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Abstract— Geometric controllers for mechanical system have
been well-developed in literature. Although geometric con-
trollers possess the advantages of being coordinate-free and
compact, these controllers don’t take into account constraints
such as safety-critical collision constraints or input constraints.
In this paper, we extend control Lyapunov and control Barrier
function based quadratic programs to incorporate various
constraints. We combine Control Lyapunov Function(CLF) and
Control Barrier Function(CBF) through a relaxation. Qualita-
tive analysis of this design method is derived in detail and we
provide simulation results on Cartesian space, the spherical
pendulum, and 3D pendulum.

I. INTRODUCTION

Every real-world control problem has inherent constraints
that needs to be satisfied. Constraints such as actuator con-
straints are prevalent. Moreover, safety-critical constraints
are omnipresent, for instance we have several aerospace
applications with critical distance constraints in the form
of collision constraints, and orientation constraints in the
form of inclusion and exclusion regions for pointing sen-
sitive imaging and communication payloads. Developing
controllers that are capable of enforcing these constraints,
while providing formal guarantees on safety, as well as
stabilizing non-equilibrium dynamic motions for systems
evolving on complex manifolds, and being implementable
on embedded processors with hard real-time constraints is a
challenge.

A variety of approaches exist for incorporating constraints,
for instance an overview of methods are presented for
Cartesian systems in [17], these include model predictive
control (MPC)-based [10], [13] which is typically hard to
implement in real-time for nonlinear geometric controllers.
Barrier functions have been used to obtain certificates with
invariance of sets while tracking [6], [7], [14]-[16], [19],
[20] which ensure invariance of level sets, but don’t allow
for the state to travel across the level set boundary, even
when the safety region allows it. Several real-world satellite
re-targeting with safety constraints have been considered,
for instance [6], [7], [18] uses cone inclusion and exclusion
constraints, [9], [16] employs logarithmic barrier potentials
for control in the presence of input and output’s saturations,
and [19] adds barrier functions to the objective function to
handle constrained MPC problems.
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Our strategy is to extend the recent work on control
Lyapunov function based quadratic programs [5], and recent
work on control barrier functions based quadratic programs
[2] for adaptive cruise control. We will extend these methods
from Euclidean space to a general manifold. This involves
solving for a control feedback as an online optimization
problem that enforces constraints on the Lyapunov candidate
derivative [1], [12], as well as additional constraints repre-
senting input limits, safety constraints in the form of barrier
function derivatives constraints, etc. In this way, by imposing
the constraints on the control input, the control design is
converted to the search of a cost function and solving a state-
dependent optimization problem. However, the trade-off is
that analysis of the system trajectory is intractable because
of the embedded optimization scheme.

The main contribution of this paper is to extend the
concept of control Lyapunov function and control Barrier
function based quadratic programs to the geometric setting.
This will serve to create a unified geometric controller
framework that enforces constraints, offers guarantees on
safety and stability, and be implementable with real-time
constraints. The rest of the paper is organized as follows.
Section II introduces fundamental properties of geometric
control, CLFs, and CBFs, Section III develops a general form
of CBFs for geometric mechnaical systems, and Section IV
applies to simple mechnaical systems on R, S? and SO(3)
to better illustrate the effectiveness of the control design and
performance.

II. MATHEMATICAL PRELIMINARY

In this section, we are going to list some basic concepts
about geometric control, control Lyapunov function and
control barrier function. These concepts are necessary for
the control design in later sections. We refer to [1], [2], [4]
for a detailed discussion.

A. Elements of Geometric Control

This subsection introduces relevant basics of geometric
control. Given a mechanical system which evolves on a
sufficiently smooth manifold M, we denote its configuration
variable as g, the tangent space at q as T, M and the tangent
bundle as T'M = UT, M. The state space representation of
this system is then given by (g,q) € TM.

Further, a vector field is a mapping from each point ¢ € M
to a vector in the corresponding T, M. While, an one form
w:TyM — R defines a mapping from the tangent space at
each point ¢ € M to the set of real number. The differential



of a smooth function f: M — R is given as an one-form by
the formula below:

(df, X)q = lim

t—0

1,1] - M satisfies a(0) = ¢

fla(®) - f(2)
t

a'(0) =

where the curve o : [
X.

Similarly, if we have a smooth function g: M x M — R,
then denote the differential with respect to the i*" argument
as d;g (i = 1,2). The corresponding definition is the same
as the single-variable case while keeping the other argument
fixed.

Now we will describe the properties of the specific system
under study in this paper. This type of system is called simple
mechanical systems. And we assume the reader already know
about Riemannian geometry. If a system’s configuration
manifold M has the following structures:

1) The total inertia is given by a metric M, : T,M —
T,; M which represents the kinetic energy by (¢, q) =

(MQQaQ>
2) A connection V which is compatible with M, which
means that
Vx (Y, Z) = (Vx(M,Y), Z) + (MY, Vx Z)

where X,Y, 7 are vector fields. Here we assume that
M is a Riemannian manifold and thus the covariant
derivative of one form or vector field is well-defined.

3) A collection of one forms F} : T, M — R representing
a basis of external force applied where j € [1,m].

4) A smooth function V, : M — R representing the
potential energy.

5) A configuration error ¥ : M x M — [0, co] that serves
as a measure of distance between the two points ¢, g4 €
M in the manifold M. We also require ¥(q,qq) to be
quadratic as defined in [4]. Then the differential d; ¥
could be used as the position error denoted as e,.

6) A transport map (g 4,y : Ty, M — T, M which maps
a tangent vector at g4 to one at q W1th the compatible
condition,

AV ==,

where f* 4q) 18 the dual map of 9((1 .)- In this way, we
are able to compare tangent vector in different tangent
spaces as shown below:

€ =q- (Z‘Zan)qd'

Then the system is called a simple, fully actuated system
with dynamics as:

Vgd = My (=dVy(a) + Y Fi(g,d)u’) ()

j=1

with v/ € R. Also, given a dynamically feasible reference
qa(t) € M, a general expression of Lyapunov function could
be given as:

V=a¥(q,qq) + %((eq,eq» +e(eq, €q)-

B. Geometric Control Lyapunov Function
We start with a control affine system in R™ of the form,

i= f(z)+g(x)u,
Z‘(to) = o, (2)
where x € R” and u € R™.

Then, for system (2), a continuously differentiable func-
tion V : R” — R is called Exponentially Stabilizing Lya-
punov Function (ES-CLF) if there exist constants ¢y, co, c3 >
0 such that

allel* < V(@) < calle|l®
inf {L;V+LyVu+csV}<0

ueR™

Next we extend the idea of a CLF to a system described
by (1). Instead of Lie derivative, we use differential for its
definition. So a smooth function V : TM — R is called the
geometric ES-CLF of the simple mechanical system if there
exist constants ci, ¢, cg such that

c1{(d¥y,d¥a) <V (q,q) < ca{d¥y,d¥s),

inf yepm {(d1V, §) = (dr V, M dV,)

3)

equivalent to LV

Zm <d1VM 1F)uj +63V}<O

equivalent to L,V

where the control input u = [u!,u?,---,u™]. As we can see,

CBF is

C. Geometric Control Barrier Function

Next, we establish a CBF for a geometric mechanic
system. As introduced in [2], CBFs can only be defined
with respect to a region in the state space T'M. For the
system (2), suppose we have a continuously differentiable
h : R®" - R and the region is defined by the level set
C ={z eR": h(x) > 0}. Then a smooth function B:C - R
is called a CBF of C if there exist two class K function
a1, a9 and n > 0 so that

1
06 PO may
inf {LyB+L,Bu- %} <0,

for any x € C° which is the interior of C.

Similarly, for the system (1), there exists a smooth function
h:TM - R and the region C = {(q,¢) € TM : h(q,q) >0}
has nonempty interior. Then a smooth function B : TM — R
is defined to be a geometric CBF of C if there exist two class
K functions and constant 77 > 0 so that

1
@ < B@d < meay
. ) _ 4
mfue]Rm{(dlB,q) - (dlB,’ Mq 1qu) ( )
+ Z;n:1<d1‘/, Mq_lFZ)UJ - %} < 0,

for any x € C°.



III. CONTROL BARRIER FUNCTION FOR GEOMETRIC
MECHANICAL SYSTEMS

In this section, we will propose a general process to
generate new constraint functions based on given constraints
on configuration variable q. Following this, a candidate CBF
is constructed and combined with a candidate CLF in the
geometric control setting. The combined controller will be
used to realize tracking under these constraints.

A. Constrained Tracking Problem Formulation

Given the mechanical system (1) and a list of physical
constraints on the configuration variables as defined below,
forie{1,2,---,1}

9i =(-1)%(b; - (q,q:)), 6; €{0,1}, (5)
Bi: {(Q7Q)€TM gl(q)207 QZGM}a (6)

where the set B; is the feasible region for constraint g;. Then,
B =nl_,B;, needs to satisfy the compatible condition,
B +o

where 5° denotes the interior of the set 3 in M’s topology.

Remark 1: The constraints presented here are in terms of
the configuration error. Moreover, we assume g; is a constant.

Remark 2: The compatible condition above ensures that
the set of all specified constraints are feasible. Also, we use
the value of ¢; to indicate whether the configuration ¢ should
stay close or far away from the center ¢;, or equivalently
whether the center g; is safe or not.

Given a smooth reference curve g4(t) € M for ¢ € [0, oo]
with reference input uy € R™, the control goal is to design

feedback input u = u(t, ¢, ¢) so that the following conditions
are satisfied:

a(t) € B, Vit € [0, 00]
q(t) = qa(t) when (ga,4a) € B
B. Candidate CBF

Next, based on the given constraints in terms of only
configuration variables, we expand the feasible region to the
state space, i.e, the tangent bundle 7'M, as follows. Choose
a smooth class K function « : [0,00) — R, define the new
state-dependent constraint functions as:

(Safety)
(Asymptotic Stability)

hi(q,q) = via(gi(q)) +(dgs, ),

which is well-defined since dg; is an one-form on M and
thus it’s a linear functional of the tangent space at each point
q.

If we define each feasible region as C; = {(q,¢) € TM :
hi(q,¢) > 0}, then the new expanded region could be given
as:

€ =niCi = mi{(g,d) € TM : 7(gi(q)) + (dgi > 0)}
where we could tune the parameters ~y; to make its interior
nonempty.

We next look at the relationship between this expanded
region and the original feasible region. Intuitively, it should

follow that (g,q) € C = ¢ € B. However, that’s not the case
since g(q) could be negative and the variable ¢ definitely
doesn’t lie in C. But if we take the dynamics into account, the
construction of h; is meaningful according to the following
proposition.

Proposition 1: (Forward Invariance Preservation of the
Feasible Region B)

Suppose the region C is forward invariant for the system
(1), then the region B is also forward invariant whenever
initially go € B and (qo, ¢o) €C.

Proof: Since (qo,qo) € C, by forward invariance, it
holds that (q(t),¢(t)) € C which is equivalent to

Yie(9i(q(t))) + (dgi, 4(1)) gy 2 0

for any i € {1,2,---,1} and ¢ € [0, 00)

Consider the extreme case when the system trajectory
reaches the boundary of B as 9B at t1, then g(q(t1)) = 0.
According to the previous inequality, it follows that

Wi 12)) = dgi, 00 oy 2 0
which means that the trajectory would never escape B;.

Therefore, by definition of B, any system trajectory would
never escape the region B, i.e, it’s forward invariant. |

Remark 3: This proposition guarantees that if we could
render the region C forward invariant instead, the physical
constraints are satisfied automatically. Thus, we only need
to consider the situation when g¢;(¢) > 0 and h;(q,q) =
vie(9i(q)) + {dgi, q)-

Having generated a satisfying region C, we propose the
following CBF candidate for each constraint in terms of h;:

1
Bi(qaq.):77 Q7q eco'
hi(q) (@.4)
Differentiating each B; with respect to time yields:
. ) 1. ]
Bi(¢,d) = = 75hi(a,4)

1 ) )
= - ﬁ(’yla,(dg’u CI) + (qug“ q))
m

1 _ 1 _ ;
+ ﬁ<dg“Mq1qu> - ﬁ Zl<dg7'7Mq1Fj>uJ
j=

where M, denote the metric tensor of inertia.
In order to make each B; become a CBF, the following
condition must be satisfied:

e M :
;i — —} < v
mf {Bi Bi} <0, V(g,9)€C
which is equivalent to that

inf {~hi-pW'R}} <0, V¥(g,4)eC
ueR™

where p* > 0.
To present this concisely, we introduce the following
notation for each i € {1,2,--,1}:

05(q,4) = [(dgi, My  Fy), -+, (dgi, My " Fo)]",

and ¢! (q,q) as the sum of all terms in h; that don’t contain



u. Then, the condition which the CBF must satisfy can be
written in a concise form:

~(ph - u+ @l +phP) <0, ie{1,2,-,1}

Note that this condition can only fail when ¢} = 0 and
@4 +p;h3 < 0. Using the fact that system (1) is fully-actuated
and that metric is non-degenerate, the condition of ¢{ = 0
is equivalent to dg; = (-=1)%*'e,(q,q;) = 0 in the cotangent
space. We assume that the set D; = {q € B: e4(g,¢;) = 0}
has measure zero in M, then by sub-additivity of measure,
it follows that

Depr =Vt D = m(Depr) < Y, m(D;) =0
i=1
Hence, the CBFs defined here hold everywhere except for a
set with measure zero. So they can be treated almost globally
valid.
C. Candidate ES-CLF
From Section II, a candidate CLF has the form

V(t,0.6) = 0% (a,0) + 5 (eqseq) + <leq.cq)

where the coefficients «,e > 0 are specifically chosen to
make this form quadratic.

Differentiating it with respect to ¢ gives us an expression
which include the control input explicitly as:

V=aldieg) - fen [ G| (T + (e )ial)

+e[(Vey(€g): €4) = (da W, ((Ve, T)eq))]
(7 4a) + (V4T )qal)

& q fixed
[T, My V) + (eq, My dVy )]

_5(6q’[

+ 2 [e(di ¥, My Fju?) + (eg, My Fju )]
j=1

For V to be a CLF, we require the following condition to
be satisfied: _
inf {V+nV}<0.

ueR™m

This can be written concisely by defining

[€<eq’M§F1>+<<€q7M§F1>)]
Yo(q,q) = [£(eq, M, F2>:+<<eq-,Mq )]

[eeq, M Fo) + (g, My )],

and 11 (q,¢) as the net term in V + ¥ that doesn’t depend
on u. The above condition can then be written concisely as:

wo-u+1/)1 +’I7VSO,

where 17 > 0 is the lower bound of convergent rate. Note that
this condition can only fail when )y = 0 and v, > 0. We also
assume that the region Dorr = {(q,¢) € C : ¥o(q,q¢) = 0}
has measure zero. Hence almost global property also holds
for the CLF. Thus, the condition of CLF and CBF would
only fail to be satisfied for the set D = Dorp U Dopr and
is again of measure zero.

D. Optimization-based Controller Design

The previous subsections introduce CBF and CLF for the
general mechanical system which hold almost globally. Now
we are able to put them all together into an optimization
scheme.

First, decompose the total control input into two part, feed-
forward and feedback parts:

U=Uff+Ufb

where the feed-forward term is directly computed as the
solution of the linear equation below

Sl By = Vo) + Mol | (Ti)+ (97 Vi)
q fixed
which comes from geometric control theory.
Then compute the feedback term u s, based on the follow-
ing state-dependent optimization problem.
(CLF-CBF-QP Control Design)

Minimize the cost function
1 1
J = =vTHu+ =\5?
2 2
with optimization parameters [v7, 5] subject to

Yo v+ [Yo-upr+1+nV] < (Relaxed Stability)
~(hy v+l upp+ @+ phd) < 0 (Strict Safety)

where the weighting matrix H is positive definite and A > 0.
Then assign part of the solution to the feedback term wu

Ufp =V € RrR™

For the case when there’s no feasible solution, set u s, = 0.

Remark 4: As discussed in [2], the constraints imposed
by CBF are treated as Hard Constraints that must be satisfied
for all the time while the tracking has to be compatible with
this safety concerns. That’s why we put it in a relaxed form.

Remark 5: In order to guarantee the existence and
uniqueness of system trajectory, we require the control input
should be at least Lipschitz continuous in z. We refer to
[12] for a detailed discussion on the solution’s continuity of
quadratic programming.
The proposition below shows some property of this con-
troller.

Proposition 2: (Safety Critical Property of the State-
dependent QP Controller)

If the following conditions are satisfied:

« The initial condition (qg,qo) stay within the region’s

interior C°.
o The singularity set D where CBF or CLF fail has
measure zero and D € C°.

o The embedded quadratic programming has feasible so-

lution for the set C\D.
then the safety-critical goal is satisfied by the controller in
subsection (III-D).

Proof: 1If a solution exists for quadratic programming ,
by property of convex programming this solution is unique.
So by assumption this control input is well-defined and
Lipschitz continuous for the set C.
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Fig. 1: Diagram of the spherical and 3D pendulums.

Since the set D has measure zero, it has an empty
interior. Hence, the system’s trajectory can only traverse it
at discrete time points. For the time period (t1,t2) when
(g,4) € C\D, all the hard constraints are satisfied by the
controller. Applying Theorem 2 in [2] yields that system
trajectory would never escape C\D. When (¢,¢) € D, a
solution might not exist but the current state lies in C° since
D e C°. For both cases, the system state always stay within
C. And thus it’s forward-invariant for the system (1).

Using Proposition (1), it follows that the feasible region
B is also forward-invariant. |

Remark 6: Though this proposition require lots of con-
ditions, none of them is quite strong. The first one comes
naturally for physical systems. The second one requires the
set where singularity exists has measure zero. As shown
in [11], this type of almost global property is common for
geometric control. Thus, it could be treated as an intrinsic
property of the specific manifold. The last one could be
satisfied by tuning the parameter ; in CBF’s definition.
Since the singularity set only has zero measure, it won’t
cause any trouble for numerical simulation.

IV. APPLICATION TO SOME SIMPLE MECHANICAL
SYSTEMS

In this section, we present several concrete examples to
better illustrate this CLF-CBF-QP design and validate its
effectiveness in making a good trade-off between convergent
rate and safety. The systems under study are a point mass,
a spherical pendulum and a 3D pendulum which have been
studied in [3], [4], [8].

A. Safety-Critical Control Design of Point Mass

This system has a single free point mass driven by the
external force. Its configuration space is R3. Select its Carte-
sian coordinate as the configuration variable ¢ = (z,v,2)7.
The tangent space at each point is also R® and the system
dynamics is written as:

Uy
o -1
qg=m Uz

us

with metric {q1,¢2)) = mds - go.
The configuration error is simply given in terms of Eu-
clidean norm
1 9 1
(g, qa) = §||q - qall” = 5(‘] = qa) - (q-qa)
equipped with the differential:

d2¥(q,qa) = ~(q - qa)

With this type of configuration error, each obstacle repre-
sents the sphere or its complement. The compatible transport
map is given by the identity, i.e,

eq=d1¥(q,494) = ¢ - qa,

‘Zq,qd)Qd =qd, €4=4-qd

since we could directly compare two tangent vector in flat
spaces like R®.

Given a desired trajectory ¢4, the feed-forward force is
computed as uyy = mGq. The CBF and CLF candidates are
written as:

Bi= (- (b~ 5(a-)*) - (4= a:)-d)
V= Smi-da) (G- da) + solla - al
+e(g—ai) - (d-di)

where we take the function a(z) = x.
Also, it is obvious that the singular set is given by:

D:{(Qa(j):QZQi>Q:Qd+Qi—Qd7 iE[l,l],te[(Loo)}

which is the union of several curves in 7'M and thus has
measure zero.

Based on the previous discussion, we now are able to
perform the numerical simulation. In this simulation, we
compare several controllers which are the original geometric
control, the geometric CLF-QP and the geometric CBF-CLF-
QP. In the simulation environment, the point mass is confined
to move in the space between two spheres. And we consider
an extreme case when a reference trajectory mistakenly
traverse the inner sphere as the obstacle. The results in Fig 2
show that the CBF-CLF-QP controller would execute a very
large force to pull the point mass away from boundary which
is reasonable according to property of barrier function.

B. Safety-Critical Control Design of Spherical Pendulum

The system under consideration here is a spherical pendu-
lum comprised of a point mass connected to a pivot through
a rigid rod. The configuration of this system is given by S?
as shown in Fig 1. Using the directional vector ¢ of this point
mass’ displacement, we have the dynamics equation as:

= x F

S gilE ey o @r@da=E( T

ml
which is a fully-actuated simple system since the tangential
force could span the tangent space at each point.
Since we nondimensionalize the system already, the metric
degenerates to the inner product (¢i,¢2) = 1 - Go. The



o N a0 L oo o2 oo oo
7 0 0

/
|
|
b
\
Y

> - s ~
[ T 5 3 o}x\

(a) Geometric Min-Norm Control

0 B DI

(b) Original Geometric Control

1

(c) Geometric CLF-CBF-QP Control

Bl

Fig. 2: Simulation of various controllers on the point mass system on R, which is required to track a desired trajectory while
being restricted to move within the region between two spheres. As can be seen for (a) min-norm, and (b) geometric control,
the system trajectory exits the outer sphere as well as enters the inner sphere, violating critical safety region constraints.
However, for (c) CLF-CBF-QP controller, the critical safety constraint is enforced while still following the desired trajectory.

configuration error utilized here is defined as:

U(q,q0)=1-q-qi, eg=di¥=q%qa, d2¥=diq

where the hat map ° : R® — s0(3) converts a three-
dimensional vector to a skew-symmetric real matrix.

The compatible transport map and velocity error are given
by:

‘Z«qu)(jd = (qa x qa) * q, €4=q— (ga x da) x ¢

Thus, the corresponding CLF and CBF are given as
Bi= (-1)"{~i(q-q: = b:) +q: - ¢}
1 1
V= JCicit ia(l—q-qd)Jraeq-eq

In order to analyze the singularity set D, we write out the
vector explicitly

0= (-1)%q;
¥p = (e +eeq)

The singularity set of spherical pendulum has similar
structure as that of the point mass. It is defined as:

D={(q,9) eTM:q=q; eq+ceq=0}

The simulation results of this spherical pendulum are
shown in Fig 3. In this process, the spherical pendulum
is required to stay within the gap between two cones. As
shown in this figure, three types of controllers including the
geometric CLF min-norm, the original geometric control and
CLF-CBF-QP on S? are also compared. The first two haven’t
considered any safety and thus the pendulum would escape
the feasible region. While the CLF-CBF-QP controller helps
realize a safety-critical tracking on the configuration mani-
fold.

C. Safety-Critical Control Design of 3D Pendulum

The mechanical system considered here is a rigid body
attached to a pivot. Its configuration space is given by SO(3)

which is a matrix Lie group. Since the Lie algebra s0(3) is
uniquely identified with R3, we could still treat the tangent
space as R3. The system dynamics is given by the Euler
equation:

R=RQ

Q=JNJUxQ+ M)
where R € R3*3 and Q € R3.

Thus this system is fully actuated since the number of

independent forces equal to the manifold’s dimension. The

metric on the tangent space is given by (Qy,Q) = QT IO,
where 1, € R3. The configuration error is given by:

1 1
U(R,Ry) = 5tr(I— RYR), ep-= §(R§R - RTRy)Y

where the map -V : 50(3) - R3 is the inverse of -.
Then the compatible velocity error is computed as:
eq=0-RTRQy

where the desired body angular velocity Q4 = Rng.
The CBF and CLF for this case are shown below:

1 -
V= %eg ~Jeq + %owtr([— RIR) +cer-eq

where the vector S is defined as below:

pi_ _ pi
SO e A -
S=|R4 - Ri5|, where R" = R R
pi i
Ry~ Ry

Since the visualization of SO(3) is not quite intuitive, we
haven’t included any figure about simulation results.

V. CONCLUSION

The major contribution of this paper lies in extending
the notion of CLF and CBF to a general manifold of
simple, fully-actuated mechanical systems and developing a
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(a) Geometric CLF Min-Norm Control

(b) Original Geometric Control
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Fig. 3: Simulation of various controllers on the spherical pendulum system on S?, restricted to remain in a cone inclusion
area. As can be seen, for (a) geometric CLF min-norm, and (b) original geometric control, the system trajectory makes a
wide excursion, going outside the cone area defined by the circular reference trajectory, whereas for (c) CLF-CBF-QP, the
controller ensures the trajectory remains within a cone region while converging to the desired trajectory.

coordinate-free and safety-critical controller based on them.
By specifying the feasible region in terms of configuration
error, we are able to expand it to a larger one in the state
space where CBF could be directly applied. Then using
the quadratic Lyapunov function in geometric control as
a CLF, a state-dependent quadratic programming is set up
with constraints imposed by CLF and CBF. With the given
solution as the feedback term, the controller is able to
provide critical guarantee on safety while also maintaining
asymptotic stability. This is demonstrated in the simulations
of point mass and spherical pendulums systems.

Although we have considered only fully actuated systems
here, the proposed methodology can also be applied to
underactuated systems. We can also incorporate constraints
that are more complex, than the simple input constraints
considered here.

REFERENCES

[11 A. D. Ames, K. Galloway, K. Sreenath, and J. W. Grizzle, “Rapidly
exponentially stabilizing control lyapunov functions and hybrid zero
dynamics,” IEEE Transactions on Automatic Control (TAC), vol. 59,
no. 4, pp. 876-891, Apr. 2014.

[2] A. Ames, J. Grizzle, and P. Tabuada, “Control Barrier Function based
Quadratic Programs with Application to Adaptive Cruise Control,” in
IEEE Conference on Decision and Control, 2014.

[3] F. Bullo and A. Lewis, Geometric Control of Mechanical Systems, ser.
Texts in Applied Mathematics. Springer Verlag, 2004, vol. 49.

[4] F. Bullo and R. M. Murray, “Tracking for fully actuated mechanical
systems: a geometric framework,” Automatica, vol. 35, no. 1, pp. 17—
34, Jan. 1999.

[51 K. Galloway, K. Sreenath, A. D. Ames, and J. W. Grizzle, “Torque sat-
uration in bipedal robotic walking through control lyapunov function
based quadratic programs,” IEEE Access, to appear, 2015.

[6] Y. Kim and M. Mesbahi, “Quadratically Constrained Attitude Control
via Semidefinite Programming,” IEEE Transactions on Automatic
Control, vol. 49, no. 5, pp. 731-735, May 2004.

[71 Y. Kim, M. Mesbahi, G. Singh, and F. Y. Hadaegh, “On the Con-
vex Parameterization of Constrained Spacecraft Reorientation,” IEEE
Transactions on Aerospace and Electronic Systems, vol. 46, no. 3, pp.
1097-1109, Jul. 2010.

[8]

[9]

(10]

[11]

[12]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

T. Lee, M. Leok, and N. H. McClamroch, “Stable manifolds of saddle
equilibria for pendulum dynamics on S and SO(3),” IEEE Conference
on Decision and Control and European Control Conference, pp. 3915—
3921, Dec. 2011.

U. Lee and M. Mesbahi, “Spacecraft reorientation in presence of
attitude constraints vs logarithmic barrier potentials,” in American
Control Conference, San Francisco, June 2011.

S. Li, K. Li, R. Rajamani, and J. Wang, “Model predictive multi-
objective vehicular adaptive cruise control systems technology,” IEEE
Transactions on Control Systems Technology, vol. 19, no. 3, pp. 556—
566, 2011.

D. Maithripala, J. Berg, and W. Dayawansa, “Almost global tracking
of simple mechanical systems on a general class of Lie Groups,” IEEE
Transactions on Automatic Control, vol. 51, no. 1, pp. 216-225, Jan.
2006.

B. Morris, M. J. Powell, and A. D. Ames, “Sufficient conditions for the
Lipschitz continuity of QP-based multi-objective control of humanoid
robots,” IEEE Conference on Decision and Control, pp. 2920-2926,
Dec. 2013.

G. Naus, J. P. M. V. de Molengraft, W. Heemels, and M. Steinbuch,
“Design and implementation of parametrized adaptive cruise control:
An explicit model predictive control approach,” Control Engineering
Practice, vol. 18, no. 8, pp. 882-892, 2010.

S. Prajna and A. Jadbabaie, “Safety verification of hybrid systems us-
ing barrier certificates,” in Hybrid Systems: Computation and Control,
2004.

K. P. Tee and S. S. Ge, “Control of nonlinear systems with full state
constraint using a Barrier Lyapunov Function,” IEEE Conference on
Decision and Control, pp. 8618-8623, Dec. 2009.

K. P. Tee, S. S. Ge, and E. H. Tay, “Barrier Lyapunov Functions for the
control of output-constrained nonlinear systems,” Automatica, vol. 45,
no. 4, pp. 918-927, Apr. 2009.

A. Vahidi and A. Eskandarian, “Research advances in intelligent
collision avoidance and adaptive cruise control,” IEEE Transactions
on Intelligent Transporation Systems, vol. 4, no. 3, pp. 143-153, 2003.
A. Weiss, F. Leve, M. Baldwin, J. Forbes, and I. Kolmanovsky,
“Spacecraft constrained attitude control using positively invariant sets
on so(3) x r°,” in American Control Conference, 2014, pp. 4955—
4960.

A. G. Wills and W. P. Heath, “Barrier function based model predictive
control,” Automatica, vol. 40, no. 8, pp. 1415-1422, Aug. 2004.

R. Wisniewski and C. Sloth, “Converse barrier certificate theorem,” in
IEEE Conference on Decision and Control, 2013.



