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The present paper is an introductory and survey paper of the
treatment of realistically modelled optimal control problems from
applications in the aerospace field. Especially those problems are
considered which include different types of constraints. In the tuto-
rial part of the paper, recipes are given for the treatment of optimal
control problems for which, among other constraints, control and/or
state variable inequality constraints are to be taken into account.
Optimal control problems having singular subarcs and/or disconti-
nuities are also investigated. The discussion of the necessary con-
ditions aims to the subsequent application of the multiple shooting
method, which is known to be a very precise and efficient method for
the solution of those multipoint boundary—value problems that arise
from these necessary conditions. Homotopy techniques as well as
the fusion of direct collocation and multiple shooting techniques are
described. Both approaches facilitate the construction of an appro-
priate initial trajectory to start the multiple shooting iteration. In
the survey part of the paper, some recently published new guidance
methods are described. These methods are based, on the one hand,
on the theory of neighboring extremals and, on the other hand, on
the multiple shooting method. They are designed for the real-time
computation of optimal trajectories in aerospace applications. Five
challenging optimal control problems from the field of aerospace en-
gineering run throughout the whole paper and illustrate the use of
the recipes, i.e., the necessary conditions that must be satisfied by
an optimal solution. Numerical results are given for these problems
to demonstrate the performance of the multiple shooting method
for the off-line computation of optimal trajectories as well as the
performance of the guidance schemes for the on-line computation of
optimal trajectories.

Keywords : Optimal control problems, necessary conditions, con-
trol variable inequality constraints, state variable inequality con-
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multiple shooting, homotopy techniques, fusion of direct and indi-
rect methods, neighboring extremals, feedback controls, real-time
computation, on—line computation, re-entry problems, windshear
problems, two-stage—to—orbit ascent.

1. Introduction

Many optimization problems in science and engineering can be described by
optimal control problems such as the control of a spacecraft or aircraft, of a
chemical reaction or of an industrial robot. Thereby, the consideration of dif-
ferent constraints is very important when realistic models are to be solved.
Such complex optimal control problems can today be treated by sophisticated
numerical methods. If the accuracy of the solution and the judgement of its
optimality holds the spotlight, the multiple shooting method seems to be su-
perior over other methods. The complexity of optimal control problems that
have been solved by the multiple shooting method until now also contributes
to this assessment. Some of these problems may be cited here: the maximum
payload ascent of a new generation of space transportation systems known as
the Sanger II project (partly published, currently still under research), maxi-
mum payload missions by ion-driven spacecrafts to planetoids or outer planets
(results just published), the dangerous landing of a passenger aircraft in a wind-
shear downburst (results just published), optimal heating and cooling by solar
energy (already published), and time or energy optimal control of robots (partly
published, still under research). The present investigations and the results ob-
tained clearly show the trend that control problems are treated of which the
mathematical models become closer and closer to reality. This causes an in-
crease of complexity of optimal control problems by an increasing number of
constraints, by more complicated differential equations, which themselves must
be even generated by a computer program and, finally, also by an increasing
number of unknowns that are involved in the model.

The present survey paper looks out for two aims. First, the necessary condi-
tions of optimal control theory are summarized in a short course; see Sections 2—
6. Thereby, special emphasis is placed on the treatment of inequality constraints
which must be taken into account when real-life applications are treated. Each
section starts with a summary of the necessary conditions, which can be used
as a recipe. For simplicity, the mathematical background is omitted completely.
I'his may help to get some insight in what kind of routine work has to be done
to solve an optimal control problem that fits into the rather general pattern of
the problems discussed here. The summary is then followed by the discussion
of a realistic problem from the field of aerospace engineering. At the end of
~ each section, the resulting boundary-value problem is given which provides the
basis for the subsequent numerical solution by means of the multiple shooting
method. This method and homotopy techniques as well as a new idea to unify
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direct and indirect methods are described in Sections 7 and 8.

After this tutorial material, a survey is given on some new methods for
the real-time computation of optimal trajectories. This is the second intention
of the present paper. For, if optimal solutions of processes which run down
very fast, such as the optimal flight of space vehicles or aircrafts, are to be
realized practically, it is not sufficient just to prescribe the initial data and
leave the process to its fate. Instead, one needs a fast numerical method to
compute the future course of the optimal control variables during the process so
that optimality conditions and prescribed constraints are preserved even in the
presence of disturbances. These requirements can be met by guidance schemes
that are based on the theory of neighboring extremals. Based on this theory, the
flight path corrections can be obtained from the solutions of linear boundary-
value problems which can be solved very efficiently. A first method, a so—
called neighboring optimum guidance scheme, needs only a few matrix-—times—
vector operations which have to be carried through on the onboard computer
for the on—line computation of the corrections of the optimal control variables.
The second method, called repeated correction method, combines this linear
guidance law with a single integration of the equations of motion. By this
method, not only the control corrections, but also the control history as well as
the associated trajectory can be computed for the entire remaining flight time.
In addition, the observance of the constraints can be verified before feeding back
the adjusted control history. The theoretical and numerical background of these
methods is covered in Sections 9-11.

In detail, the paper has the following outline. In Section 2, problems with
control variable inequality constraints are ‘discussed. The heating constraint
re-entry of an Apollo capsula is investigated as an example. The constraint
of the angle of attack represents the control variable inequality constraint in
this example. Next, the maximum cross-range re-entry problem of a space—
shuttle-orbiter~type vehicle provides the example.for the treatment of mixed
state—control constraints, where both control and state variables are involved.
This kind of problems are discussed in Section 3. The treatment of state variable
inequality constraints is explained in Section 4. Again, the heating constraint
re-entry of an Apollo capsula serves as an example. Now, the altitude after the
first dip into the atmosphere is limited because of safety requirements. This in-
equality constraint represents a second-order state constraint. Bang-bang and
singular control problems are investigated in Section 5. The abort landing of
a passenger aircraft in a windshear downburst serves as the example for this
type of problems. Finally, problems with discontinuities of the state variables
appearing in the performance index and in certain constraints are discussed in
Section 6. The maximum payload ascent of a two-stage-to-orbit space trans-
porter yields the illustrating example. All these challenging optimal control
problems of different degree of difficulty may serve as a set of benchmark prob-
lems for numerical methods designed for the solution of real-life optimal control
problems:,
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The multiple shooting method is described in brevity in Section 7 as well as
homotopy techniques, which are very useful to overcome the obstacle of finding
an appropriate initial guess for starting the multiple shooting iteration. Direct
methods, such as direct collocation, can also be used to get the required initial
trajectory. Some numerical results for all problems are presented in Section 8.

In Section 9, the theory of neighboring extremals is given in brevity. The
description of the guidance methods is presented in Section 10. Some numerical
results concerning the performance of these guidance schemes for the on-line
computation of optimal trajectories are given in Section 11.

Section 12 concludes this introductory and survey paper.

2. Optimal control problems with control variable inequal-
ity constraints

2.1. Summary of necessary conditions

At the beginning of the tutorial part of the paper, we concentrate on the treat-
ment of the following simple class of nonlinear optimal control problems. To be
minimized is a functional

Iu] = *P(x(tf)iff)ﬂLfL(r(f):u(f}) dt (1)

over all piecewise continuous control vector functions u : [0,¢;] — U C IR® where
U denotes a non-empty, convex and closed set. The piecewise continuously
differentiable state vector function z : [0,t5] — R" is subject to the following
constraints in form of a system of ordinary differential equations and of two—
point boundary conditions,

#(t) = f(z(t),u(t)) , FRTF SR, (2a)
z(0) =g , zg € R™ | . (2b)
P(e(ty),t;) =0, ¥ :R" x Ry — IRY (2¢)

where the terminal time ¢; may be either specified or unspecified. It is assumed
that all functions appearing in Eqgs. (1) and (2) are sufficiently often continuously
differentiable with respect to their arguments.

In the following, some results of the theory of optimal control are sum-
marized. The notation of Bryson and Ho 1987 is used to present the following
necessary conditions which have to be satisfied by an optimal solution. Defining
the Hamiltonian H and the auxiliary function ®

H(x,u,A) = L(z,u) + ,\Tf(x, u) , (3)

®(z,t,v) = go(z,t)—}-yTi,b(;c,t) ; | (4)
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an optimal solution of the problem (1) and (2) has to fulfill the necessary con-
ditions
‘T

ATl (5a)

u = arg E{lEl{IIlH , (6b)
T

A(ty) =% |4, - (5¢c)

If the terminal time #; is unspecified, the following necessary condition has to
be included,

(®¢+H)|i, =0. (5d)

Here A : [0,¢;] — R™ and v € IR? denote the so-called Lagrange multipliers
or adjoint variables. The partial derivatives H, and ®, are to be understood
as row vectors, e.g., H, := (8H/8z,...,0H/0z,), and the transpose of the
column vector (.) is denoted by (‘)T, e.g., g’ = 7 .

2.2. Example: Apollo re—entry (version 1: constrained angle of at-
tack)

A first optimal control problem is investigated now to illustrate the procedure of
how to transform an optimal control problem by means of the above necessary
conditions into a boundary-value problem that is well suited for a subsequent
numerical treatment. This first problem describes the atmospheric re—entry of
an Apollo—type capsula. Since different versions of this problem are so often
published in the literature, see, e.g., Breakwell et. al. 1963, Scharmack 1967,
and Stoer and Bulirsch 1980 and, more recently, Pesch 1989B, 1990A, it has
become a benchmark problem for optimization methods. Its complexity is still
low enough to serve as a tutorial example. '

The flight path of the capsula is assumed to take place in a vertical plane.
Thus, the equations of motion can be written as

S

go siny
g —
2m

't;’ = — V2CD(u) m ) (Ga)

) V cosy go cOs 7y
= QmQVCL(u)+‘R(1+E) V(i+e)?’ k)

§= 3 siny (6¢)
.V
(= ToiE COs Y . (6d)

Here V' denotes the velocity, ¥ the flight path angle, ¢ the normalized altitude
(€ := h/R with h and R denoting the altitude above the Earth’s surface and the
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Earth’s radius, respectively), and ¢ the distance on the Earth’s surface. The
control variable is the angle of attack u. For the lift and the drag coefficients,
the following relations are assumed, Cp(u) = Cp,+Cp, cosu with Cp, = 0.88
and Cp, = 0.52 and Cr(u) = Cr, sinu with Cr, = —0.505. The air density
is assumed to satisfy ¢ = gg exp(—8 R £). All other quantities not mentioned
here are constants. '

The total stagnation point convective heating per unit area, 1.e.,

I[u] = / 10V3 . /pdt (7)

is to be minimized.

The vehicle is to be maneuvered into an initial position favorable for the
final splashdown in the Pacific. Thus, all state variables are prescribed at the
moment of entry. At the unspecified terminal time, all state variables except
the flight path angle are prescribed, too. More details, especially the values of
the constants and the boundary conditions, can be found in Pesch 1989B.

In addition, the range U of the control variable is described by the inequality
constraint '

|u| < Umax (8)

with a given positive constant #max < m. This completes the description of the
model.

We now establish the necessary conditions of optimal control theory. In a
first step, the optimal control variable is eliminated in terms of the state and the
adjoint variables. If the optimal control variable lies in the interior of the set U,
the following equations must be satisfied because of the minimum principle (5b),

H, =0, (9a)
Hyw > 0. (91’))

In the general case of more than one control variable, the strong Legendre-
Clebsch condition (9b) is to be understood as Hyy must be a positive definite
matrix. Because of technical reasons, there must hold u € [—m, 7] here. The
optimal control variable u is then given, according to Eq. (9a), by

CLo My
_Srgty 10
Cp, Vv (29)
By this condition, u 1s not uniquely defined. The quadrant is determined by
Eq. (9b). We find signu = sign A, or, in more detail,

tanu = —

A
sinu = —Cp, % y 11a
“ VACo, VA +(Cry 1 )? s
. :
cosu = +Cp, s (11b)

\/(CDL 14 ‘)"V)E + (CLD ’\"r')z .
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The following diagram shows the relation between the quadrant of u and the
signs of the adjoint variables Ay and A,

u=m/2
Ay <0 Ay >0
Ay >0 Ay >0
v=n u=20
U =—-—""
Ay <0 Ay >0
Ay <0 Ay <0
u=—7/2

Note that the trajectory has a so—called corner at times fcorer where there
holds A, (tcorner) = 0 and Av (tcorner) < 0. This results in a jump of the optimal
control variable from —n to +7 or vice versa if umax = 7 1s chosen for the
maximum value of the control variable. In this case, the state variables, however,
remain continuously differentiable. However, this is not true for ug.x < 7 as we
will see. The trajectory then has, indeed, a corner since the flight path angle
has a jump discontinuity at ¢ = t.ormer.

The adjoint variables can be computed via the Eqgs. (5a), which are not given
in detail here.

On constrained subarcs, where the control variable, if chosen according to
Egs. (11), would violate the inequality contraint (8), we have either u = Umax
OF % = —Umax. The minimum principle (5b) yields sign u = sign u™™®. Here, ufre®
denotes the competitive control variable, which is not active along constrained
subarcs and determined by Egs. (11). Hence, we have

U = Umax Sign u™e® (12)

“on constrained subarcs. At junction points between unconstrained and con-
strained subarcs, the control variable is continuous. However, there arises a
discontinuity in the interior of a constrained subarc if A, changes its sign, say
at 1 = teorner, While simultaneously there holds Ay (fcorner) < 0. This is because
yfree jumps at t = {eorner from —7 to +7 or vice versa depending on the sign of
Ay(teorner); see the above diagram. Note that the Erdmann—Weierstrafl corner
condition yields the continuity of A, H, and H, at t = tcormer; See, e.g., Bryson
and Ho 1987, p. 125.

Finally, the set of necessary conditions is completed with the so—called
transversality conditions (5¢) and (5d),

M(tf) =0, (13a)
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Note that v is the only state variable not prescribed at the terminal time ¢y,
i.e., ®, = 0. The adjoint vector v drops out.

2.3. The multipoint boundary—value problem

In summary, the entire set of necessary conditions yields a multipoint boundary—
value problem. To achieve the so—called standard form of the boundary—value
problem, we have to transform the undetermined interval [0,%;] onto the inter-
val [0, 1] by introducing a new independent variable 7 via 7 := ¢/t;. Then, t; be-
comes a new dependent variable and, because of (.)! := %() =iy () =iy ad?(A),
the right-hand sides of Eqgs. (6) as well as of Egs. (5a) are to be multiplied by ¢;.
Hence, we have a system of 9 differential equations (the differential equation for
the unknown terminal time is given by t}, = 0) with 9 two-point boundary con-
ditions (7 boundary conditions are given by the model, 2 conditions follow from
the transversality conditions (13)). In addition, each junction point ¢ = #jynction
between unconstrained and constrained subarcs yields an interior boundary con-
dition of type

"'J'free(tjunction) £ Umax =0 . (14)

Corners are also determined by an interior boundary condition,

)“F (icomer) =10 (15)
if, in addition, there holds
AV(tcorner) <0. (16)

By this procedure, the necessary conditions are transformed into a mul-
tipoint boundary—value problem which can be solved by the multiple shooting
method very accurately and efficiently; see Section 7. Note that a solution of the
above boundary—value problem is not a candidate for an optimal solution of the
control problem if the inequality (8) and the sign conditions sign u = sign u're®
and (16) are not fulfilled along the entire trajectory or at all corner points fcorner,
respectively.

3. Optimal control problems with mixed state—control in-
equality constraints

3.1. Summary of necessary conditions

Realistically modelled problems generally include inequality constraints of more
complicated type than Eq. (8). At the first level of increased compexity, we
consider so—called mixed state—control constraints of type

C(z(t),u() <0, C:R"™*™ R (17)
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where C' explicitly depends on the control vector u, ie., Cy, # 0. For the
sake of simplicity, we firstly restrict the following explanations to the case k =
{ = 1, thus one control variable and one inequality constraint. Defining the
Hamiltonian by

H(z,u, A p) == L{z,u)+ A f(z,u) + pCl,u) (18)

the necessary conditions (5) remain unchanged. Additionally we have a neces-
sary sign condition for the Lagrange parameter pu,

=0 ifC<0,
{20 ifC=0. (19)

Therefore, the right-hand sides of the differential equations for the adjoint
variables (5a) are, in general, to be modified along constrained subarcs, where

C(x,u) =0 for all t with fentry <t <fexit and tentry < texit - (20)

The moments { = fepery and t = texiy denote entry and exit point, respectively,
of a constrained subarc. If Eq. (20) can be uniquely solved for u, i.e., if Cy # 0,
the control variable can be represented along a constrained subarc by a function
of the state variables,

- ubound(x) ) (21)
If Cy # 0, the multiplier p is given by means of Eq. (9a),
= =E s (B X)) (22)

If k> 1orl>1, but each component of C' depends explicitly on one control
vector component only, this case can be treated by adding terms in the defini-
tion (18) of the Hamiltonian. If one control vector component is constrained by
several components of C, this problem can be reduced to the previous problem
by introducing a new surrogate inequality constraint. The single case that has
to be excluded because of its possible non—uniqueness is the case where one
component, of C' depends explicitly on several control vector components. This
case is of minor practical importance only and cannot be treated with sufficient
generality.

3.2. Example: space—shuttle re-entry under a heating constraint

For illustration purposes, we consider a second example from the aerospace field.
The following optimal control problem describes the maximal cross—range re—
entry of a space-shuttle-type vehicle. Increased range capacity of the vehicle
allows morefrequent returns from the orbit. The functional to be minimized is
the negative cross-range angle at the unspecified terminal time 1y,

I[u] = —A(ty) . (23)
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Assuming no planet rotation and oblateness, a stationary atmosphere, a point
mass vehicle, and a constant drag polar, the equations of motion with respect
to a flight-path—oriented coordinate system may be written as

F e n Foo 2 R _ .

V =~ (Cou+ C7) 52 exp(-ph) V2 =0 (g ) sin (24a)
b =G o Bt piyy ORE ¢ tan A 24b
A T cosy R+h B e At (24b)
. F oo g/ R\ Vv

= O =% exp(=BRY V! | _

‘y. Cr o exp(—pFh) Vi cosk (V (R+h) Brh cosy , (24c)
A= TR o8 siny , (24d)
h=V siny, (24e)
6 — V' cosy cosy (24f)

R+h cosA

The state variables are the velocity V, the heading angle x, the flight path
angle v, the cross-range angle A, the altitude A, and the down-range angle ©.
The control variables are the bank angle x and the lift coefficient C. The values
of the constants of the drag polar are Cp, = 0.04 and n = 1.86.

Initial values for all state variables are prescribed as well as terminal condi-
tions for V, v, and h. Since the differential equation for the down-range angle ©
is decoupled, it need not be considered for the optimization process and can be
computed afterward.

Moreover, the following mixed state-control or zeroth order state constraint
has to be taken into account, which limits the skin temperature of the vehicle,

Cr—Cru(V,h) = ACLy <0 (25)

where Cry is a rather complicated function of V' and h consisting of 20 terms
each of which is the sum of a polynomial of second degree in V/h plus a poly-
nomial of second degree in h/V multiplied by a polynomial of first degree
in h. Different levels of the limit skin temperature 7' are indicated by the
parameter ACry where ACpyg = 0 corresponds to a limit skin temperature
of T"=1093°C. For details, see Kugelmann and Pesch 1990B.

According to Egs. (9), the optimal control variables are given by

sink = —A,/(wcosy), cosk=-Ay/w, (26)
where

1/2
w = [(Ay/ cosy)? +A2] 2 ;




Heal-life optimal control problems ]_7

and

chree .= [—w/(V Ay n)]”(“‘_l) , on unconstrained arcs,
Cp = (27)

Cgound = Cryg(V,h) + ACrg , on constrained arcs.

Note that Eq. (9b) is fulfilled if H, . > 0 and Hy« He, ¢, -H? ¢, > 0. This
obviously implies He, ¢, > 0, too. From these inequalities, which are to be
satisfied on unconstrained subares only, we obtain an additional sign condition
that must be fulfilled along unconstrained subarcs,

Av < 0. (28a)

Note that the above determinant condition is trivially satisfied for the parameter
values of the problem.

For mixed state-control constraints, the right—hand sides of the adjoint vari-
ables are to be modified along constraint subarcs; see Eq. (5a) together with the
definition (18). For the sake of brevity, we give here the equation for A; only,

; i 20 R,
’\h = —{ AV [(CDD + k CL) Eﬁ exp(—ﬁh) V2 —+ 2 (-;%F)—g s1n ']f]

sin &

Foo
Yo | =T ik0. o
+ Ay [ Gr 7 Bexp(—pBh)V o

v
+ m cosy cos y tan A]

Foo
+ Ay [—CL =T Bexp(—pBh)V cosk

+ (2 9o R” - i’ Cosy
(R+h)PV (R4 h)?

dCLu }

+ A v cos 7y sin -

(R+ h)?
where the Lagrange parameter g is defined by Eq. (9a),

0., on unconstrained arcs,
HF=93F
Tﬁ: exp(—Bh)V [w+ V Ay nC};™'] , on constrained arcs.

The necessary sign condition (19) implies

w
e 28b
)\VE VHCE_1(<0) (8)
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which must be fulfilled on constrained subares and therefore completes the sign
condition (28a).

Finally, the missing boundary conditions are given by the transversality
conditions (5¢) and (5d),

A(@) =0, M(ty)=-1, Hl;=0. (29)

3.3. The multipoint boundary—value problem

In summary, we have again a multipoint boundary-value problem which must
be solved by a candidate for the optimal trajectory. We have 11 differential
equations for V', x, v, A, h, their associate adjoint variables, and for ;. In con-
trast to the boundary—value problem of Subsection 2.3, the right-hand sides are
piecewise defined here. In addition, 8 two-point boundary conditions are given
by the model, and 3 terminal conditions are given by the above transversality
conditions. Each entry or exit point, feniry Or texit, repectively, of the mixed
state—control constraint (25) is determined by an interior condition of the type

[CTe — Cru(V,h) — ACLH] =38 (30)

ientr}r;’exit

If the down—-range angle @ is to be computed, too, its differential equation is
also included together with an appropriate initial value.

After the computation of the solution of the boundary—value problem, the
solution must be checked whether the inequalities (25) and (28) are satisfied.

At the end of this section, it should be mentioned that control variable
inequality constraints of type C'(u(t)) < 0, which are treated in Section 2, fit
also into the above pattern. Because of C; = 0, the differential equations for
the adjoint variables need not be modified in this case, and g therefore need not
be computed, in order to establish the boundary-value problem. However, the
sign condition (19) must be verified.

4. Optimal control problems with state variable inequality
constraints

4.1. Summary of necessary conditions

The next degree of complexity is given by optimal control problems with state
variable inequality constraints,

S(z(t) <0, S:R"—R. (31)

In the following, we summarize some results of optimal control theory for prob-
lems with state variable inequality constraints. For the sake of simplicity, let us
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assume that k =1 = 1. We first consider the case that the constraint is active
on a non-vanishing subinterval [tentry, texit],

S(J}(t)) = 0 for a.ll i [ [-':ent,r_y: texit] & [Opt_f] . (32)

By successive differentiation of (32) with respect to time and substitut-
ing (2a), we find the smallest non-negative number ¢ such that there holds

S(x)=0, SW(@)=0, ...,80 YV(z)=0 on [tentry, texit] (33a)
and
S@O(z,u)=0 with SP(z,u)#0. (33b)

Here, S denotes the i-th total time derivative of S. Then, § is called the order
of the state constraint. Now S7(z,u) plays the role of C(z,u) in (18) so that
the Hamiltonian, in this case, is defined by

H(z,u, M) = Lz, u) + A f(z,u) +pSi(z,u) . (34)
Again, for ;1 we have the necessary sign condition

{:O,HS<0,
H

>0, fS=0. (35)

On constrained arcs, we obtain the optimal control variable u from (33b)
and p from (9a). The right-hand sides of the differential equations for the
adjoint variables (5a) are, in general, to be modified on [tentry, texit]. In order to
guarantee that not only (33b) but also (33a) is satisfied, we also have to require
that the so-called entry or tangency conditions are fulfilled,

NT(x(te”“Y)’tentr&') = (S(Z(Fenpry 1) SP(ELantry))yo s
( STV (@(tentry))) =0 - (38)

Alternatively, the tagency conditions can also be posted at the exit point. The
following explanations have then to be modified suitably.
Interior point conditions of the type

N{® e ); Bavesine) =0  NIRY%(033) =R (37)
give rise to additional necessary conditions,

AT (tgerior) = A (nserior) =T Vo ltinsrior » (38a)

H (terior) = H(bngerior) + 7' N e (38b)

where 7 € IR? denotes another Lagrange multiplier. The Eq. (38b) determines
tinteriors and the § components of m are chosen so that the interior point con-

straint (37) is satisfied. The multiplier 7 influences (37) via the differential
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equations indirectly by the jump condition (38a). The generalization to interior
point conditions at several points tipterior 18 0bvious.

From the tangency conditions (36) holding at the entry point of a constrained
subarc, we have that A generally is discontinuous at ¢ = tentry Whereas A is
continuous at the exit point #.4. In case the tangency conditions are placed at
the exit point, this result holds vice versa.

Sometimes boundary or touch points occur instead of boundary arcs. If, for
example, the order is § = 2, the following conditions hold at a touch point #;oych,

S(2(tiouch)) =0, SV (2(tiouen)) =0 . (39)

The first condition is regarded as an interior point condition of type (37) and
yields a possible discontinuity of A. The second condition determines the touch
pOint‘ ttouch-

Minimax or so—called Chebyshev optimal control problems also fit into the
pattern of state-constrained optimal control problems; see Section 5.

4.2. Example: Apollo re—entry (version 2: constrained altitude)

To illustrate the use of the above extended set of necessary conditions, we again
consider the re—entry problem of Subsection 2.2. Now, we replace the control
variable inequality constraint (8) by the state variable inequality constraint

§ < &max (40)

which has, because of safety reasons, to be taken into account after the first dip
into the atmosphere, i.e., for all t > {p;, for which ¥(tmin) = 0 for the first time.
Here, &max 18 a given positive constant.

One easily finds by successive differentiation of S(z(t)) := &(t) — &max With
respect to time ¢ that the state constraint is of the second order, thus g = 2.
The optimal control variable is given on a constrained subarc by

Y= FeCr, \VP (14 Emm)? B0 +Emax)) (112)

Note that S(*) = 0 and §®) = 0 imply 4 = 0. The optimal control variable along
a constrained subarc is uniquely determined by the minimum principle (5b) from
which follows

sign cos u = sign Ay .’ (41b)

By an indirect proof, it can be shown that there holds cos u # 0 on Jtentry, texit|-
This directly implies that S(?)(z, u) = 0 can be solved for u on the entire open in-
terval Jtentry, texit[. Since Ay (tentry) < 0implies Ay (t) < 0 on Jtentry, texit[, which
can also be proved indirectly, the control variable is continuous on Jfentry, fexit|-
Because of the continuity of the Hamiltonian, see Eq. (38b), it follows that
V and % are continuous at the junction points tentry and teyir unless, at these
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points, there holds Ay = 0 and A, = 0 as well. If this case is disregarded, S(?)
and also u are continuous at the junction points, too.
In case of a constrained subarc, the entry conditions (36) yield

E(tentry) = &max , (423)
T(t;ntry) =0 (42b)

where the minus sign at fcn¢ry indicates that the control variable is to be chosen
according to Eqs. (11). Because of the continuity of the control variable at the
junction points, it follows

ufree(tentry) = ubound{tentr}r) (426)
ufree(texit) = ubound (texit) (42(?1)

where u'®® is defined by the Eqgs. (11) and uP°“"? by the Eqs. (41). The present
case is completed by the jump conditions

’\T(t:ntry) = A‘T(t;:‘nt.r_»,r) Ll m € R ) (43&)
Af(t;ltr)f) = Af(te_ntry) — 72, W2E R. (43b)

In summary, the 4 additional unknowns feniry, texic, 71, and 72 are deter-
mined by the 4 interior boundary conditions (42). The above jump conditions
have to be carried through at the entry point of the constrained subarc and cause
that the Lagrange parameters m; and my have influence on the solution of the
system of differential equations. The right—hand sides of the adjoint variables
are to be modified along a constrained subarc; compare Section 3.

It is known from the literature that state constraints of even order may have
boundary arcs as well as touch points if the Hamiltonian is regular, i.e., if H
has a unique minimum with respect to u in a small neighborhood of the optimal
trajectory for all t € [0,2f]. Moreover, it is known that state constraints of
the first order do not become active in form of touch points; only boundary
arcs occur. Furthermore, for state constraints of odd order with § > 3, only
touch points occur; boundary arcs are impossible. Proofs for these results can
be found in Jacobson et. al. 1971,

Hence, we here have to take into account the appearance of touch points,
too. According to Eqgs. (39), we have two conditions at a touch point tiouch,

&(itouch) = Emax 5 (44&)
'T(ttouch) =0 (44b)

The first of these conditions is considered as an interior point constraint and
gives rise to a jump condition,

A (Hhuen) = Xelliguan) =7, TER. (45)
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The second condition (44b) determines the touch point. The Lagrange param-
eter m must be chosen so as to satisfy the interior point constraint (44a).

In case that several boundary arcs and several touch points exist, the above
interior boundary conditions and their associated jump conditions must be mul-
tiplied suitably. If a boundary arc is adjacent to ¢ = 0 or ¢ = {y, either the
Egs. (42a)-(42c) and (43) or Eq. (42d) have to be dropped. In the latter case, it
is advisable to reduce the number of unknowns in the boundary—value problem
by placing the jump conditions at ¢ = ¢; since they can be neglected then.

4.3. The multipoint boundary—value problem

For the version of the re-entry problem with the altitude constraint, the terminal
flight path angle is prescribed, so that the terminal condition (13a) must be
cancelled. In summary, we have again a system of 9 differential equations with
a corresponding number of two-point boundary conditions. In addition, there
are 4 interior boundary conditions for each interior boundary arc by which the
4 unknowns, entry and exit point and the two jump parameters m; and 74, are
determined. For each touch point, there are 2 interior boundary conditions by
which the touch point and the jump parameter 7 is determined. Thus, we have
now a different type of a multipoint boundary-value problem which includes,
because of the Egs. (43) and (45), jump conditions, too.

In addition, necessary sign conditions concerning both the Lagrange parame-
ter g and its time derivatives up to the order § and the jump parameter vector 7
must be fulfilled by an optimal solution. By these necessary conditions, which
are based on Jacobson et. al. 1971 and Maurer 1976, non-optimal solutions
can be singled out; see, e.g., Bulirsch et. al. 1991A where a summary of those
sign conditions can be found. These necessary conditions can be written for the
present re—entry problem as

p<0, p2>0, (46a)
>0, m>0, ©>0. (46b)

At the end of this section, it should be mentioned that control variable
inequality constraints of type C(z(t),u(t)) < 0, which are treated in Section 3,
fit also into the above pattern; they can be considered as zeroth order state
constraints. No discontinuities arise for the adjoint variables if ¢ = 0.

5. Optimal control problems with singular subarcs
5.1. Summary of necessary conditions

Among the most complicated optimal control problems, we have problems where
the control variables appear linearly in both the functional and the equations
of motion. The difficulties are caused by the fact that the control variables may
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have so-called singular subarcs. The treatment of those singular subarcs will be
explained in the following.

We refer to the general formulation of the optimal control problem in Sec-
tion 2.1. Let us assume that at least one control variable appears linearly in
Egs. (1) and (2a) and that the set I/ mentioned after Eq. (1) is a compact and
convex polyhedron which is indeed the case in most practical problems. For the
sake of simplicity, let k = 1 and U = [upin, ¥max ]. Then, the Hamiltonian has
the form

H(z,u,A) = A(z, ) + uB(z,A) .

If the term B(xz, A) does not vanish identically on a non—vanishing subinter-
val [tentry, texit] Of [0,2f], the minimum principle (5b) yields

{umax, ifB<0 4
U=

s B O (47)

In this case, we have so—called bang-bang subarcs only. Each isolated zero of
the switching function S(t) := B(z(t), A(t)) indicates a switch from u = unax
to % = Umin OF Vice versa.

If

B(z,A) =0 for allt € [tentry, texit) C [0,17] , tentry < lexit , (48)

singular subarcs occur. The optimal control variable on these singular subarcs
can be computed in a similar way as for state-constrained problems. By suc-
cessive differention of the switching function S with respect to time ¢ and the
substitution of the Egs. (2a) and (5a), we may find a smallest positive integer §
such that

S(“:)(:c, u,A) =0 for all t € [fentry, texit] (49a)
and
S (e, u,A) #£0 . (49b)

If such a smallest integer ¢ exists, it must be even; see McDanell and Pow-
ers 1971. Therefore, p with § = 2p is called the order of the singular subarc.
The case of most practical interest is p = 1 which will be considered here only.
The control variables near singular subarcs of higher order generally show a chat-
tering behavior. According to McDanell and Powers 1971, the control variable
u is, for first—order singular control problems, either discontinuous or continu-
ously differentiable at the junction points tentry and texit. The first case occurs in
general. The analogon to the strong Legendre—Clebsch condition (9b) for singu-
lar subarcs 1s the so-called strong generalized Legendre-Clebsch condition, see
Kelley et. al. 1967, which reads as

(_l)p sz(x! A') >0 for tentry S t S texit (50)




24 H.J. PESCH

where Bgp(z, ) is the factor in front of u after 2p differentiations of the iden-
tity (48).

The interior boundary conditions to determine bang-bang switching points
t = tpang and entry and exit points of singular subarcs are given either by
isolated zeros of the switching function

Bl =0 (51)
or by two tangency conditions, either by

Blaw) =04 5] =D (52a)
or by

S(tentry) =0, S(texit) =0 . : (52b)

Jump conditions do not occur here. Again, we obtain well-defined multipoint
bondary-value problems. Each bang-bang switching point tpang is determined
by an equation of type (51). Each pair of an entry and an exit point of singular
subarcs are determined by equations of type (52a) or (52b).

5.2. Example: abort landing of a Boeing 727 in a windshear down-
burst

For illustration purposes, we consider here the problem of abort landing of a
passenger aircraft in the presence of a windshear downburst which is taken
from Miele et. al. 1987 and Bulirsch et. al. 1991A. This is one of the most
complicated optimal control problems ever solved. Here, we will discuss the
treatment of the bang-bang and singular subarcs only which indeed appear in
the candidate trajectory for the optimal solution of the problem.

To set up the equations of motion, we assume that the aircraft is a particle
of constant mass, the flight takes place in a vertical plane, and Newton’s law 1s
valid in an Earth—fixed system. Moreover, the wind flow field is assumed to be
steady. Under these assumptions, the kinematical and dynamical equations are

= Vecosy+ W, , (53a)
h=Vsiny+ W, , (53b)
w T D ; : v
V::Ecos(a—k&)—a—gsm‘y—(chosT+thm7), (53c)
’-i'( +5)+—IL_i s oty — W ) (53d)
7umV51na v Vgcoq/ v o Sy h Fia

Gd=1u. (53e)

The state variables are the horizontal distance , the altitude h, the relative
velocity V, and the relative path inclination . In the formulation above, the
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relative angle of attack o is regarded as a state variable, too. In fact, its time
derivative is chosen as control variable. The approximations of the aerodynamic
forces, the trust 7' = T(V, §), the drag D = D(V, ), and the lift L = L(V, a),
as well as the prescribed wind velocity components W, (z) and Wh(z, h) can be
found in Bulirsch et. al. 1991A. The power setting £, normally also a control
variable, is specified in advance as a function of time; see, e.g., Bulirsch et.
al. 1991A. All other quantities not mentioned here explicitly are constants and
given also in Bulirsch et. al. 1991A.
The following inequality constraints are imposed on the problem

lu| < tmax , (54a)
a < Omax - (54b}

The second constraint is a state constraint of the first order and can be treated
analogously to the re—entry problem of Section 4.2. For the boundary conditions
see, e.g., Bulirsch et. al. 1991A. The terminal time ¢; is unspecified here, too.
To avoid crashing on the ground, the ground clearance, or in other words

the minimal altitude, has to be maximized,

max min h(t) .

wel 0<i<ts
Here, U is described by the control variable inequality constraint (54a). Instead,
we can also minimize the peak value of the altitude drop, that is, the difference
between a constant reference altitude hr and the instantaneous altitude,

I[u] := nrgnt%, {hr — h(1)} . (55)
The reference altitude hgr has to be chosen so as to satisfy hr > h(t) for all
t €[0,t5]. In any case, we have a so—called Chebyshev-type optimal control

problem, which can be transformed into the standard form of a Mayer’s func-
tional by introducing a new state variable. For the functional (55) define

(1) = 02}?5,“’3 —h(?)} . (56)
The variable ¢ is now subject to the additional constraints

(=0, (57a)

hr— h(t) - C(£) < 0. (57b)

The functional (55) can then be written in standard form

Ifu] = ((ty) - (58)

Note that the transformation brings a new state constraint into the game which
can be shown to be of the third order. The treatment can also follow the lines
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of Section 4. For details, see also Bulirsch et. al. 1991A. Note that. this abort
landing problem presents an example with a non-regular Hamiltonian so that
the theoretical results concerning boundary points and boundary arcs induced
by state constraints do not apply here.

As mentioned above, we restrict the investigations to the computation of
the control variable for state-unconstrained subares only to demonstrate the
use of the necessary conditions for bang-bang and singular subarcs. From the
minimum principle (5b), we obtain a bang-bang expression for the optimal
control variable,

_ Umax , TOF Ay <0

= {—umax , forAy >0 . (59)

The adjoint variable A, plays the role of the switching function. Its isolated
Zeros,

)la (tbang) =0 3 (60)

mark the switches of the bang-bang subarcs. If non-isolated zeros of A, occur,
the following relation holds,

/\Q(fr) =0 on tgnt[‘y Lt < lexit tentry < lexit - (61)

Repeating twice the differentiation of this identity with respect to time and
substituting Eqgs. (53) and (5a), we obtain an expression for the optimal control
on singular subarcs,

thing =~ 58 (62)

with

Asing(t) 1= Av [Tsin(a +6) + D(,] s %[,'\1 s ,\ﬂ,%] [Tcos(a +6)+ La]
+Av [Tsin(a +6) 4 Dav V] - AT% [T cos(a + 6) + Lav V] i

1 :
Bing(t) = Mv [T cos(a +8) + Daa| = Ay 77 [Laa = Tsin(a + )] -
Hence, the order of the singular control is p = 1, and the strong generalized
Legendre—-Clebsch condition is
Bsing <0 for tentry <1 < texit - (63)

The two junction points are determined by the entry or tangency conditions,
either by

Aa (tentry) =0 Ao (temry) =0 (54&)
or by
Aa(tentry) =0, )‘a(texit) =0. (64b)
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5.3. The multipoint boundary—value problem

Again, we see that the necessary conditions lead to a well-defined multipoint
boundary-value problem. Each switching point fpang, tentry, OF texiy is accom-
panied by an interior boundary condition. For the complete description of the
boundary—value problem, it is refered to Bulirsch et, al. 1991A.

If realistic models are investigated, characteristic parameters of the system
are often given by tabular data. In this case, possible points of non-smoothness
of the approximation of the data must be considered as interior point constraints
of type (37), too. This causes additional switching points where the adjoint
variables may have discontinuities. See Bulirsch et. al. 1991A for details.

6. Optimal control problems with discontinuities in the
state variables

6.1. Summary of necessary conditions

Problems with discontinuities in the state variables at undetermined interior
points where instead of (1) a functional of the form

ty

Ifu] := §(2(tsiage): (t;‘tage):x(tf)ltf)+/L(x(t)lu(i)) dt (65)

0

is to be minimized subject to the additional equality constraint

V(e(trage)s T(thage) =0, $:R™ R, (66)

lead to the additional necessary conditions

od
e 67b
( stage) 6$(tstage) ( )
where

= _T_ -
Oz, at,z,t,0) = gz, zt,z,t) + 7 Y(z7,2t).

These equations determine x and A at the discontinuity { = tsiage, the pa-
rameters 7 € R™ and the staging time Lstage. If one or more of the quanti-
ties fstage, Ti(t EtagE) and z;(t5,4.) are specified, the corresponding equations
in (67a) and (67b) are omitted. A generalization to more discontinuities is
obvious.
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6.2. Example: ascent of a two—stage—to—orbit vehicle

The Sanger II project of a European space transportation system is, at present,
in the focus of industrial and scientific discussion and development. In the
future, a completely reusable space transportation system will be necessary to
maintain and service cost—efficiently the planned international space station.

The two—stage-to—orbit vehicle is designed to launch horizontally and to de-
liver either a manned or an unmanned cargo unit into orbit. The first stage is
equipped with wings and airbreathing engines. The second stage is convention-
ally rocket propelled. The system is capable of performing cruising flights.

Some ideas for such a space transportation system have already been devel-
oped by Eugen Sanger in the thirties. His investigations were republished in
1962; see Sanger 1962.

The first mathematical model which included a simultaneous staging and
trajectory optimization for a two—stage rocket propelled predecessor model goes
back to Shau 1973. A generalization to a three-dimensional model was presented
by Bulirsch and Chudej 1991, 1992A. Recently the model was upgraded to
include the airbreathing engines of the lower stage; see Bulirsch and Chudej
1992B and Chudej to appear.

The payload of the space transporter is to be maximized,

Mpayload = m(iy) — 'I'U(m(t;age) —m(ty)) (68)
subject to the stage separation condition

m(t:—tage) = m(ts—tage) G qll(mﬂ z m(ts_tage)) : (69)

Here, tstage denotes the unspecified time of separation of the two stages. The
terminal time t; is also unspecified. The functions ¥y and ¥y describe the
structural mass consisting of the engines and the fuel tank in dependence of the
fuel used for the two stages. For details, see Bulirsch and Chudej 1992A and
Chudej to appear.

The equations of motion in a flight path oriented coordinate system over a
spherical Earth with no wind in the atmosphere are

/i i [T(V, h;b) cose — D(V, h;u)] — g(h) sinvy (70a)
m
+w? (R+ h) cosA (siny cos A — cosy sinx sinA) ,
y= _17 [T(V, h;b) sine + L(V, k;u)] cosx (70b)
m

_[&lf)_RM

R+h

] cosy + 2w cosy cos A

+w?

cos A (siny siny sin A + cosy cos A) |
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1
¢ = ———— [T(V, h;b) si L(V, h; i
R = o [T(V, h;b) sine+ L(V, h; u)] sink (70c)
“R+h cos vy cosy tan A
+ 2w (sin y cos A tany —sin A)
R+h
g cos A sinA cosy ,
V cosy
h=Vsiny, (70d)
A:R—Fh cosy siny , (70e)
6= e COS Y COS (70f)
“(R+h)cosh T A
m=—b. (70g)

The state variables are the velocity V, the path inclination 7, the azimuth
inclination y, the altitude h, the geographical latitude A, the geographical lon-
gitude ©, and the mass m. The control variables are the angle of attack u, the
lateral inclination angle #, the mass flow b, and the thrust angle e. The formulae
for the thrust 7', the drag D), the lift L, and the gravitational acceleration g(h)
can be found in Bulirsch and Chudej 1992A. All other quantities are assumed
to be constant.

The mass flow for both stages is subject to the constraints

0<b< E}I,ma.}v{ for 0<t< tstage s (713)
0 < b<bimex fr tasgs<t<ip. (71b)

For the boundary conditions, see Bulirsch and Chudej 1992A and Chudej to
appear.

We concentrate here on the necessary conditions which are brought into the
game by the stage separation condition and the functional including a discon-
tinuity of the mass. According to Egs. (67), the stage separation time #stage is
determined by the continuity condition of the Hamiltonian; see Eq. (67a). In
addition, the adjoint variable A,, has a jump discontinuity at ¢ = tstage,

)‘m (t;tage)
L 'I'i (mo - m(ts;;age))

Am (t:-tage) == iI (m(t:—tage) - m(tf)) it (72)

In constrast to the jump conditions introduced by state constraints, this jump
condition describes a jump of fixed size which must be carried through at ¢ =

tstage-
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6.3. The multipoint boundary—value problem

Due to the constraint describing the stage separation, the dimension of the
boundary—value problem is increased only by 1 to determine the unknown stage
separation time. The constraint (69) yields a jump condition for the adjoint
variable An, which must be taken into account together with the jump condition
for the mass given by that Eq. (69). Both jump conditions do not contain any
additional parameters to be determined as part of the solution of the problem
as in Section 4.

7. Off-line computation of optimal trajectories by multi-
ple shooting

7.1. Description of the method

As we have seen in the preceding sections, the necessary conditions of optimal
control theory lead to a multipoint boundary—value problem of the following
form

Fo(t,z(f))} OStSTI )

=F(t, z(t)) = : (73a)
Flt2()), mLt<ty,

)= Bylne,aliT)) . 1€ k<5, (73b)

ri(2(0), z(t)) =0, 1<i<ny, (73c)

ri(7e, 2(7,)) =0, n+1<i<N. (73d)

The piecewise defined differential equations (73a) include the equations of
motion, the system of differential equations for the adjoint variables, and some
so—called trivial differential equations of form z; =0, e.g., for jump parameters
entering the jump conditions (73b). These jump conditions are brought into
the problem by possible discontinuities of the adjoint variables when taking into
account state variable inequality constraints. Equations (73c) and (73d) contain
the prescribed boundary conditions for the state variables, the natural boundary
conditions from the transversality conditions for the adjoint variables and for
the terminal time if unspecified, and interior conditions, e.g., junction conditions
for boundary or singular subarcs. All these conditions together determine not
only the state and adjoint variables but also the switching times 7. and the
additional auxiliary variables, namely, the jump parameters mentioned above.
The ind~x k; in the interior conditions serves as an indicator as to whether
switching conditions are associated with a single switching point or not. The
piecewise defined right-hand side of (73a) is based on an assumption of an
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optimal switching structure associated with a sequence of switching points and
their corresponding control laws between every pair of adjacent switching or
boundary points, respectively.

In addition, there are sign conditions which the components z; have to sat-
isfy. These conditions must be checked after the solution of the boundary—value
problem is computed. Non—optimal candidates can therewith be singled out.

A large class of optimal control problems fit into this pattern when analyzing
the necessary conditions of optimal control theory. This kind of multipoint
boundary—value problem is especially well suited for the well-known multiple
shooting method (see, e.g., Bulirsch 1971 and Stoer and Bulirsch 1980). A new
version was developed by Oberle 1982 and the most recent FORTRAN code,
called BNDSCO, is published in the user manual of Oberle and Grimm 1989.

In the following, we give a brief survey of the multiple shooting method with
special emphasis on applications to multipoint boundary—value problems with
jump conditions.

The multiple shooting method requires a fixed subdivision of the time inter-
val which has to be chosen by the user,

O=drgts .. ts =15, (74)

witht; # 7, j=1,...,mand k =1,...,s. Initial data for the variables z; at
the times ¢; have to be guessed as well as the switching points 7. Let the initial

guess be 789 for the vectors 2(t;) and 7 for = (m,.. .}TS)T. These data
will be changed iteratively. The superscript for the iteration counter will be
dropped in the following. Incidentally, the choice of the partition of the interval
is rather uncritical. If possible, the grid should be finer in regions of stronger
changes of the variables, whereas it can be coarser in other parts.

The basic idea of multiple shooting is to reduce the boundary—value problem
to a series of initial-value problems: For j = 1,...,m — 1, find the numerical
solution of the initial-value problems

z(t) = [F(t’gz(i))] , 4 <t <tjp1, with () = Z; = [Z;] , (75)

where z(1) := (z(1), T‘)T, During the numerical integration, the jump condi-
tions (73b) have to be carried out at the switching points 7 € [t;,%;41]. More-
over, the integration must be stopped at the switching points, even if no jumps
have to be performed. In general, higher derivatives of some variables have dis-
continuities here, which may reduce the order of convergence of the integration
method. Note that the right-hand side F' changes with k.

Let 2(t;t,Z;) = (2(t;15, Z;), T)T denote the solution of the initial-value
problem (75) in the interval [#;,t;41]. Then, a trajectory z(t) and the associ-
ated switching points 7 are a solution of the above multipoint boundary-value
problem if and only if the vector Z := (7, .. ,,Z’m_l)T is a zero of

F(Z)=0. (76)
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Here, the components of F include the continuity or matching conditions

FilZ1yo oy Bm—1) =S8t Z55) —Zjg1 ; 1K jE M2, (77a)
and the boundary and switching conditions
= 5 4 R(Z1, Zm—
Fai-1(Biysons Bni) = Q(Z(l N an_)l) : (77b)

with
R(Z‘l; Zm—l) = [7:6(21: z(tm}tm—ls Zm—l)]

| L) [ 1

OUFi 000 Bt = [3r°g(1*;6‘.,;:('r,;_;i,“,z’j’,;,))]‘.=

The index k; i1s defined by ¢, < Ty < lgit-
The aforementioned code BNDSCO is basically an implementation of the
modified Newton method to determine the zero of F:

Z0+) = 2O _ O pF(ZN)-1 F(Z2D), i=0,1,.... (78)

Here p(*) denotes the relaxation parameter of the i-th iteration step. This mod-
ified Newton method is characterized by the following features: The Jacobian
matrix DF is approximated either via numerical differentiation or via an appro-
priate Broyden update. For details, see Stoer and Bulirsch 1980, pp. 266-270.
The Broyden update is applied only during the iteration phase in which the
iteration enters the final phase of quadratic convergence. Moreover, the Newton
method is based on a relaxation strategy according to Deuflhard 1975 using a
sophisticated test function check to increase the domain of convergence. In ad-
dition, a so—called rank strategy is incorporated to handle ill-conditioned prob-
lems; see Deuflhard 1974. These techniques yield a robust algorithm benefitting
from the advantage of Newton’s method, its quadratic convergence. The disad-
vantage is the rather small domain of convergence which, however, is assuaged
by the use of homotopy techniques as explained in the fellowing paragraph.
In each Newton iteration, the solution of the system of linear equations is via
Householder transformations taking into account the sparse structure of the co-
efficient matrix. Details can be found in Section 10.1, too. The magnitude of the
norm of that matrix indicates the sensitivity of the solution at t,, with respect
to the initial values at t;. The norm and condition number of the coefficient
matrix can be estimated from the Householder decomposition matrices. This is
a very useful information assessing the course of the iteration process. By the
way, the elimination of unknowns in the boundary—value problem, if possible,
may reduce the condition number of the boundary—value problem considerably.

7.2. Homotopy techniques

For the application of the multiple shooting method, the switching structure has
to be guessed and initial guesses for all variables have to be provided. This seems
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to be a strong restriction when applying the method. However, the construction
of a so—called homotopy chain is a powerful tool to overcome these obstacles.
By a homotopy chain, we understand the construction of a family of problems,
naturally related to the problem to be solved, so that at least one member of
that family can be treated easily. Let that family be associated with a real
parameter, say w. So we have to solve, according to Eq. (76), a one—parameter
family of systems of nonlinear equations

F(Zw)=0, Winitial <@ < Wanal -

The solution of a “simpler” problem, say for w = w;, can then be used
as initial guess for the “next” problem, say for w = w;y;. Here, we make an
ad hoc choice of the homotopy stepsize Aw := wiy1 —w;= The starting point
for this homotopy chain is w = wipjtia and it terminates with w = wgpa. It
is very important that w is a naturael parameter of the problem. Otherwise,
this procedure might fail. It must be mentioned that the family of problems
generally includes various classes of subproblems, with each class consisting of a
one—parameter family of subsubproblems in such a way that the “last” problem
of the class j is identical to the “first” problem of the class j + 1. This means
that we may have to switch from one homotopy parameter to another when
changing the class. We call this a homotopy strategy.

To illustrate this procedure, we take again the windshear problem from Sec-
tion 5.2 and show how the third-order state constraint (57b) is introduced step
by step. Because the functional

J[u] := /(hR — h(t))*" dt (79)

approximates the Chebyshev functional (55) for » — ooc; see, e.g., Bulirsch et.
al. 1991A, we first solve the approximating optimal control problem using that
functional and choosing r = 3. Then, we combine the two functionals by

ty

u] := (1 —w)-/(hﬁ-h(t))a dt +w - C(ty) (80)

1]

and solve a whole chain of optimal control problems by varying the homotopy
parameter w fromw = 0 tow = 1. By this procedure, the state constraint (57b)
is introduced step by step into the problem. A solution of each problem in
the chain of solutions serves as initial guess for the solution of the next prob-
lem which is to be solved until w = 1 is reached. For details see Bulirsch et.
al. 1991B. Note that the approach via the functional (80) is successful here
since the Chebyshev functional (55) and the Bolza functional (79) are related
in a natural way. The coupling of two problems which are not related to each
other in a similar way as by Eq. (80) will generally fail to succeed.
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Actually, this is the procedure to treat all aforementioned problems. First,
the unconstrained problem is solved unless the control problem requires the con-
sideration of the inequality constraints to be well-defined. Hence, for the abort
landing problem the control variable inequality constraint (54a) must be taken
into account from the very beginning of the homotopy. In the subsequent steps
of the procedure, the inequality constraints are tightened. Graphical output
devices help to detect, for example, whether a touch point splits into two touch
points or into a boundary arc. This is the common behavior for second-order
state constraints; see the numerical results for the altitude-constrained Apollo
re-entry problem in Section 8.3. The appearance of a singular subare can be
detected when the switching function tends to oscillate around zero during the
course of a homotopy run; see, e.g., also Bulirsch et. al. 1991B and Section 8.4.

A useful and easy-to-apply homotopy technique is described in Deuflhard
et. al. 1976 and the recipe’is given here for the example of the Space—Shuttle
re—entry. The limit skin temperature can be influenced in a natural way by
the parameter ACpy; see Eq. (25). If we introduce the homotopy parame-
ter w := ACLy as additional unknown into the boundary—value problem with
the differential equation

w=0, (81a)
the boundary condition

w(ts) = wips == ACEY (81b)
and the initial guess

wO(t) = w; == ACZY | (81c)

the convergence of the modified Newton method (78) with an initial relaxation
factor p(®) < 1 can be accelerated considerably. The matching conditions are
obviously fulfilled then. The only defect occurs in the two—point boundary
condition for w. However, this approach may not work in all cases. It can be
shown that, when using this approach, the first iterate of the Newton method
is tangential to the homotopy path, and the relaxation strategy of the modified
Newton method provides a homotopy stepsize control; see Deuflhard et. al. 1976
for details.

7.3. Combination of direct and indirect methods

Nevertheless, the construction of an appropriate initial trajectory even for the
unconstrained problems remains often a difficult and time—consuming problem.
Many numerical experiments are sometimes needed for the solution of different
test initial-value problems since, in general, no information precise enough is
available about the adjoint variables. Recently, a method was developed which
combines a direct collocation method with the multiple shooting method; see
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von Stryk and Bulirsch 1992. Based on the approximate solution of the optimal
control problem provided by the direct collocation method, initial estimates
can be also obtained for the Lagrange multipliers A from the adjoint variables
of the Lagrangian of the nonlinear programming problem which is obtained
via parameterization of the optimal control problem and by using collocation
techniques. First numerical experiences show that the approximation yielded
by the direct collocation method is accurate enough to obtain convergence with
the multiple shooting iteration, if the problem is still simple enough. This
means the problem must not include inequality constraints; see Bulirsch et.
al. to appear. So, homotopy techniques still must be used. By this fusion
of direct and indirect methods, one can benefit from the superior accuracy
provided by the multiple shooting method, and the disadvantage caused by the
small domain of convergence of the multiple shooting method is considerably
diminished. Moreover, direct collocation is a very efficient method because no
integration of differential equations is to be carried out; the right-hand sides
of the differential equations are to be fulfilled pointwise only. On the other
side, the disadvantage of direct methods, namely that numerical solutions may
be obtained that are not optimal, do not play a role if checked by an indirect
method afterward.

8. Numerical results I

Numerical results for all aforementioned problems can be found in the literature.
Therefore, the results are not repeated here in detail. Instead, some of the
difficulties occuring during the process of solving the different optimal control
problems are discussed. In addition, a few components of the optimal solutions
are given here to have the major results at hand and to know how the optimal
solutions look like.

8.1. Minimum heating re-entry of an Apollo capsula under a con-
straint of the angle .of attack

The optimal solutions of the re—entry problem with the control variable inequal-
ity constraint presented in Section 2 show eleven different classes of switching
structures depending on the tightness umax of the the angle—of-attack constraint.
Here, only two aspects shall be pointed out. The first difficulty that arises after
the construction of a starting trajectory for the control-unconstrained problem
is described by the question how the switching structure will look like if the
constraint is tighened slightly only. Starting from the optimal control history
for umax = 180 deg, see Fig. 1, it seems to be manifest to expect one boundary
subarc to appear at the end of the flight interval. Indeed, Fig. 2 represents the
optimal solution due to umax = 160 deg obtained via 3 homotopy steps. The
dashed line indicate the competitive nonactive unconstrained control denoted
by uf™® and determined by Egs. (11). Note that A, must have a zero at t = ty;




36

H.J. PESCH

see Eq. (13a). In the course of the next homotopy steps, it turns out that A,
becomes zero in the interior of the constained subarc, too, while simultaneously
Ay is negative. Thus, a corner appears in the optimal solution. Figure 3 shows
the control history for umax = 118 deg. The homotopy stepsize is Aumax = 8deg
when using the modified technique of Deuflhard et. al. 1976; compare Egs. (81).

u [deg]

100

~180
0 100 200 300 400 ¢4

Figure 1. Control history for the Apollo re—entry; umax = 180 deg.

u [deg)

100

—100

~180 -
0 100 200 300 400 1 [g]

Figure 2. Control history for the Apollo re-entry; umax = 160 deg.

A further tightening of the constraint leads to the appearance of an addi-
tional subarc on the lower bound of the constraint near ¢ = 150 sec, which then
merges in the lower bound subarc ending at the corner; see Fig. 7 in Pesch 1989B.
Next, an upper bound subarc occurs at the beginning of the flight time interval.
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ﬂ[d%} L

100
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Figure 3. Control history for the Apollo re—entry; umax = 118 deg.

This situation is shown in Fig. 4 where umax = 62 deg. The homotopy stepsize
decreases to Aumax = 6 deg. '

During the next homotopy steps, the order of the zeros of Ay and A, changes:
For umax = 62deg, A, has two zeros, say at t = ¢; and t = t5, with A, < 0
for t; < t < t5, and Ay has three zeros, say at t = 5, t = 13, and t = 14,
with Ay < 0 for t3 < ¢t < i3 and 14 < t. All zeros are numbered with respect
to their order. Thus, ¢, indicates u = 0, 12, 13, and t4 indicate u = —7 /2, and
ts is just the corner point; compare Fig. 4. During the subsequent homotopy
steps, the zeros {3 and t3 of Ay disappear, i.e., Ay > 0 for t < 14, and the zero
tq of Ay moves beyond the zero t5 of A,. Hence, the discontinuous behavior of
the optimal control disappears all of a sudden at a value upax = uj,,, where
the problem becomes singular, i.e., the denominator in the Eqgs. (11) becomes
zero. The control history for un,.x = 23 deg, as a representative of the new class
with a continuous optimal control, is given in Fig. 5.

Further results for upmax < 23 degrare given in Pesch 1989B and Pesch 1990A.
For this range of values, the homotopy stepsize decreases from Aumax = 2deg
to Atmax = 0.1deg. The homotopy ends for umax & 15.3 deg having the switch-
ing structure © = —Umax, U = uf"e"', U = Umax With the two switching points
very closely side by side. The control variable inequality constraint reduces the

maximal altitude gained by the re-ascent after the first dip into the atmosphere;
see Figs. 9-11 in Pesch 1989B. Compare also Figs. 7 and 8.

By the way, the construction of a starting trajectory for a related re-entry
problem where no inequality constraint is taken into account is described in
Stoer and Bulirsch 1980. The solution of this problem provides the starting
point for a homotopy towards the control-unconstrained problem of Section 2.2.
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Figure 4. Control history for the Apollo re-entry; Umayx = 62 deg.
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Figure 5. Control history for the Apollo re—entry; umax = 23 deg.

8.2. Maximum crossrange re—entry of a space—shuttle orbiter under
a constraint of the skin temperature

For the numerical results of the space-shuttle re—entry problem of Section 3, it
is mainly refered to Dickmanns and Pesch 1975 and Deuflhard et. al. 1976. The
most recent results are given in Kugelmann and Pesch 1990B. The changes of
the switching structure can be easily obtained when the control-unconstrained
problem is solved first. For this case, the control history is given in Fig. 1
of Kugelmann and Pesch 1990B. By tightening the constraint, i.e., decreasing
the value of ACLy, up to four constrained subarcs appear. During the fur-
ther course of the homotopy, ever the last two subarcs merge together until one
long constrained subarc is finally left over. Compare Fig. 3 of Kugelmann and
Pesch 1990B. The homotopy was stopped at T' =~ 924°C, where Ay becomes
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zero on the constrained subarc, i.e., the free control CT®¢ is not defined be-
yond that point; see Eq. (27). For the results, see Fig. 4 of Kugelmann and
Pesch 1990B. The heating constraint damps the oscillatory behavior of the tra-
jectory; see Fig. 2 of Kugelmann and Pesch 1990B. Note that the problem is
ill-conditioned with a condition number of about 10%°, if the so—called con-
densed multiple shooting version 1s used where the system of linear equations to
be solved in each iteration step of the modified Newton method (78) is reduced
to a smaller system with a coefficient matrix as given by the Egs. (101). The
condition number is of magnitude 108 only, if the large system with a coefficient
matrix equivalent to (100) is solved. Notice that the application of the mod-
ified homotopy technique (81) accelerates the homotopy run considerably; see
Deuflhard et. al. 1976. Figure 6 gives an impression of the re—entry trajectory
for the control-unconstrained case. The heating constraint smoothes the tra-
jectory. Oscillations only occur after having passed the boundary arc; see Fig. 2
of Kugelmann and Pesch 1990B.

Figure 6. Re-entry trajectory for the Space-Shuttle re-entry; control-
unconstrained case.

8.3. Minimum heating re—entry of an Apollo capsula under a con-
straint of the altitude

The introduction of the second-order state constraint has the same effect as the
angle of attack constraint as described in Section 8.1 except that the final time
does not decrease as much. Figures 7 and 8 show the histories of the altitude
for Amayx =~ 50.97km and hpyayx &~ 42.06km. The first trajectory has one touch
point, the second one boundary arc and one touch point. Between these two
values of hpax, there are optimal solutions with two touch points; the first touch
point splits to a boundary arc when the constraint is intensified. The changes
from one switching structure to another can be detected with the help of graph-
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ical output. Pay attention whether the component for the altitude as obtained
from the solution of the boundary-value problem satisfies the constraint (40)
for all ¢ after the first dip into the atmosphere. The sign conditions (46) must
be obeyed, too, and may help to single out nonoptimal solutions. Note that the
deviation from the boundary hp.x between the boundary subarc and the touch
point is approximately 30 m only. This problem was solved completely for the
first time by Hiltmann 1983. The control histories of this problem can be found
in Figs. 12-14 of Pesch 1989B.

h [10%]

0 100 200 300 400 t[s]

Figure 7. Altitude history for the Apollo re—entry; hAmax & 50.97 km.

R [10%t]

g
g
g

400 ¢ fs)

Figure 8. Altitude history for the Apollo re-entry; Amax = 42.05 km.
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8.4. Abort landing of a passenger aircraft under windshear condi-
tions

Because the numerical results and the way of computing the solution are de-
scribed in great detail in Bulirsch et. al. 1991B, we concentrate here on the
treatment of singular subarcs only. Figures 9 and 10 show the switching func-
tion Ag, see Eq. (59), for two distinct sets of boundary conditions at the very
beginning of the homotopy for the state-unconstrained problem with the Bolza
type functional (79) and r = 3. Figure 10 shows an optimal control history
with a singular subarc. The transition from the completely nonsingular case
as described by Fig. 9 to the problem of Fig. 10 with a singular subarc needs
to determine which type of switching structure will be optimal. In this case,
a solution with two additional bang-bang switching points, which also seems
to be possible, could not be obtained. The multiple shooting method produces
solutions contradicting Eq. (59) if the boundary—value problem is formulated
for plane bang-bang structure.

0.5

t [sec]

-0.5

Figure 9. History of the switching function with plane bang-bang switching
structure for the abort landing problem.

For the sake of completeness, Fig.11 shows the two trajectories in the vertical
plane for the performance indices (55) (solid line) and (79) (dashed line) and
the windprofile. See Pesch to appear for the detailed switching structure due to
the third-order state constraint which is induced by the transformation (56) of
the Chebyshev functional. Further results for different windshear intensities up
to about 200 ft/sec for the difference between maximum tailwind and maximum
headwind and for windshear profiles that also include upwind zones can be found
in Berkmann and Pesch to appear.

By the way, Bulirsch et. al. 1991A, 1991B may serve as a user’s guide for
solving sophisticated optimal control problems by multiple shooting. In partic-
ular, this windshear problem shows a lot of the features that make this optimal
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Figure 10. History of the switching function with one singular subarc for the
abort landing problem.

control problem a tough one to solve. The papers provide a good illustration of
how multiple shooting and homotopy techniques work in connection with opti-
mal control problems involving multiple subarcs. Techniques are presented to
detect, besides bang—bang subarcs, singular subarcs. In addition, the treatment
of state constraints is explained in detail with emphasis on detection techniques
for touch points and boundary subarcs. In particular, the modifications of the
formulation of the multipoint boundary conditions are explained when changes
of the switching structure appear during the homotopy runs. For the winds-
hear problem, more than 15 such changes of the switching structure occurred,
making that problem one of the most difficult ones ever solved by a numerical
method. The complexity of optimal control problems can also be seen which at
present can be solved by the multiple shooting. method.

8.5. Maximum payload ascent of a two—stage—to—orbit space trans-
porter system

The family of problems for the homotopy strategy to solve this problem consists
of three major classes of subproblems; compare Section 7.2. TFirst, solve the
ascent problem in the plane of a great circle. At the time of stage separation
the fuel of the first stage is assumed to be totally consumed; see Eqgs. (71).
Therefore, the following switching structure seems to be reasonable : b = by max
for 0 <t < tstage and b = birmax, & = 0, and b = by1, max for tspage < t < 1.
Second, make the transition to a three—dimensional coordinate system for a
flight over a spherical Earth. Third, include Coriolis and centrifugal forces to
obtain a model for a spherical rotating Earth.

For the first subproblem, convergence difficulties with the multiple shooting
method arise because of the non—differentiability of the Hamiltonian at ¢ = ¢ if
the boundary condition (5d) is used; see Oberle 1976, 1977 for a similar problem.
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Figure 11. Abort landing of a passenger aircraft in a windshear; comparlson
between Bolza and Chebyshev functional.

This obstacle can be circumvent if the boundary condition (5d) is replaced by
the equivalent condition H(0) = 0. Note that the problem is autonomous. Thus,
H = const from which H = 0 follows because of Egs. (5d) and (67a).

For the numerical results of a more realistic model, see Bulirsch and Chudej
1992A and Chudej to appear. The trajectory of this upgraded model is taken
from these references and given in Fig. 12.

Figure 12. Launch and stage separation of a Sanger—-type space vehicle.

9. Neighboring extremals

If optimal solutions of processes which run down very fast, such as the optimal
flight of space vehicles or aircrafts, are to be realized practically, one needs fast
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numerical methods to compensate for disturbances occurring during the course
of this process. This guarantees that optimality conditions and prescribed con-
straints are preserved. The required minimal computing time for the compu-
tation of an adjusted optimal control program cannot be met by the multiple
shooting method if computers with convential architectures are used. Despite
the inherent parallel structure of the multiple shooting algorithm, it is today not
yet thoroughly investigated whether computing times can be achieved by a par-
allel multiple shooting algorithm which are fast enough for on-line applications
in the aerospace field. In this survey, we therefore go a different way.

In the following, we describe two numerical methods which are based, with
respect to their theoretical part, on the theory of neighboring extremals and,
with respect to their numerical part, on the multiple shooting method. A lin-
earization of the necessary conditions of the disturbed optimal control problem
around the optimal trajectory of the undisturbed problem leads to a linear mul-
tipoint boundary—value problem for the perturbations of the state and adjoint
variables. This linear boundary—value problem can be solved very efficiently
if appropriate information about the reference trajectory is pre-computed and
stored in the onboard computer. -Both methods allow the real-time computa-
tion of neighboring optimum feedback controls for control problems of a rather
general class such as described in the foregoing sections. The two methods are
described in detail in Pesch 1989A, 19898 and in Kugelmann and Pesch 1990A,
1990B, respectively. So, only the basic ideas are given here.

Optimal control problems are investigated which depend on a vector pertur-
bation parameter. For the sake of simplicity, the considerations are restricted
to problems with a perturbation parameter p entering the initial conditions

z(0) = x(») - (82)

and/or the boundary conditions

ﬂ(E(f;),t;,p) =0.

By including additional terms, the following linearization technique can be gen-
eralized for problems with perturbations in all other functions which are involved
in the description of the underlying model. The disturbances will give rise to
optimal solutions

2

z(t;p), ult;p), t(p), AGp), ... (83)

of the perturbed optimal control problem which can be shown to exist in a neigh-
borhood of the optimal solution of the undisturbed problem, if certain regularity
assumptions are satisfied. Moreover, these optimal solutions are continuously
differentiable with respect to the perturbation parameter p near p = 0. For the
class of problems, where this can be proven, see Maurer and Pesch to appear.
Because of the continuous differentiability with respect to p, we may define the
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so—called variations

sat) = S0P, D) = (00, (842)
bult) = S0P, 6u(0) = 203, (84b)

and the differentials
dif dIJ
dty = d—p(U)P , dvi= EE(O)p ; (84c)

dx(t.fo) = 5‘7:(’{.&) + :tﬂ(tfo) dtf ) d)\(f‘fo) = 5)‘(th) + j\U(tfu) dtf (84d)

where zp = 2(t;0), up = u(t;0), Ao = A(¢;0) and ¢y, = ¢;(0) denote an optimal
solution of the undisturbed problem. These variations have now to be computed
to obtain a first-order optimal solution of the disturbed problem, e.g., by

x(t;p) = xo + d2(t) , (85a)
u(t; p) = ug + du(t) , (85b)
tj(p) =ty +di; . (85¢)

Therefore, the result obtained in this way is called a neighboring extremal. For
additional references, see Pesch 1989A.

For the sake of simplicity and brevity, we consider optimal control prob-
lems with one mixed constraint ({ = 1), where C, # 0, and a scalar control
variable (k = 1). The boundary conditions are assumed to be disturbed,

bzg = bx(to) = z(to;p) — wo(to) for to € [0,¢4], (86a)
dy = Y(a(t; ();p), (7)) - (86b)
The perturbation vector p is assumed to be given at the time of measurement tg,
b= (‘if“) e RO, (87)
v

A linearization of the Eqgs. (2a), (ba), (9a), (2b), (2¢), (5¢), and (bd) with the
Hamiltonian (18) around the optimal solution of the undisturbed problem gives

83 = fp bz + fu bu, (88a)
§) = —Hyy 67 — HyySu— f, 63 —C, 6p, (88b)
0 = Huyp 6z + Huu bu+ f) 62+ Cybpt (88¢)

(

s2(to) = bz 88d)
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d = (Y dz + e diy) |y, (88e)
AX(ty) = (Rez dz + ¥, dv+ @ dty) |i;, (88f)
fi= ((@_ﬂ —Ag)da+ g dX+ Bp dty + 9, du) iz, = (88g)

All vector- or matrix-valued functions are to be evaluated along the optimal
solution of the nominal problem, e.g.,

Haii= %H; = Hru(xO:UO; A[11:.|u'0) '
In the last equation, the vanishing terms H, du (because of Eq. (9a)) and C dp
(either C' =0 or du = 0 because of Eq. (19)) are omitted.

For the further investigation, we assume that the Hamiltonian is regular
and that the strong Legendre-Clebsch condition (9b) is valid on unconstrained
subarcs. As in the previous sections, we have to distinguish between uncon-
strained and constrained subarcs. In addition, we must take into account that
the control laws being active at the time of correction might be different for
the nominal and the actual trajectory, particularly in the neighborhood of the
nominal switching points. Here, we consider the two simpler cases only where
the same behavior of the control variable is present along the undisturbed and
disturbed trajectory. For the other cases, see Pesch 1989A.

Ist Case:  C(z(t;p),u(t;p)) <0 and C(zo(t),uo(t)) <0 .
Since p(t;p) = 0 and also pg(t) = 0 hold, it follows du(t) = 0. From Eq. (88c)
and by applying the Implicit Function Theorem to Eq. (9a), one obtains

§u=—H;l (Hus 6z + f) 6)) = g 6z +uy 6) . (89)

Substituting Eq. (89) into Egs. (88a) and (88b) yields a homogeneous system
of differential equations for the variations éz and 6 A,

(5)=(58 %) (5) (90)

where

-
AQW) = fo— ful Hup = fo b futie = L,

dz

d

B(t) = —fuHF ] = fuuy = ﬁ _.
3 & dg
B(t)=—Hyo+ HeuH f Hug = —Hgg — Hpulle = S

B=8"0, B0=8"0, T=-(L) =-1"0),
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with
g(z,A) = —H;(x,u[z,,\),,\,u(z', A) .

2nd Case: C(z(t;p),u(t;p)) =0 and C(zo(t),uo(t)) =0.
Under the assumption Cy # 0, we obtain by linearizing C(z(¢; p), u(t; p)) = 0,

bu=—-C;'C; 6z = u, bz , (91)
and Eq. (88¢) yields
Sp=—C' - (Hug 6z + HyuSu+ f, 61) . (92a)

Applying the Implicit Function Theorem on Eq. (9a) with (18), this equation
can be written as

Sp = pp bz + py bu + py 6A (92b)
where

Hz = _‘Cu_lHur v Hu = _Cnguu o HA= _Cu_ifuT
Substituting Eqs. (91) and (92) into (88a) and (88b) leads to

(gi) - (Sﬁ% _AQU)) ' (gi) (93)

where
d,
A(t) = fw - fucu_lcz = fx + fuu:: = f

'(E ]

B(t) = —Hgs + HsuC1C: + CJC;J o Byw =~ HulCo 65

dg
=£=9:+guux+gp‘(.ﬂz+ﬂuu3)-

In both of these cases, the arguments of the coefficient functions are just the
nominal extremal 2q, ug, Ag and pug.

Note that there may also exist an explicit nonlinear feedback law on con-
strained subarcs; see Eq. (21).

The gaps between nominal and actual switching points are covered by the two
cases C(z(t;p),u(t;p)) < 0 and C(zo(t),uo(t)) = 0, and C(z(t;p), u(t;p)) = 0
and C(zo(t), uo(t)) < 0, respectively. For these cases, the linearization must
be done so that the system of linear differential equations for the variations
remains homogeneous. See Pesch 1989A for details. This property is of utmost
importance for the efficiency of the guidance schemes developed in Section 10.

In a similar way, the interior point constraints and the jump conditions are
linearized. In addition, linear relations are obtained from the switching condi-
tions to approximate the displacements of the switching points. In summary, all
these linearized necessary conditions lead to a linear multipoint boundary-value
problem with homogeneous differential equations, linear multipoint boundary
conditions, and linear jump conditions, that is especially well-suited for real-
time computations. See Pesch 1989A.
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10. On-line computation of optimal trajectories by neigh-
boring optimum feedback guidance schemes

10.1. Multiple shooting for linear multipoint boundary-value prob-
lems

The linearized necessary conditions of Section 9 lead to a linear multipoint
boundary—value problem of the following form,

yt)=T@)y(t) form <t<741, j=1,....m—-1, (94a)
m—1

A y(T]_) + Z Aaj y(TJ_) + B y(TmJ Be C(p) == 0 H (94b)
j=2

y(rj"') = f;; y(rj") for " § =2 vayym—1 (94¢)

DS €1 S T =i (94d)

where T:[0,tf] — RYN is piecewise continuous, A, Asﬂ.", B and R, are N
by N-matrices, and ¢ is an N-vector. Here, yT = (bz ,6,\T,d?r1,.,.,d7rQ)
contains the variations 6z and 8\ of the state vector and the adjoint multiplier,
respectively, from which the variation éu of the control vector can be computed

by a linear relationship of the form,
du(t) = uz(zo(t), Ao(t)) 62(t) + ua(zo(t), Ao(t)) 6A(2) - (95)

Note that there holds uy = 0 on state—constrained subarcs. The variations dmy
are associated with the multipliers for the interior point conditions. These
variations as well as the differentials d7; of the nominal switching points 7j,
j=2,...,m—1, are needed to approximate the optimal solution of the per-
turbed optimal control problem to the first order. The actual switching points
are obtained analogously to Egs. (85) by additional linear relations for the dis-
placements drj,

. o
dry = — W= (W, W) GAE{:;) (96)
where W (z(7;), A(7;)) = 0 denotes the switching condition associated with the
switching point 7;. The subscript 0 for the characterization of the nominal
switching points is omitted here. See Pesch 1989A, 1989B for details. Finally,
it should be mentioned that the vector perturbation parameter p enters only
the vector ¢ in the above linear boundary-value problem (94). This also is of
utmost importance for the efficency of the guidance methods developed in the
following subsections.

The solution of this boundary-value problem can be reduced to the solution
of a series of initial-value problems as in the multiple shooting method of Sec-
tion 7. We start again on the basis of a subdivision of the interval [0,¢;], which
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can be assumed to coincide with the partition (94d) without loss of generality.
Take simply R, = I and Ay, = 0 to include additional multiple shooting nodes.
The following initial-value problems are now to be solved,

=Ty for# €E<LTqa ¢ J=1pmem—=1, (97a)

y(rj;s;) =s; withs; € RY . (97b)
The unique solutions

y(t;s;) =Y(t;1)s; for 1 <1< 7541 (98)
can be given in terms of the transition matrices Y (¢;7;), j = 1,...,m — 1,
defined by the matrix initial-value problems

%Y(i; 7)=TY(t;7) , (99a)

Y(rjim) = Iy - (99b)

Here, Iy denotes the identity matrix of dimension N. The unknown vectors s;,
denoting the right-hand-side values of the variations at discontinuities, are to
be determined so that the solutions (98) satisfy the multipoint boundary con-
ditions (94b) and the jump conditions (94c¢). This leads to the following system
of N (m — 1) linear equations,

R..Y: -1 o o o) i 0
0 R.Y: -I O ) 2 0
) 0 R.,Ys -I o - 0
: , i : ; =i/ (100)
o o Em—3 0
o] a 0 Ra.., Ynis —TI By 5 o
A+_432Y1 AHYQ A,m_lym__g BYm— Sm—1 c
where

Y; =Y (7415 75) -

By an appropriate elimination, the number of equations in (100) can be
reduced to N,

ES[ = (101&)
where
m i=1
B A, T4 (101b)
j=1 i=1 ’

and

e iy Ay =iBL Ry BT (101c)
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Moreover, we have, for j = 2, ..., m, the recursion
8j :stY;‘_l §i—1 (1023)
Ry, =1 (102b)

Because of the special block structure of the matrices 7' and A,, of the
boundary—value problem (94), the coefficient matrix E has a special block struc-
ture, too,

(1 o0
e=(1 9).

For details, see Pesch 1989B. Therefore, the number of equations in (101a) can
be reduced once more. According to the partition of the vector y, one obtains,
introducing the subpartition

T T

¥y= (y; ) y;) o Ha = bz y ¥B = (6AT ) dﬂ'.l: e d?TQ) ) (1033)
T T

e=(carcs) . s1=(s1a,518) (103b)

the following system of linear equations,
Eysyp=cg—FEjca, sia=ca: ' (104)

Generally, this system has considerably fewer equations than (100); but for
very sensitive problems, the elimination process leading to (101) may change
the condition number for the worse, since the elimination is a Gauss algorithm
performed blockwise with fixed pivoting. For moderately conditioned problems,
however, Eq. (101) is preferable to (100) for on-line computations because of
its lower computation and storage requirements. Compare also the remarks in
Section 8.2.

10.2. The neighboring optimum feedback guidance scheme

In summary, we obtain from Eq. (104) a first guidance method where the main
computational effort for computing the neighboring optimal control vector can
be carried through before starting the process, e.g. , before the take—off of a
space vehicle. The main part of the computation to be performed before the
process is started is the approximation of the transition matrices Y;.

If we solve Eq. (104) for s;p and substitute the result in the linear for-
mula (95) for du, we obtain a continuous neighboring optimum feedback law of
the form

du(to) = Ai(to) dxo + Aa(to) de (105)

where the so-called gain matrices A; and Ay can be precomputed. Here ¢y de-
notes the correction time, daq the measured deviation from the reference path
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at this time, and di the change in the terminal conditions. For more details,
see Kugelmann and Pesch 1990A, 1990B. The amount of computation during
the process, namely the matrix—times-vector operations, is negligible. This
feedback scheme can be described by the diagram in Fig. 13.

nominal
state
perturbations
LU actual 4 state
| vehicle I = state = 9 =+ |deviation
fr 4
actual control
control = @ += |correction| <+ @
1r 1r
nominal gain
cantrol matrices

Figure 13. Chartflow of the neighboring optimum feedback guidance scheme.

If we assess the pros and cons of this method, we see that, in spite of the ad-
vantageous low onboard computations, the method shows some disadvantages.
For example, the method will fail if measurement data are absent for a while.
Moreover, a precheck of the constraints and a reliable precomputation of the
switching points, before feeding back the adjusted control, are impossible. Even
if we would use the recurrence (102a), the results would be unsatisfactory since
the use of transition matrices if integrated over longer intervals leads to an ex-
ponential growth of the linearization error. These disadvantages can be avoided
by the following surer but also costlier method.

10.3. The repeated correction guidance scheme

Because of the many technical details of the improved method, which is called
repeated correction method, we describe here the idea of the method only. For
the details, it is again refered to Pesch 1989A, 1989B.

The evaluation of the neighboring optimum feedback scheme (105) or, alter-
natively, the solution of the linear system (104) is incorporated into the numer-
ical integration of the equations of motion with the control variables approx-
imated by spline functions for example. A single integration of the equations
of motion then yields an approximation of the actual trajectory for the entire
remaining flight time interval. This approximation also includes the approxi-
mation of all switching points. It is obvious that this full information can, in
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addition, be used to check the observance of all constraints imposed on the prob-
lem. By this approach, a verified feedback scheme is available which is not so
dependent on a continous flow of the measurement data as the linear feedback
scheme of the previous subsection. Note that the repeated correction, either at
many sample points or continuously, reduces the influence of the linearization er-
ror introduced by the theory of Section 9. This indeed is just the self-correcting
property of Newton’s method. By the linearization and the subsequent ap-
plication of the multiple shooting discretization to the linear boundary—value
problem, we end up with the same system of linear equations that is obtained
in the multiple shooting iteration when applied to the disturbed problem with
the undisturbed solution as initial estimate. This error damping property also
holds for the method of Section 10.2 if applied synchronously with the flow of
data. With this repect, both method are equivalent. This leads to controllabil-
ity regions of about the same size for both methods. The controllability region
of a guidance method describes the set of all deviations from the reference path
which can be successfully compensated during the course of the process. Be-
cause the linearization step and the discretization step can be interpreted as
commutative operators, the controllability regions of both guidance methods
are also equivalent to the domain of convergence of the undamped Newton 1t-
eration, i.e., take p() = 1 for all 7 in Eq. (78); see Pesch 1990B. Therefore,
the computation of the domain of convergence of the multiple shooting method
with the standard Newton method provides a quick test for controllability; see
Kugelmann and Pesch 1991.

One cannot expect the onboard computing time for this more sophisticated
method to be negligible compared with the remaining flight time. Therefore,
we first integrate the equations of motion in real-time over a small interval
[to — Ato,to], Atp > 0, by using the measured actual state vector at top — Aty
as the initial value. The control vector is chosen either as the actual control
computed last or, if not available, as the nominal control. The actual control
history due to this precomputed future deviation from the nominal trajectory
at time g is then computed. During the onboard computation, the vehicle is
assumed to fly to this so precomputed state at {5 so that the actual control
can be started in due time after completion of the computation. Here Atg
is selected as an upper bound for the onboard computing time needed. This
feedback scheme can be described by the diagram of Fig. 14.

Finally, it should be mentioned that the parallel structure of the multiple
shooting method can still be preserved, if the linear system (100) is taken for
the repeated correction algorithm which, moreover, has the better numerical
stability properties. Then, the numerical integration and the check of the con-
straints can be split up into different segments and, therefore, can be carried
through on different processors. The linearization error, however, cannot be
smoothed as well as by the serial version of the repeated correction method; for
the discussion of this effect, see Kugelmann and Pesch 1990C.




Real-life optimal contirel problems 53

perturbations

L

measurement actual state
|
g 4
1
actual control correction actual state numerical
for 1>t = method = at iy 4= |integration

Figure 14. Chartflow of the repeated correction guidance scheme.

11. Numerical results IT

For the optimal control problems considered in the Sections 2-4 and 6, investiga-
tions have been made concerning the controllability of the optimal trajectories.
[n Pesch 1979, 1989B, 1990A, the Apollo re—entry problems are discussed. In-
vestigations for the Space-Shuttle re—entry problem can be found in Pesch 1980
and in Kugelmann and Pesch 1990B and for the Sanger ascent in Kugelmann
and Pesch 1991. Here, results are presented only for the Space-Shuttle re-entry
problem. Figure 15 shows some trajectories around the reference flight path for
simulated deviations from the nominal altitude, which have been computed by
means of the neighboring optimum guidance scheme of Section 10.2. The cross
section through the controllability tube around the nominal trajectory in the
direction of the altitude abscissa is also indicated.

The numerical results for the cross-range maximization problem of a space-
shuttle glider under a reradiative heating constraint, as obtained and discused
in Kugelmann and Pesch 1990B, show that, even for that extremely sensitive
problem, the domain of controllability is large enough for practical applications.
The domain of controllability for terminal perturbations is considerably smaller,
since it may be inherent for all feedback schemes that use some information from
a reference trajectory.

Together with the more costly repeated correction method, two variants of
a multiple shooting based guidance method are available which are numerically
stable and nearly optimal. These can be applied either to guidance problems
requiring extremely fast corrections — the observance of the constraints can
only be guaranteed to the first order in this case — or to problems that allow
more expensive computations — in which case all constraints are checked and
even a limited absence of measurement data is not disasterous.
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Figure 15. Neighboring optimal trajectories around the optimal reference tra-
jectory for the Space-Shuttle re-entry.

12. Conclusions and outlock

The trend in the numerical treatment of optimal control problems in aerospace
engineering points towards problems of increasing complexity in order to approx-
imate reality as closely as possible. These problems lead rather to an increasing
number of constraints than to an increasing number of unknowns involved in
the problems. Thus, engineers and mathematicians who are involved in the
design and development of future aerospace enterprises have a strong demand
for reliable and efficient software that can handle optimal control problems with
different types of constraints. Despite the fact that a direct method, such as a
direct collocation method, may be easier to apply, since only a little knowledge
of optimal control theory is required, the indirect multiple shooting method has
advantages with respect to reliability, precision, and getting insight into the
structure of the solution and its optimality. Moreover, the multiple shooting
method is especially appropriate for an implementation on parallel computers;
see Kiehl 1989.

Concerning the off-line computation of optimal trajectories of complex con-
trol problems, both theory and software have reached a high standard. The
limit of problems which today can be solved by the multiple shooting method in
the field of aerospace applications can be seen, for example, from the investiga-
tions of ion—driven gravity—assisted missions to asteroids like Flora and Vesta,
see Bulirsch and Callies 1991A, 1991B, and to outer planets like Neptune, see
Callies to appear. The multiple rendezvous mission to asteroids, for example,
is modelled by an optimal control problem subject to several control and state
variable inequality constraints, several interior point constraints and parameter
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constraints. The fully optimized trajectory including a Moon swing-by and spi-
raling down to and up from low asteroid orbits exhibits more than 50 switching
points. For complex missions like this, the outstanding accuracy provided by
the multiple shooting method is no longer an unnecessary by-product of an
over—precise or overdeveloped method, but of vital and decisive importance for
the mission planning. The high accuracy renders possible the computation of
the optimal trajectory at all.

For the optimal control of industrial robots, the equations of motion them-
selves are very complicated and, in general, established by means of appropriate
software. The adjoint differential equations can then be obtained via symbolic
differentiation. Minimum-time and minimum-energy trajectories for an indus-
trial robot of three degrees of freedom are investigated in Pesch et. al. to appear
and von Stryk and Schlemmer to appear. See also Pesch to appear. The nu-
merical results have been obtained both by means of a direct collocation and
by means of a multiple shooting method. Because of the high complexity of the
adjoint variables (more than 3,000 FORTRAN statements for the right-hand
sides of the differential equations), the direct collocation method is preferable
to any indirect method for this kind of problems.

Contrary to the off-line computation of optimal trajectories, both the the-
oretical and the numerical basis for the on-line computation of optimal tra-
jectories are not as well-developed when optimal control problems of a rather
general class, as covered in this paper, are considered. The theoretical founda-
tion which is related to second—order sufficient optimality conditions, see Maurer
and Pesch to appear, is not yet well understood if state inequality constraints are
taken into account, although their numerical treatment turns out to be a rou-
tine work today. Despite the missing mathematical justification, the guidance
schemes based on the theory of neighboring extremals show their applicability
for the real-time computation of optimal trajectories for control problems which
include control and/or state variable inequality constraints; see Pesch 1989A,
19898 and Kugelmann and Pesch 1990A, 1990B. Open questions are concerned
with problems having singular subarcs, and also the numerical realization of a
neighboring optimum guidance scheme which can compensate disturbances of
system parameters, e.g., air density fluctuations, is still pending.

A new approach for problems of the latter typ is via differential game theory
where the unknown air density fluctuations are modelled as the controls of an
.antogonistic player in a two—person zero—sum differential game; see Breitner and
Pesch to appear. By this approach, not only the worst case can be studied but
optimal strategies can be computed for density fluctuations within limits that
are known from long time measurements; see Breitner to appear and Fig. 16.

In the near future, methods designed for the off-line computation of optimal
trajectories will be able to compete because of the rapidly increasing speed of
computation due to parallel computers if they are available for onboard com-
puters on spacecraft, too. Parallelized versions of indirect or direct multiple
shooting seem to be the most promising techniques because of the inherent
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parallel structure of the multiple shooting algorithm.

Figure 16. Re—entry of a shuttle under uncertain air density disturbances: Op-
timal control solution (thin line) and differential game solution (thick line) for
the control unconstrained case of Section 3.
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