Robust control of Robotic Manipulator with Prescribed Spatio-temporal
and Input constraints

Abstract— Precise tracking of a robotic arm motion subject to
exogenous disturbances within a stipulated time is a challenging
problem. Existing methods either rely on adaptive laws based on
structured parameterizations or disturbance observers, which
are sensitive to initial parameter estimates. To mitigate these
limitations, we propose a robust adaptive control policy that
achieves the prescribed time convergence within predefined
bounds while adhering to state and input constraints in the
presence of unknown external disturbances. In particular,
we formulate filtered errors using time-based generators to
prespecify settling time. Design a constraint law to enforce
state constraints and impose input limits via a saturation
function. Then, an adaptive barrier-function-based controller
is synthesized from the filtered errors to achieve prescribed
time stability. Moreover, the proposed control framework di-
rectly enforces state and input constraints in the control law,
avoiding Lyapunov redesign required by barrier Lyapunov
function methods and the optimization-based filtering used in
control barrier function approaches. Prescribed-time stability
of the closed-loop system is rigorously established via Lyapunov
analysis. Finally, extensive experiments [1_-] are conducted on the
Franka Robotic arm under various external disturbances to
demonstrate the efficacy of the proposed scheme.

I. INTRODUCTION

Control of robotic manipulators in the presence of external
disturbances could lead to poorer tracking performance. In
particular, payload variation due to a sudden change in pay-
load, leading to impulsive behavior or dynamic interaction
with the environment, is difficult to model as structured dis-
turbances. Moreover, control policies may become under- or
over-approximate due to inaccurate information about model
parameters, or the model itself often leads to inaccurate
tracking performance. Thus, synthesizing control policies
for systems such as robotic manipulators in the presence
of model uncertainties and unknown bounded disturbances
to achieve accurate tracking helps in solving practical chal-
lenges in industrial automation, human—robot interaction, and
contact-rich manipulation tasks.

To address this problem, adaptive control strategies esti-
mate uncertain dynamics online and incorporate these es-
timates into the control policy to drive tracking errors to
zero. Such methods are typically developed using either
linear parametrization of the dynamics or lumped uncer-
tainty formulations. In the former approach [1], [2], [3],
[4], the dynamics are represented by a regressor matrix and
parameter vector for online adaptation; however, deriving
this parametrization becomes tedious for high-dimensional
systems such as 7-DoF manipulators, where up to 10n

'Video  link:  |https:/drive.google.com/file/d/1w _kO3HgBdsdw1wD-
Z0hvKNy_2b8zpg2q/view ?usp=drive_link

(n=7) inertial parameters may be required [5]. In the latter
approach, unknown dynamics are grouped into a lumped
uncertainty term and estimated using adaptive laws, func-
tion approximators, or disturbance observers [6], [7], [8],
[9], [10], [11], [12], [13]. Nevertheless, both frameworks
remain sensitive to the initialization of adaptive parameters
and disturbance estimates, often affecting transient tracking
performance during the early adaptation phase, particularly
under significant model uncertainty [14], [15], [16], [17].

Furthermore, compliance with time-domain constraints is
critical in applications such as factory-floor operations, where
tasks must be completed within a prescribed time regardless
of initial conditions, motivating the adoption of prescribed-
time stability (PTS) [18].To address this, prescribed-time
control (PTC) [18] enables exact tracking-error convergence
within a user-defined settling time through time-varying
gains generated via state- or time-scaling techniques [19].
However, these gains become singular as time approaches the
prescribed bound, and exogenous disturbances may induce
uncertain post-convergence behavior. Smooth time-based
generator (TBG) functions [20], [21], [22], [23] alleviate gain
singularity, but their control synthesis generally requires prior
knowledge of model parameters [10].

To address these challenges, we propose an adaptive
barrier-function-based control policy, unlike approximation-
based methods [24], [9], [25]. Existing approaches [7], [26],
[27] typically enforce safety in Euler—Lagrange (EL) sys-
tems using prescribed performance functions. The proposed
framework formulates a filtered error using TBG functions to
prescribe settling time, synthesizes a state-constrained con-
trol law to ensure safety, and employs a saturation function
to bound the control input, in contrast to the studies [28],
[29], [30] that only impose state constraints. Moreover, the
simultaneous involvement of state, input, and temporal (SIT)
constraints reduces the domain of attraction [31], resulting
in local PTS. Thus, the main contributions of this study are:

1) A unified approximation-free control framework that
can be leveraged in both joint and task space tracking.

2) The proposed adaptive barrier function-based control
policy achieves local prescribed time prescribed bound
stability while adhering to SIT constraints.

3) The proposed adaptive control framework actively re-
jects any bounded exogenous while achieving superior
tracking performance.
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II. METHODOLOGY
A. Preliminaries

Notations: Bold letters denote matrices and vectors. The sets
of real, non-negative real, and natural numbers are denoted
by R, R>g, and N, respectively. The vector inequalities,
a=<b(a=>b)imply a; <b; (a; > b;),i ={1,--- ,n}h
I, e R"*" and 0,, 1, € R" represent the identity matrix
and vector of zeros and ones, respectively. [a, b] = [a1, b1] ¥

- X [ay, b,] denotes hyper interval, where a;, b; are com-

ponents of a, b, respectively. min (a,b) = [min (a;,b;)]",
max (a,b) = [max(a;,b;)]" Vi. The Euclidean-norm is
given by [|-[|. la| = [lasl, -+ [an[]".

Consider the class of EL systems with ¢ : Ryo —
R™ being position coordinates, ¢, ¢ denote the first and
second order derivatives of position coordinates, respectively,
defined as below:

M(q)g + C(q.q4)q + g(q) + uq(t) = u, ¢))

where M (q) € R"*™ is mass matrix, C(q,q) € R"*" is
Coriolis matrix, g(q) € R™ is gravity vector, u4(t) € R”
is external disturbance and u € R™ is the control input. For
brevity, when a symbol’s functional dependence is clear, its
arguments and brackets are omitted; e.g., C(q, q) and u4(t)
are written as C' and w4, respectively. Further, the properties
of EL systems [32, Chapter 2], [33] are stated below for
some positive real constants M, M, m, m, C, G, F that
represent bounds on norm of the system matrices.
Property 1: The matrix M — 2C is skew-symmetric.
Property 2: MI,<M<MI, and mIngM_lngn.
Property 3: ||C|| < Cllq], |Gl < G, ||F| < Flq].-
The state constraints on the system (I)) are imposed as
q € [q,4q],q € [v,7],Vt > 0, where q,q,v,VU are known
constants. Then, one can conclude that aynamic bounds[34]
on velocity to enforce constraints on both position and veloc-
ity as ¢ = max (v, k(g — q)) < ¢ <min (V,k(q — q)) =
. Then, one can obtain Dg < [~z,Z|", where D =
[~1,,1,]". Then, introducing y : R>o — R?" for i = 1,2,
these inequality constraints become Dgq(t) + y(t) © y(t) =
[~z,Z|", where ® denotes the Hadamard product. Then,
reformulating this equality constraint using & : R — RS
yields:

£(t) = Dq(t) +y(H) O y(t)~[~z—c, 7", @

where ¢; > 0 is the safety margin. To evaluate £(¢), we will
later introduce an adaptive law on y(¢). Let X C R™ U C
R™, W C RP are compact subsets, a set B.(x,) = {z €
R™ : ||& — x| < €} denotes a ball of radius € around the
point &, € R™, and |a|¢ = infpec|la—b|| for the set C C R™.
The following definition introduces local PTPB stability:
Definition 1 ([35]): For the system & = f(t, o, u,w)
with x € X, u = u(t,x) € U, and w € W, the equilibrium
point x,. € X is said to be local prescribed-time prescribed
bound (PTPB) stable for user-defined constants T,e¢ > 0,
if the closed-loop trajectory W, (t,to, x(to)) remains in the
ball B.(x,) for any (ty) € C C X after the prescribed time
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Fig. 1: Proposed Control framework

q, q

T, ie., [®y(t,to, x(t0))|B.(z,) =0V t > to+ T, where C
is some neighbourhood of x,.

Remark 1: For system (1) subject to input saturation con-
straints, Definition 1 indicates that only trajectories initialized
within a feasible set C C R™ can be driven to the reference
within the user-specified prescribed time. In particular, larger
initial deviations demand greater control authority to ensure
convergence within the prescribed interval [25]. A conserva-
tive approximation of the feasible set C can be obtained as
demonstrated in [35].

Before stating our control objective, we first introduce the
task-space formulation, inspired by the study [36], to achieve
multiple tasks with equal priority for both redundant and
non-redundant robotic manipulators. For a total £ € N,
let z; : R>o — R™i denote position and x;,Z; denote
corresponding time derivative, which are defined as follows:

z; = f(q), & = J(q)q, & =J(@)g+I(@)aq, 3)

for i = 1,---,k with each task dimension is m; such
that > m; = n and f, : R® — R™i are continuously
differentiable function, J;(q) = 0f,(q)/dq. Then, one can
augment the forward map and its Jacobian as follows:

f:[flTv"'vfg]Tvm:[wa"7wl—cr]—r “)
J = [J1r7 aJ;]TaJ: [J;r? 7JZ]T‘ (5)

Then, using the above formulation, one can reformulate the
system dynamics into task space dynamics as follows:

M, &+ Coa+g, +ug = (J) 'u, (6)

where M, = (JM 'JH)'c, = (JH)tcJ ! -
Mm.'IJ_lhqx = J g, uge = J tug. Let (1), &, (t),
and &, (t) denote reference position, velocity, and accelera-
tion trajectory, respectively. The following assumptions are
made in this study.

Assumption 1: External disturbances are bounded, i.e.
[[wall < a.

Assumption 2: The reference trajectories x..(t), @, (t) sat-
isfy state constraints, and @,.(t) is bounded.

Assumption 3: The forward map is known, and the Jaco-
bian J is of full row rank. For some unknown constants,



[Tl < T, T < Jo, 0T /0| < Tz, Vi =
{1, s ,n}, Jg = 1’I1'aXJ3}i.

Problem: For thelgiven robotic manipulator system in (T))
subjected to Properties [IH3| and Assumptions[I]-[3] the con-
trol objective is to synthesize a control policy that achieves
local PTPB stability as in Definition [T| while adhering to SIT
constraints in the presence of exogenous disturbances.

B. Adaptive Barrier Control Policy

Firstly, define error vectors as e(t) = @(t) — @, (t). Then,
using TBG functions hq (t), ho (t define e(t) = e(t) —r(t)
with r(t) = h1(t)e(0)+ha(t)é(0), for ensuring convergence
in time 7T;.

C(t) = é(t) + Ke(t), ()

K € R™ " is diagonal with positive entries. Then, input
constraints on u are enforced via saturation function: u =
S(7)7, where S(7) = diag (S1(m1), - , Sn(mn))-
U; o Uy
5, (o)) =mea (2,1, 2).

where med(a,b,c) is the median function, 7; is the "
component of 7, w > 0 and u < 0 are known constants such
that w,, € [u, @], with u; and @; denoting the components
of u and w. Let p,w,a, 58 > 0 be user-defined constants.
Then, control policy 7, is designed as follows:

§ = (2diag(y)) ™" (~B¢ + paDC - DE) . ®)
7=~ a(t)(1(e. &)+ D€ HWTC (1)

a(t)— pHC” |‘CJO_ C

- 1¢)0=-5 9
ol el ©)

where (e, &)=4max (L, ]|, [], [e]ll€]). and £(0)=0s,.
The Fig. [T] illustrates the proposed control framework in (9).

Theorem 1: Consider the robotic manipulator system (I))
with Properties Assumptions [I] - 3] and sufficiently
large T'. The synthesized controller policy (9) achieves robust
local PTPB stability as in Definition [I] while adhering to
SIT constraints subject to exogenous disturbances with bound
e = WK +2(1+ KK

For proof, see Appendix I. Note that K; (K ) denote the
maximum (minimum) diagonal entry of K.

Remark 2: The proposed control policy is applicable to
both joint- and task-space schemes. Notably, when all k tasks
are defined in joint space, f;(q) and J;(q) reduce to the
identity maps and matrices, respectively. Moreover, the strat-
egy is model-parameter-free in (TJ), but it assumes the forward
mapping f,(q) is known for task-space measurements.

Remark 3: Notice that the proposed control framework
(@) rejects external disturbances without disturbance mea-
surements, adaptive laws, or observers, unlike existing ap-
proaches [8], [16], [3], [4]. This is achieved by leveraging
the boundedness of the lumped uncertainty under the im-
posed system Properties and Assumptions, while the adaptive
barrier gain a(t) increases as needed to compensate for

2are smooth piecewise fifth-order polynomials; see [35]
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Fig. 2: Tllustration of experimental setup for Franka Research
3 robotic arm for various payload conditions.

disturbances without becoming unbounded (see Theorem [[).
Consequently, the adaptive gains remain bounded and non-
singular, ensuring robustness and adaptability in uncertain
environments.

III. REsuLTs AND DiscussioN

This section details experimental resultsﬂ on a 7-DoF
Franka Research 3 (FR3) robotic manipulator under various
conditions. All computations are carried out on a Dell Laptop
with 16 GB of RAM and Ubuntu 22.04 running on a real-
time Linux kernel.

The choice of control policy parameters is omitted due
to page limitations. In this experimental study, we have
considered the following scenarios (see Fig. [2):

a) a quintic trajectory tracking in joint space with/without
an external payload with 7' = 4s (see Fig. [3)
b) task space tracking with the following subtasks and 7' =
2s ((see Fig. f)).
i) hypotrochoid curve tracking in Cartesian space
ii) posture alignment with always z-axis up using the last
row of the rotation matrix, i.e., 2 = [rs 1, ’/‘3,2]T

iii) a sinusoidal curve for joint 3 and joint 7 ¢; o +

0.01sin(27t/10), where ¢ = 3,7
¢) tracking in task space while carrying suspended loads of
0.5Kg ad 1Kg with similar subtasks as above, except for
the tracking point-to-point in cartesian space. See Fig. [5]

IV. CoNcLusiON

In this brief, we proposed an adaptive barrier-function-
based control policy for robotic manipulators, applicable to
both joint- and task-space tracking while rejecting exogenous
disturbances. A TBG-based filtered error, together with state
constraints and input saturation, ensures safe control under
bounded inputs. Stability is established through Lyapunov
analysis and validated experimentally on a 7-DoF robotic
arm. Future work will extend the framework to unified
motion and force control in uncertain environments.

APPENDIX |
PRrROOFS FOR THEOREM

Let M, M,,m,,M;,C,,Ug, > 0 be some known con-
stants. Following the Properties 1-3 and Assumption 1-3,
one can obtain bounds on system matrices in (6) | M| <
MZL’? ||CTH S C:Ev ||gz|| S g ) and ||udxH S ﬂdm’,

where M, = J, M,C, = J,(C+M JyJ3),5, =

3Video link:  |https:/drive.google.com/file/d/1w _kO3HgBdsdw1wD-
Z0hvKNy_2b8zpg2q/view ?usp=drive_link
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Fig. 3: Experimental results for the FR3 tracking a reference
trajectory in joint space (Case a) with an initial offset of
30° in each joint, demonstrating state and input constraint
satisfaction under the proposed control policy (9).

Jog, and Uy, = JoTa, r@spectively. Further, the error
dynamics can be written as ¢ with W = J ' as in (10).

M =WTu—C.(+4,, (10)

where 8,(t) = C(—&)—g, —Udgp—M (- &, — &1+ KE¢).
Then, the boundedness of uncertainty is derived as follows:

102 ()] < dv(e, ), (11)
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Fig. 4: Experimental results for the FR3 robotic arm tracking
a reference trajectory in task space (Case b) with 7" = 1.5s
and an offset of 0.26m in for task 1 (b.i)
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Fig. 5: Experimental results for the FR3 tracking a task-space
point-to-point trajectory (Case c) with a suspended load of
0.5,1 Kg, T' = 4s, and a 1.7m position offset. Around ¢ =
1.2s, the suspended load tension switches from slack to tight.



whered = max (51,52753754), 31 = Mz(fgd + Ezd) +
Co(1a + T14)* + Gy + Uda» 02 = Co||K|(€14 + T1a),
03 = Cy(€ra + T1a) + M| K| and 04 = O K|
Proof:  Consider the Lyapunov function candidate
V) = %CTMQCC + %STE and from (8) one can derive
&€ = —B€&+ BaD(. Then, taking the time derivative of V(t)
and using the EL properties, we get:
' Py
i
_plIDI1€]
w—||¢]
Now, from Assumption |I[, there exists r>0 such that
CTWTSWE > r||¢||?, where r = Apin(W T SW). Since,
v > 4 and from (TI) and (I2), we have

(el -
v <w el 5) Il

< rplcll
w — Il

wd wa

Then, provided ||{]| > max (m, e
0. Since ¢(0) = 0,, from (7), we have

CTWISWe+¢'s

CTWTSWe—¢Te+at ' DC. (12

a)Dnanu. (13)

) , results in V(t) <

wé wa )

— e, — ] <w.
ro+0 TP+

Also, from (7), we have é+ Ke = (+7+ K. Since, ||€]] <
w, ||r(t)|| = 0,Vt > T, solving the ODE yields |e| < w/K
and ||é]| < w(1 + K/K), resulting in the prescribed bound
e. Further, from [|¢]| < w and (§) with o < ¢/ (]| D||w) imply
I€]] < c using. Thus, from @) we have q € [q,q],q €
[v, 7). Hence, the control policy (@) achieves robust local
PTPB stability under SIT constraints. [ ]

el < max( (14)
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