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Abstract—The design of a control architecture for providing
the desired motion along with the realization of the joint limita-
tion of a robotic system is still an open challenge in control and
robotics. This paper presents a torque control architecture for
fully actuated manipulators for tracking the desired time-varying
trajectory while ensuring the joints position and velocity limits.
The presented architecture stems from the parametrization of the
feasible joints position and velocity space by exogenous states.
The proposed parametrization transforms the control problem
with constrained states to an un-constrained one by replacing the
joints position and velocity with the exogenous states. With the
help of Lyapunov-based arguments, we prove that the proposed
control architecture ensures the stability and convergence of the
desired joint trajectory along with the joints position and velocity
limits avoidance. We validate the performance of proposed
architecture through various simulations on a simple two-degree-
of-freedom manipulator and the humanoid robot iCub.

Index Terms—torque control, position and velocity limit avoid-
ance, state parametrization

I. INTRODUCTION

Nonlinear feedback control of unconstrained fully actuated
manipulators is not new to the control community. A large va-
riety of position, velocity, and torque control algorithms have
been developed through feedback linearization, backstepping,
robust control, and adaptive tools for steering these nonlinear
systems towards the desired quantities [1]. Although, the
control algorithm is applicable/safe for a robotic manipulator
when its physical constraints, such as the motion and actuation
limits, are satisfied. In this paper, we propose a control
architecture to ensure the joints position and velocity limits
avoidance for torque-controlled manipulators.

The joint position and velocity limits avoidance for the
reference trajectory/path planning has been widely studied
through neural networks [2], repulsive potentials [3], opti-
misation [4], and parametrization [5]. However, ensuring the
physical limits for the reference trajectory does not imply
that the controller’s reaction to the initial conditions and
disturbances will not lead to violating these limits.

Reducing the joint velocity/acceleration of the robot con-
sidering its position and velocity limits is a simple approach
for ensuring these limits. For example, the joints acceleration
can be constrained with a function of the distance between
the joints position and velocity values and the corresponding
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limits [6]. However, these approaches rely mostly on hand-
tuned and/or offline heuristics.

For handling the joint position and velocity limits of robotic
systems, the control objectives can be represented as an opti-
mization problem with inequality constraints corresponding to
the joint limits. This technique is widely used in the humanoid
whole-body control and human-robot interaction control [7].
This technique, however, still lacks the theoretical guarantee
of the stability and convergence properties associated with the
evolution of the system.

The barrier Lyapunov function is recently used for handling
control problems with joint/state constraints [8], [9]. This
function yields a value that grows to infinity when the joints
approach their limits. This method is usually complicated and
needs to deal with the model inaccuracies and the conflicts
between the tracking objectives and the joint limits [10], [11].

Parametrization is another technique used for handling
the limitations of the system states and inputs [12], [13].
In this technique, the feasible space of the states/inputs is
parametrized by an exogenous state/input. Thus, the con-
strained control problem is transformed into a non-constrained
one where any control tool available in the literature can be
employed. To the best of our knowledge, the control problem
via parametrization technique has not been investigated for
handling both the joint position and velocity limits.

This paper proposes a torque control architecture for pro-
cessing the joints position and velocity limits for fully actuated
manipulators. The proposed control provides the asymptotic
stability of the desired trajectory while preserving the constant
joints position and velocity limits. Comparing to the existing
methods for implementing joints position and velocity limits
in torque-controlled manipulators, our proposed architecture,
with the help of Lyapunov arguments, ensures that the desired
trajectory is asymptotically stable and the time evolution of
the joints position and velocity always remains within the
associated limits provided that the desired trajectory satisfies
these limits. For this purpose, the feasible joint position and
velocity space is parametrized by exogenous states. The pro-
posed parametrization introduces a one-to-one map between
the joints position and velocity of the robot and the exogenous
states. Using the exogenous states, the problem of control
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design with constrained states (i.e. constrained joints position
and velocity) is transformed to an un-constrained control
problem with exogenous states. After that, a control policy is
proposes for ensuring the stability properties of the exogenous
states which leads us to ensuring the stability properties and
joints limitation avoidance of the robot. We have investi-
gated the performance and limitations of the proposed control
architecture through simulations on a simple two-degree-of-
freedom manipulator, and also humanoid robot iCub [14].

This paper is organized as follows. Section II expresses
the notation and the definitions used in the paper. Section III
introduces the problem statements. In section IV, a control
architecture is proposed for stabilizing a desired joint tra-
jectory and ensuring the joints position and velocity limits
avoidance. In section V, the simulation results carried out to
validate the performance of the proposed control architecture
are illustrated. Finally, section VI concludes the paper by
remarks and perspectives.

II. NOTATION

The following notation is used throughout the paper.

o R is the set of real numbers.

e I, is the n x n identity matrix.

« For a vector g € R", the i*" component of q is written
as q;.

o The transpose operator is denoted by ().

« For a vector g € R", the diagonal matrix of q is written
as q.

« For a vector g € R", the Euclidean norm of q is denoted
by [lql|.

o For a vector g € R"”, the absolute value vector of q is
denoted by |q|.

e« For a vector ¢ € R"™, the function
tanh(q) R™ — R"™ is defined as tanh(q) =
[tanh(g1 ), tanh(gz), ..., tanh (g, )] .

o For a scalar ¢ € R, the function Sat(q, ¢min, Gmaz) : R =
R is defined as

qmal‘ q Z qmaw
Sat(Qa dmin Qmaz) =349 Gmin < 4 < Qmaz

« For a vector g € R", the function Sat(q, ¢,ins Gmaz) :
R® — R"™ is defined as Sat(q,qmimqm%)

[Sat((M, dmin, Qmax, )7 ceey Sat(‘hu Qminn ) Qmaxn )]
III. PROBLEM STATEMENT

The equations of motion for a fully actuated robotic ma-
nipulator with n degrees of freedom can be written in the
following form [15]

M(q)g+C(q,q)q+G(q) =, (1)

where ¢ € R™*! is the vector of generalized coordinates,
M(q) € R™ ™ is the inertia matrix, C'(q,q)g € R" is the
vector of the Centrifugal and Coriolis effects, and G(q) € R™
is the vector of the Gravitational effects. 7 € R”™ is the vector
of the actuator forces/torques.

The control objective is defined as computing T such that g
tracks the desired trajectory (e.g. q,4(t)). Though, 7 is feasible
if it preserves the physical limits of the robot such as joint
position, velocity, and torque limits. In the present paper, we
propose a control policy that ensures

1) the asymptotic stability of the desired trajectory, and
2) the joint position and velocity limit avoidance.

Assume that the feasible region for the generalised coordi-
nates is as

Qq = {q cR": q,in <g< qmaw}’ (2)

where g, @mar € R™ denote the vectors that define the
minimum and maximum values for generalised coordinates.
Moreover, assume that the feasible region for the generalised
velocities is as

Qi ={qd€R" 1 i <4< dpnaats 3)

where ¢,,in; @mar € R" denotes the vector of the minimum
and maximum values for generalised velocities.

We propose a control architecture ensuring that g tracks the
desired trajectory g,(t) while the evolution of g and ¢ always
remain within Q, and Q, respectively.

Throughout this paper, we assume that:

Assumption 1. The first and second-order time derivatives
of q, are well-defined and bounded Yt € RY. Moreover,
the desired trajectory q is feasible, i.e. (qu(t),q,(t)) €
(Qq,Q4), ¥t > 0.

Assumption 2. Each generalized coordinate possesses a free
motion domain different from zero i.e. Gmaz; — Gmin; > 0 and
q.mawi - sznL > 07 Vi=1:n.

IV. CONTROLLER ARCHITECTURE

We parametrize the space of the generalised coordinates, as
well as, the generalised velocities as follows

g=q,+ Sq tanh(¢),

s “)
q = qo + 94 tanh(9),
where
_ qmam + qmzn
qO - 2 9
q = qmax —2~_ qmin’
q —qm;
S — imaz mm’
q . 2 .
5(} _ Amazx ; Amin )

The above parametrization guarantees that (g, q) € (Qq, Q4)
for bounded ({,tp). This parametrization is a one-to-one
nonlinear map between (q,q) and ({,v). The new states
(¢, %) is computed according to (q, g) as

=t (5" - ).
-1

¥ = tanh ™" (Sq (G- qo)) : ©
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The second time derivative of the generalized coordinates
can be computed with respect to (¢, %) as

q=Jyy, (6)

v ~ 2
where Jy, = 6, ( I, — tanh (1,0)) Thus, (1) can be written in
terms of ({, ) as

JCC 8 tanh(4h) + g
Oy + hep(C, ) = T,

s, (In - ta;th(C)) and  hey =
C(6: ) (3 tanh(¥) + qo) + G(Q).

Remark 1. One can observe the following properties:

)

where Jo =

RI1.1 The matrices Je, Jy, Je, and Jy, are diagonal,

RI1.2 Forall ¢, 0 < J: <4,

RI1.3 For all ¢, 0 < Jy < 4,

R1.4 The matrix J¢ is positive definite for bounded ¢ (i.e. for
qc Q)

R1.5 The matrix Jy is positive definite for bounded  (i.e.
Jor g € Qy),

R1.6 The matrix M Jy, is positive definite for bounded .

If the desired trajectory is feasible i.e. (g4, ¢4) € (Qq, Q4)s
the desired trajectory of (¢, ) is defined as
Cq=tanh™" (6" (¢4 — 40)) - )
Yy =tanh ™" (8, (4, — qo)) -

For ensuring asymptotic stability of ({;,,), one can use
any control technique from the literature. The control policy
is required to ensure that ((,%) is bounded and converge
to (¢4, % ). We use the feedback linearisation technique and
consider the control policy as

T = hey+ My ($r — kg hréc = haeg — hsey ), (9)
where
=¢—<Ca
ey =% =,
W, = tanh ™ (8, (e, (8 tanh(wy) + @) — o) ) -
and kq, ko, k3 € R™ are constant matrices.
Theorem 1. Considering the equations of motion presented in

(7) and the control policy (9), given that

T1.1) ky, ko, ks are diagonal and positive definite,
T1.2) ks — kgk‘l_le is positive definite, and
T1.3) Assumption 1 and 2 hold,

T1.4) 1, is well-defined,

then (C4,%4) is the globally asymptotically stable trajectory
of the closed loop system.

In the lights of the above theorem, if T1.1 to T1.4 are
satisfied, then (¢, 1)) is bounded and converges to ({;, 1)
Considering (4), the boundedness of ((,)) ensures that
(q,q) € (Qq,9Q4). On the other hand, considering (5) and

(b) iCub

(a) Two-link manipulator

Fig. 1. The robotic manipulators used in the simulation studies

(8), the fact that (¢,) converges to ({4,%,) implies that
(g,q) converges to (q,,q,). Note that T1.4 is satisfied in
a neighborhood of the desired trajectory where the error
between ¢ and ¢, is sufficiently small. Thus, the proposed
control architecture ensures the local asymptotic stability of
the desired trajectory if T1.1 to T1.3 are satisfied. Moreover,
T1.4 is ensured for the initial conditions satisfying it. However,
this assumption could be violated initially due to the initial
conditions or during the motion because of disturbances.
Remark 5 proposes a trick for dealing with these situations.

V. SIMULATION RESULTS

In this section, we evaluates the performance of the pro-
posed control architecture for trajectory tracking in two sim-
ulation studies: a simple two-link manipulator and humanoid
robot iCub [14] (see Fig. 1). In the first case, the proposed
controller is used for controlling a two-degree-of-freedom ma-
nipulator simulated in Simscape/MATLAB [16]. In the second
case, the proposed controller is employed on the humanoid
robot iCub simulated in Gazebo [17]. In both cases, the
performance of the proposed control architecture is compared
to the joints limit avoidance torque control (JLATC) [12]. All
results are available on GitHub'.

For implementing the proposed control architecture, we
need some considerations:

Remark 2. Theorem 1 assumes that the controller is contin-
uous. In both simulation and real experiments, however, the
implementation of the controller is a discrete system. Thus, the
controller is required to be implemented by an appropriate
time step for achieving the results explained in Theorem 1.
The appropriate time step depends on the system dynamics
and the desired trajectory. But, a small time step drastically
slows down the simulations, and is not always achievable in
real applications. To resolve the requirement of small time
steps, we modify the control policy as the following

T = hey + My (1/'» — k3 Yknée — kaec — k3JJ16¢) . (10)

Remark 3. In practice, the noise signals can cause the joints
position and velocity of the system to go beyond their limits.

1https://github.com/ami-iit/paper_pasandi_2023_icra-joint-limit-avoidance
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In this case, the definition of (C,) is not valid. To resolve
this issue, we modify (5) as

_ v—1
C = tanh ! (6q (Sat (q’ 9mins qmaz) - %)) )

y (11)

W = tanh ™" (847" (S41(&, i dinar) — o)) -
Remark 4. In practice, it can happen that the desired joints
trajectory does not satisfy the joints position and velocity limits
of the system. In this case, the definition of ((4,%4) are not
valid. To resolve this issue, we modify the definition of (, 1))
as the following

9

_ -1
Cd = tanh ! (6(; (Sat (qdvqminv qmaz) - qO)) ’

a0)) -

Remark 5. The definition of . is well-defined if
‘5 (Jede (84 tanh(wh,) + o) - qo)‘ < 1 This
condition can be violated because of the error between (g
and (. Thus, we modify the definition of ¥, as

12)

w1

'lpd = tanh71 (6q (Sat(qoh qmin? qmam) -

. r
o p\1l/p
(In+|7\ )

v—1 Y
where v = 4, (JCJC_dl <5q tanh(vp,) + qo) - qo) and p €
R is a positive constant.

¥ = tanh™! , (13)

A. Two-link manipulator

In this study, the two-link manipulator shown in Fig.la is
simulated in Simscape/MATLAB [16]. The two-link manipula-
tor has two degrees of freedom and moves in the vertical plane.
The simulation is performed in Simulink/MATLAB with the
continuous integrator "ode45” and the time step of 0.01[sec].

The feasible joint position range is equal to (—45,90)[deg]
and (—90,90)[deg], and the feasible joint velocity range is
equal to (—90,90)[deg/sec] and (—90,180)[deg/sec] for ¢
and ¢, respectively .

1) Constant desired trajectory: In this scenario, the robot
reaches the constant desired joint position (90 — 2.5, —90 +
2.5)[deg] from the initial joint position (0, 0)[deg]. The results
are shown in Fig. 2. As can be seen, using the JLATC, the
joint trajectory respects the predefined position limits but goes
beyond the velocity limits. Instead, using the proposed control
architecture, the joints trajectory converges to the desired
value while respecting the predefined position and velocity
limits irrespective of the large control coefficients. The control
coefficients for the proposed control architecture are tuned
for each joint to provide a convergence rate equal or higher
than the one provided by the JLATC. In this simulation, the
convergence rate provided for the second joint by the proposed
control architecture is the maximum allowable convergence
rate considering the corresponding joint velocity limit.

—JLATC
proposed controller

--desired trajectory
---lower limit

100

---upper limit ‘

4]
o

¢o position [deg]
o

¢1 position [deg]

G velocity [deg/sec]

100 (7
7777777777777777777777777777777777 200
2 4
t [sec]
?60{ =10
20 5
) Z 5
g 20 E |
= = e
(S0} [ 0”\/
0 2 4 0 2 4

t [sec| t [sec|

Fig. 2. The time evolution of the joints position, velocity and torque of the two
link manipulator in the constant desired trajectory scenario. The coefficients
for the proposed controller are k1 = diag(22, 505), ko = diag(20, 50), and
ks = diag(10,5). The coefficients for the JLATC are k,, = diag(0.4,0.1)
and diag(0.2,0.1).

2) Sinusoidal desired trajectory: In this scenario, the robot
tracks the sinusoidal desired trajectory ¢ = A sin (wt + ¢g)+b
where A = (45 — 5, =90 + 5)[deg], w = (1.9,0.9)[rad/sec],
o = (0,7/2)[rad], and b = (45,0)[deg]. The initial position
of the robot is (0,0)[deg]. As shown in Fig. 3, using the
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proposed controller --

- -desired trajectory --
Iower Iimit
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Fig. 3. The joints position, velocity and torque evolution of the two link ma-
nipulator in the tracking of the sinusoidal desired trajectory. The coefficients
for the proposed controller are k1 = diag(22, 505), ko = diag(20, 50), and
k3 = diag(10,5). The coefficients for the JLATC are k, = diag(0.8,0.3)
and diag(0.2,0.06).
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proposed control architecture, the joints trajectory tracks the
desired trajectory while respecting the predefined joints posi-
tion and velocity limits. Instead, using the JLATC controller,
the joints trajectory respects the joints position limits but not
the joint velocity limits.

B. Humanoid robot iCub

In this study, the control architecture and iCub are simulated
in MATLAB and Gazebo, respectively, and communicate
together through Yarp channels. The MATLAB discrete inte-
grator with the time step of 0.001[sec] is used as the simulation
integrator.

The leg of the iCub is used for this study, forming a 3
degree-of-freedom manipulator with rotational joints at the
hip-pitch, hip-roll, and knee (see Fig. 1b). The ankle joint
is kept fixed by a position controller. The joint limits of iCub
are given in Tab. L.

1) Constant desired trajectory: In this scenario, the robot
reaches the desired joint position g,; = (60, 60, —90)[deg] for
the hip pitch, hip roll and knee joints respectively, from a given
initial position g(0) = (0,0, 0)[deg]. As can be seen in Fig. 4,
using the proposed controller, the joints trajectory converges to
the desired constant value and respects the predefined position
limits but, in contrast to the simulation results presented in
section V-A for the two-link manipulator, in the beginning of
the simulation, joints velocity fails to respect its corresponding
limits while joints torque noticeably oscillate. Comparing to
the JLATC, the proposed control architecture has the advan-
tage that the joints velocity trajectory goes beyond its limits
just in some time instances and then goes back to its feasible
range. It is worth note that the proposed controller satisfies
both the joints position and velocity limits along with smooth
joints torque by reducing the simulation time step. For the sake
of limited space, the simulation results for the small time step
are not presented here, but are available in GitHub?. In fact, the
proposed controller is sensitive to discretized implementation.

2) Sinusoidal desired trajectory: 1In this scenario, the
robot tracks the desired sinusoidal joint position ¢ =
Asin(wt+ o) + b where A = (33.5,50,—36)[deg],
w = (1.2,1.6,1)[rad/sec], po = (0,7/3,27/3)[rad], and
b = (45,36,—60)[deg]. The initial robot joint position is
(0,0,0)[deg]. The results are illustrated in Fig. 5. As can be
seen, using the proposed control architecture, the joint trajec-
tory tracks the desired sinusoidal trajectory while respecting
both the joints position and velocity limits. Instead, using the

2https://github.com/ami—iit/paper_pasandi_2023_icra—joint—limit—avoidance

TABLE 1
THE POSITION AND VELOCITY LIMITS OF THE ICUB

joint hip-pitch | hip-roll | knee

minimum position [deg] -45 -20 -120
maximum position [deg] 120 90 0
minimum velocity [deg/sec] -45 -90 -90
maximum velocity [deg/sec] 45 90 90

—JLATC - -desired trajectory
proposed controller  ---lower limit

150 100 0 fom

---upper limit
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o

r-hip-pitch position [deg]
(2
o o
W
1
1
U
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o
o
\‘
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-100

150 150 100
100 \ 100 (\ """""""""""
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o
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\;
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t [sec] t [sec] t [sec|
50 40 ¢ 40
€ T 30 =
4 : £ 20
3 g 20 )
g ofF————°©& 20
2 S 10 s
s s °
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Fig. 4. The joints position, velocity and torque evolution of iCub in

the constant desired trajectory scenario. The coefficients for the proposed
controller are k1 = 2000[3,k2 = 31013, and k3 = 5013 and for the
JLATC are kj, = diag(8, 10, 6) and diag(2, 2, 1).

JLATC controller, the joints trajectory goes beyond the joints
velocity limits. Note that both the controllers ask high joints
torques when the joints trajectory is near its position/velocity
limits.

3) Constant desired trajectory and disturbance: In this
scenario, the robot reaches the constant desired joint position
(60, 60,90)[deg] for the hip pitch, hip roll, and knee joints
respectively, from the initial joint position (0,0, 0)[deg]. An
external force in the vertical direction is applied to the sole of
the robot foot. As can be seen in Fig. 6, the joints trajectory
preserves the predefined joints position limits. However, the
joint trajectory, as explained before, goes beyond the prede-
fined velocity limits in some time instances at the beginning
of the simulation. Later on, the joint trajectory preserves the
velocity limits even in the presence of the external force.

VI. CONCLUSIONS

This paper presents a torque control architecture with joints
position and velocity limits avoidance for fully actuated ma-
nipulators. The presented architecture provides the conver-
gence of the joints position of the robot to a desired trajectory
while ensuring that the time evolution of the joints position
and velocity remains within the feasible space. The Lyapunov
analysis proves the stability and convergence of the tracking
error and the limitations of the joints position and velocity. We
validated the soundness of the proposed control architecture
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Fig. 5. The joints position, velocity and torque evolution of iCub in tracking
a sinusoidal desired trajectory. The coefficients for the proposed controller
are k1 = 2000[3,k2 = 310[3, and k3 = 5013 and for the JLATC are
kp = diag(8, 10,6) and diag(2, 2, 1).
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Fig. 6. The joints position, velocity and torque evolution of iCub in
presence of an external force. The coefficients for the proposed controller
are k1 = 2000[3,ko = 310I3, and k3 = 5013 and for the JLATC are
kp = diag(8, 10,6) and diag(2, 2, 1).

by some simulations on a simple two degrees of freedom ma-
nipulator. We also investigated the limitations of the proposed
architecture by some simulations on the humanoid robot iCub.
We observed that, in discrete implementation, the proposed
controller could generate noticeable oscillatory joints torque
and fail in joints velocity limit avoidance considering the
discrete step time. As future work, it is planned to reform the
proposed control architecture for improving its performance
in discrete implementation.

APPENDIX
A. Proof of Theorem 1

Considering the control policy presented in (9), the time
derivative of (ec,ey) is

Jeéc = 8 (tamh(yh) — tanh (3,)).

i 1 (14)
€y + ks k1éc = —kaec — ksey.

To prove the asymptotic stability of (ec,ey) = (0,0), we
consider the following candidate Lyapunov function

Lo e\ _ Lot (k1 k2 (e
V=3 (e %)P(ew) =5l ) ln, n er)”
According to Theorem 1, ky and k3 — kaky 1y are diagonal
positive definite matrices, and thus P is a symmetric positive
definite matrix based on Schur complement theorem [18]. As
a result, V' is a positive definite function where V' = 0 iff

(ec, ey) = (0,0).
The time derivative of V' along (14) is

V = (ezkjl + elkg) éc + (ezkg + elkg,)
(—k3 'kiéc — kaec — ksey)
=— (=) (ks — kaky ko) by Mk J 10
(tanh(t)) — tanh (1b,)) — |kaec + kzeq|” .

Thanks to the diagonal property of
(kg — kgkflkg) k;lligléq, we observe that V is negative
definite. Hence, (ec,es) = (0,0) is asymptotically stable
based on the Lyapunov stability theorem [19]. In conclusion,

o (ec,ey) is bounded, and thus (¢,?) is bounded if

(qd7 q) € (qu Qq)
o (ec,eqy) converges to (0,0), and thus (¢, 9) converges to

(Cd) wd)

Thus, (¢4,%,) is an asymptotically stable trajectory of the
closed loop system in terms of Lyapunov stability [19].
Finally, since V' is radially unbounded, ({;,1,) is globally
asymptotically stable.
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