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Minimum-Time Reorientation of a
Two-Degree-of-Freedom Gyroscope

Shmuel Boyarski* and Joseph Z. Ben-Asher'
Tel-Aviv University, Ramat Aviv 69978, Israel

The problem of time-optimal reorientation of the inner gimbal of a two-degree-of-freedom gimballed gyroscope
mounted on a nonrotating base is considered. The states in the gyro model are the gimbals’ angles (nutation
is ignored). The model is nonlinear (not limited to small angles), state constrained, control limited, and double
input, double output. A simple, explicit solution based on an intuitive observation is presented; it exploits the
system’s nonlinearity and channel coupling for attaining the minimum-time goal. It is analytically shown, in detail,
that the solution satisfies the Maximum Principle and fulfills a sufficient condition for optimality based on the

Hamilton-Jacobi-Bellman equation.

1. Introduction

HE 2-degree-of-freedom (DOF) gimballed gyroscope!? is a

complex mechanical/electronic instrument that is commonly
used in control, navigation, sighting, and homing systems. It ap-
pears as a direction/attitude sensor, as a stabilized/controllable plat-
form for other sensors, and, more recently, as a torque actuator for
spacecraft.>4

In this work, gyroscope control means control of the gimbals’ an-
gles (or control of the attitude of the inner gimbal and rotor relative
to the gyroscope’s base); it is physically accomplished by applying
torques at the gimbals’ axes. (Each gimbal is rotated by the torquer
of the other axis, due to the precession phenomenon.) The control
scheme is aimed at reorienting/slewing the inner gimbal or at attain-
ing some desired gimbals’ angles. Note that the spatial (absolute)
orientation of the inner gimbal is geometrically (uniquely) related
to the base orientation and the gimbals’ angles. It is common prac-
tice to ignore the nutation in the control of large-angle movements.
Slewing gyroscope-stabilized sighting/homing systems is a classical
application.

Traditionally, gyroscope control is linear and “decoupled”: Each
gimbal angle is separately treated, without regard of the other angle,
and a linear relation is assumed between the control torque and the
respective angle rate of change. This approach is correct for small
inner gimbal angles.

It seems that optimization and multi-input, multi-output (MIMO)
treatment of gyroscope-related control have been motivated by the
appearance of control moment gyroscopes (CMGs) in space ap-
plications. (CMGs are momentum-exchange actuators: torquing
the gimbals changes the rotor orientation and produces a reaction
torque on the host spacecraft.) Optimality refers, in Ref. 4, to the
placement of the eigenvalues of the closed loop; in Ref. 5, to pro-
viding the shortest angular path between two orientations of the
spacecraft eigenaxis; and in Ref. 3, to managing the CMG sys-
tem redundancy so that undesirable rotor and gimbal orientations
are avoided.

A somewhat related class of problems addresses minimum-time
reorientation of spacecraft. Rigid-body, rest-to-rest, time-optimal
rotational maneuvers are discussed in Refs. 6 and 7; singular so-
lutions of this problem are emphasized in Ref. 8. In Ref. 9, the
time-optimal slewing problem of flexible spacecraft is considered.

This paper directly attacks (for the first time, to the authors’
best knowledge!?) the problem of minimum-time reorientation of

Received Feb. 2, 1994; revision received March 25, 1994; accepted for
publication Oct. 3, 1994. Copyright © 1994 by the American Institute of
Aeronautics and Astronautics Inc. All rights reserved.

*Graduate Student, Faculty of Engineering, Department of Electronic
Systems.

* Adjunct Professor, Faculty of Engineering, Department of Electronic
Systems.

782

the rotor (and inner gimbal) of a “nutationless” 2-DOF gimballed
gyroscope mounted on a nonrotating base. (Without this kinematic
condition on the base the gyroscope’s equations of motion are far
more complicated.?%) The problem is nonlinear and MIMO (2 x 2)
because the cosine of the inner gimbal’s angle appears in both state
(gimbal angle) equations. Torque and angle constraints are taken
into account.

Since the control torques applied to the gyroscope necessarily act
on the gyroscope’s base too, the nonrotating-base condition can hold
only when the base’s inertia is far greater than the gyroscope’s in-
ertia. A common situation answering these requirements involves a
sighting sensor installed within the inner gimbal of a “small” 2-DOF
gyroscope mounted on an aircraft flying straight and level. In such
applications the minimum-time index (regarding sensor slewing) is
of obvious operational importance. As for CMGs, they are intended
to rotate their base (the spacecraft); thus, the base kinematic con-
dition is not met by definition. However, our equations of motion
may still be approximately valid if there is a sufficient time-scale
difference between the “slow” rotations of spacecraft and the “fast”
rotations of the CMG’s gimbals. (In fact, minimum-time gimbals
rotations contribute to the above time scale separation.) Shortening
the time required for a desired rotor attitude change (with given,
limited torquers) can be viewed as an increase in the maximum
“effective torque” sensed by the spacecraft.

The treatment is purely analytic. Necessary and sufficient condi-
tions for optimality are shown, for an intuitively derived solution,
using the Pontryagin MP and the HIB equation. The solution is ex-
plicit, simple, and easy to implement. It should be emphasized that
the nonlinearity and coupling are deliberately exploited for attaining
the minimum-time goal.

II. Physical Configuration, System Definition,
and Problem Formulation

An “ideal” conventional 2-DOF gyroscope is rigidly attached to
a nonrotating base. (The base may have translational velocity and
even translational acceleration.) The outer gimbal tilts through an
angle 0; the inner gimbal tilts through an angle y. Here, 8 > 0
means that the outer gimbal is “pitching up” relative to the base and
¥ > 0 means that the inner gimbal is “yawing to the right.”

The gyroscope system includes two torquers and a constant-speed
motor. The “outer” torquer produces the torque M, about the outer
gimbal’s (pitch) axis; the “inner” torquer produces M, about the
inner gimbal’s (yaw) axis. The torquers are commanded by some
control logic (in order to “level” the gyro with respect to the apparent
gravity, to slew the inner gimbal in some desired direction, etc.). The
constant-speed motor lies within the inner gimbal and maintains the
rotor spin speed constant.

An ideal 2-DOF gyroscope is characterized? by lack of fric-
tion and the assumptions that all the pertinent elements’ reference
frames are inertia principal axes and that the center of gravity of the
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gyroscope system lies at the gyroscope’s nodal point and is inde-
pendent of 8 and ¥ (no mass imbalance).

Neglecting nutation, the gimbal angle vector equation of mo-
tion is * = f(x, u), where the state vector is x =[6 ¥17 and the
control vector is u = [uy uw]T. The two explicit scalar equations of
motion are!-?

9=u9/cos1// 0
W =uy/cosy )}

The above equations constitute an exact model of the first-order
dynamics of the depicted gyroscope. Note that this is a state-
nonlinear MIMO (2 x 2) system; 6 is affected by . The control
of each axis is, essentially, the torque applied at the other axis (pre-
cession): ug = —My/h, uy = My/ h. (h is the spin momentum of
the gyro, i.e., the rotor spin speed times the rotor inertia about the
spin axis.)

In practice, in order to preclude “gimbal-lock,” the inner gimbal is
always physically limited (by hard stops) to some ¥, that is smaller
than 90 deg so that, for any ¢, | ()| < ¥ < /2. (Y designates
the absolute value of the limiting ; the limit is assumed to be
symmetric about ¥ = 0.) The controls are also limited, of course.
We denote the maximum absolute values of the controls by u,,, and
uy,, and the set of admissible controls by ,; thus, ¥ € Q, means
that (ug, u,l,) bClOHgS to {(uy, u‘p) | lug} < Ugy, and |u¢| < u,,,M}.

At the initial time #, the system is in its initial condition x, =
[6y ¥o]”. The final state of the system, at the final time ¢y, must
be x; = [0 ¥;]". It should be emphasized that neither end state
is taken to be zero and that the only case explicitly excluded from
our discussion is 6y = 6y, in which Eq. (1) is not effective and
the problem is a trivial single-input, single-output (SISO) problem.
The task is to find the control history u(t) = [ug(f) wuy (£)]7 that
transfers the system from xy to x ; in minimum time, i.e., to minimize
t, subject to all the system constraints.

III. Proposed Solution

A. Concept and Formulas

Usually, the MP is used to find solutions for optimization prob-
lems. In this paper, however, the procedure is different. At first, we
present four alternative “guessed” candidate trajectories that consti-
tute the proposed optimal solution (in the to-be-defined f-critical
scenario): upper corner (UC), lower corner (L.C), upper plateau
(UP), lower plateau (LP). (See Figs. 1-3. Note that the state is de-
fined as x = [0 ¥]7 but Figs. 3 and 4 show a /-0 plane, i.e., ¥ is
drawn as the abscissa and points are denoted as (y, 8), because ¥

usually indicates yawing.) Then, the MP and dynamic programming
(DP) are employed to test whether the candidates are indeed optimal.

The notation used is standard. The state vector x and the control
vector « have already been defined; we shall mostly refer to the
elements of x, 6 and v, and to the elements of u, uy and uy. The
costate vector is A = [Ag Ay ]17. When a trajectory acronym appears
as alower index, it indicates the type of trajectory or the “waypoint”
to which a variable belongs; for example, 7yc is the time at which
the corner occurs in the UC trajectory, yyc is the value of v then,
and Z¢yc in the final time of the UC trajectory. When 8 or v ap-
pear as lower indexes, they identify either the “channel” to which
a vector element is related, as in # and A, or the respective partial
derivative of a variable. For example, A4 is the § costate whereas J;
is the @ derivative of the (scalar) optimal return function J*. (J? is
composed, in our case, of J; and ]‘,‘,; J;? is the time derivative of J*.)
Here, H stands for the Hamiltonian, a dot indicates a time deriva-
tive, and a star superscript is attached to any function associated
with the (candidate) optimal solution. The class C' is of continu-
ously differentiable functions; C? is the class of functions having
continuous second (partial) derivatives. A bold centerdot indicates
inner multiplication of vectors.

Our specific choice of candidates is motivated by the observation
that “control effectiveness” is largest when || is largest (since
both state rates are proportional to 1/cos v); hence, time optimality
must be associated with driving ¢ away from zero as fast, as much,
and as long as possible (while returning to ¥, “on time,” exactly
when 6 reaches 6,). Physical interpretation: The gyroscope offers
less resistance to an exerted control torque when the spin axis is
farther from perpendicularity with the torque axis. Note that such
y-manipulations can be performed only if some relative “slack” is
available in the ¥ channel, i.e., when “the 6 channel is critical.” (See
Sec. IIL.B, comment 5.)

The four candidate trajectories, all comprised of constant-control
“legs” only (with maximum uy and maximum or zero u, ), are tai-
lored according to the above v -manipulation idea using the expres-
sions given in Appendix 1, which are derived'’ directly from the
equations of motion. The key features of the trajectories (control
histories, timings, state waypoints, and applicability conditions) are
summarized in Tables 1-4. An algorithm for applying the solution
in a practical implementation is suggested afterwards.

B. Comments

1) For comer solutions to be valid, |¢yc| and |¥yc| must, of
course, be smaller than ¥. (Yyc > V¥, implies an upper plateau;
Yrc < —y implies a lower plateau.)
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2) Figures 1-3 show the candidate trajectories for two different
problems:; The corners apply in the ¥; = 89 deg case and the
plateaus apply in the v, = 50 deg case. [If ¥ is between |Yyc|
and |¢c|, the candidates are the plateau and possibly (see comment
10 below and remark 1 in Sec. I'V.D) the corner.]

3) Figures 1-3 show also the trajectory (“no-opt™”) that results
from applying simple “linear” control: in each axis there is a single
“bang” that stops independently when its target angle is reached.
Note the considerable time saving (relative to the conventional no-
opt control) that the optimization achieves in these examples.

4) Interestingly, in these examples the better candidates (LC, LP)
are those where ¥ initially goes farther from ¥ (i.., the initial ¥
control is opposite to the expected, “natural” direction).

5) It is impossible to reach ¥, from v, with a single ¥ sign
change that occurs within the ¥ band confined between v and v/ ;.
Therefore, Yyc represents a self-consistent UC trajectory only if
max(¥o, ¥r) < Yuc; similarly, it is required that min(o, ¥ ) >
Yrc. Both these inequalities lead!” to the following definition of 6
as a “critical channel”: |y, — ol /uy,, < 185 —0y\/us,, . If this does

not hold in a specific problem, then the € channel is not critical and
no -manipulation solution (UC, LC, UP, or LP) is required for
attaining time optimality in that case. The condition 6; # 6 is, in
fact, covered by the latter inequality.

6) A geometric interpretation of | — | /uy,, < |05 —0ol/ug,
(see Fig. 4): in the -6 plane draw two straight lines of slopes
gy, [y, and —ug,, fuy,, passing through the point (¥, 6,). (The
final legs of the four candidates in Fig. 3 lie on these lines.) The locus
of all the points (¥, 6y) that comply with the above inequality is
the area of the two vertical wedges confined between these lines.

7) The two horizontal wedges created by the above lines are the
locus of all the points (1, 6y) from which the time-optimal solution
consists of a single, independent bang in each axis (see comment 3
above); 6 is reached first, and the second leg lies on the horizontal
line 6 = 6;.

8) Moreover, the above straight lines are the locus of all possible
corners; this is ascertained by the fact that the substitutions yryc =
Yo and e = Yo (which make tyc = fo and #.c = fp) degenerate
both y-corner expressions into the equation {¥ y — Yol /uy,, = 16, —
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0!/ us,, . Therefore, if (¥, Hy) lies on these lines, the first corner leg
is missing (i.e., the trajectory starts from the “corner”) and the bangs
in both axes, which constitute the candidate solution in this case,
terminate simultaneously.

9) In the UP solution, the cases fyyp = & and Lyp = fyyp
represent “degenerate” UP trajectories that occur when either ¥, or
¥ ¢ equals 1, ; in these cases the first or third legs of the UP trajectory
are “missing.” (Similar statements apply to the LP solution.)

10) The conditions max{| |, ¥ ,]) < |Yyc| and max(1¥ol, |9 £ 1)
< |¥1c| arise from the minimization processes required by the MP
and the HIB equation, as we later show. All the other entries in the
tables are obtained without resort to optimal control theory.

11) The fact that the guessed candidates are of the “bang-bang”
type should not be surprising since we face a minimum-time prob-
lem with state equations that are linear in the controls (hence the
Hamiltonian is linear in the controls), and the controls are limited.

12) The identification of the locus of corners (comment 8) and
the results given in Appendix 1 allow immediate geometric con-
struction of candidate y-manipulation corner trajectories: progress
from (Yo, 6y) along a straight line of slope 4-uy,, /uy,, until the lo-
cus of corners is met (at the straight line of the opposite slope);
then proceed along the locus to (4, 85); repeat the construction
starting with —ug,, /uy,, . (Note that these self-consistent corner tra-
jectories create a parallelogram, with vertices at xo, x ¢, and the two
corners.) Check the |¢| of both corner-locus meetings against ||
and || and disqualify any trajectory that does not comply with
the MP (comment 10). In fact, the vertical wedges in the -8 plane
(comment 6) can easily be decomposed by inspecion into regions
where both corners are extremals and regions where only one corner
is an extremal.

13) If the first leg of the above constructions meets the vertical
lines ¥ = ¥, or ¥ = —r,, before the corner locus is met, proceed
along that vertical line until the corner locus is met, then along the
locus to (Y4, 0¢). See also comment 9 above. We shall later show
that any such construction (plateau) is an extremal.

14) Another way of decomposing the -6 plane is into regiomns
throughout which a certain type of trajectory is preferable (has a
smaller ¢4); this must be done by computing ¢ for each valid can-
didate (extremal) at each point in the plane. (For the given x, xy
scans the plane.) Of course, such a selection by ¢4 is not required
where only one extremal exists. (See the end of comment 12 and
the following implementation section.) The borders between these
regions are the lines across which the advantage shifts from one type
of trajectory to another.

15) The fact that we can suggest, for each point in the -6 plane,
a control that will start an extremal trajectory (later we shall show

Table1 Upper corner

Yuc = (o + Vg -+ 105 — oluyy, /us,)/2
Br # 6o
[¥r s — Yol/uy,, <105 ~6al/ug,
max{IYol, [¥¢]) < IWucl

¥ At corner
Applicability conditions

Corner time tuc = ty + (SinYye — sin o) /uy,,
Final time tr,uc =ty + (2sinyyc — sin Yo — sinyrp) /uy,,
¥ Control uy () =ty 1o <t < tuc
uy (8) = ~uy,y, fuc <t = truc
6 Control ug (t) = sign(@y — Go)ug,,, 1o <t <truc
Table 2 Lower corner
¥ At corner Ve = o+ Y5 — 105 — Ooluyy, /ugy)/2

Applicability conditions Of # 6y
[f — Yol/uy,, <10 — Ovl/usy

max(|yol, [¥el) < el

Corner time e =ty — (sin e — sin o) /iy,
Final time tric =ty — (2sinypc — sinyo — sinf) /uy,,
¥ Control uy(t) = —uyy . to <t < tc
Uy (£) = Uy, LC <t S HfLC
6 Control up(t) = sign(@y — Op)ug,,, to <t <tfLc

Table 3 Upper platean

¥ Encounter time f1,up = fo + (sinyyp — sin o) /uy,,
tup = fy+ (sinyp — sin 1//())/u1/,M

+ [10f — Ool/ugy, — QyL — ¥r

Y1, Departure time

— Y0} /uyy 1cos Yrr
¥ At plateau Yt =YL . hup <t =<tyup
Applicability conditions O # 6y

Wrr — Yol/uyy <187 — 0ol/ug,,
Yrue > Y (see Table 1 for vy )

Final time trup = fo + (28iny — sinyry — sin ) /uy,,
+ [10f — 6ol /uey — Q¥ — ¥y
— Yo)/uy,lcos ¥
¥ Control uy(t) =iy, fp <t <1 up
uy(t) = 0,7 up <t < taup
uy (1) = —ty,, bup <t <tsup
6 Control ug (t) = sign(@y — Bo)ug,, . to <t < tyyup

Table 4 Lower plateau

—1yr Encounter time tLp = fo + (sinrp + sino) /iy,
B Lp = fo + (sin Yz, + sinvry) /uy,,
+6r — Ool/ugy — QL + ¢ + Yo)/uy,, Jcos
YE)=—Yr, e <t <trrp
5 # 6o
s — Yol /gy < 107 — B0l /ey,
Yrc < —¥ (see Table 2 for ¥y c)

—yrr Departure time

Y at plateau
Applicability conditions

Final time trp = to + (2sin ¥y, +sin iy - sin o) /uy,,
+[10f — Bol/ugy, — QYL + ¥ + Yo)/uyy cos
Y Control Uy (8) = —iyy, 1o <t <ty 1p
uy (@) =0,n1p <t <np
uy(t) =y, ap <t < tfrLp
6 Control ug(t) = sign(@y — Go)ug,, . fo <t <trip

actual optimality of the lesser-t; trajectory) turns our proposed so-
lution into a closed-loop optimal strategy.

C. Implementation

The following suggestion for organizing the details of the solution
in a real-time software implementation emphasizes the theoretical
aspects:
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1) At first, check whether |y — ¥ol/uy,, < 105 —68|/uy,, holds;
if it does not hold, apply a bang towards the target angle in both
channels.

DIf [ =0l /ty,, < 185—80|/ug,, holds, compute Yyc and Y c.

3) If Yy > Y1, compute ¢4 yp; else, check whether max(]vl,
I¥¢1) < |yl holds, and (only) if it does, compute #4.yc.

4) Repeat the last steps in the “lower” sense; i.e., if Y c < —¢¥,
compute ¢, p; else, check whether max(jvo], [¥¢|) < |¥Lc| holds,
and if it does, compute #4 c.

5) Now compare the computed final times (all of which represent
trajectories that satisfy the MP and the HJB equation); the smallest
indicates the control strategy that should be applied. Notice that
in each specific problem at most two candidates remain for this
compatison since in the “up” sense there is either an UP or an UC
and in the lower sense there is either a LP or a LC; and a corner-type
trajectory may sometimes not satisfy the MP and the HIYB equation.

The specific solution chosen by the above algorithm can be ap-
plied either by times only (open loop) or by some combination of
times and measured angles. In a pure open-loop implementation,
compute the other relevant key timings of the chosen solution (cor-
ner time, if it is an UC or a LC, ¢; and #, if it is an UP or a LP) and
apply the pertinent uy and u, according to these timings. Closed-
loop features may be added to such an open-loop implementation
by computing also the key angles of the chosen solution and mak-
ing some decisions during the ensuing process (such as u,, switch-
ing, bang termination in each channel separately, or prevention of
“bumping” into the physical ¥ limit) by comparing them with the
continuously measured angles.

Our overall solution to the optimization problem can also be ap-
plied in a full-scale closed-loop manner (see Sec. III.B, comments
14 and 15): when the target x, is declared, perform the above se-
lection algorithm (with xq = x) at each allowed point x in the -8
plane; store the initial control of the selected solution for each x
as u®(x), or identify a suitable plane decomposition as described
in Sec. IILB, comment 14; then, during the ensuing process, evoke
u*(x) according to the measured x (or according to the plane portion
to which the measured x belongs). See also Sec. V.D.

The presentation of the solution is now complete. At this point
we turn to the presentation of the proof, i.e., to showing that the
solution satisfies necessary and sufficient conditions for optimality.

IV. Proof of Compliance with Maximum Principle
A. Organization and Preliminaries

Testing a guessed candidate-optimal solution for compliance with
the MP requires knowledge of the costates of the proposed solu-
tion, in addition to the controls and the states. Table 5 presents the
costates Ay (¢) and Ay (¢) for the proposed trajectories. The costates
are tailored'? using the expressions developed in Appendix 2. Later,
these costates are incorporated into the Hamiltonian and the actual
minimization required by the MP is carried out.

The form of the MP we employ is

o o7 . . Ug . u‘/’

= argmin{ A A 3

L 1y u§,uw [ % cos ¥ + ¥ cos 1//'] ©
uely

Equation (3) stems from the general form of the MP, u* =
argmin, H (x*, A%, u,t), where u € @, and H = AT o f + dog
(where the constant Aqy, not to be confused with the initial costate
vector, may be taken as unity); the associated cost is J =
hix(tp), t7)+ [ glx(t), u(t), ] dt, and we chose g = Oand b = ¢
so that J = ;. The components of f are given by Egs. (1) and (2).

The MP addresses a Hamiltonian based on the proposed “optimal”
state and costate, not on any other x or A; only u is varied in the
indicated minimization. Thus, we shall construct all the following
Hamiltonians with the costate histories of Table 5. (Explicit state
histories are not needed, as we shall see.) The y (¢) that will appear
in these Hamiltonians is, in fact, ¥ *(¢).

In order that Q,, is entirely screened (or “covered”) in the mini-
mum search required by the MP, we parameterize u,, and uy by Ky
and Ky as follows:

uy = Kytty,,. -1=K, =<1 ¥

Up = sign(ef -— 60)K9u9M, —1 =< KH < 1 (5)

The various optimal controls u;, and u; we have proposed in
Tables 1-4 can thus be redefined by K, and K, which are 1,
—1, or 0. For example, in the LP (Table 4) we have Ky = —1,
h<t<thmKy=0n1p <t =<t Ky =11f1p <t =<tnp;
and Kg =1,p<t < tf,Lp.

B. Compliance of Upper and Lower Corners
with Maximum Principle
Using the UC entries of Table 5 and Egs. (4) and (5) for “some”
uy and uy, we have the following:
D <t =<ty
Uo . Uy

os e + ¥ cos yre

CcOSs wUC Sigl’l(ef — 9())Kgu9M
cos Y (1)

Hyc(x®, A%, u,t) = Ay

= [—sign(Gf — 9())

Oy

cOs —cosy(t) | K
+|: Yue z//()] v == Hyc(x*, A", u,t)

Uy cosyr(¢)

— _ cos Yuc M 3
_Ke[ COSW(t)]+K¢|:Cos¢(t) 1]’ =t =tyc
(6)

Equation (6) is composed of two terms that are independent con-
tributions to Hyc; the 8 contribution is determined by K, and the
contribution is determined by K.

Now, cos Yryc/cos ¥ (¢) > O because ¥ (including yryc, of course)
is limited to || < 90 deg. Therefore, the 6 contribution Ky
[~ cos Yryc/cos ¥ (¢)] is obviously minimized by the (positive)
largest possible Kpy, i.e., Ky = 1. Note that this agrees with the
proposed uy of Table 1.

Table 5 Costates histories

t Ay (8
[cos Yuc — cos ¥ (1)]/uy,,
—[cos Yryc — cos ¥ (1)]/uy,,
—[cos Yc — cos ¥ (1)} /uy,,
[cos Yo —cos ¥ ()} /uy,,
lcos L — cos Y ()} uyy,
(t —nup)tanyy,
—[cos YL, — cos ¥ ()] /uy,,
—[cos ¥, — cos Y ()] /uy,,
~(t —tprp)tan vy,
[cos ¥rp ~ cos ()] /uy,,

uc =t =tuc
tuc <t =tffruc
LC <t =<tc
e <t =Z1IfLC
up <t <tup
Lup <t =nhup
hup <t < trup
LpP =t <tip
e <t =nfp
bp <t =lIf1p

Ao ()
—sign(@¢ — 6p) cos Yryc /ug,,
—sign(f5 — 6o) cos Yuc/ugy,
—sign(f — Oo) cos Yic/ugy,
—sign(6y — 6o) cos Y /ug,,
—sign(@r — 6o) cos Y /ug,,
—sign(@y — 60) cos Y. [ug,,
—sign(@y — Op) cos ¥ [ug,,
—sign(@y —~ Oy) cos YL [ug,,
—sign(0y — 6p) cos Y /ue,,
~sign(@y — 6o) cos Y1, /ug,,
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The ¥ contribution is more interesting. In order that our proposed
uy, for this arc (+uy,, or Ky = 1) will indeed minimize the term
Ky [(cos Yryc/cos ¢ (¢)) — 1], it is necessary that

WOl < [Yucl N

i.e., if at any moment during the first arc of an UC solution the
absolute value of ¥ exceeds the absolute value of yyc (the arc’s
final ), then this arc does not comply with the MP and therefore
the whole UC trajectory is not optimal. On the other hand, if Eq.
(7) holds, then the ¥ contribution is minimized by Ky, = 1, the
positive largest possible K, (in agreement with the proposed uy, of
Table 1) and the first arc of the proposed UC complies with the MP.
In that case, the value of the (minimal) Hamiltonian is —1 [See Eq.
(6) with K, = Ky = 1] and is constant all along the arc. We shall
soon see that Eq. (7) itself and similar results for Ky and K, are
obtained for the second arc of the UC too, and also for the two arcs
of the LC (with |¢rc|).

Remember also that 1 (¢) is monotonous within each arc so that
Eq. (7) can be assured by checking |yyc| against the absolute values
of the arc’s endpoints only; for the first arc, checking whether [y <
|[¥ucl suffices since the other endpoint is yryc itself.

2)tyc <t < truc:

Here, Hyc(x®, A*, u, t) of the UC’s second arc is similarly found
to be

Hoe(x®, 2, 1. t) = Ko [_ cos '//UC] _ KVII:COS Yuc 1] o

cos ¥ (1) cos Y (¢)

fuc <t = truc

Comparison to Eq. (6) shows that the former discussion (regard-
ing the first arc) is applicable here too, except that the minimizing
K is now the smallest possible Ky, Ky = —1.

Note that for the second arc, checking whether || < |¥yc]
suffices to assure Eq. (7) since ¥ (#) is monotonous and the arc
starts with yryc itself. This observation can be combined with || <
|¥ucl, its counterpart from the first UC arc, to

max(|¥ol, [¥¢1) < [Yucl &)

which assures compliance with the MP for the whole UC trajectory.
Note that Eq. (9), an outcome of the MP, is stronger than the UC
self-consistency requirement max (¥, ¥ ) < Yuyc (see Sec. IILB,
comment 5): If max(¥y, ¥) < Yyc holds, then an UC solution
exists, but if Eq. (9) does not hold, this solution is not optimal. This
can happen, for example, in an UC’s first arc when ¥, < 0 and
Yo < Yuc and ¥y < Yuc < —o.

Condition (9) can perhaps be understood by recalling the pre-
viously mentioned dependence of the “control effectiveness” upon
|| and realizing that a self-consistent UC trajectory [which satis-
fies max(Yy, ¥¢) < Yuc] may still be ineffective if the corner is
not associated with large || (or, more precisely, larger than the ||
provided by a monotonous progression from ¥ to ¥r.)

The corresponding LC analysis is similar and leads to a similar
result:

max(|¥ol, |¥1) < |¥icl (10)
Equations (10) and (9) can be combined into
max(|¥ol, 1Y) < ¥c an

where ¢ stands for both ¥ryc and Y c. Note the outstanding sim-
plicity of Eq. (11), the end resuit of the application of the MP to the
UC and LC solutions.

C. Compliance of Unconstrained Arcs of Upper
and Lower Plateaus with Maximum Principle

The analysis of the unconstrained arcs of both the UP and the LP
is essentially identical to the UC and LC analysis except that v
replaces Yy, — 1 replaces ¥, ¢ yp (for the first arc) and 2, yp
(for the third arc) replace #yc, and #; 1p (first arc) and #, 1 p (third arc)
replace # c. An important difference, though, is that the counterpart
of Eq. (11) for the unconstrained arcs of the plateau trajectories, i.e.,

max{|¥ol, [¥¢[) < |¥.l, is fulfilled by definition because ¥, is the
greatest possible |y|; in other words, the unconstrained arcs of the
plateaus automatically satisfy the MP. (The same occurs when ¥ryc
happens to coincide with 4+, and when v ¢ coincides with —yr,.)

D. Compliance of Plateaus with Maximum Principle

The necessary condition for optimality of constrained arcs is that
H is minimized (on the constraint) by u* so that further reduction
of H can only be attained by violating the constraint.

Applying this test on the constrained arc (plateau) of the UP
solution, we have, from Table 5 and Eqs. (4) and (5) and ¢ (¢) = ¢,

HUP(X., A% u, t)

ign(@s — 6y) K,
:[_sign(ef—eo)cfw]mgn( 120 Rolioy

. cos Y,
Kyuy, . s
+[(t ~ tup) tan ¥ ] => Hyp(x*, 1%, u, 1)
cos Yp
tan ¥ u
= Ky[-1]+ Ky |:(f - tZ,UP)ﬂ]y hup <t =thup
cos VL,

(12)

The 6 contribution is minimized by Ky = 1. As for the ¥ contri-
bution 1) (¢ — t,,up) is negative V¢ € (¢, up, t2.up) SO that the greatest
K, will minimize the v contribution and 2) Ky, > 0 (i.e., uy > 0)
will cause violation of the constraint (¢ > ).

Thus, in order to minimize Hyp as much as feasible without con-
straint violation, K, must be zero, in accordance with u:,, of Ta-
bie 3. Note also that choosing K, = 0 makes Hyp constant V¢ €
(t1,up, f2,up] and that the resulting value of the minimal Hyp is —1.

On the constrained arc (plateau) of the LP solution, ¥ (t) = —y,
we have

Hip(x*, 2%, u, t) = Kg[—1] — le:(l‘ - tz,LP)%} (13)

L <t =hp

In this case Ky, = 0is the smallest legitimate choice since a “better”
H can only be attained by violating the constraint (Y < —) by
applying uy < 0.

The proof of compliance with the MP, for all our proposed tra-
jectories, is now complete.

Remarks:

1) A corner-type solution may not fulfill the MP, whereas plateau-
type solutions always fuifill the MP.

2) Without direct reference to t; (or to |¢¢]) it is not possible
to discern among solutions that comply with the MP; there is no
“measure” of compliance with the MP.

3) The switching functions in our problem (see Sec. IIL.B, com-
ment 11) are Ag/cosy and Ay /cos ¥, but since cosy > 0, the
costates themselves constitute the switching functions. (Compare
the control entries in Tables 1-4 and the signs of the corresponding
costate entries in Table 5.)

4) The derivation regarding the plateaus in Sec. IV.D is some-
what heuristic. A more rigorous proof, employing an augmented
Hamiltonian, can be found in Ref. 10.

V. Dynamic Programming Perspective; Sufficiency
A. Preliminaries and Outline

Up to now, no claims of sufficiency have been made; the MP, the
only theoretical tool used, constitutes only a (first-order) necessary
condition for optimality. This section is devoted to the DP theory,
which provides sufficient conditions for optimality via the HIB
equation. The following paragraphs remind some basic DP defi-
nitions and results.

1. Optimal Return Function
Referring to the optimization problem of steering the dynamic
system

xX() = flx(@), u@), ] (14)
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Table 6 Initial costates as obtained from ORFs

J* (6o, Yo; to) (3/3%0)J* (B0, ¥o; t0) (3/360)J* (60, Yo; to)
ucC truc [cos Yruc — cos Yol /uyy, —sign(@y — 6p) cos Yuc/ug,,
LC tyLe —[cos YiLc — cos Yl /tyy, —sign(@y — p) cos YrLc/ugy,
18] 3 tyup fcos L — cos Yol /Uy, —sign(@y — 6p) cos ¥ [ug,,
LP tfLp —[cos ¥, — cos Yol/uy,, —sign(@y — 6p) cos ¥ /ug,,

from an arbitrary initial point (xy, £) to a desired (fixed) target with
minimal cost J,

i
J = Jlxo, u(t), to] = h[x(tf), tf] + / glx(@®), u(), ] de (13

o
toftstf

an optimal return function (ORF) is associated with each point
(x0, tp) from which such a (usually unique) optimal path starts; it is
the (minimal) cost attained by the optimal path'!:

o

tr
J'[xo,t(,]zrzl(l;? {h[x(zf), t,-]+/ glx(®), u(®), t] dt} 16)

<t <ty

Note that every point along the path of an optimal solution is
also the starting point of “another” optimal path (to the same target)
that coincides with the respective part of the “original” solution (by
Bellman’s principle of optimality); hence, an ORF must actually be
associated with any point (x, ) that lies on an optimal trajectory:

i
Jx(@),t] = rl‘r%itr)]{h[x(tf), trl+ /t glx(z), u(r), r]dr} an

t<t <t

The subsequent expressions will refer to the last form of J°.

2. Hamilton-Jacobi—Bellman Equation
Here, J* satisfies the HIB differential equation

I [x(), t]+m1nH(x u,t)=0 (18)

;x$

where u € Q, and H is the DP Hamiltonian, defined as
Hx,J,u,t) =g+ J e f

= glx(®), u(®), 11+ J2x (@), 11" ® flx (@), u(®), 1] (19

[The only difference between Eq. (19) and the MP form
H(x, A, u,t) is the appearance of J; instead of A.] The boundary
condition is

JTlx(tp), tg] = hlx(ty), tf] (20)

3. Connection to Maximum Principle
When J* € C? and there are no state constraints, the MP can be
derived from the HJB equation.!!!? The derivation reveals that

A = J7[x*(0), 1] @1

on the optimal trajectory; that is, the costate of the optimal solution
is the “state sensitivity” of the optimal cost.

4. Hamilton-Jacobi-Bellman Equation as Basis of Sufficient
Condition for Optimality

The HIB equation is a necessary condition for optimality since it
is developed with the assumption that J* exists. Therefore, showing
compliance of a proposed solution with the HIB equation may be
an alternative to a MP compliance analysis. We choose, however, to
employ the results of the preceding MP study to show that our solu-
tion satisfies the HIB equation within the framework of a sufficient
condition.

Among the various HIB-equation-based sufficiency theorems
available in the literature (e.g., Lee and Markus,!? p. 348; Athans

and Falb," p. 357), we found Leitmann’s decomposition Theorem
(sufficiency Theorem 2 in Ref. 15) most adapted to our setting.
The Leitmann paper addresses the system x () = flx(¢), u(¢)], the
autonomous version of Eq. (14), and the performance index J =
f 7 glx(t), u(z)] dt, the autonomous version of Eq. (15) with & = 0.

*The control u belongs to the set of bounded, piecewise-continuous
functions of ¢ whose values are in 2, C R™; g and all the compo-
nents of f are in C! in R"; X is some open set in R" ; x(t;) € T,
T being the given target set in X, where T N X may belong to the
rimof X; D = {X,, X,, ..., Xx} is a finite decomposition of X;
and M is the set of the borders between the X;.

The theorem states that the control »*(¢) with corresponding so-
lution x*(t), fp < t < t7, is optimal with respect to all the admis-
sible controls u(¢) with corresponding solutions x(¢), fy < t < ty,
such that x(¢y) € T and x(¢) € X V¥t € [#, tf), if there exists
a decomposition D of X and a scalar function J* that 1) is con-
tinuous on X; 2) agrees on each X; with some function J? that
is of class C! on X;; and 3) is such that hmx_,xf J*(x) = 0 for
xpeTandx € p C X, where p is a system trajectory gener-
ated by an admissible control, such that the following two condi-
tions are satisfied: H{x*(¢), J7[x* ()], u*(t)} =0Vt € [t, tf) and

Hix, JJ(x),u} > 0Vu € 2, and Vx € X, where H is defined by
Eq. (19). If x*(¢) or x belongs to M, these two conditions should
hold for J* = J? for all the X; adjacent to the relevant border.

5. Outline of Dynamic Programming Analysis

After identifying the various proposed ORFs we show that
Eq. (21) holds for our candidate solutions and that all our J* are of
class C1; then, we show that our J* satisfy the HIB equation (using
results obtained in the MP study for a shortcut); at last, we check
if all the above conditions of the sufficiency theorem are indeed
satisfied by our candidate-optimal solutions.

B. Obtaining Costates from Optimal Return Functions

The cost of minimum-time problems is either ¢, or ty — f; our
choice of g and & (see Sec. IV.A) makes J = ty. [With#p = 0, ¢
itself is the to-be-minimized trajectory duration. We refrained from
taking f, to be zero merely because DP formulations specifically
address the initial conditions (xg, %).]

At this point the reader should realize that the ¢, formulas pre-
sented in Tables 1-4 are actually our proposed ORFs [see Eq. (16)];
for example, Jijc(0o, Yo; to) = truc = fo + [2sin Yy — sinypy —
siny r1/uy,,, where Yyryc = [0 + ¥y + 105 — Ooluey,, /us, 1/2 (see
Table 1). Slmllarly, JI:C By, 1{/(); ) = IrLc (Table 2),
Jip o, Yo; o) = trup (Table 3), and J% = (6o, ¥o; to) = tr1p
(Table 4).

The costates given in Table 5 were obtained by a lengthy
derivation'® based on the tools developed in Appendix 2.
Equation (21) offers another procedure, namely to partially dif-
ferentiate the proposed ORFs with respect to the state. We shall
now pursue this method. For example, in the UC case we have [us-
ing (d/dela| = sign(@), & # 0] J3yc=(3/360) Jgc 60, Yoi f0) =
(3/860)tfuc = —sign(@y — 6y) cos Yyc/uy,, . Comparing with the
respective Ag entry in Table 5, one sees that Ag yc = J5 y¢- (Remem-
ber that Ag is the 6 costate whereas Jy is the 8 derivative of the ORF
J*.) Similarly, J; o = (a/alﬁ())]ljc(&), Yo; 1) = (3/3V0)truc =
(cos Yryc — cos \;0) /uyn, Which is identical to the respective A,
entry in Table 5 with t = fy; i.e., Ay, uc = Jy yc-

The eight ORF state derivatives are summarized in Table 6; all
of them are equal (at ) to the previously computed costates, as
anticipated.
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To conclude, we have shown in this section that our candidate-
optimal solutions have the property A*(%) = J:[x* (%), t], which
is a profound link between the HIB equation and the MP and which
will play a central role in the sufficiency proof. Note also that:

1) The term A, is constant in our problem.

2) The situation 8 = 6, has been explicitly excluded from all our
proposed -manipulation solutions (because its optimal solution is
merely a uy, bang); moreover, 8 (¢) proceeds monotonically from 8y
to 0y so that 6(t) # 05 for o <t < t;.

3) The eight first partial derivatives with respect to 6, and ¥ of
the four candidate J* are all continuous in 6y and v. The four first
partial derivatives of the ORFs with respect to £y are unity (see the ¢4
in Tables 1-4.) Thus, all of our J* are of class C? in all arguments.

4)In fact, all of our J* are of class C?; see Ref. 10. (Continuity of
the second partial derivatives of the ORFs is a requirement of the Lee
and Markus'? sufficiency theorem, not of the Leitmann'> theorem.)

5) Until now everything was taken at fy; however, the above
costate-J* relations must hold at all subsequent (x, ¢) if our trajec-
tories are indeed optimal, according to the principle of optimality.
This can immediately be verified for the whole first leg of each
trajectory: If v is replaced by ¥ (¢) in the (3/3v0)J" (6, Yo; fo)
entries, they become identical to first-leg A, (¢) entries of Table 5.

C. Compliance with Hamilton—Jacobi-Bellman Equation

This step, the cornerstone of the sufficiency proof, turns out to be
easy thanks to the last results and the results of the MP analysis. We
start by considering the Hamiltonian (19) that appears in the HIB
equation (18).

In the MP analysis we defined J = ¢, by choosing g = 0and s =
tf, so that the Hamiltonian used was Ag (s / OS V) +4y (uy / COS )
[see Eq. (3)]. In the DP formulation we use the same g, so that our
DP Hamiltonian is

6 . .
0+[J; J,;][:v):| = J36 + Iy v
or

Uy « Wy
cosy  Vcosy @2
As already noted, the DP Hamiltonian (22) is similar to the MP
Hamiltonian; the only difference is the appearance of J; and J7
instead of Ay and Ay.

Now, recall that we have shown in Sec. V. B that all our candidate-
optimal solutions have the property A°(ty) = J7[x* (%), t]; there-
fore, the above MP and DP Hamiltonians are indeed identical at
the initial conditions. [Note that the costates Ay and A, were com-
puted for any ¢ € [#, t;], whereas the optimal return functions J*
~ refer, by definition, to the initial conditions. Since A* = J has been
shown for (xg, #)) only, the Hamiltonian equality is strictly proven
for the initial conditions only. However, the Hamiltonian equality
must hold for any “downstream” point because of the principle of
optimality.]

In the MP analysis we showed that the MP Hamiltonian is min-
imized by our proposed controls [i.e., Eq. (3) holds] at any time
t € [ty, t7]; moreover, the minimal MP Hamiltonian is at all times

H(x,J,u,ty=1J;

min {Ag—2 _ 4 )= (23)
sy \ Ccospe  Veosye )

uelly

The above arguments lead to the following conclusion, which
holds fort =1y, ¥ = ¢¥* = Yy, and 0 = 6* = G;:

min { Jg—t— 4 Js—L ) = -] 2
up.ny \ " cos e Veosye ) T @4

uelly

Besides, the first partial derivative with respect to #, of all the J*
is unity (see Sec. V.B or Tables 1-4):

Jx (), ]l =1 (25)

By virtue of the preceding two equations [and Eq. (22)] we can now

claim that the HIB equation (18) is satisfied at the initial conditions
by all our candidate solutions:

. : o U o Uy
J* 6y, Wro; ¢ min | J, J =0 26
+ 160, Yo; 0] + aun [ o cos e + "’cosx/f'i| (26)

I by By @5) <

—1, at [8g,¥0;10], by Eq. (24)

Moreover, the initial conditions are arbitrary so that Egs. (26) and
(18) hold for any (x,t) from which a Y -manipulation solution
(which satisfies the MP) starts. (In fact, we can propose an extremal
for any point in the -8 plane; see Sec. II1.B, comments 7 and 15.)

For completion, note that the boundary condition (20) is satisfied
by definition, since we chose J =y and h = 1.

D. Fulfillment of Sufficient Condition for Optimality

First, note the following:

1) In the Leitmann sufficiency theorem (Sec. V.A.4) i = 0 so that
a minimum-duration cost must be defined by g = 1, as opposed to
our g = 0 and ~ = ¢ choice for the MP analysis [see the paragraph
after Eq. (3) and the beginning of Sec. V.B]. These two ways of
posing a minimum-time index are equivalent, because minimizing
Jp =ty — tp (the cost associated with the Leitmann formulation)
and minimizing J = ¢; are equivalent when f is given.

2) The Leitmann sufficiency theorem addresses an autonomous
system and a g that does not depend explicitly on ¢[(J}), =
0]; under such circumstances the HJB equation (18) reduces to
min, H(x, J?,u) = 0. (Compare to the two conditions on H of
the theorem.)

3) Our system is indeed autonomous.

4) The costate histories of Table 5 can be obtained by a derivation
similar to that in Ref. 10 but starting from g = 1 and 2 = 0; this
can be ascertained by following the first steps of Appendix 2 with
Hy(x, A, u) = AT o f + dog = (houg + Ayiy)/ cos ¥ + 1, where
H; is the Hamiltonian associated with the Leitmann theorem and
g =1.Notethat H, = H + 1.

For the above reasons, we may try the Leitmann sufficiency test
on our solution.

Let us now review the detail requirements of the Leitmann suf-
ficiency theorem and check whether they are all fulfilled by our
solution:

1) The proposed control histories are bounded, piecewise-
continuous functions of time and do not violate the control con-
straints; all our u*(¢) steer the system from the initial condition to
the target and the trajectories do not violate the state constraints.

2) The state equations and the integrand of the cost function are
continuous and possess continuous first derivatives with respect to
all their arguments.

3) The open set X in R? (the ¥-0 plane) is {(8, ¢) | 18] <
¥l < o).

4) The decomposition D is the decomposition of X described in
Sec. III.B, comment 14: Throughout each X; one type of extremal
has the smallest ¢, (for a given x r); the same extremal type may also
characterize (by having the smallest J°) other, nonadjacent X;: the
horizontal wedges confined between the two straight lines that are
the locus of the corners (see Sec. III.B, comments 6 and 7) comprise
one X;. _

5) The existence of J® € C! in each X; is assured by the
above method of decomposing X and the nature of our J® (i =
UC,LC,UP, LP), including the J* of the conventional control
that prevails in the horizontal wedges. _

6) The “overall” J*, which coincides on each X; with the ap-
plicable J;, is continuous on X since any borderline between two
adjacent X; corresponds to equality of the two J° defining these
X;; in fact, the borders are found by such equalities. Another way
of describing J* is J* = min(J}, J;) (remember that at most two
extremals can compete in each x); the continuity of J* is assured
by the continuity of J;" and J; and the nature of the min operator.

T)Foranyx; € Xandx € X,lim,fo J*(x) = Oistrue,ascanbe
verified by substituting vy = v, and 6y = 6 in the four ¢, expres-
sions and realizing that J; (xs) = tflyy=x, —lo = o — top = 0. {The
external boundary (rim) of X arouses no irregularity in our case.]
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We now turn to the conditions on H. We have shown in Sec. V. C.
that all our proposed J* satisfy the HIB equation and its associated
boundary condition. Let us reinterpret Egs. (24) and (26) in terms of
the H; and J; associated with the Leitmann theorem and in regard
to both the theorem conditions on H. As already noted, for the
Leitmann autonomous formulation the HIB equation (18) takes the
form min, Hy (x, (J])x, u) =0, 0r

min [(JL)G +<L>w———+1]=o @7
gty

0s ¥/ sy
Since the state derivatives of J*(8, ¥; r) and of J} (6, ¥) are iden-
tical, and since the 1 (which in this case originates from Ag, not

from J;*) does not participate in the minimization, the HIB equation
becomes

WW(JG s‘/j+1¢60 W)H_O 28)

Now, realize that in Sec. V.C it was shown [see Eqgs. (24) and
(26)] that we can fulfill Eq. (28) at any point in the -6 plane
by the u® associated with some extremal (of the y-manipulation
type, full or degenerate, or of the conventional type). This directly
answers the second Leitmann condition on H: At any x € X,
Hp(x, (J})x, u) [the bracketed term on the left side of Eq. (27)]
equals zero with the #® corresponding to the applicable J (some-
times also with the #® of the second valid extremal) and is positive
with any other u € 2,. Thus, the first Leitmann condition on H,
Hi{x*(t), (J):[x* ()], u*(t)} = 0, is also fulfilled, and not merely
along the candldate trajectory [i.e., Vt € [ty, t} ) as shown in Sec.
IV] but even pointwise. In short, since we have argued that (6, ¥o)
of Eq. (26) may be any point in X (see Sec. IILB, comment 15),
and since we showed that our proposed u*(¢) are the minimizing
controls [i.e., fulfill Eq. (3)], we can now claim that both Leitmann
conditions on H;, are satisfied.

The proof that our proposed control strategy fulfills a sufficient
condition for optimality is now complete. Interestingly, the theorem
cannot discern the “best” among the valid extremals; it “only” as
sures us that by simply choosing our candidate solution that has the
least ¢; (and, of course, also satisfies the MP necessary condition
for optimality) we obtain the true global minimum.

VI. Summary

The contribution of this work is an analytically proven, practical
solution to the optimal control problem of transferring the state (gim-
bals’ angles) of an inertially based, nutationless, 2-DOF gimballed
gyroscope from a given initial condition to a desired target in mini-
mum time. The gyroscope model is not limited to small inner gimbal
angles. State constraints and control limitations are observed.

It seems that the above specific control problem has never been
addressed before. The approach whereby the control scheme takes
advantage of the inherent nonlinearity and channel coupling of the
gyroscope, rather than fight them, is unconventional. (In fact, the
solution drives the system away from its linear regime in order to
enhance the “control effectiveness.”) The purely analytical treatment
and the attainment of a sufficiency proof for such a nonlinear MIMO
problem are especially appealing.

The solution can readily be applied to large-angle slewing of
gyroscope-platformed sighting systems, for example; its implemen-
tation in the control of spacecraft angular maneuvers requires adap-
tation to host rotations.

Appendix 1: Generic State Histories

The various trajectories are constructed using the following ex-
pressions, which emanate directly from the equations of motion (1)
and (2); see Ref. 10:

1) With #y = 0 and constant u,, the ¥ (¢) trajectory leaving the ini-
tial condition is sin v (¢) = sin ¥y + uy . The ¥ trajectory arriving
at the final condition with constant uy is sin ¥ (z) = sinyy —uy 7,
where T =5 — 1.

2) The respective 6 trajectories at these situations (with constant
ug also) are §(t) = by + [¥ (1) — Yolup/uy and 6(v) = 67 + ¥ (1)
— Yrlup/uy.

) Whenuy, =0fort € [t1,h], 1o <t < & < tf, Y(t)is
constant: Y (1) = ¥ (n)=y1 =yo, h <t < 1.

4) The 6 trajectory when uy, = Ofort € {1, £,]is0(t) = 6,4+ (¢ —
t1)ug/ cos Yy, where 6(t1) = 6(r;) =6; and uy = const: and with
regressing time: 0(t) = 6, — (v — 1y)up/ cOs Yo, where 8(1;) =
6(t) =0,.

These expressions suffice to develop the four candidate trajecto-
ries, which are all comprised of constant-control “legs.”

Appendix 2: Generic Costate Histories

The following expressions and observations are used in the costate
development:

1) The Hamiltonian of the problem is H = Agup/cosy +
Ayuy [/ cos ¥r; the costate equations are he = —3H /3¢ and Ay =
—dH /3y . Since 6 does not appear exphcltly in H, the A, equation
implies that A4 (¢) = Ay = const (6 is “ignorable”).

2) In order to trace Ay, let us rewrite H as H =
(houg + A¢u¢)/ cosy and realize that dH/3Y = (leuy +
Aytey)(sinyr/ cos® ) = H tan v; therefore, Ay (f) = —H tan .

3) The transversality condition at zf is H(t;) = —1. Since ¢
does not appear explicitly in H (0H/dt = 0), we see that H(t) =
H(ty) Vi € [, ts], or H(t) = —1. Substitution of this H into
)»,, (t) = —Htany yields )».,,(t) = tany (t), or Ay (t) = Ay, +
f tan ¥ (7) dt, where Ay, = Ay (fo).

4) The last integral can be converted into a direct integral on ¥
(for uy # 0) as follows:

! v tan &
/,(,tam“t) dr:/wo [dé/dt]dg
¥ ¥
[ 2
Vo u‘/,/COSS v Yy

Thus, Ay can be rewritten as

v sin &
Ay () = Ay, + —d¢,
W W

(]

u‘,,;éO

5) Further development of A, (¢) is possible in the case of constant
Uy!

¥2

sin Ccos — COS8

/ £ e _ SO —cosd
¥ Uy Uy

Here, ¥ = ¥ (t1), Y2 = ¥ (#2), and uy (1) is constant (3 0) during
t € [11, 12]. Thus, Ay (#2) = Ay (81) + (COS Yy — cOsYa) /uy, b = 1,
uy = const # 0.

6) If uy = O during t; <t < 1,, it follows from the equations of
motion that v is constant in that time interval: ¥ () = ¥y = Y.
Then, j tan ¥ () dt = tan ¥ (f — 1) and Ay (f) = Ay (t) +
tam//l(tz — )t > t,u g = 0.

It should be realized that, given a piecewise-constant uy (¢), the
above expressions enable a direct (though lengthy) computation of
Ag(#) and Ay (£); see Ref. 10. [A further condition is required for the
junctions of constrained and unconstrained arcs of the plateaus; see
(3.13.4), (3.13.5), and (3.11.6) in Ref. 16.]
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