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ABSTRACT. This article considers a discrete-time robust optimal control prob-
lem on matrix Lie groups. The underlying system is assumed to be perturbed
by exogenous unmeasured bounded disturbances, and the control problem is
posed as a min-max optimal control wherein the disturbance is the adversary
and tries to maximise a cost that the control tries to minimise. Assuming
the existence of a saddle point in the problem, we present a version of the
Pontryagin maximum principle (PMP) that encapsulates first-order necessary
conditions that the optimal control and disturbance trajectories must satisfy.
This PMP features a saddle point condition on the Hamiltonian and a set of
backward difference equations for the adjoint dynamics. We also present a
special case of our result on Euclidean spaces. We conclude with applying the
PMP to robust version of single axis rotation of a rigid body.

1. INTRODUCTION

Optimal control is a cornerstone in the theory of modern control [1, 21, 30]. The
Pontryagin maximum principle [28] (henceforth referred to as the PMP) constitutes
an integral part of optimal control theory, and it provides first-order necessary
conditions for optimality. These necessary conditions make the process of finding
an optimal control significantly simpler by narrowing the set of admissible controls
into a subset of candidate optimisers, and they are used by numerical algorithms
to search for an optimal control. It is, in fact, one of the most widely used tools
in optimal control apart from the Hamilton-Jacobi-Bellman (HJB) approach. The
PMP has traditionally been studied in a continuous-time setting, and while the
discrete-time version [8] received less attention in the initial stages, there have
recently been several investigations into the discrete time PMP, for instance, in the
presence of constraints and in the geometric setting; see, e.g., [19, 24, 25, 27] and
the references therein.

The mathematical model of any engineering system is almost always an approx-
imation of its actual behaviour, and consequently, it is essential to address the
robustness aspect of control schemes for practical applications. By this we mean
the ability of the controller to give satisfactory performance under system modelling
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uncertainties and/or the presence of exogenous unmeasured disturbances. Our em-
phasis here will be on deterministic controllers formulated as min-max optimisation
problems (also studied as games), in which the disturbance is the adversary and
tries to maximise the cost which the control tries to minimise [2, 3, 10, 11, 29].

PMPs for robust optimal control problems of the aforementioned type have been
derived in [32] for continuous time systems with uncertainties, and in [7] for systems
that have parametric uncertainties. For continuous time systems, there has been
considerable work in the game theoretic framework on the min-max control for sys-
tems with disturbances, we pick the representative articles [4, 9] from that literature
since they contain results that closely resemble the PMP. When [9] is specialized
to our setting of a min-max problem, one arrives at a zero sum differential game
which has a Nash equilibrium (a game theoretic analog of a saddle point). This
gives rise to two distinct sub-problems, one of minimising the cost over admissible
controls (and this problem is parametrised by the optimal disturbance), and the
other of maximising the cost over admissible disturbances (which is paramerised by
the optimal control). The author proceeds to apply the PMP on both sub-problems
individually to arrive at two sets of two-point boundary value problems, each with
their own Hamiltonians and covectors, each parametrized by the solution of the
other. [4] takes this further by deriving a single maximum principle with a single
Hamiltonian and single covector by employing the Isaacs equation [12] in an inter-
esting fashion. Our approach here is derived from the ideas in these two articles,
but we operate under a different regime that we now explain.

A broad class of aerospace and mechanical systems evolve on the class of smooth
manifolds known as Lie groups. These state spaces lack a vector space structure,
which warrants new techniques to be developed in order to study these systems, and
such techniques fall under the broad umbrella of geometric mechanics and control
[1, 22]. Optimal control of such systems has received significant attention [1, 6]; in
particular, PMPs for systems evolving on smooth manifolds has been studied both
in continuous and discrete time [19, 24, 27] in considerable detail. More specifically,
geometric discrete-time optimal control, designed specifically to respect the non-flat
nature of the underlying state spaces, has been of great interest in the engineering
community since the associated techniques eliminate problems that occur by using
local parametrisation [16, 17, 26].

In [27], a discrete-time PMP for optimal control problems for systems evolving on
matrix Lie groups was presented. That work however did not consider the per-
formance of the controller under the effect of exogenous unmeasured disturbances.
The current work takes the problem a step further by incorporating the effect of
bounded disturbances acting on the class of systems considered in [27] and by pos-
ing the optimal control problem as a min-max problem. Assuming the existence of
a saddle point of the cost function, we provide first-order necessary conditions that
the control and disturbance satisfy for optimality are presented in the form of a
modification of the PMP. We arrive at a saddle point condition on the Hamiltonian
and backward difference equations for the covector (also termed adjoint) dynamics.
We also present a specialised version of our result to Euclidean spaces for those
interested in directly applying it to such systems. Our results are similar in spirit
to [4] but different in three very significant aspects:

o We consider a problem that evolves in discrete-time, for which it is not possible to
derive the maximum principle from a min-max version of the Bellman’s equation.
This is relevant, since in continuous-time the PMP can be derived using ideas
from the HJB partial differential equation [21, Chapter 5], and similarly the
modification of PMP in [4] can be derived using ideas from the Isaacs equation.
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o [4] hypothesizes that the Hamiltonian satisfies a saddle point condition before
establishing their result. We do not do make any such assumption, but instead
the saddle point condition appears naturally in our development.

o [4] assumes that the abnormal multiplier used in the Hamiltonian is non-zero at
the outset, but we prove that it must always be non-zero in our setting.

The results closest in spirit to ours are in [7], but as noted earlier, [7] considers
parametric uncertainty in the system.

This paper is organized as follows. Section 2 contains preliminaries and the state-
ment of the maximum principle for our case, which is proven in Section 3. Section
4 contains an aerospace example where our theory is applied.

2. PRELIMINARIES AND STATEMENT OF MAIN RESULT

2.1. Mathematical Preliminaries. We present some mathematical preliminaries
in this subsection. W will denote the set of non-negative integers.

Given a vector space V, let V* denote its dual space, which is the set of all linear
functionals (also termed covectors) on V. Denote by (-,-) : V* x V — R the
duality pairing. Given a linear map between two vector spaces F : Vi — Vj,
let F* : (V3)* — (V1)* denote the dual of F defined as (F*(n),v) = (n, F(v))
for alln € (V2)*,v € V;. The standard inner product on R™ will also be denoted
by (-,-) since it is equivalent to the duality pairing on R™. For a smooth map
between two vector spaces F : Vi — Vs, for any x € Vi, DF(z) will denote the
derivative of F at  and D?F(x) will denote the second derivative of F at x. Given
a third vector space Vs, for a smooth map Vi x Vg 3 (21, 22) — F(x1,22) € V3, for
any (Z1,Z2) € Vi x Vo, D, F(Z1,T2) denotes the derivative of F(-,Z2), evaluated
at Zy and D2 F(Z,Z;) denotes the second derivative of F(-, %), evaluated at Z;.
If two vector spaces V1 and Vs are isomorphic, it will be denoted by V; 2 V5. The
preceding material was from [14, 31].

Given a cone K C R™ with vertex at x € R™, we define the dual cone of K as
K*(z) = {a € R" | (a,2’ —z) > Ofor alla’ € K}. For a convex set Q) C R", its
supporting cone with vertex at 2 € §2 is defined as Kq(z) = cl(U,s {7z +a(z’—2) |
2 € Q}). A family of convex cones is defined to be separable if there exists a
hyperplane that separates one of them from the intersection of the others. If the
family is not separable then it is defined to be inseparable. An interested reader is
referred to [7, Chapter 6] for a more elaborate treatment.

Consider a smooth function F' : R™ — R. Suppose that we desire to find argmin F'(z)
with € ¥ C R™. Then, as per [7, Theorem 6.1] 2* € ¥ is a minimum of F over ¥
if and only if XN Q = {z*}, where Q = {z € R" | F(z) < F(z*)} U {z*}.

Definition 1 ([13, Definition 11.4]). Consider two arbitrary sets U and D and an
arbitrary function F :U x D — R. (u*,d*) €U x D is a saddle point of F if
F(u*,d) < F(u*,d*) < F(u,d*) for allu € U,d € D

Proposition 1. Consider a smooth function F : R™xXRP — R andU XD C R™xRP
with (u*,d*) € U x D. Define O = {(u,d*) € R™ x RP | F(u,d*) < F(u*,d*)},
Oy = {(u*,d) € R™ x RP | F(u*,d) > F(u*,d")}, Q) = O U{(u*,d")} and
Q) = Qo U {(u*,d*)}. The following are equivalent

(P-i)  (u*,d*) is a saddle point of F' restricted to U x D.

(P-ii) (U U{(u*,d*)}) N (U x D) = {(u*,d*)}

(P-iii) Q) N U x D) = {(u*,d*)} and Q5N (U x D) = {(u*,d*)}
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A proof of Proposition 1 is provided Appendix A.

Since the basic aim of the content of this paper is to find necessary conditions for
a saddle point, Proposition 1 yields a procedure for it as follows:

(SP-i)  Freeze d at d* and obtain necessary conditions for v* to be a minimum of
F(-,d*) over U x {d*}. These conditions will naturally be parametrised
by d*.

(SP-ii)  Freeze u at u* and obtain necessary conditions for d* to be a maximum of
F(u*,-) over {u*} x D. These conditions will naturally be parametrised
by u*.

(SP-iii) Both sets of necessary conditions should be simultaneously satisfied, how-
ever, notice that the multipliers that appear in both sets of necessary
conditions may be different.

We will use the next result in our numerical simulations.

Proposition 2 (Sufficient condition for saddle point). Consider a smooth function
R™ x R? 3 (u,d) — F(u,d) € R and a point (u*,d*) € R™ x RP. Suppose that

e D, F(u*,d*) =0 and D2F(u*,d*) is positive definite

e D F(u*,d*) =0 and D3F(u*,d*) is negative definite

Then there exist open sets U C R™ and D C RP with u* € U and d* € D such that
(u*,d*) is a saddle point of F restricted to U X D.

Proof. Condition 2 is a sufficient condition for u* to be a strict local minimum
of F(-,d*), yielding that there exists an open set Y C R™ with u* € U such
that F(u*,d*) < F(u,d*)for allu € U [13, Theorem 2.13]. This gives the second
inequality in Definition 1. A parallel argument for F(u*,-) gives the first inequality
in Definition 1. O

We present some background on smooth manifolds. For more on these topics,
we refer the reader to standard texts on differential geometry, for instance, [20,
Chapter 3, 11]. For a smooth manifold M, T, M represents its tangent space at
x € M [20, Page 54]. Given two smooth manifolds M; and M3, and a smooth map
F: My — My, TF(x) : T, My — Tpz) Mz will denote the tangent map of F' at
x (recall that the tangent map is the generalisation of the derivative in the context
of smooth manifolds [20, Page 68]). The cotangent map of F' at = (which is the
dual of the tangent map [20, Page 284]) will be denoted as T* F(z) : (Tp(x)./\/lg)* —
(T, M1)", and for any n € (TF(I)MQ)*, T*F(z)(n) will denote its action on 1. Now,
given a third smooth manifold Ms, let My x Ma 3 (z1,22) — F(x1,22) € Ms.
Then T,, F(Z1,%2) denotes the tangent map of F(-,Z3), evaluated at T;. The
following notion will be used while defining covectors as tangent maps of real-valued
functions. Given a smooth map F; : M; — R, for any x € My, TFy(z) € (TyM;)"
since TFy(z) - v € Rfor allv € TM;(z) and TFi(z) is a linear map. We can
associate to TF;(z) a covector n € (T,M;)" such that TF(x)(v) = (n,v) =
TF(z) -vfor allv € T, M;. Therefore, given a smooth map F» : My — My, the
expression T Fy(x)(TF1(Fz2(x))) makes perfect sense (for rigorous details see [20,
Proposition 11.18]). Note that the same ideas applies to derivatives of real-valued
functions defined on vector spaces. As we go forward in the paper, we insert helpful
comments to explain intuition behind differential geometric concepts.

Since our setting is that of a Lie group, let us quickly recall some preliminaries.
Refer [15, Chapter 5,6] for more details on Lie groups. For our problem we will
consider a n dimensional matrix Lie group G € RM*M with identity element Z
and Lie algebra g ¢ RM>*M [15 Chapter 5.1]. Let o : R® — g be an isomorphism.
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The dual of g is g* € RM*M and (n,v) = tr(n'v)for ally € g*,v € g, where
tr(-) denotes the trace, and (-)"7 denotes the transpose. Let ® : G x G — G
denote the group multiplication, which by definition, is matrix multiplication for
matrix Lie groups, that is, ®(g1,92) = g1g2. Then &, : G — Gfor allg € G is a
diffeomorphism, and @4, (92) = g1g2 [15, Chapter 5.2]. For any g € G, the tangent
space is characterised as T,G = T7®,(g). The tangent map of ® simplifies to
matrix multiplication as well, that is, given g1,92 € G and v € g, Tz P4, v = g1v
and therefore, Ty, ®,, (T7P,4,v) = g2g1v. The exponential map is denoted as exp :
g — G, which for matrix Lie groups is simply the matrix exponential [15, Chapter
5.4]. Given g € G, the exp map can be used to define smooth curve on G passing
through ¢ with tangent vector T7®, -v for v € g as R 3 s — gexp(vs) € G.
This can be conveniently used to find tangent maps of real valued functions, say
f:G—=RasTf(g)-v= 4 .o f(gexp(vs)). The Adjoint action of G on g is [15,
Definition 6.40]

-1

d
Gxg>3(g,v)—~ Adgv = 7 gexp(sv)g
s=0

For any g € G, let Ad} be the dual of Ad,.

€g

Remark 1. Although we restrict attention to matriz Lie groups here, our deriva-
tions proceed in full generality first and then are made specific to matriz Lie groups,
thus making it applicable to any finite dimensional Lie group.

For any n € W, [n] := {0,1,...,n}. Let N € W be fixed, and will be referred to
as the control horizon throughout. Before moving towards defining our problem,
we briefly recall the discrete time Pontryagin maximum principle on matrix Lie
groups [27] since it plays a central role in our development. Consider a discrete
time control system evolving on G x R"

Jre+1 = grS1(gk, wi) for allk € [N —1], (1a)
wWrt1 = f2(gk, Wi, uk) for allk € [N — 1], (1b)
where

e g € G and wy, € R™, for allk € [N] are the states,

e f1:GXxR" =G and fy: G xR” x R™ — R"™ are smooth,

o uy € Uy, C R™ is the control for all k € [N —1].

Consider the optimal control problem

N-1
min - 7(g,w,u) = Y  ck(gr,wr, uk)
k=0
+enl(gn,wn) (2a)
s.t.  system (1), (2b)
ug € Uy, for allk € [N — 1] (2¢)
go = Yo, wo = Wo, (2d)

where the notation goes as,
e GXR"XR™ 3 (g,w,u) — ck(g,w,u) € R, and G x R"” 3 (g,w) — cn(g,w) € R
are suitable smooth functions for allk € [N — 1],
N+1 factors
—N—
e g:=1(90,91,--,9N) EG X G x --- x G and w = (wg, w1, . ..,wy) € RMNTD are
the state sequences,

o u = (ug,u1,...,uny—1) € R™¥ is the control sequence.
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Assume that there exists an open set O C g such that exp map restricted to O,
ie. exp: O — exp(0) is a diffeomorphism and f; € exp(O), and that Uy, is convex
for allk € [N —1].

Theorem 1 ([27, Theorem 5]). For the optimization problem in (2) let the optimal
control sequence be u* respectively corresponding to which the state trajectory is g*
and w*. Define the Hamiltonian as (for v € R)
[N-1]xg"x (R")*xGxR*"xR™>
(k,¢. & g, w,u) = HY (K, (& g, w,u) =
vey(g,w, u) + (¢, exp™ (fi(g,w))) + (€, falg, w, u)) -

For all k € [N — 1], there exist covectors (¥ € g*, &% € (R™)*, and define ~; =
(Ck? gkv gl:v wl:v UZ)z

o =T (exp 0By )o1gs) ) (D),
which satisfy the following necessary conditions
e Optimal state dynamics (for allk € [N]):
Gip1 = grexp(DcH” (7)),
wi1 = DM ()5
o Adjoint equations (for allk € [N —1]):
&1 = DM (47),
Pt = Adgyp(—pear (1) pF+ T (T)(TyHY (7))

o Transversality relations:

¢Vt =vDyen(gh, wi),

PN =T gy (T)(Tyen (g, wiv))i
o Hamiltonian non-positive gradient condition (for allk € [N —1]):
(DM (Vi_1)s uk—1) < 0 for alluf_y + up—1 € Up—1;

e Non-triviality: v < 0 and if v = 0 then at least one of the covectors is non-zero.

2.2. Problem Definition. Consider a discrete time control system evolving on
G x R™ as

Ik+1 = 9k f1(9k, Wi) for allk € [N — 1], (3a)
Wet1 = fg(gk,wk,uk,dk) for allk € [N — 1], (3b)
where
(Sys-i)  gr € G and wi, € R™ (equivalently, o(wy) € g) for allk € [N] are the
states,
(Sys-ii)  f1 : GXxR"™ = G and fy : G x R” x R™ x R? — R™ are smooth and
respectively represent the kinematics and dynamics of the system,
(Sys-iii) ur € Ur C R™ and dp € Dy C RP respectively are the control and

unmeasured external disturbance for k € [N — 1].

Remark 2. Physical systems (whether on Euclidean spaces or manifolds) are typ-
ically modelled as evolving in continuous time as differential equations. However,
for implementation purposes one finds it suitable to represent them as discrete-time
systems using. Discretising systems that evolve on manifolds is a non-trivial task
since the discretisation should respect the manifold structure of the configuration
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space of the system. Discrete mechanics finds applications here, see, e.g., [23].
We will suppose that f1 has been obtained using such an appropriate discretisation
technique.

Our aim is to obtain necessary conditions satisfied by the optimiser of the following
optimal control problem:

N-1
minmax J(g,w, u,d) = ;O (g, Wi, Uk, d)

+cn(gn, wn) (4a)

s.t.  system (3), (4b)

U € Uy, dy, € Dy, for allk € [N — 1], (4c)

go = Jo, wo = Wo, (4d)

where the notation goes as,
(N-i) G xR" xR™ 5 (g,w,u) = c(g,w,u) € R, and G x R" 5 (g,w) —
¢n(g,w) € R are suitable smooth functions for allk € [N — 1],
N+1 factors

—f——
(N-ii) g = (90,91,---,9n8) € GxGx---xG and w = (wo,w1,...,wN) €
R™N+1) are the state sequences,

(N-iii) = (ug,u1,...,un_1) € R™V is the control sequence,
(N-iv) d = (do,dy,...,dn_1) € RPY is the disturbance sequence.
Assumption 1. The following assumptions (taken from [27, Assumption 1]) are

required to transfer the optimisation problem into a Euclidean setting and to obtain
necessary conditions that the optimiser satisfies.

o There exists an open set O C g such that exp map restricted to O, i.e. exp: O —
exp(O) is a diffeomorphism and the discretisation is such that fi; € exp(O).

o Uy, and Dy, are compact and convez sets for allk € [N].

We assume that the cost in (4a) admits a saddle point.
Assumption 2. (g*,w*,u*,d*) is a saddle point for the optimization problem (4).
Then defining open sets Y C Uy XUy X ... xUn_1 and D C Dy x Dy X ... X Dy_1,
with u* € U and d* € D,

J(g*, wr,u*,d") < J(g,w,u,d”) for allu € U,

J(g,w,u*,d) < J(g*,w*, u*,d")for alld € D.

2.3. Main Result.

Theorem 2. For the optimization problem in (4) let the optimal control and distur-
bance sequence be u* and d* respectively corresponding to which the state trajectory
is g* and w*. Define the Hamiltonian as

[N-1]xg"x (R")*"xGxR*"xR™xRP >
(k,(, & g,w,u,d) = H(k, (€ g,w,u,d) =
— cx(g,w,u,d) + (Cexp ™ (fi(g,w))) + (€, f2(9,w, u, d)) -
For all k € [N — 1], there exist covectors (¥ € g*, &% € (R™)*, and define v; =

(Ckagkagzawlzvu27u;)y

Pk =T (eXp*1 O‘I’((g,:,l)*lg;)) (Z)(¢h),
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which satisfy the following necessary conditions
(H-i)  Optimal state dynamics (for allk € [N]):

Ght1 = 9k exp(DcH (%)),
wiy1 = DeM(n);
(H-ii)  Adjoint equations (for allk € [N —1]):
¢ = DuH (),
Pt = Adep(—DcH('y;)) o* + TP (T)(TyH(VR));

(H-iii)  Transversality relations:

¥ = —Duen(gh, wi),

PN = =T g (T)(Tyen (93, wi));
(H-iv) Hamiltonian “saddle point” condition (for allk € [N —1]):
<Du7-[(’y,:_1),uk_1> <0 for alluj_; + up—1 € Up—1,
(DgH(ve_1),dx—1) > 0 for alldj_, + dj—1 € Dy_;.

Proof. Section 3. (|

Remark 3. A comment on the notation used here, which is heavy in differential
geometric jargon:

e Condition (H-iv) does not strictly denote a saddle point in the most general case.
However, under suitable assumptions on H it does, for instance, if the Hamilton-
ian is convex in u and concave in d.

o The derivative of H with respect to w, &, are well understood since these entities
lie in vector spaces.

e Note that p, ( can be written as elements of RM*M _ Since a co-vector can be easily
visualised by its action on a vector, we will perform some calculations to make
this apparent. To this end, let v € g be arbitrary and let A == exp(—D¢H(7}))-
To understand the relation between p*~1 and p*,

(P71 0) = (Ad) " + T Dy (D) (TyH(})), v)
= (p", Adav) + (T,H(v}), TP, +(Z) - v)
= tr ((p") T (AvA)) + (T, H(7;), giw)

=tr ((p")T AvA) + 4

75| H(giexp(vs))

s=0

To understand the relation between p* and C*
(p*,v) = <T* (equ O(I)((gl’;fl)_lg,:.)>(I)(Ck)vv>

= <Ck’T<eXP’1 °<I><<ngl>*19é>)(z) '”>

d _
= <Ck7 % L exp 1 o¢>((g;1)1g;)(exp(vs))>
k d —1 * -1 _x
= <7£ exp ((gk—l) gkexp(vs))
s=0

exp~ ((gt_1)~"g} exp(vs»)



ROBUST PONTRYAGIN MAXIMUM PRINCIPLE 9

2.4. Specialisation to Euclidean Spaces. Let the control system (3a),(3b) evolve
on R", i.e. G =R" (although we require G to be a matrix Lie group, as noted in
Remark 1, the part of our presentation made in full generality holds for any finite
dimensional Lie group). We will introduce new notation for the cost and dynamics
to avoid clashing with previous notation. Since the system evolves on a Euclidean
space in entirety, we club all state variables into w € R™ and kinematics and dy-
namics into f : R™ x R™ x R? — R™ . For complete clarity, we shall restate the
specific form of the control system

Wk4+1 = f(wk,uk,dk) for allk € [N — 1], (5)

and optimal control problem

N-1
mlnmgx J(w,u,d) E k(Wi Uk, di)
u

k=0

+ cn(wn) (6a)

s.t.  system (5), (6b)
uy, € Uy, dy, € Dy, for allk € [N — 1], (6¢)

wo = Wo, (6d)

where R" x R™ 3 (w, u) — cx(w,u) € R, and R” 3 w — cy(g,w) € R are suitable
smooth functions for allk € [N — 1], and the remaining notation is same as List
(Sys-i),(Sys-iii) and List (N-ii),(N-iii),(N-iv) (accommodating for the change of Lie
group G to R™).

Corollary 1. For the optimisation problem in (6) let the optimal control and distur-
bance sequence be u* and d* respectively corresponding to which the state trajectory
is g* and w*. Define the Hamiltonian as

[N-1] xR*" xR" x R™ x R? 5 (k, &, w, u,d) —
Hk, & w,u,d) = —cp(w,u) + (&, f(w,u,d)) .
For k € [N —1], there exist covectors €& € R", and define v; = (&g, wi, ul, db),
which satisfy the following necessary conditions
e Optimal state dynamics (for allk € [N]):
Wi = DeH(VE);
o Adjoint equations (for allk € [N —1]):
&1 = DyH ()
e Transversality relations:
¢V = —Duen(Wi);
o Hamiltonian “saddle point condition” (for allk € [N —1]):
(DuH(Vji—1)s uk—1) < 0 for alluj_y + up—1 € Up—1,
(DgH(ve_1),dx—1) > 0 for alldj_, + dj—1 € Dy_;1.

Proof. Direct application of Theorem 2 on optimisation problem (6) (noting en
route the change of G to R™). O

Remark 4. We make some observations that simplify computations when G = R™.
The group multiplication is then vector space addition on R™ i.e. ®(wi,ws) =
w1 + wy for allwy,ws € R™, the exp map is the identity map [22, Chapter 9, Page
274], and it is clear from the definition of the adjoint action that it simplifies to the
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identity transformation as well. Tangent maps simplify to derivatives, and for any
w € R™, TR™*(w) = R" (in particular, g = R") and (TR™(w))" = R™ (in particular,
gr=R").

3. PROOF OF THEOREM 2

The proof will be based on the methodology detailed in List (SP-i),(SP-ii),(SP-iii).
The sketch of proof is as follows:

(Step-i)  Minimisation: Freeze d at d*. Get necessary conditions on g, w, u for
minimisation over u using Theorem 1.

(Step-ii) Maximisation: Freeze u at u*. Get necessary conditions on g,w,d
for maximising over d using Theorem 1.

ep-111 malgamation: e will coheren merge the results from the two

Step-iii) Amal ti We will coh tly ge th Its fi he t
previous steps into a single set of necessary conditions, which will have
a single Hamiltonian.

3.1. (Step-i) Minimisation. Freezing d at d*, the optimisation problem (4) be-
comes

m&n J(g,w,u,d") (7a)
s.t.  system (3) with dj = dj for allk € [N — 1], (7b)
ug € Uy for allk € [N — 1], (7¢)
9o = Go, wo = Wo. (7d)

For the optimisation problem in (7) let the optimal control sequence be u* cor-
responding to which the state trajectory is g* and w*. Applying Theorem 1, we
define the Hamiltonian for the control case as (for o € R):

[N —1] x g* x (R")* x G x R" xR™ 3 (k,(,£, g,w,u)
= Hi (k. (€ g, w,u) = vep(g, w, u, df)
+(Cexp ™ (f1(g.w)) + (& falg. w, u,d)) - (8)
For all k € [N —1], there exist covectors ¢k e g*, &F € (R™)* and define 5} =
(Ch €k i wWis i)
pr=T" (eXp_l Oé((g;_l)*lg;)) (7) (M),
which satisfy the following necessary conditions
(u-i)  Optimal state dynamics (for allk € [N]):
Gien = giexo (DML
Wiy = Dty (3);
(u-ii)  Adjoint equations (for allk € [N — 1]):
€7 = DHL (%), (9)
P = Adip-p g ) 7"

+ 170, () (TR ) (10)
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(u-ili) Transversality relations:
N1 = vDyen (g, wi), (11)
PN = T D (T)(Tyen (gh wi)); (12)
(u-iv) Hamiltonian non-positive gradient condition (for allk € [N — 1]):
(DyHY (V1) uk—1) < Ofor alluj_y + up—1 € Up—1;

(u-v)  Non-triviality: 7 < 0 and if 7 = 0 then at least one of the covectors is
non-zero.

3.2. (Step-ii) Maximisation. Having dealt with the minimisation problem, we
move on to the maximisation problem. Freezing w at w*, the maximisation problem
corresponding to (4) is

mdin —J(g,w,u*,d) (13a)
s.t.  system (3) with ux = uy for allk € [N —1], (13b)
dr € Dy, for allk € [N — 1], (13¢)
go = 9o, wo = Wo- (13d)

For the optimisation problem in (13) let the optimal disturbance sequence be d*
corresponding to which the state trajectory is g* and w*. Applying Theorem 1, we
define the Hamiltonian for the disturbance case as (for o € R):

[N —1] x (g)" x (R")* x G x R" x R” > (k,(, &, g,w,d)
— ’HZ(k,&é,g,w,d) = —Deg(g,w,u”, d)
+(Cexp  (filg.w)) + (& falg w,ui,d)) (14)

For all k € [N — 1] there exist covectors ¥ € g*, ¥ € (R")*, and define 4} =
(Cks &k 9> Wi di)
ﬁk =T* (exp’l O@((g;71)71g2)) (I)(gk),

which satisfy the following necessary conditions
(d-1)  Optimal state dynamics (for allk € [N]):

k1 = gk exp(DeHG (7)),

Wi = DeHg(h);
(d-ii)  Adjoint equations (for allk € [N —1]):

&1 = DUHG(7), (15)
P = AL o P
+ 10, (1) (T, Ha(07)): (16)
(d-iii) Transversality conditions:
NN = —0Dgen (gh wh)s (17)
PN = =0T Py (T)(Tyen (gh, i) (18)

(d-iv) Hamiltonian non-positive gradient condition (for allk € [N — 1]):

(DqH5 (35 _1), di—1) < Ofor alld}_, + dx—1 € Dy_n;
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(d-v) Non-triviality: 7 < 0 and if ¥ = 0 then at least one of the covectors is
non-zero.

3.3. (Step-iii) Amalgamation. Up until now, we have two Hamiltonians H? and

3, and two sequences of covectors per Hamiltonian. The equations for the control
case were parametrised by the optimal disturbance sequence and vice versa which
makes the problem extremely hard to solve since they are two two-point boundary
value problems paramatrised by the solutions of each other. However, as we will
show, there emerges a single Hamiltonian and a single set of covectors which begins
to suggest that the problem could be tractable. We establish this through the
following steps

e Show that abnormal multipliers are non-zero
e Define the common Hamiltonian

e Covectors of both problems are negatives of each other, and can be obtained
from the common Hamiltonian

e Obtain the “saddle point” condition on the common Hamiltonian
We begin with an observation which we will use often.
Remark 5. Forallk € [N — 1], ¢k and ék are related to p* and p* through bijective
linear maps, and in particular, (¥ =0 < pF =0 and (¥ =0 < pF = 0.

Proposition 3. If 7 =0, then (¥ =0 and £¥ = 0 for allk € [N — 1].

Proof. This proof will utilise mathematical induction.

Base case: If 7 = 0 then (12), (11) and Remark 5 yield (N~' = 0 and £V=1 =0
respectively.

Induction hypothesis: Assume that the proposition holds for k = N—1,N—2,...,i
forany i € {N —2,N —3,...,1}. We will show it also holds for k = — 1.

Induction step: The induction hypothesis makes

DuHu(37) =0, TyHy(3;) =0.
Therefore from (10), (9) and Remark 5, ¢(*~! = 0 and ¢~ = 0 respectively. This
completes the induction. O

The foregoing result also shows that 7 = 0 is not allowed since it violates the
non-trviality condition (u-v). It follows that 7 < 0. It can similarly be shown that
7 < 0. For convenience, we let 7 = & = —1 and scale the covectors in both problems
accordingly. See Appendix B for details of scaling 7, and a similar procedure follows
for . Define the common Hamiltonian

[N-1]xR*"xR"xGxR"xR™ xRF 5
(k,(, & 9, w,u,d) — H(k, (€, g, w,u,d) =
— ck(g,w,u) + (G, filg,w)) + (&, falg,w, u, d)) .
We will proceed to establish conditions (H-ii), (H-iii).
Proposition 4. For all k € [N — 1]
(i) ¢k = —CF and €8 = —£F for allk € [N —1]
(ii) There exist covectors ¥, & € R™ and
ok =T (exp_1 O(I)((g):_l)—lglz)> (Z)(¢H)
which satisfy conditions (H-ii), (H-iii).
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Proof. Let us begin by proving the result for k = N — 1. Observe from (12),(18)
and (11),(17) that

PN = =N = ST g (T)(Tyen (9h- W),

éN_l = _éN_l = _DwCN(g?\hw?V)v
and from Remark 5 ,(VN~1 = —(N=1. Define ¢¥N-1 := N1 and (V-1 := (N1 to
finish the proof for k = N — 1.
For k=N -2, N —3,...,0 we use mathematical induction.

Base case: From the result for k = N — 1 we obtain
DMy (3 -1) = =DuHg(Wx-1) = DM vk 1),
DéHZ(’VYX/A) = DfHZ(’?;Vfl) = DcH(YN-1);
TgHZ(’WV—l) = *TQHZ(’AY;\/—l) =TyH(VN-1)-

Thus from (10),(16), and (9),(15), observe that

pN*Q _ _[)N72
1

= Ao penr g P
+ T‘bg&,l(z)(TgH(’ﬁV—l))v
V72 = V7 = DM ),
and from Remark 5, (V=2 = —(N=2. Define ¢V=2 := V-2 and (V-2 := (V-2 to
finish the proof for k = N — 2.

Induction hypothesis: Assume that the condition (H-ii) holds for k = N —2, N —
3,...,iforany i€ {N —2,N—3,...,1}. We will show it also holds for k =i — 1.
Induction step: Using an argument parallel to the one used for the base case, the

induction step can be shown. O

Remark 6. An alternate proof can be given by first making the observation that
the covectors depend linearly on U (or U, as the case may be), and then absorbing
the negative sign accompanying cx and cy in the maximisation case into V.

To obtain the “saddle point” condition (H-iv), notice that the preceding induction
argument also shows that D, HZ (¥5) = DyH(7;) and DyHY(5%) = —DaH(vf) for
k € [N —1]. Hence for k € [N — 1] we have,

<Du7-LZ(’y,:),uk> < Ofor all uj, + uy, € Uy,
= (D H(v;),ug) < 0for alluf + ux € Uy
and
(DaHi(v;).di) < 0for alldf, + dy, € Dy
= (D4H(v;),dr) > Ofor alld; + dj, € Dy,

Condition (H-i) is obtained by direct calculation.

4. EXAMPLE

To demonstrate the application of Theorem 2, we use a simple example of single axis
rotation of a spacecraft under bounded disturbance. It is essentially a continuation
of the example presented in [27], to keep the spirit of extension of that work intact.
Single axis rotation of a spacecraft evolves on SO(2). This is one of the easiest and
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most intuitive examples of a Lie group, which still preserves the structure intrinsic
to the problem. Consider the Lie group SO(2) and its Lie algebra so(2),

SO(2) ={g e R**? | g'g=gg' =T, det(g) =1}
50(2) = {v e R¥? | v +v =0}

Define an isomorphism o, its inverse vex, and the exp map

Roz o(z) = (2 OI) € 50(2), vex( (2 )
50(2) 3 o(z) — exp(o(z)) = (COb —sin(z

)=
sin( cos(x) )
By virtue of the Riesz representation theorem, we identify (so(2))* with so(2) and
o* with vex. For this Section, (n,v) = §tr(n" v) for alln € (s0(2))*,v € s0(2).

Remark 7. Any element g € SO(2) can be represented as g = exp(6) for some
6 € 10,2m).

We model single axis rotation as

Ir+1 = 9rq1(9k, W) for allk € [N — 1], (19a)
Wrt+1 = q2(gk, Wk, Uk, di) for allk € [N — 1] (19Db)
where
o gi € SO(2), w, € R for allk € [N],
o U = [—uc,uc, D= [—d.d.] and uc,d., h € Rs¢ are fixed, and initial conditions

go = Jo, wo = o are known,

SO(2) xR 3 (g,w) = qi(g,w) =
V1 — h2w? —hw
< o VI—REz) €50
e SO2) x RXxR xR 3 (g,w,u,d) — g2(g,w,u,d) = w ~+ h(u+ d).

The optimal control problem is

N—1
min max (AQwN + Z Nuf + AN2wf — pPdi
u

k=0

e tr(gk») 20a

(
s.t.  system (19), (20b
ug € Uy, dy, € Dy, for allk € [N — 1], (20c
9o = Go, wo = Wo. (20d

)
)
)
)
Remark 8. The modelling interpretation of cost function is as follows. )\QUZ min-
imises control effort and AQw% maintain low angular velocity. —/ﬂdi penalises
the effort exerted by the external disturbance, the justification for which is that
Nature also tries to exert minimum effort. The last term in the cost function,
(2 —tr(gr)) penalises the deviation of gx from I. To see this, utilise Remark 7 and
let g = exp(0x) for some 0y € [0,27). Therefore,

2 —tr(gr) = 2(1 — cos(by)) = 4sin2(%€).

The quantity attains its minimum at 0, = 0 which is g, = T which can be visualised
in Fig. 1.
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FIGURE 1. Variation of (2 — tr(gx)) in the cost function

Assume that u, A, A, € R are carefully chosen so as to ensure that the cost func-
tion in (20a) admits a saddle point'. For the optimisation problem in (20) let the
optimal control and disturbance sequence be u* and d* respectively, corresponding
to which the state trajectory is g* and w*. Applying Theorem 2, we define the
Hamiltonian (which is independent of the time instant since the cost, kinematics
and dynamics are independent of time instant) as:

(50(2))" xR* x SO(2) x RxR xR 3 ((,&, g,w,u,d) —
A2u? + A2w? — p?d? — 2 tr(g )
2

,H(Caaf;gaw,u,d) - <

+{Corexp (a1 (9,w))) + £g2(9, w, u, d)
B (/\2u2 + A%w? — p2d% — o2 tr(g))
T 2

+ ¢sin™H(hw) + E(w + h(u + d))

where ¢ = 0*({,) = vex((,). The optimal state dynamics and adjoint dynamics
are obtained as(refer Appenndix C for details)

g;+1 = gI:QI (927“};)7 (21)
w/:-‘rl = q?(g;’w;au27d2)7 (22)
Gt = Addp(-pe, 1)) Go + T Py (D)(TyH (7)),
* T *
= q1(950, wi)C5 (a1(gh,wi) T + T Py (T)(TyH (7)),

SYTRRTC AR (23)
k=1 _ *\ higk k _ A2, %
6 = DwIH(PYIc) - 1_ (hwz)g +£ A W
* \T *
Q= Ty (D e ok i) = w2 =0 @1

2 )
V71 = —Duen(gh, wi) = —Awy.

n the simulations shown later, we verify numerically that the optimiser obtained is indeed a
saddle point.
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The adjoint dynamics simplify to the following for k € [N — 1]

Z w gz _gz (25)

i=k+1

— 9)" —g
e =h ? vex ( J)
z‘:zk;rl Va ];1
- Z A%w?. (26)

i=k+1
Since the Hamiltonian is convex in u and concave in d, the optimal control and
disturbance are easily derived as

k ¢k
WE[—Uc,Uc)

h k
Ue if ng > Ue
_ . h&k 27
=9 —u. if BV < —Ue (27)
h k
ng otherwise
dz = aerigl;inlzll ] H(Cé_f’ £k7 gl:7w;’ U};, ’LU),
k
dc i < d
,f k
— _dc i > d (28>
hek v
u—i otherwise

Remark 9. If in (20), we let ¥ = 0, the problem reduces to a linear quadratic
dynamic game (which is a robust linear system with quadratic cost). This is be-
cause (gx)N_, doesn’t appear in (20a), hence the constraint imposed by (19a) can be
trivially satisfied, and (19b) and (20a) define a linear system with quadratic cost.
Additionally, if we let the control and disturbance be unconstrained, the solution of
the resulting problem is well known [2, Chapter 3.2.1], and it satisfies the necessary
conditions given by Theorem 2. See Appendix D for details.

If we substitute (25) and (26), into (27) and (28), and substitute the resulting
equations into (21) and (22), we effectively change the necessary conditions a set of
non-linear equations in {(g;7w;)}kN:O. We solve and simulate these equations nu-
merically using fsolve in MATLAB R2019a and present a few results. We verify
numerically whether the solution obtained is indeed a saddle point using Proposi-
tion 2. We will let N = 50,h = 0.1,A = 0.1,A = 1, u = 2 for all simulations and
1, o, wo Will be changed. These initial conditions define the optimal control prob-
lem. The disturbance and control are assumed to be unconstrained so as to keep
the problem smooth, which makes the use of fsolve easier. We will use Remark 7
when plotting the optimal state trajectory. In the plots that we present, we employ
a counterclockwise convention for 6, which means, on going counterclockwise from
6 = 0, and transversing an angle m/2 we arrive at § = 7/2, and on going clockwise
and traversing an angle /2 we arrive at § = —7/2 = 6 = 37 /2. A positive value of
w therefore represents a velocity in the counterclockwise direction, and a negative
value represents a velocity in the clockwise direction.
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We present simulations of five trajectories the details for which are in Table 1. For
an extensive simulation study refer [18]. For 7; we show the optimal configuration,
angular velocity and input sequences in Fig. 2. The initial condition starts at the
opposite end at fy = 7 but manages to reach # = 0. This is an advantage of using a
geometric controller which might or might not be guaranteed by conventional linear
or nonlinear controllers. Comparing between Fig. 3a and 3b we see that changing
the direction of the angular velocity from counterclockwise in 75 to clockwise in T3
assists the controller in causing a drift towards 8 = 0. This is expected intuitively
since the intended drift from 6y = 7/2 to 6 = 0 is clockwise. The numerical algo-
rithm utilised by the solver requires an initial guess to begin the solution procedure.
Between 74 and 75, we change the solver initial guess keeping everything else the
same. The solver converges to a different saddle point in both cases. From Fig. 4b
we observe that 75 displays behaviour similar to quaternion unwinding (which is a
phenomenon in which the system first diverges from the desired equilibrium then
converges to it [5]) by first diverging away from # = 0 and then converging towards
it.

Trajectory ¥ Wo 6o Figure
(rad/s) (rad)

T 0.3 0.3 0.3 Fig 2

T2 0.2 0.1 w/2  Fig 3a

Ts 0.2 01  =w/2 Fig3b

Ta 0.3 -0.1 47/3  Fig 4a

Ts 0.3 -0.1 47/3  Fig 4b

TABLE 1. Simulation Data

APPENDIX A. PROOF OF PROPOSITION 1

We will first prove that Condition (P-i) is equivalent to Condition (P-ii). In Con-
dition (P-ii), the intersection is always non-empty since (u*,d*) € U x D. Assume
that the intersection has one more point (u1,dy) # (u*,d*). Then necessarily
(u1,d1) € Q1 UQa. If (ug,d1) € Q1 then di = d* and F(u1,d1) < F(u*,d*). Thus
(u*,d*) will not be a saddle point of F' restricted to U x D. A similar conclusion
can be drawn for the case when (u1,d;) € Q2. Hence Condition (P-i) = (P-ii).

Assume that (u*,d*) is not a saddle point. Then there exists (u*,d*) # (u1,d;) €
U xD such that either dy = d* and F'(u1,d;) < F(u*,d*) or uy = u* and F(u*,d*) <
F(uy,dy). Then (uy,dy) € 3 UQs. Then (€ UQ U{(u*,d*)}) N (U x D) =
{(u*,d*), (u1,d1)}. Hence Condition (P-ii) = (P-i).

We will now prove that Condition (P-ii) is equivalent to Condition (P-iii). Observe
that

QUL = {(u,d") U UQ U{(u*,d")},
=0 U U {(u*,d")}
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Therefore,

(2 Uy U{(u*,d)}) N (U x D) = {(u*,d")

= (U N U xD) = {(u*,d)
— (UNUxD)U ( N U x D) {(u*, d")
nu
nu

The last double implication is justified as follows. We have two sets, both non-empty

(since they have at least one common point which is (u*,d*). Their intersection is
a singleton set. Hence both of them must individually be that singleton set.
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FIGURE 3. Optimal configuration trajectory

APPENDIX B.

In this section we show that given r € Rsg, if the Hamiltonian in (8) is defined
using rv as
[N —1] x g* x (R")* x G x R" xR™ 3 (k,(, £, g,w, u)
= H (K, (L€, g, w,u) = rieg(g, w, u, d)
+<Cv,exp71(f1(g,w))>+<fv, f2(gawaua d2)>7 (29)

and the covectors are changed to (r¢)N " and (7€) ', then conditions (u-i)-(u-v)
are still satisfied.

Tp show this, first define f; = (rfk,rék,g;,w,:,u;). Condition (u-i) is satisfied
since

D¢Hy () = DM (TF), - DeHiy(3i) = DeHy (TF).
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FIGURE 4. Optimal configuration trajectory
Conditions (u-ii) and (u-iv) are satisfied since Ady(-) is a linear map for any g € G,
Remark 5 holds and since

TDUHZ(;YI:—l) = DuHZD(vZ—l)a
rD M (V) = DM (TF),  rTyHy (35) = TyHy (TF).

Condition (u-iv) is satisfied because ¢N-1 and €M1 depend linearly on . Condi-
tion (u-v) is trivially satisfied.

AprrPENDIX C.

We will present the derivation of (23). As noted in Remark 7, let g5 = exp(6j) for
some 0} € [0,27). For arbitrary ¢ € R, define v := o(t) € s0(2). Recall that

exp(v) = (COS@) —sin(t)> 7

sin(t)  cos(t)
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and that for any symmetric S € R?*2 tr(Sv) = 2 tr((S ST)v). Then,
(T (D(TyH (1)), v) = (TyH(7), TPy (T)v)
d vd| o,
= I S:OH(Qk exp(vs)) = 2 ds| w tr (g exp(vs)) ,

_ 4 Y2 cos(f + ts) = —trh? sin(9),
ds s=0

* * T
= Julain) = gu((v UL ),

() )

(24) is derived similarly.

APPENDIX D.

If ¢» = 0 the adjoint equations simplify to
N
¢k =0, e =— Z A2w?  for allk € [N —1].
i=k+1

The optimal inputs retain the same expressions as (27), (28). We continue to assume
that u, A, A > 0 are carefully chosen so as to ensure that the cost function in (20a)
admits a saddle point [2, Lemma 3.1]. As per [2, Theorem 3.1], the solutions for
the optimal inputs, for k € [N — 1] are (to maintain consistency between results,
we will, without any loss of generality, let A = 1)

uf = —hMjy 1Ly ' wy,
dy = ,ufthk_HLglwk,
Wil = ;lw,:, wy = @o,
My = A+ My L', My =A%
Ly =1+ h?>My (1 —p2).

To show that this solution satisfies our necessary conditions (27) and (28), we will
utilise mathematical induction.

Base Case:

U?V—lthAz N 19N 15
—hA%wy,
= h¢N Tt

Induction Hypothesis: Assume the claim to be true for k=N —1,N — 2,... 1.
Induction Step:
ui_y = _hM'Li_llw; 1

= —h(A + M,L_;,_lL ) i 1(&11 15

= —hA2 Z(— hMi—i—lLi wi,

N
= —hA%wf +ul = —hA%w — A? Z Wy,
k=i+1
= het,
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This verifies our claim.
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