCP% with &kt! <&k converge to
the optimal trajectories (u*, y*, z*) according to

lim [lu* —u*l=0, lim [y*—y*[oc=0
k—o0 k—o0

lim ||z —z"[lc =0 (39)
k— 00

Proof

The uniqueness of u* ensures that J (u)>J (u*)Vu € S.
Hence, the strong convexity property (38) can be used
to conclude

Dlu—u*|3
<T)+J W) =27 (%u—l—%u*)

<T@ +J @) =2J ) =J )= J ") (40)

The uniqueness of u* also ensures that J*=J(u*)
holds. Hence, with the results of Theorem 1 and
the equivalent cost values J (uk)zf @"), it follows
from (40) that ukzhu(ék,zk,zlk) converges to u™ in
L?. The convergence of ykzh(ék,zk) and z* relies
on the linear growth property in Assumption 3. The
L'-norm in (33) can be related to L2 used in (38)
by means of Holder’s inequality, which leads to
llu —u* || <~T|lu—u*|. Hence, (33) can be formu-
lated as || — X*[| oo <C |l — u* |} KC VT || — u* |2 with
il= (yT, ZT), which shows the convergence of yk and
ZXin L, O

Note that no statement is made concerning the
limits of ék and ¥ for k— oo, since they become
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unbounded if the optimal trajectories y* and u*
touch the constraints (9f). However, the corresponding
mappings hu(ék,zk,ﬁk) and h(ék) converge to the

optimal trajectories u™ and y™* as stated in Theorem 2.

5. NUMERICAL SOLUTION OF OCP‘E

This section now focuses on the numerical solution
of OCP‘E. In the first step, the optimality conditions
are deri\}ed, which lead to a two-point BVP for OCPZ,.
This BVP can be solved numerically by a colloca-
tion method, which is a modified version of a standard
Matlab BVP solver. A simple example from the litera-
ture illustrates the derivation of OCP‘E and its numerical
solution. )

5.1. Necessary optimality conditions

The necessary optimality conditions for OCPZ; follow
from the classical calculus of variations. For the
sake of compactness, one can comprise the states in
)ET:(ST,ZT) and rewrite the dynamics (28b)—(28d)
and boundary conditions (28e) of OCPZ under the form

X = f (x,u)
0 @1)
w0 = "¢ (x(’))>, 2E(T)) =0
0;(x0)

where f follows from the right-hand side of (28b)-
(28d). Define the Hamiltonian

HGE, i, ) = L&, i, ) +ep(@)+ 4 f(X, i)

= L&, i, ) +&(& +it)
r—1 5 N
+ 3 A1+ Ag (L 2 i)
i=1
+Tb(E, 2, i)

Je)T and M=
(/IT, /g). Then, the minimization of H with respect to

with the adjoint states ig:(igl,...,

Copyright © 2009 John Wiley & Sons, Ltd.

the new input i is given by®

0H oL 0 ob
= A 2eii 4 e, ¢+N

4
on  on i ThgT0 G

Using the transformations (15), (20), and the internal
dynamics (28d), the partial derivatives of L and b
become

Z—L = [Z—L ohoh :| 5ah~u

“ “ “ (42b)
ob

on

The term 0h, /0i can be further detailed with the help
of (20)!

dhy 1 Oy

ohy AR L)
oi  ai(,z) di

= 42
@

The adjoint system for A is defined by /.1T= —0H /0x,
which can be written in more detail as

: oL a¢> T 0b
Jeg=——r—2 p—— 43
&1 afl &1 — c a\fl Za\fl (43a)
: oL op  1b
Jii=———— ) -
E,i aé, Ei—1— fraél Z@f
i=2,...r (43b)
T oL ¢ 10b
Jy = = Qe — AN — 43
¢ 5z "o oz (Hc)

SFor the numerical solution of the optimality conditions (see

Section 5.2), we assume FH /6ﬁ2>0 (strengthened Legendre—
Clebsch condition). Note that the positive definiteness of
*H / oii? represents a sufficient (second-order) optimality condi-
tion.

IThe detailed expressions in (42) allow some further statements
concerning the penalty term g(cf%—i—zlz). If one of the input
constraint in (9f), or alternatively (17a), is approached, the second
saturation function ¢ similarly goes to ¢~ or ¢t with d¢/dii =
0¢/0u— 0. Hence, a side-effect of the remaining penalty term
2¢&u in (42) is that it helps to avoid singularity of dH /du in the
case of saturation.
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with the final condition

T 0p | 107

AN(T)= = +v P

and the additional multipliers ve R?. The differen-
tial equations and boundary conditions (41), (43)
together with the algebraic equation (42) for & defines
a two-point boundary value problem (BVP), which
(in general) must be solved numerically to obtain the
input u®, the states (X%, A%), and the multipliers v*. The
normal form coordinates y® and finally the original
input u® and state x® follow from the relations (15),
(20), and (8):

ye=h(&), ut=h, (& %0
Xt = Hil(yg, ZE)

(43d)

(44)

In order to approach the optimal solution (u*, y*, z*)
and optimal cost J(u*)=J*, the BVP (41)—(43) has
to be solved successively for a sequence {&} of
decreasing penalty parameters ¢<t!<¢X and using the
previous solutions for & within a continuation scheme.
If the optimal solution (u*, y*, z*) touches one of the
constraints (9f), the reduction of ¢; — 0 is not possible,
since, in this case, the internal variables 611‘ and ¥
of OCP@ would become unbounded in the limit. In

practice, the sequence {&X} is stopped at a certain step
k when the corresponding solution is sufficiently close
to the optimal one.

5.2. Numerical solution with collocation

An efficient method to numerically solve two-point
BVPs is collocation, see e.g. [18]. A convenient collo-
cation code is the solver bvp4c [19] implemented under
MATLAB, which can be used to solve nonlinear two-
point BVPs. However, to be applicable to OCPs, we
extended the bvp4c-code to additionally account for
algebraic equations like (42) as they arise from the
optimality conditions. This leads to the general BVP
formulation of (index 1) differential-algebraic equa-
tions (DAE)

Xqg = fa(xXq,Xa,t, p) (45a)
0= fu(xq,%4,t,p) (45b)
0= foc(xa(t0), xa(ty), xa(to), Xa(tr), p) (45¢)

Copyright © 2009 John Wiley & Sons, Ltd.

with the differential and algebraic equations (45a) and
(45b) for the dynamic and algebraic states x;(¢) and
Xq(t) on the time interval ¢ € [, ] and the boundary
conditions (45¢). Unknown parameters p can addition-
ally be considered in the DAE formulation (45).

The general collocation method and its implemen-
tation in bvp4c has been left unchanged as it was
designed to be applicable and numerically robust
for a wide range of BVPs. The function bvp4c
discretizes the differential equations (45a) along a
time mesh f; €[, t7],i=1,...,N. In addition, the
bvp4c-code has been extended to additionally eval-
uate the algebraic equation (45b) at the mesh points
t;. The resulting discretized equations (45a) and
(45b) together with the boundary conditions (45c)
results in a set of nonlinear algebraic equations for
the variables x,4(t;) and x,(#),i=1,..., N, which
is solved with a Newton iteration scheme. In addi-
tion, bvp4c employs a mesh refinement strategy
to adapt the time mesh ¢ €[t t7],i=1,...,N,
and the number of grid points N in each Newton
step based on the residual along the discretized
ODEs (45a).

In order to use the collocation method for solving
OCPZ,, the BVP (41)—(43) has to be adapted to
the DAE form (45). The ODEs (45a) are given by
the system and adjoint equations in (41) and (43) for the
dynamic state x}:(iT, /IT). The input & denotes the
algebraic variable z=u with (42) corresponding to
(45b). The boundary conditions for X and A in (41)
and (43) are comprised in (45¢). The multipliers v in
the final condition (43d) can be treated as unknown
parameters p=v.

Remark 4

The normal form dynamics (28b)—(28d), which is
comprised in the compactly written dynamics (41),
can be written in a higher-order representation of ¢;.
The same structure is reflected in the adjoint system
(43). By successively differentiating (42), the adjoint
equations (43) can be expressed in terms of A; , and its
derivatives [20]. These higher-order representations in
¢1 and A¢ , result in fewer unknowns in the collocation
scheme and lead to a higher accuracy of the numerical
solution [18, 20].
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5.3. Example system

Consider the following modified version of the classical
double integrator problem in [7]:

1 1
minimize J(u)= > / u*de (46a)
0
subject to Y1 =y2, Y2=u (46b)
y©=0,DT, y1)=0,-DT
(46¢)
yiele ¢, wuelu,ut] (46d)

The system (46b) is already written in the normal form
(9b)—(9¢) with the states y=(y1, y2)" and no internal
dynamics (9d). The state constraint in (46d) has relative
degree r =2 and, together with the input constraint u €
[u—,u™], directly correspond to (9f).

Following Section 3, the constraints (46d) are repre-
sented by two saturation functions { and ¢, which
yields the relations (15) and (20)

i =y, e, n=y'&
~ /"2 / ~ + (473)
u=nh,(&uw)=y"S+Y @, ¢ (&)
with the saturation limits (18b)
+ )
+ um—y 5
=—"1 < 47b
q’) (é) lpl(élﬁci) ( )

In the new coordinates &= (&, éz)T with input &, the
dynamics (46b) and boundary conditions (46¢c) are
replaced by

E =6, &H=¢(& )
E0)=0, DT, &1)=0,-1T

with ¢ = ¢(ii, $(&)). The boundary conditions in (48)
correspond to (46¢), since symmetry is assumed for the
state constraints ¢t =—c~, which yields 0=y(0, c*)
and ¥/ (0, ¢*) =1 for the saturations functions (A1) and
(A2) in Appendix A.1.

As described in Section 3.3, the cost (46a) is trans-
formed and penalized in the new coordinates

(43)

T
P(zl,s):/ %hu(é,ﬁ)z-i—s(f%-l-zlz)dt
0

Copyright © 2009 John Wiley & Sons, Ltd.

to account for the unboundedness of &; or & if one of
the constraints (46d) is touched. Finally, the optimality
conditions (42), (43) read as

OH N o

= hy (& W = +2¢ii+ A y— =0 (49
% &y A +2eu+1e 0 " (49a)
. __0Ohy 0

de g =—hy(E i) =2 =26 —dsr—  (49Db)
&1 651 1 5’2661

. __0Ohy, o

Ao =—hy (& u) — Ao (49¢)
&2 652 5’2652

The final conditions g ;(T)=v;,i=1,2 following
from (43d) can be omitted, since the multipliers vy, vp
do not appear elsewhere.

The transformations (47a) and the optimality condi-
tions (49) are analytically calculated with the software
package MATHEMATICA using the explicit formulas
(A1)—(A2) in Appendix A.l1 for y and ¢. The equa-
tions of the two-point BVP (46b) and (46c), (48) and
(49) are adapted to the form (45) and are provided as
MATLAB Cmex-functions to the collocation solver, as
described in Section 5.2.

The initial guess for the state £(¢;) is a linear inter-
polation between the boundary conditions (46¢) on a
uniform time mesh t; €[0, 1],i=1, ..., N, with N =30
mesh points. The initial guess for A(#;) and u(z;) is zero.
The BVP is successively solved for the penalty terms
£€{10°,107", ..., 1072} using the previous solution
as initial guess for the next run. For the simulation
studies, we considered the constraints ¢+ ==+0.15 and
ut =+3.5.

Figure 3 shows the optimal solutions (&%, &%) and
the corresponding original variables (1%, y?) following
from (47a) for several penalty parameters ¢. Remark-
able is that the first solution for e=10° already
closely approaches the constraints and has been readily
obtained by starting from a trivial initial guess. This
illustrates the particular advantage of the approach that
the constraints (46d) cannot be violated during the
numerical solution due to their systematic incorporation
in (47) and (48).

Clearly visible is the non-violation of the constraints
(46d) and the convergence to the optimal solution

Optim. Control Appl. Meth. (2009)
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Figure 3. Optimal trajectories for the example (46) with decreasing penalty parameter e.
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= X // S 04
-10% \ ~
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all \ / ¢— e}
o _108 s 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
time ¢ time t time t
Figure 4. Behavior of second saturation function é2=d)(ﬁ, d)i(é)) for e=10"12.
(u*,y*) for decreasing &.l As discussed in Section constraints ¢t =0.15 and u~ =—3.5 is of order 10™°
3.2, the internal states (£q,&,) and the new input u and 107'!, respectively. The distance to the optimal
(plotted logarithmically in Figure 3) tend to become cost J* is of order 1077, )
unbounded when the constraints (46d) are approached Figure 4 additionally shows the trajectories of &, =
and ¢ is successively reduced. For the final run with o(a, d)i(f)) to illustrate the behavior of ¢. At the
£¢=10""2, the minimal distance of yi and u® to the beginning and end of the time interval [0, 1], ¢ almost
reaches (with negligible distance) the lower limit ¢~ (&)
- corresponding to the input constraint in Figure 3. In the
IINote that («*, y*) can be analytically computed, which is omitted middle of the interval, the bounds d)i(f) behave in a
here due to the lack of space. The optimal value of the cost symmetric manner and sienificantly increase in maeni-
is J*:u*(l—«/20+u+—1/«/5)%3.04815 for the constraint Y . g P i’ . . g
values ¢t =+0.15 and u* —+3.5. tude due to the gradient 1/’ ({;,c™) appearing in the
Copyright © 2009 John Wiley & Sons, Ltd. Optim. Control Appl. Meth. (2009)
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denominator in (47b). Hence, ¢ ‘opens’ in the neigh-
borhood of the state constraint, which leads to &, =
q’)(zl,qﬁi(é))%zl due to the normalization (0¢/0u) €
(0, 1) of the saturation function (A1) in Appendix A.l.
This effect is shown in the two right plots of Figure 4
and is explained in more details in Appendix A.2 (also
see Remark 1).

6. EXTENSION TO THE MULTIPLE
INPUT CASE

This section extends the results from the previous
sections to the multiple input case in a compact manner.
The main extension concerns the incorporation of
multiple input constraints, which—as will appear—is
more convoluted than in the single input case.

6.1. Optimal control problem OCP,

Considered is the following nonlinear control-affine
multiple input system:

m
£= 70+ 3 g (50)
i=
with the state x € R", the input vector u = (uy, ..., um)T
€ R™, and the sufficiently smooth vector fields f, g;:
R"—>R",i=1,...,m. The boundary conditions (2)
and cost function (3) with L:R" xR™ — R are in
essence the same as in the single input case.

In consistency with the constraints (4), the following
state and input constraints are assumed:

ci(x)ele;, ¢, uielu; (x),uf ()1, i=1,...,m (51)

The vector relative degree {ry,...,r;,} of the m func-
tions ¢;(x) at a point xY is defined by [13]
Ly, L ci(x)=0 (52a)

for all 1< j<m,k<r;i—1,1<i<m, and for all x in a
neighborhood of x°. Moreover, the m x m matrix

Lo L ler(x) Lo, L't e (x)

f
Ax)= :
Lo L7 lei(x) o Lo, L7 em(x)
(52b)

Copyright © 2009 John Wiley & Sons, Ltd.

has to be non-singular at x =x°. In the following, we
assume that the m state constraints in (51) have a well-
defined relative degree {ry,...,r;}, which means that
the conditions (52a) as well as the non-singularity of
the decoupling matrix (52b) are satisfied in a suffi-
ciently large neighborhood of x°. The OCP OCP, is
summarized as follows.

Problem OCP,, (multiple input case):

T
J(u)=(p(x(T))+/ L(x,u,t)dt
0

minimize

m
subject to  x=f(x)+ Y gi(x)u;
i=1

x(0)=xo, x(x(T))=0
ci(x)e[c;,c;r]
uie[ui_(x),u;r(x)], i=1,....,m

Note that the consideration of m state constraints and
m input constraints is the most general case considered
here. If an input u; is unconstrained, the respective
limits can be set to uli — *o0. If the number of state
constraints is less than the number m of inputs, the
remaining functions c; (x) have to be chosen to achieve
a well-defined relative degree {ry, ..., r;}. This case is
addressed by the example application in Section 6.5.

6.2. Normal form representation

Owing to the well-defined relative degree {ry, ..., r;} of
the constraint functions ¢;(x),i =1, ..., m, there exists
a change of coordinates [13]

y Hy(x)

_ _p 53
<> (w) @ o
T) )T

with yTz(yir,...,y
defined by

and  yi=(i1,---5 Vi

yii=ci(x)=0;1(x), yi,j=L§cCi(x)=9i,j(x)
j=2,...,r, i=1,...,m (53b)

The single functions 0;; are comprised in 0=
@115, 0mr, ). The additional coordinates z=0,(x)e
R"™" with r=3"7",r; are necessary to complete the
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transformation (53) if r<n. In these coordinates, the
original OCP, can be stated under the following form:

Problem OCP,, (multiple input case).

minimize  J(u)=p(y(T),z(T))
T
+/ L(y,z,u,t)dt (54a)
0
subject to }'1,',j=y,',j+1, j=1,...,ri—1 (54b)
Vi =ai,0(y,2)

m
+>aij(y,Duj, i=1,...,m
j=1

(54¢)
z=bo(y,2)+B(y,2u (54d)
y(0)=0y(x0), 7(y(T),z(T))=0 (54e)
yir€ley, ¢l wieliuy (v.2),i (v, 2)]
i=1,....,m (54f1)

where ai,ozL?ci(x)oH_l,ai,j =ngL;i_lci(x)oH_1,
andu=(uy,..., um)T. The functions of the cost ¢ = @o
o1 ,L=Lo 0=, and constraints ﬁli = uli 007! corre-
spond to OCP,.

As in [13], the normal form dynamics of OCP,
comprises the input—output dynamics (54b)—(54c) and
the internal dynamics (54d) with the matrix function
B:R' xR"™" — R"™"™ The equations for y;, can
be written in vector notation

yr=ao(y. )+ Ay, 2)u (55a)

with y, = ()"Lrl yesns ym.rm)T and ap=(ao,1,..-, aO,m)T
to determine the input vector u:

u=A""(y,2)(0r—ao(y,2)) (55b)

The inverse of the decoupling matrix A(y,z)=
{ai j(y,2)} =A(x)o0~! is well-defined due to the full
rank condition (52b).

6.3. Using saturation functions to represent the
constraints

In a straightforward extension of the single input case
in Section 3, the state constraints in (54f) can be

Copyright © 2009 John Wiley & Sons, Ltd.

represented by m saturation functions y; 1 =y, (&; 1, cii)
and using successive differentiation of y; 1. This defines
the mappings

vir =hit (&) =y ), i=1...m  (562)
Viij=hij(&i1,- &)
=9 ;G G DY s =20
(56b)
comprised in
Y=h(~f)=(h1,1(51,1),---,hm,rm(fm))T (57)
The vector notation &; =(¢; 1, ..., fi,,l.)T is used when

it is beneficial. The nonlinear terms y; ; are determined
with respect to the previous equation for y; ;_1, i.e.

7i2(8i,1)=0
122 0hi j—1
Vi Citseen Cijm) =20 L
k=1 0%k

j=3,...,r, i=1,....m

Similar to the single input case, the successive differen-
tiations of y; 1 along the multiple cascades lead to a new
set of coordinates \fT: (fT, . é;rn) € R" that replaces
y. The inverse mapping is denoted by y=h"1(¢) and
is addressed in more detail in Section 3.2. The final
differentiations to reach y; ,, yield

i =V ED W, i=1m (58

In contrast to the straightforward derivation of (56)-
(57), the incorporation of the input constraints u; €
[#;(y,2),u;(y,2)] via the highest derivatives y; , is
more complicated than in the single input case due
to the influence of the decoupling matrix A(y,z) in
(55a). Only in the exceptional case when A(y,z) is a
diagonal matrix, i.e. y; , =ao,;(y,2)+a;i i (y, 2)u;, the
constraints on u; can directly be mapped to y;, as
in (19), in order to use further saturation functions
for &; ., =; (i, (i)?:). In the general case, the structure
of the decoupling matrix A(y, z) has to be taken into
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account by using d),-(fti,gbii),i:l,...,m in a linear
combination
él,rl 4)1(1117(]"??)
=D : (59)
Emorm By G, )

where the elements of the m xm matrix D={d; ;} and
the saturation limits d’,i still have to be determined.
Combining (55a), (58), and (59) in vector notation with

Vel =Vl 415 - ym’,mH)T (and omitting arguments
where it is beneficial) leads to
¥ 0 b1
D

0 Vo -
=ap(&, D)+ A DJu—7,41()
=|AI"A(Alu+68(¢,2)) (60a)
where dg=agoh, A=Aoh, and
8(¢,2)=1A1A" (@(&. 2) —7,41(9) (60b)

The non-singularity of the decoupling matrix A (¢, z)
follows from the well-defined relative degree, which
ensures that the inverse A=l with the determi-
nant |A|#0 exists in a sufficiently large neighbor-
hood of 0(x?).** The vector equation (60a) can be
reformulated and expanded with respect to the partial
derivatives (], ..., ¥,):

I1 v 0
of ke’ ¢
p| : |=1A" A
P 0 [T v
keA

mxm matrix

**The normalization in (60) with respect to the determinant

\A(é,z)l is used to achieve consistency with the single input
case, also see Remark 5.

Copyright © 2009 John Wiley & Sons, Ltd.

|Alug 46
1
x : — (61)
/
| Al + S ,El Vi
m vector

The sets #"; are defined by #";={k=1,...,m:k#i}.
Owing to the reformulation, the first part of the right-
hand side of (61) is a m x m matrix independent of u,
whereas the second part is a vector of dimension m that
depends on u. By comparison with the left-hand side
of (61), the elements of the matrix D ={d; ;} are set to

JA(E, 2) kgfi Wi s ci)

i=1,....m (62)

dij:=d; j(¢,2)=

and thus depend on the states ¢ and z. The functions
a;,j(&,z) belong to the decoupling matrix A(,z)=
{a;, (&, z)}. Further comparison of the saturation func-
tions (¢y,...,,,) with the vector on the right-hand
side of (61) shows that each ¢; is related to the ith input
u; via the expression (|A|u; +6:)/ 1 ¥k Hence, in
order to satisfy the input constraints in (54f), the limits

of the saturation functions ¢, (i, d)f), i=1,...,m have
to be chosen to
b7 =7 (E.2)
- . N
IA(E,Z”?IM,. /(f,z)er;(f,z) 1A )50
_ [Tim Vi Gt c)
A ~T .
IA(ﬁ,Z”?Iu,- /(@z)—i—é,i(ﬁ,z) if 1A(E )] <0
l_lkzl wk(fk,lack )
(63)

depending on the sign of the determinant A&, 2)| #0.
The highest derivatives y, =1,r, .-, jzm,rm)T in
(58) can now be expressed as

Vi = Vi1 )Y 2 dij (& D¢, (E, 2,0 ))
]:

Zhi,r,-Jrl(f’Z’ﬁ)’ i=1’~"7m (643)
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with &3,-:@(&,-,4)?:(5&)) and the new input vector
u=_(uy,..., im) . Summarizing these relations in y, =
hr+1(&, z,u), we can rewrite the input vector (55b) in
the new coordinates & and inputs # as

u=hy(, z,u)

= A"V D) (he1 (&, 2, i) —ap(E,2)  (64b)

Remark 5

The expansion with respect to the partial derivatives
Y}, in (61) has been undertaken in order to collect all
Y,—terms in the denominator of the saturation limits
(63). The benefit of this formulation is mentioned in
Remark 1 for the single input case. Moreover, it can
easily be verified that the expressions (59) with (62)—
(63) exactly reduce to (18) for m=1.

6.4. New penalized OCP OCP‘;:;

As stated in detail in Section 3.2, the coordinates &; |
and new inputs i; as the arguments of the saturation
functions (56a) and (59) become unbounded if one of
the corresponding state or input constraints (54f) is
touched. This problem is addressed (as in the single
input case) by penalizing ¢; ; and the new inputs i;,i =
1,...,m, in the cost function, which leads to the new
penalized OCP?.

Problem OCP% (multiple input case):

minimize P (i, &) = J (it)
m T
+ed | (& +apd (652)
i=1J0
subject to éi,jzéi,jJrl’ j=1,...,r—1

&i,r,':Zldi,j(é,Z)&)j(é,Z,ﬁ), i=1,...,m
]:

5 (65b)
z=b(&, z,u)
=bo(&,2)+B(E Dy (&, 2,0 (65¢)
&0)=h""(0(x0)), 2(0)=0.(xo)
7(E(T),z(T))=0 (65d)

Copyright © 2009 John Wiley & Sons, Ltd.

where l;o =bgoh, B=B oh, and y=7yoh follow from
OCP,. The constraints (54f) are incorporated in
the dynamics by the asymptotic saturation func-
tions x//i(f,-gl,cl.i) and the linearly combined (})i =
o; (i, (;’)?E(é, z)) with (62), (63). Their successive
derivatives uniquely define y=~h(&), y, =h,+1(&, z, ),
and u=h,(&, z,u) stated in (57) and (64).

Similar to the single input case, the penalty param-
eter ¢ has to be successively reduced during the numer-
ical solution of OCP‘E in order to approach the optimal
solution (u*, y*, z*) of OCP,via the mappings (57) and
(64). For details, we refer back to Sections 4 and 5 of
the single input case.

6.5. Example: Ducted fan

The incorporation of the constraints in the multiple
input case is illustrated for the planar ducted fan [21],
as shown in Figure 5. The system consists of a rigid
body described by the position (x, x3) in the center of
gravity and the angle o to the vertical. The thrust of the
ducted fan is given by the body-fixed forces u; and u»,
which can be adjusted by moving the flaps at the end of
the duct. We consider the following constrained OCP
with constraints on both inputs (u1, #2) and angle «:

minimize J(u)=/0T,u+2u%+u%dt (66a)
subject to  mX|=u1 cos o—up sin « (66b)
mir=—mg-+u sino—+uycos o
(66¢)
Jo=ru (66d)
x(0)=(0,0,0,0,0,0)"
x(T)=(0,0,1,0,0,0)" (66e)
aela, oc+]
ule[uf,uf], uze[u;,u;] (66f)

The simplified model equations (66b)—(66d) are
taken from [21] as well as the model parametersJrT

1 The experimental setup of the ducted fan used in [21] is attached
to a vertical stand with a counter weight, which leads to the
reduced gravity force.
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Ul

Figure 5. Ducted fan with position (xp, x3), angle o to the
vertical, and thrusts u; and u».

r=0.2m, J=0.05kgm?,m =2.2kg,m g=4N and the
input constraints u; €[—5,5]N and u,€[0, 17]N.
An additional constraint is imposed on the angle
o€ [—30,30]° to arbitrarily restrict the movement of
the fan. The transition problem for the fan is to cover
a horizontal distance of 1 m in the free end time 7,
which leads to the boundary conditions (66e) for the
state vector x = (x1, X1, X2, X2, d, d)T. The cost (66a)
can be interpreted as a trade-off between time and
energy optimality with respect to the parameter y, see
again [21]. In the following, we choose u=1000 to
put a strong emphasis on the minimization of 7. The
following derivation of the penalized OCP‘E proceeds
along the lines of the previous subsections. As will
appear, the extra feature that 7 is a free parameter
does not interfere.

Remark 6
The ducted fan belongs to the class of flat systems [22],
i.e. there exists a so-called flat output z=(z1, z2) with

J . J
Z1=X1——sIlno, Zp=x2+—cosa (67)
mr mr

Copyright © 2009 John Wiley & Sons, Ltd.

which allows to parameterize the states and inputs u =
(u1,u2)

(x,y,0) = fx(21,21,22,22) ©8)
R

in terms of z and its time derivatives. By planning
an appropriate flat time trajectory z(¢), t €[0, T'], the
corresponding input trajectory u(t) can be algebraically
calculated, which steers the system (66b)—(66d)
between the boundary conditions (66e) and satisfies the
constraints (66f) for a large enough transition time 7.
Hence, the non-emptiness of the set SO of admissible
controls, see (30), can explicitly be concluded.

Since only one state constraint ¢ (x)=ua is given, a
second function c¢;(x) can be freely chosen in order to
derive the normal form coordinates (53):
y1,2=4,

Y11 =0, Y2,1=X2

V2,2=X2, Z1=X], Z22=X|

Note that x» and not x1 is chosen as coordinate y; 1 to
achieve a well-defined relative degree {ry,r;}=1{2,2}
around the vertical position a=0. The normal form
(54b)—(54d) directly follows from reordering the model

equations (66b)—(66d):

r

V1,1 =Y1,2, 5’1,2=7u1 (69a)
. ) sin yi 1 COS ¥1.1
V2,1=¥y22, W2=—g%t ui+ u
m m
(69b)
. . COS ¥1.1 sin y1,1
21=22, Z22= Y up— Y uy (69c¢)

m

In addition, the inputs u; and u, can be obtained by
solving (69a)-(69b):

J . g+y.2
Uyr=—y1,2, u=m
r Cosyl,l

J .
—7y1,2tany1,1 (70)

In the normal form coordinates y=(y1.1,Y1,2,
y2.1,v22)" and z=(z1,2z2)", the state constraint
y1.1=0a€[o, o] can be incorporated by a saturation
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function lpl(\fl,l,oci), whereas the second coordi-
nate y21=x1 is unconstrained. This leads to the
relations (57)

yia =y (€108, yia=yén
S =YL+ 0 =6 (71)
n2=%62 »m2=&0

between y and the new coordinates &=(&; 1, &) o,
&s 6o »)T. Note that the choice y | = & corresponds
to a second saturation function y, 1—1#2({2 1%, 5, if
(arbitrary) constraints for y; 1=x2€[x,,x, 1 are set
to x;:_) o0o. Then, the normalized saturation function
(A1) in Appendix A.1 reduces to ¥, (¢y 1, xéc) - &

In order to incorporate the input constraints (66f),
two new saturation functions ¢; (i;, gbfc), i=1,2, are
used to parameterize the highest derivatives él » and

52 5 according to (59). With the decoupling matrix A(é)
following from (69a)-(69b) and y 1 =y (& 1, +),

r
— 0

- J B r

A©)= sing/; cosyy |’ |A(~f)|=mcoswl
m m

(72)
the single elements d; ; of the 2 x2 matrix D ={d; ;}
are derived from (62):

m

cos Y/,

D)= (73)
J J
7% tan 7‘#1

In addition, the expression (60b) evaluates to

cos ¥/,

m AR
so=| |75

m J

Cos ‘pl "
m

Sm‘pl "

o

~

e,

&,

Copyright © 2009 John Wiley & Sons, Ltd.

and is used to determine the saturation limits (63)

E &) =

cosy, ( ‘Hﬂ )
(74)

my
rcosy; 4 sin l//l .
d)z (é) lﬁl < Tm Uy + f J )

This finally leads to the unconstrained system (66b)-
(66d) with the states (£,z) and the new inputs
(a1, u2):

Ea=¢E0, 512— lﬂ (75a)
. . J - 3
$1=2%2, 52,2=7‘P1tan¢1¢1(~f,u1)
J -
+7W1¢2(f,u2) (75b)
21212, ll/l(d)l_tanlpld)z)
J 12
+7¢1512 —g tany, (75¢)
mr cos Y,
where (2)l~=d>l~(ﬁ,~,d>ii(§)), i=1,2. The internal

dynamics (75c) is obtained by inserting (70)-(71)
and (75a)-(75b) into (69c). With the new system
dynamics (75), the OCP (66) of the ducted fan can be
transformed to OCP‘%, whereby an additional penalty

term ¢ fOT \fil +i} +i3dt with parameter ¢ is added
to the cost (66a) to avoid the unboundedness of the
saturation function arguments if one of the constraints
(66f) is touched.

The optimality conditions for OCPZ: are derived
according to Section 5.1 and are omitted here due to
the lack of space. Note that the final conditions (43d)
for the adjoint state Ae RS can be omitted since the
final conditions (66e) for the ducted fan encompass
the whole state vector x. In addition to (42) and (43),
the transversality condition H (X, 4,u)|r =0 forms a
further final condition to account for the free end
time 7.

The new system (75) as well as the optimality condi-
tions (42) and (43) are analytically calculated with
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Figure 6. Optimal trajectories for the ducted fan with decreasing penalty parameter e.

MATHEMATICA using the explicit formulas (A1)—(A2)
in Appendix A.1 and are provided as Cmex-functions
to the MATLAB collocation solver described in Section
5.2. A time transformation t1=49¢ with the normalized
time coordinate t€[0, 1] and the scaling factor ¢ is
used to address the free end time 7'=¢. In the DAE
representation (45) of the BVP solver, 0 is used as free
parameter p.

The initial guess for the states (¢, z) is a linear inter-
polation between the respective boundary conditions on
a uniform mesh with 200 points for the new time coor-
dinate 7€ [0, 1]. The initial guess for A and (i1, it2) is
simply zero, whereas the free parameter p = ¢ is initial-
ized with p=1. The BVP is successively solved for
the penalty terms e {10°, 107!, ..., 107!} using the
previous solution as initial guess for the next run. The
mesh refinement of the BVP solver is turned off during
the successive solutions and the single trajectories are
computed on the fixed uniform mesh with 200 points.
The reason for using a fixed mesh is that the mesh
refinement leads to an increase of mesh points during
the successive solutions, while the complex shape of
the trajectories strongly changes.

Copyright © 2009 John Wiley & Sons, Ltd.

Figure 6 shows the simulation results for several
penalty parameters ¢. The trajectories for the final run
with e=10""! show an aggressive behavior, where all
the constraints (66f) are clearly exploited. This aggres-
sive maneuver of the ducted fan corresponds to the
strong emphasis on time optimality in the cost (66a)
with g=1000.

7. CONCLUSIONS

The presented approach describes a systematic way to
transform a constrained optimal control problem OCP,
into a new unconstrained one. For a given nonlinear
system with m inputs, the treated class of constraints
comprises up to m input constraints and m state
constraints with well-defined relative degree. Starting
from an equivalent OCPy, in normal form coordinates, a
new system representation is derived by means of satu-
ration functions and successive differentiation along the
normal form cascade. This system in new coordinates
is used to define a new unconstrained OCPZ, with an

Optim. Control Appl. Meth. (2009)
DOI: 10.1002/oca



K. GRAICHEN AND N. PETIT

additional penalty term in order to avoid unboundedness
of the saturation function arguments, which occurs if
the original constraints are touched. After deriving the
optimality conditions for OCPZ, the resulting BVP
can be solved numerically (e.g. with the collocation
method as used in this paper), whereby the penalty
parameter ¢ has to be successively reduced within a
continuation scheme. The single analytical steps in
the derivation of OCP‘E' can be automated by using
computer algebra systems such as MATHEMATICA or
MAPLE.

The systematic incorporation of the constraints
shows the philosophy behind the approach, which
stresses the importance of analytical preprocessing
to derive a truly unconstrained OCP. Compared,
for instance, with interior penalty methods, where
barrier functions are added to the cost to account for
constraints, the saturation function approach directly
includes the constraints in the new system dynamics.
A particular benefit of this procedure is that the
constraints cannot be violated in the new coordinates,
which is of advantage for finding an initial numerical
solution or to successively reduce the magnitude of
the constraints, e.g. to start from an unconstrained
solution.

Moreover, the proposed method is independent of
the numerical method that is finally used to solve the
derived unconstrained OCP. Besides the collocation
method used in this paper, first investigations with indi-
rect gradient and shooting methods have shown that
the intrinsic incorporation of the constraints has further
advantages over the classical constraint penalization
concerning speed of convergence and non-violation of
the constraints.

The performance of the proposed methodology has
been tested for several challenging benchmark prob-
lems, including the Goddard problem with thrust and
dynamic pressure constraints [23] and the space shuttle
reentry problem with input and heating constraints
[24]. Current research concerns the application of
the proposed methodology to real-time trajectory
optimization, in particular in the context of real-time
iteration schemes [25]. Further research is done on the
extension of the approach to a more general class of
constraints.

Copyright © 2009 John Wiley & Sons, Ltd.

APPENDIX A

A.1. Choice of saturation functions

An appropriate choice to construct the saturation func-
tion Y (&;, ™) is for instance

ct—c™

. 4
with s=——— (Al)

A+
Vi, c)=c 1+exp(séy) ct—c

The parameter s adjusts the slope at the position £; =0
and is chosen in (A1) to normalize the slope at {; =0
to 0y/0¢; =1. Note that the saturation limits ¢ are
only reached asymptotically for &; — Fo0.

The second saturation function in (16) with the new
input i and the saturation limits ¢F:=¢F (& z2) is
constructed accordingly by

¢p—¢~

—  withs=
14+exp(su)

4
PG, §5)=¢" — ——— (A2)
o —¢
Other choices for asymptotic saturation functions can
e.g. be obtained for tanh-functions.

A.2. Limit behavior of saturation functions

This appendix explores the behavior of the satura-
tion functions y; = (¢, ct) and ér=¢(ﬁ,¢i(§,z))
defined in (A1)-(A2) and the unboundedness of
é:(fl,...,ér)T and i, when the state constraint in
(9f) becomes active. This case corresponds to the
limit problem for OCP?, if the solution y®=(&%, cF)
approaches a state-constrained optimal trajectory y*
for e— 0.

We consider a trajectory y(¢) with a constrained arc
y(t)=c™, t €[tin, tou] and investigate the behavior of
¢ and u at the entry point #;, with the entry conditions

Yitm)=c",  yiltin)=0, i=1,....,r  (A3a)
These interior boundary conditions follow from the
normal form (9b)—(9d). For every admissible control u,
the state vector (yi,..., yr, z) is a continuous function
of time 7 €[0, T']. Hence, the cascade structure of the
dynamics (9b)—(9¢) shows that all states y;,i =2,...,r
have to be zero at the entry point f, to a constrained

arc y; =c™t =const. for t € [ti, fout]-
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To allow precise statements, assume in addition that
the input constraint u € [t~ (y, z), u™ (¥, z)] is not active
when entering the state constraint y(fjn) =c™ and that
u is continuous over f;,. This leads to

¥r(tn)=0, a (y,2)<0<a™(y,z) fort— ty, (A3b)

where a*(y,z) are the transformed input constraints
(17a) for y,.. The following investigations rely on a
series expansions of y*(r), which we assume to exist:

A.2.1. Behavior of coordinates £. A power series of y;
at y1 (tin) =c™ can be written as

yi(tin—1) =t — (e t* F e T+ 0 2))
k>r (A4)

with ex #0 and 7>0 as a new time coordinate. Note
that k>r due to the entry conditions in (78), which
imply y” (ti) =0 for i =1, ..., . ¥ The behavior of ¢,
can be investigated by looking at (24). For y; — ¢, the
first log-term converges to log(c™ —c™), whereas the
second term log(c™ —y;) becomes unbounded. Hence,
&, can be approximated by

& (tin—1) ~—clog(ct—y1) for yy—>c™

= —ck log(ex1)

_Zlog <1+e"+1 r+(9(12)> (AS)
€k

with ¢ = (¢ —c¢™)/4. The latter equation follows from
(A4) and applying the sum rule log(p+¢)=1log(p)+
log(14¢/p). With the time derivatives (d’ /d¢!) ¢, (1) =
(=1 (d /))& (tin—1), this leads to the finite-time
blowup behavior of the coordinates ¢ and &, for T < 1:

&1 (tin—1) & —cklog(ex 1)
i1 (tin—T) ~ (i— 1)k /T,
& (tin—1) ~ (r— 1)1k /7"

i=1,....,r—1 (A6)

The value of k corresponds to the first derivative of y(¢),

which is discontinuous over tjy, i.e. yfk) (t) # yfk) (ti:f) =0, and
can be characterized (under certain assumptions) with respect
to the order r of the constraint y; =c(x), see [26, 27].

Copyright © 2009 John Wiley & Sons, Ltd.

The faster unboundedness of the derivatives of &; can
be observed in Figures 3 and 4 for Example (46).

A.2.2. Behavior of new input u. Further statements can
be obtained for & by using the saturation function (A2)
with the limits (18b) to explicitly state the inverse func-
tion (25a):

at—a~

4y (&), cE)oy™!
x[log(yr—a™)—loga™ —y,)]1 (A7)

where the arguments of a*(y,z) are omitted for the
sake of simplicity. Note that inserting the relation (9c)
for y, leads to (26). The denominator term v/’ (¢, cHo
lﬂfl in (A7) can be simplified with (24) and using (A4):

n=

yi—¢ ) (et =y1)
(ct—c™)?

Vot =4

(ex T+ ) for 1k 1

=~

il =

(A8)

The log-terms in (A7) are rewritten with y,(t)=
(=1)"(d"/d7")y; (tin —7) following from (A4):

lo 7_ai+yr
£ a+_)‘7r
o _af_ék,ckfr_i_@(,ckfﬂrl)
B at4e 4Okt

) (A9a)

(A9b)

T+ O+ (A9c)

where e = (—1)"k!/(k —r)!e;. The expression (A9Db) is
derived by expanding the fraction in (A9a) with respect
to the single numerator terms and applying the expan-
sion rule 1/(14 p)= Z?io(— 1)! p'. The last equation
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(A9c) follows from the standard expansion rules. In
summary, (A7) can be written as

log (_a_) +— (1 a+) kT4 Ok
a’ a (A10)

- oy
i(tin—1)=(a"—a") ek‘ck—i-@(‘ck“)

Owing to Assumption (A3b), log(—a ™~ /a™) is bounded
and u behaves like 1/7" corresponding to the blowup
behavior of £, in (A6). Hence, iz becomes unbounded
(and locally non-square-summable) if y, approaches
one of the constraints ai(y,z), see (17a) and (A7).
This shows that (at least if y; is series expandable)
the penalty term on &; in the cost (27a) is actually not
required, since the penalization of & accounts for both
constraints (9f), also see Remark 2. Note in particular
that # becomes even faster unbounded, if one of the
constraints ai(y, z) tries to cross zero, which leads to
unboundedness of log(—a™/a™).

A.2.3. Behavior of saturation limits d)i (¢,2). From
(16), it can be concluded that 7, (&) — 0 for y; — cT,
since Yy (fin) =0 and ', — 0 for T— 0, which follows
from the series expansions (A6) and (A8) with k>r.
Hence, the saturation limits (18b) behave like

cat(&,z)

dE(E, 2 )NT for 1< 1 (A11)

which shows that q,’) (¢,2) becomes faster unbounded
than ér in (A6). Moreover (;5 — +00 due to the
inequality in (A3b). Since d) are the saturation limits
for ¢pe (¢, ¢T), the normalization of the saturation
function (A2) leads to

=i, pT (&, ) ~ii (A12)

when y; approaches the constraint ¢*. This means
that the second saturation function ¢ ‘opens’ and &,
becomes unconstrained (see Figure 4). The reason for
this property is that, due to Assumption (78), y; can
smoothly enter into the constraint ¢ without any inter-
action with the input constraint in (9f).

Copyright © 2009 John Wiley & Sons, Ltd.
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