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Abstract— This paper proposes an optimization-based control
framework for the torque-controlled robot, which can satisfy
the joint position, velocity, and acceleration constraints under
a bounded jerk. The optimization filter is incorporated as a
module to modify the nominal controller output to ensure
joint constraints. To formulate the optimization problem as
a QP, the torque optimization problem is converted to the
jerk optimization problem using the augmented state, and the
constraints are reformulated to be affine in the jerk. Here, the
viable constraints are derived using the time-optimal braking
policy to guarantee the feasibility of the QP. The proposed
method was validated in simulation and with a 6-DOF robot
manipulator.

I. INTRODUCTION

One of the practical challenges in operating robot ma-
nipulators is that they must comply with constraints. Typi-
cally, robot joints have bounded physical quantities such as
position, velocity, and acceleration constraints. Acceleration
constraints may be indirectly constrained by the conse-
quences of other constraints, such as the torque constraint
[1]. In addition, a bounded jerk is often desirable for smooth
trajectories, which can reduce mechanical wear and stress in
the actuation system [2]. A recent robot manipulator, Panda
by Franka Emika, monitors the violation of the jerk limit in
the internal controller.

Joint constraints with bounded jerk are usually treated at
the trajectory planning level [2] so that the time-optimal
tracking can be achieved under the given path. Recently,
as robot manipulators share the workspace with the human
worker, the Online Trajectory Generation (OTG) has been
proposed to replan the trajectory [3]-[5] under the jerk limit
for the safety and comfort of the human. Based on the
braking strategies [6] (with task scaling methods [2]), the
desired velocity or velocity constraints could be computed
online. However, the methods at the planning level require a
motion planner that can generate the desired waypoints and
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may not be valid for the general controller, e.g., the low-
gain task space PD controller, not a high-precision motion
controller.

To satisfy the joint constraints with more general robot
controllers, they should be considered at the control level.
Optimization-based approaches, particularly Quadratic Pro-
gramming (QP), have been used to ensure robot constraints
[71, [8]. In this optimization problem, robot constraints are
often reformulated in terms of the optimization variable (con-
trol input) using the Control Barrier Function (CBF) [9]. The
CBF-based safety filter is a widely used modular approach to
secure robot constraints that modifies the dangerous nominal
control input in a minimally invasive manner [10], [11].
However, the CBF may suffer from constraint conflicts unless
the CBF is obtained by constructing the control invariant set
[12]. The admissible sets [13] or sufficient conditions [14] for
only the joint position, velocity, and acceleration constraints
could be obtained and included in the QP without conflict.
Similarly, if the jerk constraints are newly incorporated, the
feasibility of QP must be considered again.

This paper proposes an optimization-based control frame-
work that can satisfy the joint constraints of torque-controlled
robot manipulators under bounded jerk. First, the torque op-
timization problem is transformed into the jerk optimization
problem by augmenting the system’s state. Other methods
that utilize control dynamics include [15], [16] where input
constraints are regarded as state constraints. However, it is
unclear whether these can include the derivative of the input
(i.e., jerk) without constraint conflicts. To ensure feasibility,
in this paper, viable constraints are derived in closed form
using two types of braking policy with the time-optimal
braking policy. To the best of the authors’ knowledge, this
paper is the first study that could satisfy the joint constraints,
including the jerk constraints, at the control level with a fea-
sibility guarantee. The proposed method was also validated
with simulation and a 6-DOF industrial collaborative robot.

The paper is organized as follows. Section II states the
problem with the preliminary. The proposed method is
presented in section III. It is validated in simulation and
experiments in sections IV and V, respectively. The paper
concludes with a discussion in section VI.

II. PROBLEM DEFINITION & PRELIMINARY
A. Problem Definition

Consider the robot manipulator dynamics, which can be
modeled as follows:

Te = M(q)G + b(q,q), (D
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where 7. € R"™ is the joint torque, M(q) € R™*™ is the
inertia matrix, and b(q,q) € R™ is the lumped force that
includes the centripetal, Coriolis, and gravitational forces.
The torque 7. is designed to achieve the desired performance
of the robot but may cause the joint constraints to be violated.

This paper aims to synthesize an optimization-based con-
troller that modifies the nominal control input when it tries to
violate the joint constraints. To be used seamlessly with any
nominal controller, the filter (also known as a safety filter)
could be integrated as a module, as shown in Fig. 1(a). It
can ensure the joint constraints by solving the optimization
problem formulated as follows:

TS =

2 = argmin||7. — 74| 2)

Te

s.t. — giim < ¢ < Qlim

_QIim < q < qlirrl

_dlim < q < ijlim

—(1im < ¢ < Qim

where 74 € R" is the desired joint torque which comes from
the nominal controller and ¢, ¢, §, ¢ € R™ are the joint po-
sition, velocity, acceleration, and jerk variables, respectively.

However, there are two challenges in handling the op-
timization problem when considering the jerk constraint.
First, we cannot analytically represent the jerk constraint as
an algebraic function of the input (torque or acceleration)
because the jerk constraint is of higher order than the input.
To formulate the optimization problem as a QP that allows
for real-time computation, the jerk constraint must be affine
with respect to the optimization variable.

Second, the feasibility of the optimization problem must
be ensured: a possible optimization variable must exist that
satisfies all optimization constraints. It is well-known that
conflicts between constraints can arise in optimization-based
control problems, particularly when input constraints are
involved [12]. Consider a scenario in which a car is braking
to avoid a collision. The driver must initiate braking while the
distance from the obstacle is still greater than the required
stopping distance, as the braking force, determined by the
friction between the tires and the road, is inherently limited.
If the braking initiation time is delayed, collision avoidance
becomes impossible because a braking force greater than
the maximum available would be required. Similarly, under
limited input, even if the current system satisfies the con-
straints, there may be no feasible input in the future to secure
the constraints. To ensure feasibility, the constraint must be
reformulated into a viable form that does not conflict with
the input constraints.

3)

B. Preliminary

Before explaining the proposed method, the set invariance
approaches, including Nagumo’s theorem and the CBF, were
briefly reviewed. The set invariance means the trajectory
starting in the invariant set will never leave the set [17]. Thus,
the constraint insurance can be mathematically formulated
based on the set invariance approach by defining the set based
on the constraints.

For a dynamical system & = f(z), assume that the set C
is the superlevel set of a smooth function & : R® — R, i.e.,
C ={z € R": h(z) > 0} with 2%(z) # 0 for all = such
that h(x) = 0 satisfying

h(z) >0 forxzeC
h(z) =0 forx € dC 4)
h(z) >0 for z € Int(C).

Then, Nagumo’s theorem states the necessary and sufficient
condition for set invariance based upon the derivative of a
function h on the boundary of the set C as below:

C is invariant < h(z) >0 Vz € C.

The above condition matches directly to prevent the system
from escaping the set C.

In this manner, extending Nagumo’s Theorem, the CBF
has been researched as an extension of the “control” ver-
sion that takes a similar intuition about the set invariance.
Consider a nonlinear affine control system as

&= f(z) +g(x)u, (5)

where f and g are Lipschitz, x is the state, and u is the
control input of the system.

If it can be guaranteed that x(¢) € C for all £ > 0 for any
zo € C, then the set C is said to be forward invariant. Here,
the Lipschitz function h(x) is a CBF if there exists extended
class Ko, function' a

sup \l; +a(h) > 0. (6)

ueUd
Sk (f(@)+g()u)
If the control input u € U satisfies the above condition, i.e.,
Sh(f(x) + g(x)u) + a(h) > 0, then the set C is forward
invariant (refer to [9] for a more rigorous analysis).

III. PROPOSED METHOD

This section introduces the proposed method. First, the
overall control structure is explained, and the optimization
filter is proposed to ensure joint constraints.

A. Overall control structure

For the simulation environment, the proposed method
consists of the nominal controller and the optimization filter,
as shown in Fig. 1(a). The nominal controller can be designed
to satisfy the desired robot control performance, and the
optimization filter will reshape the nominal controller output
to satisfy the joint constraints.

However, the proposed method would not be valid in
real-world applications for two reasons. First, many robot
manipulators usually suffer from the uncertainty of the model
in (1), such as friction. Under the model uncertainty, the
constraints in (3) could not be satisfied since the robot
dynamics is used when converting the constraints into the
optimization variable. Second, the constraints in (3) would

A extended class Koo function is a strictly increasing function o : R —
R such that «(0) = 0 and lim «a(r) = co.
rT—00
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Fig. 1. Overall control framework.

require the current joint acceleration and its derivative, i.e.,
the jerk, which is often immeasurable or noisy.

To address the issues, this paper used the nonlinear ro-
bust internal-loop compensator (NRIC) structure [18], which
could bring nonlinear H., optimality to robot controllers
such as PD controller and impedance controller. As shown
in Fig. 1(b), the nominal plant is newly introduced, which
is simulated with each control step, and the nominal plant
can easily achieve the desired performance because it is not
affected by any model uncertainty (when the optimization
filter is not used). Then, the robustness can be imparted to
the real plant by adding a simple PID-type auxiliary input
to the real plant as

Ta — 7K7’(é’r’n + errn + Ki/ern)a (7)

where e, = ¢ — g, and ¢,, g, are the displacement
vector of the real plant and nominal model, respectively.
Namely, combining the NRIC structure can address model
uncertainty issues. In addition, the optimization problem
is designed for the nominal plant whose acceleration and
jerk can be accurately calculated. By the NRIC structure,
under the model uncertainty and noisy signal, the real plant
would try to behave as the nominal plant that satisfies the
joint constraints. In this paper, the optimization filter will
use the nominal plant signal, omitting the subscript “n” for
simplicity.

The following two subsections reformulate the optimiza-
tion filter in (2). First, the optimization problem is refor-
mulated by changing the optimization variable from the
joint torque to the joint jerk. Then, each joint constraint is
replaced by a viable constraint to guarantee the feasibility
of the optimization. The optimization constraints derived
from the viable constraints become affine with respect to
the optimization variable (jerk), which leads to QP. Finally,
the allowable torque input can be derived from the solution
of the optimization problem, which is the optimal jerk.

B. Objective function reformulation

In this subsection, the objective function in the optimiza-
tion problem is reformulated in terms of joint jerk instead of
joint torque. For this purpose, the system state is extended
by introducing the internal control dynamics. First, the state
of the system is denoted as = = [¢T, ¢7]7 and the dynamics
can be written as

b= (3) = (—Mlgz)b(q,q)) - <M01<q>) e ®)

f(@) g(z)
Then, the control dynamics is modeled as

T, = (Onxn> + (Inxn) Uc (9)
fe(ze) ge(e)

Te = he(z, 2c) = M(q)xc + b(q, ¢), (10)

where . = §, u. = ¢. The augmented state equation is
given as

() ) )

f=(2)

92(2)

(11)
where z = [¢7,47,¢"]T is an augmented state. With a

simple derivation, it can be easily seen that the augmented
state equation is the triple integrator system as f, =
[qT7 qu OZXI]T’ 9= = [Orj;xh 03;><1> 1£><1]T

Based on the equation of the augmented state, the objective
function (2) needs to be rewritten in terms of the joint jerk w..
First, using the system dynamics (1), the objective function
is equivalent to

Tc*aij* = argn}in HM((] - qd)”v

Te,q

(12)

where Gy = M ~1(74—b) and 7 is the output of the nominal
controller. Then, the surrogate? represented with the jerk u,
is suggested such that minimizing it tends to minimize the
objective function in (12) as

ur = argmin || M (ue — uca)l|, (13)
where weq = ¢ 43— (G — Ga)- (14)

It is noted that minimizing this objective function tends to
minimize the (12) as the following proposition.

Proposition 1. Under the jerk u. = u. g4, it follows that
Jim (1) - Ga(t)) = 0, (1s)
which minimizes (12).

Proof: Since u. = u. 4, the error e, (t) = §(t) — da(t)
satisfies ¢é,(t) + ve, = 0 from (14). Thus, § converges
exponentially to Gy which minimizes (12). O

Remark 1. [t can be difficult to analytically obtain the
desired jerk ¢ 4 in (14). Instead, if the control time duration

2The surrogate is the specific case of the one proposed in [16, IV-B].
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Fig. 2. The velocity and acceleration trajectory using the time-optimal
stationary braking policy. It uses four types of jerk profiles depending on
the current velocity and acceleration.
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Fig. 3. The jerk profile of the time-optimal stationary braking policy
depends on the type.

At is sufficiently small, we can approximate the desired jerk
numerically as § g, ~ AL where k is the control

time step.

C. Feasible constraints derivation

To guarantee the feasibility of the QP, a possible jerk
should exist that satisfies all the optimization inequalities
arising from the joint constraints. First, the (augmented) state
constraints, including position, velocity, and acceleration,
should not induce conflict with the input (jerk) constraints.
Second, the state constraints should be compatible with each
other. In this subsection, the viable constraints for state
constraints will be derived by considering input constraints
and then converting them into input constraints using the
CBF condition without conflict.

Without loss of generality, the viable constraints are an-
alyzed for the 1-DOF system, and the position, velocity,
acceleration, and jerk will be denoted as p(t), v(t), a(t), and
j(t), respectively. As a motivating example, consider only the
position and acceleration constraints. In this case, it is well
known that the viable constraints are given for the maximum
position as [12], [13]:

2
>0

- b

im — P — 16
Dl D S (16)

which includes the minimum stopping distance in the con-
straints. It can be derived from the inequality py < piim,

where p; is the final position when stopped under the
maximum deceleration a = —aji,. In other words, the
condition is derived using the trajectory driven from the
current state x(to) = o = [po,vo]” to the stationary state
z(ty) = x5 = [ps,0]7 by the maximum deceleration.

Similarly, considering the time-optimal stationary braking
policy from the current state z(tg) = zo = [po, vo, ao]” to the
final state 2(¢) = z¢ = [py, 0, 0]” under the limited jerk, the
viable constraints can be derived. There are four types of jerk
profiles depending on the current velocity and acceleration,
as shown in Fig. 2. Since the types I and II are symmetric
to IV and III, respectively, we will only explain the types III
and IV. The profile uses the piecewise constant jerk, j;(t) €
{—J1im; 0, j1im - For the constant jerk, the position, velocity,
and acceleration can be computed as

1

1 .
pi =pi—1 +vi1 T + §ai—1Ti2 + EJiTig

1.
v =v;—1 +a;1 71 + 5]1‘71@‘2 (17)

a; = a;—1 + Ji1;

where 7 = 1,2 corresponds to type III, ¢ = 1,2,3 to type
IV, and T; represents the time duration during which the
constant jerk is applied. Accordingly, the system reaches the
final state 2z, after T% +7T% for type III and after T +T5 4T3
for type IV, as shown in Fig. 3. The time durations T; are
given in Table I depending on the types of jerk profiles. As
shown in Fig. 3, it is easy to see that the difference between
the types III and IV is whether the acceleration reaches its
minimum value. Using this policy, we can obtain the viable
form of each constraint in the closed form as follows.

1) Position constraints: The types IIl and IV currently
have or will eventually have a positive velocity. Thus, the
final position py (when vy = a; = 0) should be smaller than
the maximum position pii,. Using (17), the final position py
can be calculated, and it is observed that the final position is
a function of the current position, velocity, and acceleration,
and the feasible constraint is given by

hy(po, vo, ao) = prim — Pf(Po,vo,a0) > 0. (18)

On the other hand, the minimum position constraint does
not need to be considered for types III and IV if it has
already been addressed when the system is in types I and
II, and vice versa. The scenario of the greatest position
deviation in the negative direction for type III under the
optimal stationary braking policy occurs when the trajectory
follows the boundary between types II and III. Since the state
must cross the boundary between types II and III to reach
type III, the worst-case scenario for the minimum position
in type III is already satisfied.

2) Velocity constraints: Likewise, the types III and IV
only need to consider the maximum velocity constraints. In
both cases, it is specified as

2

a
voiiozoa

. (19)
2.7lim

hv (UO; aO) = Vlim —

which is similar to (16).
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TABLE I
THE INFORMATION TO COMPUTE THE TRAJECTORY BY TIME-OPTIMAL STATIONARY BRAKING POLICY

dpy dpy dpy
n 2 | Bora | &t | dvg | day
2
Type I alth'xlli;ao — a’ll)iom — (;llllrt)]‘: 2j1i:,211im Ts = tjlllll:: ! N+Te+ %Tg %Tl (T1 + 275 + T3)
2_ 95,
Type 11 T - ay = %23%‘”0 1 Ty + 17y inm +m)
2 .
Type Il | “0-=a1 — AL a; = —\/“0“’%““ 1 Ty + 1Ty LT (Ty + )
2
Type IV ali;lji:ao aqui[zn - ‘;11::: 2j1irc:1(:11in] T = ;Llll]::: 1 Ni+T+ %Ts %Tl (Ty +2T2 +T3)
2
3) Acceleration constraints: The acceleration constraints a V= —# + Vlim
are given as lim N
ha,max(a()) = Qlim — Ao > 07 ha,min(a()) = ag + Qlim > 0.
(20)
4) Optimization constraints: Since all the above state S T il m"g . f\‘}
. .. . 'pe i Type ype ype
constraints depend on the current position, velocity, and - e Y : > v
. . I —Ulim i
acceleration, they must be converted into the conditions e
affine in the input (jerk) to formulate the QP. First, for the
position and velocity constraints, the CBF condition (6) is
used. The time derivative for the position constraints (18) can
be calculated by the chain rule. For example, the maximum 777777 ]
position can be obtained by _ Oy —
2jtim
il _dhp _dpfv _dpfa _dpf, (21)
P at dpo 0 dvg daoj Fig. 4. The velocity and acceleration trajectory using the time-optimal

where the derivative terms, given in Table I, can be obtained
through a tedious calculation using (17). For the acceleration
constraints, the following constraints can be easily consid-
ered:
J<0
J=0

if ao. = Qlim (22)
else if ag = —ajim.-

Despite the state (position, velocity, and acceleration) con-
straints being reformulated under the input (jerk) constraints,
it is still unclear whether conflicts between the state con-
straints might occur. Note that the viable constraints are
only conflict-free with the input constraint. However, the
feasibility of the optimization problem can be ensured since
the above viable constraints are derived using the same
braking policy, as shown below.

Proposition 2. The optimization problem with the con-
straints of viable position (18) and velocity (19) constraints
using the CBF condition in (6), the acceleration constraints
(22), and the jerk constraints in (3) are always feasible.

Proof: Without loss of generality, it is shown for the
1-DOF system and only if the state is of type III or IV.
The proof can be shown by checking whether there exists a
possible jerk that can satisfy all the constraints. Indeed, the
time-optimal stationary braking policy can provide a feasible
jerk given by

J=0 if ap = —ajim

2
J = Jlim else if vg = 55~ and ag < 0 (23)
J = —Jjim else

velocity-zeroing braking policy. It also uses four types of jerk profiles
depending on the current velocity and acceleration.

for type III or IV. Under the policy, the time derivative of
the CBF of the (maximum) position constraint (18) becomes
zero, so the CBF condition (6) is satisfied if the current state
satisfies the viable position constraint (18). In addition, the
time derivative of the CBF of the velocity constraint (19),

h=—aog(1+ 72-), is equal to or greater than zero with the
above jerk policy. The acceleration and jerk constraints are
straightforward. O

In summary, the final optimization formulation to consider
the joint constraints under the bounded jerk is as follows:

uy = argmin || M (ue — Ue,q)l|
u. €U
subject to (18), (19), and (22). Note that (18) and (19) should
follow the CBF condition, i.e., h > —«(h) in (6).

Remark 2. One can think of the time-optimal velocity-
zeroing braking policy that drives the current state to the
final state z(t;) = [ps,0,as]T where ay is not necessar-
ily zero instead of the proposed method. This policy also
has four types of jerk profiles according to the current
velocity and acceleration, as shown in Fig. 4. This policy
could achieve a shorter stopping distance than the proposed
one. Still, it could generate the oscillatory motion near
the position limit under the limited jerk, as shown in the
simulation, where the final position and its derivative are
calculated based on Table Il. Other constraints for velocity
and acceleration are set the same.
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TABLE I
THE INFORMATION UNDER TIME-OPTIMAL VELOCITY-ZEROING
BRAKING POLICY

I - 3 I - B
Type I [ @im=fo [ ~oL T +Tp | $TE+TiTo
Type Il | —20FV a0 20imvo Z?’:J im0 g T 172
Type 11T w 1 T 172
Type IV | @imtoo [ bl 1 [+ T | 3T+
where v1 = vg + aoT1 + %lef, and j1 = Jlim Of j1 = —Jlim-

IV. SIMULATION

In this section, we validate the proposed method in sim-
ulation for a 1-DOF robot manipulator compared to other
approaches. The low-gain PD control is used, and the desired
waypoints are predefined so that the robot violates the joint
constraints. Then, the robot dynamics are as follows:

mq = kp(qqa — q) — kad (24)

where m € R™ is the mass, k,, kg € RT are the proportional
and derivative gains. For simplicity, the mass is set to one,
and then the desired acceleration is given as Gq = kp(qq —
q) — kaqg. Note that the joint variables in the simulation are
scalar (1-D), i.e., q,4¢,q, ¢ € R. Consequently, the desired
jerk can be obtained as

ted = G q— (G —Ga) = —kpq — kaG — (G — Ga) . (25)
The joint constraints are enforced as follows:

(26)

Qlim = T, Qlim = 27T, Glim = 3, 'q'lim =4m

with proper unit (rad). The control gain was set as k, =
5,kq = 1,7 = 100 and the class K, function is set as a
linear function as a(x) = kqx with k, = 5. Two simulation
studies are examined, and the results are summarized below.

1) Comparison with existing methods: First, the proposed
method is compared with the existing method. We compare
the cases below:

e S1: Without any constraint,

« S2: With position, velocity, and acceleration constraints,

o S3: With position, velocity, acceleration, and jerk con-
straints without considering the feasibility,

o S4: With position, velocity, acceleration, and jerk con-
straints considering the feasibility (proposed method).

S3 uses the exponential CBF that has the same negative real
poles, that is, —k, [9, IV-B]. The desired waypoint was
generated by alternating 27 and —27 every 2 s.

The result is shown in Fig. 5. First, the joint variables are
not bounded for S1 since it does not consider any constraint.
The joint position, velocity, and acceleration are bounded
for S2 and S4, but the joint jerk is only satisfied by the
proposed method (S4). In particular, S2 (see the orange line)
requires a giant jerk to use the maximum deceleration so
as not to violate the position limit at about £ = 1.2 s and
to follow the desired acceleration, which changes abruptly

when the desired waypoint alternates at t = 2 s. Meanwhile,
S3 shows an infeasible optimization result so that it cannot
solve QP (see the yellow line after t = 1 s in Fig. 5). The
feasibility issue in QP originates from the enforcement of
constraints without viability. Note that the proposed method
can guarantee the feasibility of QP due to the viability
consideration based on the proposed braking policy.

2) Comparison depending on the braking policy: The
second simulation was studied to compare the results de-
pending on the braking policy between the time-optimal
stationary braking policy and the time-optimal velocity-
zeroing braking policy (see remark 2). The desired waypoints
have been specified as 27 for all time. The behavior at
the constraint boundary can be captured since the desired
trajectory continues to violate the joint position constraint.
We compare the following cases:

e S4: Viable constraints using time-optimal stationary
braking policy (TOSBP, see section III-C)

¢ S5: Viable constraints using time-optimal velocity-
zeroing braking policy (TOVZBP, see remark 2).

The result is shown in Fig. 6. S5 shows an oscillatory motion
at the boundary of the joint position constraint. Instead, the
proposed method (S4), which constructs the viable constraint
using TOSBP, can stay at the constraint boundary. Since
TOVZBP only sets the current velocity to zero, unnecessary
acceleration can cause oscillation, while TOSBP tries to
make the system stationary.

V. EXPERIMENT & RESULTS

A 6-DOF collaborative robot (Indy7, Neuromeka) was
used to verify the proposed control framework in the real
world. In particular, the unilateral teleoperation experiment
was conducted since the joint constraints may be violated
easily by the remote side user command. The motion com-
mand was generated by a 6-DOF remote controller (Vive
Pro controller, HTC) during the teleoperation. To solve the
optimization in real-time (1kHz), gpOASES [19] was used.

A task space PD controller was used as the nominal
controller to validate whether the proposed method could
ensure the joint constraints at the control level. The control
torque of the task space PD controller was calculated as

Tpa = JT Ke + JT D¢, (27)

where e = rqes — 7, € = Tqes — © € RE are task space pose
error and velocity error, respectively. The matrices K, D €
R6*6 denote task space stiffness and damping gain. Then,
the resulting acceleration can be obtained as

Ga =M (Tpa —b). (28)

Furthermore, the desired joint jerk is calculated by (14) as

Ued = G q—(G—Ga), (29)

where ~ is a proportional gain of acceleration er-
ror. During the experiment, the control parameters are
set as K = diag{600,600,600,160,160,160}, D =
diag{60, 60, 60, 16, 16,16}, and v = 20. For the nominal
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Results of the first simulation. Plots of (a) joint position ¢, (b) joint velocity ¢, (c) joint acceleration ¢, and (d) joint jerk ¢. The constraints

are shown as black dotted lines in each plot as upper and lower bounds. S1 violates the joint constraints, as it simply tracks the desired waypoints. S2
satisfies the joint position, velocity, and acceleration constraints but violates the joint jerk constraint, while S4 (the proposed) simultaneously satisfies the
jerk constraint. S3, the enforced constraint without considering the feasibility condition, does not guarantee a feasible optimization. Thus, the simulation

is stopped because it cannot solve QP after ¢ =1 s.
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Fig. 6. Result of the second simulation. The constraints are shown as black
dotted lines in each plot as upper and lower bounds.

robot based on the NRIC structure, the control parameters for
the auxiliary input torque are K, = 600, K, = 20Isx¢, and
K; = 8Is«¢. The joint constraints are imposed as follows:
—Qlim,i < i — Ghi < Qlim,i (rad)
—27/3 < ¢; <2mw/3 (rad/s)
—47m < §; < 4n (rad/s?)
—127 < §,; <127 (rad/s?),

(30)

for all joints ¢ € {1,2,---6}. The position constraints were
set relative to the home configuration of the robot, ¢, =
(0, —m/12, —7 /2, —0, =57 /12,0) rad, with the limit g};,, =
(r/6,7/12,7/6,7/12,7/6,7/3) rad. We implemented two
cases as follows:
o CI: With position, velocity, and acceleration constraints,
o C2: With position, velocity, acceleration, and jerk con-
straints considering the feasibility (proposed method,
TOSBP was used).

During the experiment, the human operator arbitrarily

Indy7

Human
operator

!

Remote Contro!

Fig. 7. Experimental setup in real-world applications. A 6-DOF collab-
orative robot (Indy7, Neuromeka) was used where the desired motion is
commanded by the user with a remote controller (Vive Pro controller, HTC).

operated the robot using the remote controller for C2 first,
and the command motion was recorded and reused for CI.
Then, we checked whether the proposed method satisfies the
joint constraints. As shown in Fig. 8, C1 violates the joint
jerk constraints, but C2 could satisfy all joint constraints by
the proposed method.

Furthermore, Fig. 9 presents a comparison of the trajec-
tories between the real robot (illustrated in blue) and the
nominal plant (illustrated in yellow) under C2. Due to the
numerical computation required for acceleration and jerk,
the jerk trajectory of the real robot exhibits significant noise.
This makes it difficult to confirm that the real robot met
all joint constraints. Nevertheless, it is observed that the
performance of the real robot closely aligns with that of the
nominal model (see the position and velocity trajectories),
which adheres to the joint constraints. This outcome is due
to the use of the NRIC structure. The experimental results
are also demonstrated in the supplementary video.

VI. CONCLUSION

This work suggests a method that can satisfy the joint
constraints at the control level, allowing it to be used with
general nominal controllers. It was validated in simulation by
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Fig. 8. Trajectories of the first joint of the nominal plant for C1 and C2.
The black dotted line is the upper and lower bound for the joint constraints
imposed as in (30). The plot shows that C1 violates the joint jerk constraints,
while C2 can satisfy all joint constraints.

comparison with existing methods and the real application,
i.e., unilateral teleoperation with a PD controller.

However, the proposed method has several limitations
that need to be addressed in the future. Firstly, the method
only considers the constant constraint. The torque constraints
can be included if it is possible to consider the state-
dependent constraint. Second, for the safety of the robot and
its environment, it would be more useful if the task space
constraints, such as collision avoidance, could be included
in the QP with the feasibility guarantee. Lastly, although
the proposed method could also be used with the interaction
controller, further analysis is required when rigid contact
occurs.
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