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a b s t r a c t

The paper presents a comparative study on representative methods for model-based and
model-free control of flexible-link robots. Model-based techniques for the control of flex-
ible-link robots can come up against limitations when an accurate model is unavailable,
due to parameters uncertainty or truncation of high order vibration modes. On the other
hand, several research papers argue that suitable model-free control methods result in sat-
isfactory performance of flexible-link robots. In this paper two model-free approaches of
flexible-link robot control are examined: (i) energy-based control, and (ii) neural adaptive
control. The performance of the aforementioned methods is compared to the inverse
dynamics model-based control, in a simulation case study for planar 2-DOF manipulators.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

Flexible-link robots comprise an important class of systems that include lightweight arms for assembly, civil infrastruc-
ture, bridge/vehicle systems, military applications and large-scale space structures. Modelling and vibration control of flex-
ible systems have received a great deal of attention in recent years [1–3]. The paper presents a comparative study on
representative methods for model-based and model-free control of flexible-link robots (see Fig. 1). Conventional approaches
to design a control system for a flexible-link robot often involve the development of a mathematical model describing the
robot dynamics, and the application of analytical techniques to this model to derive an appropriate control law [4–6]. Usu-
ally, such a mathematical model consists of nonlinear partial differential equations, most of which are obtained using some
approximation or simplification [1,2]. The inverse dynamics model-based control for flexible-link robots is based on modal
analysis, i.e. on the assumption that the deformation of the flexible-link can be written as a finite series expansion containing
the elementary vibration modes [7]. However, this inverse dynamics model-based control may result into unsatisfactory per-
formance when an accurate model is unavailable, due to parameters uncertainty or truncation of high order vibration modes
[8].

Another model-based approach for the control of flexible-link robots is flatness-based control. Flatness-based control is a
powerful tool for the control of distributed parameter systems which does not follow modal analysis but the description of
the flexible robot using the concept of differential flatness [9–11]. It has been shown that flexible-link robots and flexible
beams are flat systems and thus flatness-based control can be efficiently used for trajectory tracking of flexible-link manip-
ulators [12–15]. The decomposition of the desirable trajectory into a series of a reference flat output (Gevrey function) and
its derivatives enables to generate open-loop control that assures tracking of the desirable trajectory. To succeed additional
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robustness a PID control loop can be designed to operate in parallel to the flatness-based controller of the flexible-link
manipulator. Different model-based approaches for the control of flexible-link manipulators have been also developed. In
[16] wave-based control of flexible-link robots has been proposed. First a new wave-based model of uniform mass-spring
systems was introduced and next this model was used to derive a control method for flexible-link robotic systems. In
[17], a survey of model-based approaches for the control of flexible-link manipulators has been given.

To overcome the inefficiencies of the aforementioned inverse dynamics control, model-free control methods have been
studied [18–20]. A number of research papers employ model-free approaches for the control of flexible-link robots based
on fuzzy logic and neural networks. In [21] control of a flexible manipulator with the use of a neuro-fuzzy method is de-
scribed, where the weighting factor of the fuzzy logic controller is adjusted by the dynamic recurrent identification network.
The controller works without any prior knowledge about the manipulator’s dynamics. Control of the end-effector’s position
of a flexible-link manipulator with the use of a neural and a fuzzy controller has been presented in [22–24]. In [22] an intel-
ligent optimal control for a nonlinear flexible robot arm driven by a permanent-magnet synchronous servo motor has been
designed using a fuzzy neural network control approach. This consists of an optimal controller which minimizes a quadratic
performance index and a fuzzy neural-network controller that learns the uncertain dynamics of the flexible manipulator. In
[24] a fuzzy controller has been developed for a three-link robot with two rigid links and one flexible fore-arm. This control-
ler design is based on fuzzy Lyapunov synthesis where a Lyapunov candidate function has been chosen to derive the fuzzy
rules. In [25] a neuro-fuzzy scheme has been proposed for position control of the end effector of a single-link flexible robot
manipulator. The scale factors of the neuro-fuzzy controller are adapted on-line using a neural network which is trained with
an improved back-propagation algorithm. In [26] two different neuro-fuzzy feed-forward controllers have been proposed to
compensate for the nonlinearities of a flexible manipulator. In [27] the dynamics of a flexible-link has been modeled using
modal analysis and then an inverse dynamics fuzzy controller has been employed to obtain tracking and deflection control.
In [28] a fuzzy logic controller has been applied to a flexible-link manipulator. In this distributed fuzzy logic controller the
two velocity variables which have higher importance have been grouped together as the inputs to a velocity fuzzy controller
while the two displacement variables which have lower importance degrees have been used as inputs to a displacement fuz-
zy logic controller. In [29] adaptive control for a flexible-link manipulator has been achieved using a neuro-fuzzy time-delay
controller. In [30] a genetic algorithm has been used to improve the performance of a fuzzy controller designed to compen-
sate for the links’ flexibility and the joints’ flexibility of a robotic manipulator.

In this paper two model-free control methods of flexible-link robots are examined and shown to be equally effective to
the model-based control methods: (i) energy-based control, (ii) neural adaptive control. In the first method, instead of using
the dynamical model of the links, the main stability results are derived with the use of the total energy and the energy-work
relationship of the whole system [31,32]. In the second method an efficient controller based on recursive neural networks
(RNN) is designed. Using the error dynamics a learning rule for the update of the RNN weights has been proposed
[21,33]. It is shown that the neural controller can maintain the stability of the overall system, and can compensate for para-
metric uncertainties or external disturbances. It is also shown that the proposed neural-adaptive control scheme is generic
since in place of the diagonal recurrent neural network, a different neural network (such as a RBF neural network) can be
considered and can perform well in the suppression of the flexible-links vibrations.

The structure of the paper is as follows: In Section 2 a dynamic model for flexible-link robots is introduced and a method
of model-based control is analyzed. Closed-loop stability is assured under the assumption that the truncated vibration
modes do not affect the robot’s dynamics. In Section 3 the control signal for the flexible links of the robot is calculated using

Fig. 1. Model-based and model-free control methods for flexible-link robots.
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