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Prescribed-Time Safety Filter for a 7-DOF Robot
Manipulator: Experiment and Design

Alexander Bertino

Abstract—1In this research effort, we formulate a prescribed-
time safety filter (PTSf) for the case of a redundant manipulator
performing a fixed-duration task. This formulation, which is
based on a quadratic programming approach, yields a filter
that is capable of avoiding multiple obstacles in a minimally
invasive manner with bounded joint torques, while simultane-
ously allowing the nominal controller to converge to positions
located on the boundary of the safe set by the end of the
fixed-duration task. To demonstrate the efficacy of the proposed
method, we performed a series of simulations and experiments
on Baxter, a seven-DOF collaborative robot manipulator. In these
simulations and experiments, Baxter must follow a 6-s parabolic
trajectory as closely as possible while navigating around a large
spherical obstacle blocking its path and place an object precisely
on the surface of a table without overshoot by the end of the
6 s. The results of our simulations and experiments demonstrated
the ability of the PTSf to enforce safety throughout the 6-s task,
while allowing the robot manipulator to make contact with the
table and thus achieve the desired goal position by the end of the
task. Furthermore, when compared with the exponential safety
filter (ESf), which is the state-of-the-art in current literature, our
proposed method yielded consistently lower joint jerks. Thus, for
tasks with a fixed duration, the proposed PTSf offers performance
benefits over the exponential filters currently present in literature.

Index Terms— Control, prescribed-time safety filter (PTSf),
robotics.

I. INTRODUCTION

S THE usage of robot manipulators in collaborative

environments has dramatically risen in recent years,
ensuring that a robot manipulator is able to operate safely has
become an important goal for modern control systems [11],
[19], [24], [26], [48]. In this context, safety refers to the ability
of a robot manipulator to avoid dangerous collisions, both
with humans and other potential obstacles. To ensure safety
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during the operation of a collaborative robot manipulator,
safety must be considered at every level of the design and
operation of the manipulator. From a mechanical perspective,
collaborative robot manipulators should be designed to be
compliant, so that potential collisions are less damaging. From
a planning perspective, the reference trajectories generated
for collaborative robot manipulators should be designed to
avoid collisions with obstacles. From a controls’ perspective,
preventative torques should be applied to the manipulator
whenever necessary to avoid collisions with obstacles. In this
article, we focus our efforts toward this controls’ perspective,
and thus on the design of control torques that ensure the robot
manipulator remains within a user-defined safe set.

In the past several years, a large amount of research has been
devoted toward the design of control barrier functions (CBFs)
for robot manipulators [2], [10], [22], [23], [25], [28], [29],
[30], [35], [37], [40], [41], [43], [47], [50], [55], [57]. CBFs
function as a safety filter for a potentially unsafe nominal
controller, overriding the nominal control torques when the
boundary of the safe set is approached faster than a designed
convergence rate. Typically, this override torque is determined
via a quadratic program minimizing the difference between
the nominal and override torques, and thus CBFs can be
characterized as minimally invasive. The majority of CBFs
formulated for robot manipulators are based on the concept of
exponential safety filters (ESfs), which were first introduced by
Nguyen and Sreenath [45]. Using this method, the maximum
rate of convergence to the boundary of the safe set is limited
to be exponential, and consequently the robot manipulator can
approach but will never reach the boundary of the safe set.

While ESfs are designed to be minimally invasive, their
presence can interfere with the operation of set-duration tasks
when the goal position of the end-effector is located near the
boundary of the safe set. For an example of such a scenario,
one could consider a robot that brings a glass of water to
a patient’s mouth without risking the injury of the patient’s
teeth. Under ideal conditions such as zero initial tracking error,
a trajectory-tracking nominal controller operating in such a
scenario would converge to the desired goal position within
a fixed time that is governed by the design of the trajectory.
However, when an ESf is applied to this nominal controller,
the rate of approach to the goal position, which lies on the
boundary of the safe set, is limited to be exponential. Thus,
the manipulator will not reach the desired goal position by the
fixed time and will instead be located near the desired goal
position. After an additional period of time governed by the
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conservativeness of the ESf, the tracking error will become
negligible. Thus, in this circumstance, the ESf has destroyed
the prescribed-time convergence property of the nominal con-
troller and introduced uncertainty into the system as to when
the tracking error will become negligible. In circumstances
such as the provided example, the additional duration of
the task may not be a significant detriment, as the delay in
the patient receiving water is unlikely to be life-threatening.
However, there are numerous cases in which both safety and
timing are critical factors, and thus the limiting behavior of
the ESf is undesirable. Consider instead a robot manipulator
that is assisting with the surgery of a patient. In this case,
safety is desired to not further injure the patient or doctors,
but timeliness is also critical to preserve the life of the patient.
To address the time-critical aspect of scenarios such as these,
a considerable amount of research has been devoted toward
the development of control methods for robot manipulators
which are capable of guaranteeing an upper bound on the
convergence time, achieving convergence of tracking errors to
zero within a finite period of time [12], [20], [21], [27], [31],
[32], [33], [34], [36], [38], [39], [42], [44], [46], [49], [51],
[52], [53], [54], [56], [58], [59], [60], [61], [62]. When the
nominal controller is capable of ensuring convergence within
a finite time, enforcing a condition of exponential convergence
to the boundary of the safe set is counterproductive.

Using concepts from prescribed-time stabilization [51],
in which convergence to the desired setpoint is achieved
in a time explicitly prescribed as a controller parameter,
Abel et al. [1] have recently developed a prescribed-time
safety filter (PTSf) for a chain of integrators. Rather than
enforcing safety for an indefinite period of time, the PTSf
enforces safety only for a finite period of time that is explicitly
set as a filter parameter 7. Notably, this procedure allows the
nominal controller to reach the boundary of the safe set by the
end of the prescribed duration 7'. If the boundary of the safe
set is approached in this manner, all the temporal derivatives
of the system state will approach 0 as + — T, meaning the
convergence to the barrier will be infinitely soft. To achieve
this beneficial property, a scaling of the filter gains by a
function of time that grows unbounded toward the terminal
time is used. This approach can be interpreted as a safety filter
that becomes less strict as the terminal time is approached,
allowing the nominal controller to converge to states that are
nearby or even located on the boundary of the safe set.

In this research effort, we reformulate the PTSf initially
proposed by Abel et al. [1] for the case of a redundant
manipulator performing a fixed-duration task. This formu-
lation yields a filter that is capable of avoiding multiple
obstacles in a minimally invasive manner with bounded joint
torques, while simultaneously allowing the nominal controller
to converge to positions located on the boundary of the safe
set by the end of the fixed-duration task. Compared with
the formulation proposed in [1], our proposed method has
the advantage of being capable of handling systems with
multiple inputs, as well as systems with multiple obstacles
that must be avoided. In addition, it is important to note that
while the prescribed-time control of robot manipulators has
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been addressed in manuscripts such as [18] and [51], this
article is the first to address the design and experiment of
a PTSf for robot manipulators. To demonstrate the efficacy
of the proposed method, we perform a series of simulations
and experiments on Baxter, a seven-DOF collaborative robot
manipulator. In these simulations and experiments, Baxter
must follow a 6-s parabolic trajectory as closely as possible
while navigating around a large spherical obstacle blocking
its path and place an object precisely on the surface of a
table without overshoot by the end of the 6 s. To highlight
the ability of this method to allow convergence to the barrier
within a finite period of time, the nominal controller used
in both the simulation and experiment is a prescribed-time
controller which we previously formulated in [18]. The results
of our simulations and experiments demonstrate the ability
of the PTSf to enforce safety throughout the 6-s task, while
allowing the robot manipulator to make contact with the table
and thus achieve the desired goal position by the end of the
task. Furthermore, we compare the performance of the PTSf
method presented here to an ESf with a high gain, as well as
an ESf with a low gain. When performed on the same task,
the ESf with a high gain is able to make contact with the table
within the 6-s task, but exhibits a much higher jerk in the joint
torques than the PTSf in the beginning of the task. Conversely,
the ESf with a low gain exhibits similar jerk values to the PTSf
in the beginning of the task, but is not able to make contact
with the table within the 6-s task. Thus, the PTSf proposed
here outperforms the ESf when applied to fixed-duration tasks.

The organization of this article is as follows. In Section II,
we present a brief overview of the dynamics of Baxter’s right
manipulator. In Section III, we present the design of the PTSf.
In Section IV, we mathematically verify the ability of the
PTSf to enforce the invariance of the safe set, as well as the
feasibility of the proposed filter and boundedness of the filter
torques when safety is enforced. In Section V, we present
the results of the simulations and experiments performed
on Baxter. Finally, in Section VI, we present the case that
for tasks with a fixed duration, the proposed PTSf offers
performance benefits over the exponential filters currently
present in literature.

II. MATHEMATICAL MODELING

The redundant manipulator, which is being studied here, has
seven DOFs as shown in Figs. 1 and 2. Baxter manipulator’s
Denavit-Hartenberg parameters are shown in Table I provided
by the manufacturer. The Euler-Lagrange formulation leads
to a set of seven coupled nonlinear second-order ordinary
differential equations

M(@)i+C(q.4)g +Gq)+F(q) =1 (1

where ¢q,q,§ € R’ are the angles, angular velocities, and
angular accelerations of joints, respectively, and T € R indi-
cates the vector of joints’ driving torques. Also, M (q) € R7*7
is a symmetric mass-inertia matrix, C (g, ¢) € R”*7 is a matrix
of Coriolis coefficients, G(g) € R is a vector of gravitational
loading, and F(§) € R’ represents a vector of frictional
torques.
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Fig. 1. Seven-DOF Baxter’s arm at DSCL.
(@)
Fig. 2. Joints’ configuration. (a) Sagittal view. (b) Top view.
TABLE 1
BAXTER’S DENAVIT-HARTENBERG PARAMETERS
Link a; dl (67 q;

1 0.069 | 0.27035 | —7/2 Q1
2 0 0 /2 | g2+ 7/2
3 0.069 | 0.36435 | —7/2 qs
4 0 0 /2 U
5 0.010 | 0.37429 | —mn/2 qs
6 0 0 72 06
7 0 0.3945 0 qr

Our verified coupled nonlinear dynamic model of the
robot [3], [4], [5], [6], [7], [8], [9], [13], [14], [15], [16], [17]
is used as the basis of the PTSf approach.

ITI. PTSF FOR ROBOT MANIPULATORS

We consider the following state-space representation of (1):

- Ql Y
Q= [Qz} = [v(t)} @
in which we define
[o®] _[q0
e = [Qm} = [q‘(r)} )
v(t) =§(t) =M "(q)(x(t) — C(q.4)¢(t) — G(q) — F(4)-
4

The purpose of the proposed PTSF is to ensure that Baxter’s
end-effector remains within the following user-defined safe set
for the duration of the task:

H,={peRNni(p)>0,i=1,...,m} (5)
where

8%h; .

— >0 VpeR’, i=1,....,m (6)

ap?
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and p(q) € R? is the position of the end-effector in the
Cartesian coordinates, which is a function of the joint angles
q. Thus, we can redefine this safe set in terms of Baxter’s joint
angles

H={q e R'|hi(p(q)) =0,i=1,...,m}. (7)

In this formulation, the robot manipulator must prevent col-
lision between m obstacles, which each has a corresponding
CBF h;. As a consequence of (6), each of these obstacles must
be convex. This barrier is positive when there is no collision,
0 when the robot manipulator and the obstacle make contact,
and negative when the robot manipulator is within the barrier.
Thus, ensuring the joint positions of Baxter are kept within
the defined safe set (7) is equivalent to preventing a collision
between the end-effector and an obstacle. The goal of the PTSf
is formally defined as follows:

qt)eH Ytel0,T) ®)

where T > 0 is the user-defined duration of the prescribed-
time task, as well as the duration of enforcement of the PTSf.
To allow the robot manipulator to make contact with the
barrier at time 7, we use a scaling of the PTSf gains by a
function of time that grows unbounded toward the time T

T k
/,Lk(t) = (ﬁ) , t e [0, T), k e N. (9)

Note that the temporal derivative of this function can be
computed as
tel0,T), keN.

k
(1) = = i1 (1), (10)

T

Due to the relative degree of the CBFs h; being greater
than 1, we pursue a backstepping design to enforce the invari-
ance of (8). To this end, we define the following output
functions:

yir () = hi(p(q(?)))
dhi(p(q(1)))
dq

where y;;(t), yi2(f) € R and ¢ € R is a design parameter to be
determined. In this formulation, if we ensure that y;; and y;,
are initially positive and remain positive for the duration of the
prescribed-time task, the condition (8) will also be satisfied.
In order for y;;(0) > O, the system must initially be safe.
In order for y;»(0) > 0, we must choose

A ]

Y

yio(t) = q(@) + cpa(t) yi (1) 12)

13
yi1(0) (1)

To ensure that y;; and y;, remain positive in the interval ¢t €
[0, T), it is necessary to examine their underlying dynamics

(14)

c > max[O, —

Vit = —Clayit + Yi2
. 2 it . .t0%yi. i
0= —cuayil + ca——q + + =
Yiz = pCH3Yin T CHla oq qT4q 9¢° q oq v
where (14) is obtained from rearranging (12), and (15) is
obtained from taking the temporal derivative of (12) and
applying (10). To enforce the positivity of h; and h, for

15)

Authorized licensed use limited to: Miroslav Krstic. Downloaded on July 31,2023 at 21:54:32 UTC from IEEE Xplore. Restrictions apply.



BERTINO et al.: PRESCRIBED-TIME SAFETY FILTER FOR A 7-DOF ROBOT MANIPULATOR: EXPERIMENT AND DESIGN

t € [0,T), we permit only v(z) such that the following
condition is satisfied:

Yio+cmayin =0, i=1,...,m. (16)

In Section IV, we will show that this is a sufficient condition
for the positivity of h; over the duration ¢ € [0, T).

Before presenting the design of the PTSf, we first reformu-
late (16) in terms of the CBFs #;, as well as the joint angles
q and joint velocities ¢. To this end, we first obtain several
derivatives of the CBFs with respect to the joint angles

LI (17)
g op 1
3%h; 3%h; oh; .
LT i .TJT zJ . _IJ . 18
—3q2q q (61)—ap2 (9)g + op (9)q (18)
in which
9p(q)
J(@) = ’;—(" (19)
q
7
. daJ(q) .
i@=> 8—qf’qi (20)

i=1

where J(g) € R3>*7 is the Jacobian of the end-effector.
We make the following assumption of its structure.

Assumption 1: There exists a positive constant a3, > 0 such
that the minimum singular value of the end-effector Jacobian
J(gq(t)) satisfies the following inequality:

omin(J(q(1))) = o, V1 €[0, 7). 1)

Then, we substitute (11), (12), (15), and (17)—(19) into (16)
to obtain

blv>a, i=1,....,m (22)
where
o, Oh . Ohi Lo
a==q J (q)537(q)q =714
)% ap
2 oh; )
—cu3| = +cpr Jhi — 2cua—J(q)g  (23)
T op
ah;
bl = —J(q). (24)
ap

To enforce safety for the prescribed duration 7 in a
minimally invasive manner, we apply the PTSf, formulated
as a quadratic program minimizing the difference in joint
acceleration caused by the filtered and nominal control torque

Vaafe = arg minf|w — vyoml|* (25)
weR?
st.hjw>a, i=1,...,m (26)

where

Voom = M ™' (@) (thom — C (9. 4)§(t) — G(q) — F(4)) (27)

and T,y is the nominal control torque. The filtered control
torque can then be determined as

Taafe = M(q) Vsate + C(q’ CI)CI(I) +G(g)+ F(‘])

We can now state our main result.

(28)
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Theorem 1: If q(0) € 'H, and the controller parameter
c is chosen such that (13) is satisfied, then the filtered
controller (23)—(28) applied to the system (1) ensures that
q(t) € H,Vt € [0, T). Furthermore, the filtered torque Ty
is uniformly bounded provided that the nominal torque Tpom
is continuous in ¢ and Lipschitz in Q.

IV. PROOF OF THEOREM 1

To prove the invariance of the set H during the interval
t € [0,T), it is first necessary to show that the linear
inequalities (26) always have a jointly feasible solution. To this
end, we construct the following feasible solution:

Vieasible = —2¢i2g — J (@) T (@)§ (29)

where J1(q) is the Moore-Penrose pseudoinverse of J(g).
Note that due to Assumption 1, J(g) is nonsingular, and thus
J(g)JT(g) = I. Substituting (29) into the condition (26)
yields

1o, L0%h; . 2
0=—¢ J (@)= J(@g—cus\ = +cp )hi.  (30)
ap T
Using the property (6), we can further simplify this inequality

2
0> —C,u3(? + cm)hi (€1))
and thus we determine that for ¢(¢#) € H, (26) has a jointly
feasible solution.

Next, we show that ¢(0) € H ensures that g(¢) € H, Vt €
[0, T). Through the application of the comparison Lemma to
(15), we obtain the following inequality:

yia(t) = yia (eI > 0 Vi e[0,T).  (32)
Integrating (14) from O to ¢, and substituting this inequality
yields

t
yil(t) = yil(o)ecT(l—;Ll(t))+/ ecT(m(S)—/m(t))yiz(s)ds
0

> ;1 (0)eTI=®) 5 0 vr e [0, T). (33)
Through applying the relationship (11), we obtain
hi(t) >0 Vtel0,T) (34)

and thus ¢g(t) € H,Vt € [0, T).

We now pursue the uniform boundedness of the filtered
control law (23)—(28). We partition the time horizon [0, T")
into separate intervals based on which CBFs h; are active
at time ¢. To this end, we define at time ¢ the set of active
constraints A(z) as

Ay ={i € L,...,m|b] O)vare®) = a; (1)} (35)
where a;(t) and bl.T(t) are defined in (23) and (24), respec-
tively. Then, we define the partition times #;

. min{t,_; <t < T : Aty) # Alti_1)},
A otherwise
(36)

if it exists
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for k € N with 5 = 0 where

[0,T)= U [t tr1)-

keNUI{0}
e <T

(37

We have constructed this partition such that the filtered control
law (23)—(28) remains continuous at f;.

We now examine the behavior of vge in the partition
[#, ter1). If we have the condition A(f) = ¢, then no
constraints are active during this interval, and thus we have
Vaafe (f) = Vnom () which is uniformly bounded.

If we have the condition A(%) # @, then at least one
constraint is active during the interval [#, #x+1) and we do not
necessarily have vgfe = Vpom. To determine a bound for vgage
in this case, we first investigate the boundedness of the active
CBFs h; where i € A(f;). For each active barrier function,
the output functions y;;(f) and y;»(¢) satisfy the following
differential equations:

Vi1 (t) = —cpa () yin (1) + yia (1) (38)
Vio(t) = —cua(t)yia(1). (39)
Integrating these equations from #; to ;4 yields
Yir(t) = Qi) + tyia(1))ecT (WO (40)
Yia (1) = yio(t)ecT P =), 41

Then, (40) can be substituted into (11) to obtain an expression
for h;(¢t) and can l?e differentiated with respect to ¢ to obtain
an expression for #;(t)

hi(t) = (ia(ty) + tyin(ty))e T W@ =m®) (42)
hi(1) = —cpa(t) (yia(ti) + tyia () )e T #1711
+ y,-z(tk)ec”’“(’”_”1(’)). (43)

Due to the negative dominating behavior of the exponentials
in (42) and (43), it can be seen that /;(r) and A;(r) remain
bounded within the interval [#, t;). Furthermore, if ;| =
T, we can use I’Hopital’s rule to determine the behavior of
the active CBFs as the terminal time is approached

lim h;(r) = lim hi(r) =0 Vi € At). (44)
t—>T- t—T-

Thus, the active CBFs remain bounded in the interval [z, ;1)
and approach 0 if fry1 =T.

Using the boundedness of h;(t), we now investigate the
boundedness of ¢ and ¢ within the interval [#, #;1). Dif-
ferentiating the expression h; (p(q(¢))) yields

. ag . .
hi=——J(@q=blq (45)
ap
where b,T is initially defined in (24). Thus, the component of ¢
that is parallel to b is bounded and approaches 0 if #; = T.
As this property holds for each b;" where i € A(#), we deduce
the following properties of g:

|Bq} < oo Vte [lk,lk+1)
lim Bg =0, if

t—T~

(46)

i1 =T (47

where B is a projection matrix to the minimum subspace
spanned by the vectors b where i € A(f). Using this
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projection matrix, we separate ¢ into the components that lie
within and outside of this minimum subspace

g=q)+4. (48)
where

41 = Bq 49)

g1 =U-DB)g. (50)

From integrating ¢, we can additionally obtain the bounded-
ness of g = Bq.

Next, we obtain the boundedness of ¢, and ¢,. We make
use of the fact that since vy is obtained via quadratic
programming, the difference between the safe and nominal
control vgfe — Vpom lies in the subspace spanned by B, and
thus we have Vg | = Vhom, 1. This property can be verified by
contradiction, as for every feasible solution where this property
does not hold, a feasible solution with a lower value of the
objective function ||w — Vpom||> can be obtained via eliminating
the perpendicular component of w — vyon. Thus, ¢, and ¢
satisfy the following differential equations:

41 =41 on
G1 = Vnom,L- (52)

As Vpom is continuous in ¢ and Lipschitz in Q, and ¢ and
g, are bounded, these differential equations can be integrated
from #; to t;4; to simultaneously obtain the boundedness of
Vnom»> g1 and ¢, and consequently ¢ and g.

To determine a bound for vy, we first investigate the
boundedness of the following feasible solution:

Var = —2¢paq ) — I (@) I (@)d (53)

in which we have replaced ¢ in the first term of (29) with ¢,
noting that this does not alter the feasibility of the solution.
Through the application of Assumption 1, it can be observed
that the second term in (53) is bounded in the interval [#;, f341).
To bound the first term in (53), we use I’Hopital’s rule to
obtain the following limit:

tlir;l_ wOhi(t) =0 Vi e A®). (54)

Applying this limit and (45) to the first term in (53), it can
be observed that this term and consequently v, are bounded
within the interval [#, t;,1).Then, it can be seen from (25)
that we must also have

(55)

2
Vsafe < || Valt — Vnom|

and thus vg,g is bounded in the interval [#, f,+1). As we have
determined that vge is bounded in each interval [#y, fx+1),
we conclude that vgp. and consequently Tgf are uniformly
bound in the interval [0, T).

V. SIMULATED AND EXPERIMENTAL RESULTS

To assess the performance of the proposed PTSf approach,
we perform both the simulations using the ODE methods
on Baxter’s dynamic equation (1), as well as experiments.
In both the simulation and experiment, Baxter must track
a 6-s trajectory designed for a pick-and-place task in [13],
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while simultaneously avoiding collision with a large spherical
obstacle blocking the trajectory and placing its held object
precisely on the surface of a table. It is important to note that
this trajectory was designed such that the maximum required
torque to follow the trajectory when there are no obstacles
to avoid is much less than Baxter’s maximum torque output.
Due to this conservative specification, Baxter’s maximum
torque output does not affect the results of our simulations
and experiments. To highlight the ability of this method to
allow convergence to the barrier within a finite period of
time, the nominal controller used in both the simulations
and experiments is a prescribed-time controller which we
previously formulated in [18]. As we demonstrated in this
earlier work, this prescribed-time nominal controller is capable
of achieving zero tracking errors by the end of the 6-s desired
trajectory. Thus, our simulations and experiments will serve
to demonstrate the ability of the proposed PTSf method to
allow convergence to the barrier within a finite period of time.
Furthermore, we compare the performance of the PTSf method
presented here to an ESf with a high gain, as well as an ESf
with a low gain to highlight the strengths of the proposed
method.

In the simulations and experiments, the CBF preventing
collision with the spherical obstacle is formulated as

2

hi(p(@) = | P(@) = Psphere|5 = Rippere (56)

where pgphere € R3 is the position of the sphere, and Rphere €
R is the minimum safe distance between the robot manipu-
lator and the center of the obstacle. We formulate the CBF
preventing collision with the table as

ha(p(q)) = p(q) - (0,0, 1) — Zeple

where zghe € R is the height of the table. For the PTSf,
we set the controller parameter as ¢ = 1.2. To prevent
numerical issues arising from using an unbounded scaling of
the gain u,, we clip this scaling at a maximum value Uy max =
6.25. A consequence of this modification is that the robot
manipulator is allowed to reach a small neighborhood of the
barrier as the terminal time is approached, rather than reaching
the barrier exactly as when using an unbounded gain. For our
6-s task, this maximum is reached after 3.6 s of operation and
was chosen so that the previously mentioned neighborhood
is negligible, and thus performance is qualitatively similar to
that of using an unbounded gain. For the nominal controller,
we use the same controller parameters as in [18], so that the
interested reader can compare the performance of the PTSf +
nominal controller to that of the nominal controller alone.

To convert our formulation of a PTSf into that of an ESf,
the following expression can be used in substitute of (23):

(57)

ST 4T 32h[ . 8hl - .
diest =—q J (@) ——=J(@)q — ——J(@)q
dp dp
2 ahi .
—2p"hi =3p—J(q)q (58)
ap
with p > 0. For our high gain ESf, we set p = 4 so that

the high gain ESf + nominal controller can achieve negligible
tracking error at the end of the 6-s task. For our low gain ESf,

1767

we instead set p = 1.5 so that the low-gain ESf begins to take
evasive action at the same instance of time as the proposed
PTSt.

From Fig. 3, it can be observed that the proposed PTSf suc-
cessfully avoids the spherical obstacle in both the simulation
and experiment, while simultaneously placing the held object
precisely on the table at the end of the 6-s task. Check the
DSCL YouTube Channel, at https://youtu.be/yRr6D20FSeQ,
for the video of Baxter performing the experiment. Fur-
thermore, the magnitude of the torque applied by the PTSf
gradually increases as the spherical obstacle is approached,
indicating that the control action is smooth and that the mag-
nitude of the joint jerks of Baxter is not large. In comparison,
the ESf with a high gain is also successful at placing the held
object precisely on the table. However, the magnitude of the
torque applied by the PTSf increases much more rapidly as
the obstacle is approached, indicating a sharper discontinuity
in the control action and higher joint jerks. Conversely, the ESf
with a low gain appears to have joint jerks with a similar mag-
nitude as that of the proposed PTSf, but is unable to achieve
zero tracking error by the end of the 6-s task. Unlike both the
PTSf and the ESf with a high gain, the ESf with a low gain
becomes active toward the end of the task, limiting the rate of
approach to the table to a slow exponential approach, rather
than the prescribed-time approach governed by the nominal
controller. The ability of the PTSf to behave in a desirable
manner in both avoiding the spherical obstacle without high
joint jerks and placing the held object precisely on the table
at the end of the 6-s task can be traced back to the design of
the output function y;>(#) in (12). As both y;;(¢) and y;»(¢)
must remain positive to ensure safety, the scaling function
o (t) allows the robot manipulator to approach obstacles more
quickly as the terminal time is approached, thus causing the
PTSf to become less conservative. Thus, the PTSf behaves
similar to the low gain ESf in the beginning of the procedure,
and similar to the high gain ESF in the end of the procedure.
The distance between the end-effector and the nearest obstacle
in both the simulation and experiment can be more closely
observed in Fig. 4. While the PTSf and high gain ESf are
able to place the held object precisely on the table, the low-
gain ESf instead holds the object roughly 1 cm above the
table by the end of the 6-s task. In addition, it is notable to
mention that the ESf with a low gain appears to behave much
more conservatively in the experiment than in the simulation,
maintaining a large distance between the end-effector and the
spherical obstacle. This is likely due to a discrepancy between
the modeled and actual friction in each joint of Baxter and is
more apparent when the filter gains are not large enough to
counteract their contribution.

In Fig. 5, the magnitude of the difference between the
nominal and filtered joint torques, ||Tsafe — Tnom|l2, Can be seen.
It can be observed from this figure that the PTSf and the low-
gain ESf become active after around 1 s of operation, whereas
the high-gain ESf becomes active after around 2 s of operation.
To avoid collision with the spherical obstacle while reacting at
a later time, the high-gain ESf ramps up in magnitude much
faster than the PTSf and low-gain ESf, indicating larger joint
jerks during the operation of the robot manipulator at this time.
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Fig. 3. Simulations (left column) and experiments (right column) of Baxter following a pick-and-place trajectory while avoiding multiple obstacles, using
(a) and (b) PTSf, (c) and (d) ESf with a high gain of p =4, and (e) and (f) ESf with a low gain of p = 1.5. At t = 3 s, the end-effector trajectory takes a
major turn from moving up to moving below the spherical obstacle.
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Fig. 4. (a) Simulated and (b) experimental distance between the robot
manipulator and the nearest obstacle.
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Fig. 5. Magnitude of the difference between the nominal and filtered joint

torques in (a) simulation and (b) experiment.

After around 4 s of operation, each safety filter rapidly drops
in magnitude. This period in time corresponds to the end-
effector quickly passing under the spherical obstacle, meaning
that the obstacle is no longer blocking the end-effector from
approaching the reference trajectory. Thus, this large change
in magnitude of each safety filter is primarily due to the shape
of the obstacle CBF, as well as the nominal controller rather
than the convergence properties of the used safety filter. It is
important to mention that at this instant, the safety filter with
the highest experienced joint jerks is the low-gain ESf. This is
due to the conservative low gains of the ESf keeping the end-
effector further from the reference trajectory in the beginning
of the task, resulting in a larger nominal control torque to drive
the system back toward the reference trajectory. During the last
2 s of the task, the low-gain ESf maintains operation with a
small magnitude, while both the high gain ESf and the PTSf
do not noticably interfere with the motion of the end-effector
at this time.

The experimental, simulated, and desired joint trajectories
of Baxter can be seen in Fig. 6. To avoid the large spherical
obstacle, joints 1 and 3 experience large deviations from the
desired trajectory, with the low-gain ESf experiencing the
largest tracking errors. After this large deviation, the joint
trajectories smoothly converge back to the desired trajectory.
Observing Fig. 7, it is possible to see the convergence behavior
of each method in more detail. While the tracking errors for
the PTSf and high-gain ESf reach negligible values, there is a
residual tracking error of roughly one degree on joint 2 for the
low-gain ESf. This joint is primarily responsible for the height
of the end-effector, and thus this tracking error is present due
to the low-gain ESf limiting the rate of approach to the table.

The experimental and simulated joint toque input signals
of Baxter can be seen in Fig. 8. It is important to note that
these torques are significantly lower than the maximum torque
output of Baxter’s joints, which are 50 N - m for joints 1-4,
and 15 N - m for joints 5-7. Thus, none of the tested methods
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Fig. 6. (a), (¢), (e), (8), (i), (k), and (m) Simulated and (b), (d), (), (), (j), (D,
and (n) experimental joint trajectories of Baxter. At t = 3 s, the end-effector
trajectory takes a major turn from moving up to moving below the spherical
obstacle.

poses the risk of torque saturation. Furthermore, while the
presence of noise in angular velocity measurements has caused
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Fig. 7. Simulated (left column) and experimental (right column) tracking
errors of Baxter when using (a) and (b) PTSf, (c) and (d) ESf with a high
gain of p =4, and (e) and (f) ESf with a low gain of p = 1.5.

similar variations in the experimental joint torques, these
torques still exhibit moderate continuity and do not appear
to be affected by chattering. There does not appear to be a
large difference between the tested methods with regards to
their susceptibility to noise, as each curve appears to have a
similar degree of “fuzziness.”

The simulated joint jerks of Baxter when the safety filter
is active can be seen in Fig. 9. In the beginning of the task,
the joint jerk from the high-gain ESf is an order of magnitude
larger than either the PTSf or the low-gain ESf. As the task
progresses, the jerk from the high-gain ESf becomes nearly
identical to that of the PTSf, due to the end-effector following
along the surface of the spherical obstacle. At the end of the
task, both the PTSf and the high-gain ESf have a negligible
joint jerk compared with the low-gain ESf, which actively
limits the rate of approach of the end-effector to the surface of
the table. Across the duration of the task, the PTSf consistently
achieves the smallest joint jerks out of the tested methods, only
increasing in magnitude due to the influence of the shape of
the obstacle and the trajectory tracking task.

It is important to note that the path of the end-effector when
using a PTSf, as with CBF approaches in general, depends
on the structure of the barrier functions k;. For example in
Fig. 10(a), lowering the center of the spherical obstacle by
120 mm causes the end-effector trajectory to go over the
spherical obstacle rather than below it. Furthermore, as the
quadratic programming filter strategy (25), (26) is a local
optimization scheme, it is possible for the end-effector to get
stuck on an obstacle even when there is a valid path back to the
reference trajectory. In Fig. 10(b), by lowering the spherical
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obstacle precisely 67 mm, the end-effector is no longer able to
return to the reference trajectory. Even in this case however,
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Fig. 9. (a)—(g) Simulated joint jerks of Baxter, shown when the safety filter is
active. At t = 3 s, the end-effector trajectory takes a major turn from moving
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Fig. 10. Simulations of Baxter following a pick-and-place trajectory while
avoiding multiple obstacles, using a PTSf. In (a), the center of the spherical
obstacle is lowered 120 mm, resulting in the end-effector going over the
spherical obstacle. In (b), the center of the spherical obstacle is lowered exactly
67 mm, resulting in the end-effector being unable to reach its destination. Note
that in this case, the end-effector still travels along the surface of the spherical
obstacle without exiting the safe set.

the end-effector does not violate the safe set, and instead gently
comes into contact with the spherical obstacle at the end of
the 6-s task. The primary purpose of our proposed PTSf and
ESfs and other CBF-based approaches is to ensure the system
does not leave the safe set in a minimally invasive manner.
In the context of safety, these approaches should not be seen
as a substitute for path-planning, but instead as an additional
layer of safety, ensuring the system remains safe even when
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the system does not perfectly follow the reference trajectory,
or if the reference trajectory is not suitably designed to prevent
collision with obstacles.

VI. CONCLUSION

In this research effort, we reformulated the PTSf initially
proposed by Abel et al. [I] for the case of a redundant
manipulator performing a fixed-duration task. This formulation
yields a filter that is capable of avoiding multiple obstacles in a
minimally invasive manner with bounded joint torques, while
simultaneously allowing the nominal controller to converge
to positions located on the boundary of the safe set by the
end of the fixed-duration task. To demonstrate the efficacy of
the proposed method, we performed a series of simulations
and experiments on Baxter, a seven-DOF collaborative robot
manipulator. In these simulations and experiments, Baxter
must follow a 6-s parabolic trajectory as closely as possible
while navigating around a large spherical obstacle blocking its
path and place an object precisely on the surface of a table
without overshoot by the end of the 6 s. To highlight the
ability of this method to allow convergence to the barrier
within a finite period of time, the nominal controller used
in both the simulation and experiment is a prescribed-time
controller which we previously formulated in [18]. The results
of our simulations and experiments demonstrated the ability
of the PTSf to enforce safety throughout the 6-s task, while
allowing the robot manipulator to make contact with the table
and thus achieve the desired goal position by the end of the
task. Furthermore, when compared with the ESf, which is
the state-of-the-art in current literature, our proposed method
yielded consistently lower joint jerks. Thus, for tasks with a
fixed duration, the proposed PTSf offers performance benefits
over the exponential filters currently present in literature.
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