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Abstract

This paper proposes a control scheme for a N -DoF robotic manipulator in a

joint-regulation motion problem, dealing with disturbances (as e.g. exogenous

forces, unmodelled dynamics) that hinder task fulfilment, and also consider-

ing that not all the required states are available on-line. Existing literature

tackles this problem through Disturbance Observer (DO) strategies which im-

ply complex analysis and design methods or introducing strong assumptions.

Conversely, we propose to formulate the system as a Linear Parameter Varying

(LPV) model, which allows a straightforward application of the existing linear

control structures but without neglecting its non-linear behaviour. We make

use of the Robust Unknown Input Observer (RUIO) to obtain (for not measur-

able states) a decoupled estimation from the unknown disturbance effects, and

improve its noise reduction capabilities through the new optimal RUIO design.

The robotic manipulator is controlled with a state-feedback control law that,

making use of the LPV paradigm, has been designed to seamlessly avoid torque

saturation on manipulator’s joints through a gain shifting strategy that modifies

its compliant behaviour. Stability and performance requirements are imposed

in both RUIO and state-feedback control synthesis problems stated using the

LMI framework, applying Polya’s theorems on positive forms of the standard
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simplex to reduce its overall conservatism. Experiments, using a simulated head

system of the TIAGo robot as a testbed in various realistic scenarios, show the

benefits when compared to the existing joint-independent PD control strategy

and state-of-art EKF disturbance estimation.

Keywords: Robotic system, Linear parameter varying, Unknown-input

observer, Shifting paradigm, Robustness, Service robot

1. Introduction

Leaning on the recent advances in Artificial Intelligence and Computer Vi-

sion, robotic platforms are being increasingly introduced into industrial and

domestic environments, where their workspace, and even the tasks to be per-

formed, are shared with humans. For supporting “human-in-the-loop”, a key5

factor is to ensure their dependability under any possible scenario that might

arise (Alami et al., 2006), being one of them the existence of unknown effects

(disturbances) that might hinder task fulfilment. Thus, in this work, we address

the motion problem of a robotic manipulator under the effect of exogenous a-

priori unknown disturbances that should be rejected or compensated on-line.10

Moreover, we are going to assume that some of the required states are not

measurable, as e.g. due to faulty behaviour. We are focusing on N -Degrees of

Freedom (DoF) serial robotic manipulators for regulation tasks in their joint

space, i.e. “point-to-point” movements.

Disturbances in robotic systems correspond to multiple phenomena from in-15

ternal sources (friction, unmodeled dynamics) or interaction with the environ-

ment (collisions), presenting different behaviours and characteristics, usually

non-predictable or difficult to model. Great efforts have been made within the

research community to tackle this problem, some of them aiming at making the

control strategy robust against disturbances (as e.g. with SMC). These strate-20

gies are defined under the category of Disturbance Observers (DO), and have

been used in a wide range of platforms and for multiple purposes: from lower

limb exoskeletons for estimating the exerted torque by the wearer (Mohammed
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et al., 2016) to humanoid robots to compensate for unmodelled dynamics (Bae

and Oh, 2017) or even to improve boundary control approach in flexible manip-25

ulators (Zhao and Liu, 2020, Zhao et al., 2019a). In robotic manipulators, they

have been used for both single (Agarwal and Parthasarathy, 2016) and multi-

agent systems (Ren et al., 2018). Moreover, its integration with the control

strategy is currently being explored, for example in Kim et al. (2018), where it

is presented as a new concept for achieving a compliant behaviour under exter-30

nal contacts. On the other hand, another approach is to make a design robust

against disturbances (He et al., 2020), but this usually involves making certain

assumptions on the disturbance characteristics.

Due to the highly non-linear phenomena in robotic manipulators, the use of

linear analysis and design techniques for DO has been limited to certain stan-35

dard strategies, such as linearization around the operating point. This is the

case of the Extended Kalman Filter (EKF), which can deliver optimal perfor-

mance but only if the system behaves linearly around the operation point, as

in Mohammadi et al., 2013. During the last decades, several techniques have

emerged to deal with the control of non-linear systems, such as, e.g. Slid-40

ing Mode Control (SMC), Linear Parameter Varying (LPV) or Takagi-Sugeno

(TS) gain-scheduling control, among other. In this work, we focus on the LPV

paradigm (Shamma, 2012), which consist on characterising systems through

a set of parameters defined by exogenous (or endogenous) signals in a gain-

scheduling fashion, allowing a straightforward extension of existing linear con-45

trol techniques to non-linear systems. Its success has been also motivated by the

increasing use of Linear Matrix Inequalities (LMI) together with the application

of Lyapunov theory to formulate multiple analysis and design problems in con-

trol (e.g. stabilization and H∞) for LPV-suitable formulations. In these cases,

as including all the reachable states leads to an infinite number of constraints,50

LPV systems are usually described by confining all the possible trajectories

of the varying parameters defined by a set of vertices, leading to the polytopic

LPV formulation that considers only a family of vertex systems. Polytopic LPV

together with LMI provide a systematic approach to guarantee off-line certain
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properties, in contrast to ad hoc construction of Lyapunov candidates and trial55

and error tuning of the controller parameters required by other non-linear con-

trol techniques (Zhao et al., 2019b).

DO exploit all the measurements that can describe the state of the sys-

tem, but, as any physical entity, robots might be subjected to disturbances

that a�ect the closed-loop behaviour. Control literature has provided many60

model-based observers to estimate non-available information, but in the case of

system disturbances, the technique has to be robust enough against their ef-

fects. A well-known approach is to assume the dynamics of the disturbance (Ha

and Back, 2019), but, in a discrete-time domain, its e�ectiveness is a�ected by

the sampling period. Considering that this work aims at being applied to real65

robotic platforms that operate in discrete time, we will study the application of

Unknown Input Observers (UIO) structures, which can obtain a state estima-

tion disregarding the e�ect of disturbances and without a-priori assuming its

behaviour.

Therefore, in this work, we aim at providing a solution to the disturbance70

rejection problem considering a LPV formulation of a N -DoF serial manipula-

tor. This allows extending linear theory for analysing and designing structures

for a non-linear system, which, up to our knowledge, has not been performed for

disturbance rejection problems in robotic platforms. Solutions provided in the

literature rely on model linearization or neglecting non-linear dynamic terms,75

as e.g. in Kim et al. (2018). Considering that not all the system states are

measurable on-line, we have explored the Robust-UIO formulation (RUIO for

short) from Chadli and Karimi (2012) to provide a decoupled state estima-

tion from the disturbance e�ects. Using this estimation, a model-based DO

generates a compensating feed-forward action within the control scheme. To80

enhance its performance, RUIO noise reduction properties have been improved

through a novel formulation of its LMI design problem based on Kalman Ricatti

equations. To completely address the motion regulation problem, we have de-

scribed the synthesis of an optimal state-feedback controller through the Linear

Quadratic Regulator (LQR) LMI problem. Additionally, we have introduced85
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a gain shifting strategy (Rotondo et al., 2015a) aimed at seamlessly modifying

control compliance to avoid joint torque saturation e�ects (which represents a

worst-case scenario for the feedforward compensation of disturbances).

It should be pointed out that the LPV paradigm has not been widely ap-

plied to robotics yet, mainly due to the large number of varying parameters90

of the generated models. These issues are tackled within the LPV literature

from two di�erent perspectives: (1) by increasing the 
exibility of problem con-

straints and/or (2) by modifying the model used. Latter ones consist on reducing

over-boundness of the LPV model description by reshaping the set of varying

parameters according to their behaviour (Bruzelius et al., 2002) or approximat-95

ing the system to an LPV model with a reduced number of parameters as e.g.

in Hashemi et al. (2012), which is also one of the few application examples of

LPV techniques in robotic manipulators. On the other hand, reducing problem

conservatism by relaxing constraints lies in state-of-art methods from the �eld

of mathematics, usually trading-o� an increase in the number of constraints. In100

this work, we propose to further exploit the use of these techniques in robotic

applications by making use of Polya's theorems (Sala and Arino, 2007) in both

the RUIO and state-feedback controller LMI synthesis problems.

This paper is organised as follows: Section 2 describes the LPV modelling

of the manipulator and its polytopic representation. Section 3 is devoted to105

the estimation of exogenous force e�ects using state variables. The improved

formulation of the RUIO and the derivation of design conditions to minimize

noise e�ects are presented in Section 4, together with the introduction of Polya's

theorems for its synthesis problem. In Section 5, the shifting control paradigm

and its formulation under Polya's method are described. Section 6 illustrates110

the application of the complete approach to the head of TIAGo robot, provid-

ing simulation results under di�erent settings. The �nal section concludes the

presented work and highlights future research developments.
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2. System Modelling

2.1. Description115

The TIAGo humanoid robot (Fig. 1) developed by PAL Robotics1 has been

used in this paper to exemplify the described methodology and techniques. This

robotic platform is meant to operate in both domestic and industrial anthropic

domains as a service robot, featuring a wide set of capabilities related with navi-

gation, perception and human-robot interaction, making it suitable for research120

purposes. It is also fully-integrated within the well-known Robotic Operating

System (ROS) ecosystem2, which o�ers realistic simulations through Gazebo 3

using the same communication interface for controlling the real robot.

Figure 1: TIAGo robotic platform developed by PAL Robotics performing a manipulation

task.

1TIAGo robotic platform by PAL Robotics: http://tiago.pal-robotics.com/ (Accessed

July 26, 2021)
2ROS software development framework for robotics https://www.ros.org/ (Accessed July

26, 2021)
3Gazebo http://gazebosim.org/ simulator for robotic applications (Accessed July 26,

2021)
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Particularly, the focus has been put in the 2-DoF TIAGo head system. This

responds to an existing issue with its pose control strategy, based on joint-125

independent PD control, which was not able to reach desired positions when a

device (e.g. an additional RGB-D camera) was attached, i.e. under the e�ect of

a force associated to a mass. Head positioning is crucial to ensure the required

vision and 3D mapping features of the TIAGo robot, becoming paramount to

overcome this issue. Either way, a valid description of the methods is given130

in this work for any N -DoF mechanism with rotational joints, such as a serial

robotic manipulator.

2.2. Analytical Model

As any model-based approach, a set of analytical expressions that describe

the behaviour of the system has to be determined. For anyN -DoF robotic135

manipulator with rotational joints, applying well-known Newton-Euler formu-

lation (Craig, 2009), joint torque vector � can be de�ned as a function of the

joint acceleration •q, velocity _q and position q vectors:

� = M (q) •q + B (q) [ _q_q] + C(q) [ _q2] + G(q) (1)

whereM (q) 2 RN � N is the mass matrix, G(q) 2 RN the gravity e�ects, C(q) 2

RN � N the centrifugal coe�cients, and B (q) 2 RN � N (N � 1)=2 the Coriolis terms.140

Joint friction phenomenon has been considered asa-priori modeled, such that

their in
uence on the control scheme is either fully cancelled or minimised (being

a source of system noise in this latter case), and therefore it has been be omitted

in Eq. (1). This assumption has been made considering that there exist several

techniques that, from di�erent approaches, successfully tackle this problem as145

e.g. in Colom�e et al. (2015).
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