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ABSTACT

The control of lightweight flexible robot using delayed measurements (i.e. vision sensor
measurements) and moving along predefined paths is the focus of this work. The flexible robot
dynamics is derived on the basis of a Lagrangian-assumed modes method. Noised and delayed tip
deflection vision measurements are used beside the base tracking position for state variables
estimation process. In order to generate the required control inputs a special state estimation
approach is proposed to overcome noise and time delay and noise problems in the measurements.
Two state estimators are suggested for each of the measurements, and the states resulted from these
two estimators are combined in order for the end effector to follow the desired response. The one
link flexible arm prototype dynamic model is chosen for developing a case study. Extensive
simulation results are illustrated and discussed.

Keywords: Flexible robot, state estimation, vision measurements.
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INTRODUCTION

The design of mechanical arms results in a high weight to payload ratio. A successful method to
achieve advantages such as lower cost, higher speeds, better energy efficiency and improved
mobility; can be fulfilled by using of lightweight robots.

In this case, the control is one of the critical points to an effective use of flexible robot arms. As a
matter of fact in flexible robots more complex dynamics involved by the flexibility distributed
along a lightweight flexible links. In order to achieve a successful control synthesis; an accurate
dynamic model for the flexible manipulator is required. The recursive Lagrangian assumed modes
method proposed by (Jean, 1998) [1] is an efficient and complete modeling technique. The result
of this method is a number of generalized coordinates, and then state variables will be used for
control purposes.

The control objective is not just to drive the manipulator to a specific point and stabilize the
vibrations. The controller should concern about the specified path to follow. For a single link
flexible arm, an optimal control approach is candidate to succeed (Luca, 2003)[2]. The non-
minimum phase property of flexible robot have not addressed in pseudo link concept associated
with the tip output which is introduced in (Luca, 2003)[2]. In order to deal with the exact tracking
problem many researchers have been proposed the noncausal controllers for the purpose of
trajectory tracking.

The goal of this paper is to present an approach to the control of flexible manipulators moving
along predefined paths, based on state feedback theory using visual measurements. A similar
approach has been proposed by several researchers. The early experimental work in this area (Rush
et. al, 2002)[3], among others, aim at the end-point regulation problem based on the vision
measurements.

(Victor et. al, 2000)[4] studied the input-state feedback linearization problem and showed that the
system is not in general linearizable, however it is input output linearizable. To this end, the tip
positions cannot be selected as the visual outputs due to the instability of the unobservable
dynamics associated with such choice of outputs. (Mallikarjunaiah et. al, 2013)[5] focused on the
end-point control of a single flexible link which rotates in the horizontal plane by keeping the rotate
angle of the flexible link at desired position and eliminate the oscillation angle of end effectors, the
dynamic model is derived using a Lagrangian assumed modes method based on Euler—Bernoulli
beam theory.

(Rasheedat et. al, 2012)[6] developed a simple and efficient adaptive control scheme to
automatically tune PD control gains for two-link flexible manipulator, the manipulator is modeled
using Lagrange and assume mode method. The adaptive algorithm is developed for hybrid PD-PID
controller in which the PD controller is for rigid body motion control and the PID is for end-point
vibration suppression. The model of Linear Quadratic Controller Design Technique was controlled
by using state space approach and the performance of single link manipulator in dynamic non-
linear torque condition was studied in (Gamasu, 2014)[7].

A sensor fusion method for state estimation of a flexible industrial robot is developed in
(Axelssona et. al, 2012)[8], By measuring the acceleration at the end- effector, the accuracy of the
arm angular position, as well as the estimated position of the end- effector was also improved, the
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extended Kalman filter and the particle filter are proposed as a solutions to the Bayesian problem
estimation formulated.

It must be mentioned for control purposes that the full state availability is assumed. In fact the
flexible link variables can be measured using strain gauge, but the variables derivatives’ cannot be
measured but derived through a reconstructing another dynamic system as in (Somolinos et. al,
2002)[9]. In this contribution it is assumed that one of the output signals of the system is suffered
from noise and time delay measurement (e.g. camera measurements). In order to estimate the states
based on two different types of measurements, two state estimators are designed. The first one is
Leunberger observer to estimate states using base tracking motor signal and the second is a Kalman
filter for the tip deflection noised and delayed signal.

The paper is organized as follows: the mathematical model derivation will be presented, in the next
section. The state estimation process will be detailed later. After that the control approach is
presented. Then the case study parameters and simulations will be discussed in details. Finally,
some conclusion regarding this work addressed in the last section.

MATHEMATICAL MODELING OF FLEXIBLE ROBOT

The dynamic model of flexible link with a tip mass robot shown in Figure (1) is derived in this
section, where the motion of the robot is assumed as a rotation on a horizontal plane and the
deflection occurs due to the movement of the link.

vA

Figure (1) : kinematics descriptions for a flexible one-link.

Nonlinear equations of motion for a flexible manipulator can be successfully derived using the
recursive Lagrangian approach outlined by (Luca, 2003)[2]. This can be done by computing the
kinetic energy, and the potential energy. The total kinetic energy and total potential energy of the
system can be found by adding up those of various components of the system as:

_1 T . .2 ro T . T .
KE, =Z| my £f + 9, df' + [ P PCOT () dx+ m, i, (1)
KE, KE,

KE,
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1 d2W (x))’
PEt—EIO(EI)( e J dx )

Where KE,,KE,,KE;,and PE, represent the kinetic energy of hub, link, payload, and elastic
energy of link respectively, and p,E,I,m ,m,,W,r,r,, and J, represent mass per unit length of

link, modulus of elasticity of material, moment of inertia about z-axis, payload mass, hub mass,
deflection of the link, components of kinematics vectors and hub inertia respectively.

Having the kinetic and potential energies of a typical element of an arbitrary link mass and stiffness
matrices and load vector of the flexible link can be found by applying Lagrange's equations.

3
ofa) iy “
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N is the number of links, and n,; is the number of flexible modes included. For a flexible one link
manipulator the dynamic equation of motion is formulated by using Egs. (3 and 4) as:

R

M(a) 4+ F(q,q)+[K05}=[f] (6)

where M(q), K, F(q,q), f are the mass, stiffness matrix, coriolus and centrifugal vector, and
load vector respectively. q Iis the rigid and flexible displacements variables, and

me&(g’ 5) = [mll My -oeeee mln] .

The components of mass matrix M(q), stiffness matrix K , and load vector in Eq. 6 are functions of

elastic deformations, elastic velocities, and nonlinear terms including rigid body degrees of
freedom and their time derivatives. Therefore, the dynamic equations of motion of one-link flexible
manipulators are nonlinear. Two modes of vibration are used in this work (i.e. n=2) to describe

the deflection of link; so in thiswork q=[6 &, &,]". The summation of &,,and &, with each of
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coincides mode shape ¢,,and ¢, represents the value of W at each time instant. The dynamic
model of the one link flexible arm with reference to the Lagrangian dynamic equations is presented.

DYNAMIC STATE VARIABLES ESTIMATION
Flexible Robot Linear Dynamic Model.

The nonlinear flexible-link system is not in general input-state feedback Linearizable, however the
system is locally input-output linearizable. For the sake of observer and controller design; the
dynamic model is linearized about the operating point of the robot system. Hence for designing

state space model state variables based on Eq.(6) assumed as, y=[@ &, o, 6 &, o,]',and
the dynamic state space model can be reformulated as:

x=f()+9(u @
v =h(x,u)

Taylor series expansion is used to linearize the state space dynamic model according to these
conditions for an autonomous systemu=0,so y = f(y). The model is linearized about the

operating point which is found out by solving the following equations y =0 = f(y)=0. After

some mathematical simplifications for Eq.(7), the linear state space model becomes (Tewari,
2002)[10]

7=A y+Bu

8
w=C y+Du ®)

Using the Eq.(5), the linear state-space matrices are found out to be,

A:{ 0 I},B:{m 0 ﬂq, Q= 0o o] , D=0

M*K 0 M™*Q
The base motor angle and tip deflection of the link are taken as output,
Cz{cl}:{l 0 0 00 O}
C,| |0 ¢1|x:l ¢2|x:l 0 0O
In this paper, it is assumed that the first output is free of noise and time delay. On the contrary, the

second output is disturbed by noise and time delay (camera measuremnts), based on these
assumptions the output equation can be rewritten as:

| v ] [l o o 00 0]y
w_{wdbﬂj_ b ¢l 4|, 00 dzﬂ—ﬂ+n’

here 7,7 represent the time delay and the noise in the measurements respectively.

Observer Design.

For this study, it is suggested that the flexible robot system is observed with two types of sensor:
motor sensor the base position, camera sensor to observe the tip position of the robot. The vision
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data, which provides direct measurements of the deflection with respect to inertial coordinate, is
proved to be a good substitute for strain gauges. Related to the Eq.(8), two different measurements
are used.

Practically there will be time delay and noise in the all types of measurements; here the delay and
the noise for the motor signal are neglected in comparison with the camera signal. Due to the
limitations of the sampling rate, and the resolution of the camera to detect all modes of the system;
two different observers are designed to estimate the dynamical behavior of the system. The first one
is a standard one, while the second one is used not only to estimate the states, but also for time delay
compensation. This contributes significantly to the beam tip deflection estimation using the vision
Sensor.

For the non-delayed measurement, the states are estimated using classical observer approach
(Heijden et. al, 2004)[11] as

721=(A_K1 C1)21+BU+K1‘//1 ©))
with K, =P, C/ R/ and P, as the solution of the Riccati equation described as
AR+PR AT-R C/R'CPR+6,=0 (10)

Here ®, and R are positive definite weighting matrices for the non-delayed states and
measurements respectively.

Kalman Filter Design.

The advantage of using the camera as a tip sensing device is the direct inertial measurement. The
disadvantage is a delayed and noisy measurement signal. The delay is due to the time used in the
vision processing and video signal transmission. In this section the method of defining states using
an augmented predictor for the delay and noise compensation is described.

Here, an augmented Kalman filter is proposed for the delayed estimation. According to (Heijden et.
al, 2004) [11], and assuming that the estimated states are delayed by z . The Kalman filter equation
can be written as

)22:(A_K2 C2)22+BU+K21//2 (12)
where K, =P,C;R] and P, is the solution of the Riccati equation described as

AP,+P, A"'-P,C] R,'C,P,+0, =0 (12)

Here ®, and R, are positive definite covariance matrices for the noised-delayed measurement.

To remove the delay effect from the estimated states, a function g is defined as
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g=Ag+Bu (13)

and the non-delayed state estimate can now be found (Roberts, 1986)[12] as
Ho=9+e" [1,(t—7) - g(t—7)] (14)

However, in practical implementation the states of the system can be estimated from different
measurements by combining all of the corresponding state variable estimates. The states from the
second estimator are combined with the states of the state observer, which are estimated using the

full observer using the minimum mean-squared error y, with

s _ Uiy X1+ Pii 22
I Qii t P

i=1---n. (15)

Here n denotes the number of modes. An optimal estimation can be achieved, when they are
combined properly. The derivation process of g;; and p;; are explained in detail in (Roberts,

1986)[12]. Note, that the subscripts '1' and 2" in the states denote cases that the states are estimated
based on measurements '1" and '2', respectively. The schematic diagram for the estimation approach
is shown in Figure (3).

CONTROLLER DESIGN

For a single flexible link the mass matrix is only a function of deflection variables, which are
quadratic type nonlinearities. Thus a single link may well approximate a linear system, while this is
not true in the multi-link case. In spite of this fact, the simulations conducted with a single link case
provide a basis for multi-link investigations, since both cases suffer from the undesirable non-
minimum phase property. This property shows up when the controlled output is the end-effector
position. The less difficult problem of end-point stabilization may also become troublesome,
although not impossible, because of the non-minimum phase nature. the controller design for single
link flexible manipulator describe in the Figure (2). There are two output feedback signals
y.(t) and y,(t —1) return to the observer and kalman filter respectively. After the observer
processing the input signal generate the first combiner input signal X(t), while the kalman filter
output signal is the second combiner input signal X(t — ).

t
v y1()
X(t
»| Observer (®)
4 R
Reference ) X U [ Flexible ||Output
Input Combiner »| Contoller 5 [ P
A
.| Kalman
e ) x-a
Y2(t—1)
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Figure (2): controller design for single link flexible manipulator.

The linearized model Eq. (8) is used in this work to design the state feedback controller for the
flexible robot system. The control input based on the linear quadratic regulator can be written as:

u=-G . (16)

Here G = Rc‘lBT P, is designed (Tewari, 2002)[10] to minimize the quadratic cost function:

1= (" Qur+u"Ru). (17)

where Q. ,R. are positive semi-definite matrices and P, is the solution of the associated Riccati
equation

AT P.+P, A-P] BTR;'BP,+Q, =0 (18)

SIMULATION AND RESULTS

The mathematical dynamical model of the lightweight flexible robot as well as the controllers have
been developed in Matlab \ Simulink for simulation the structure shown in Figure (2). The desired
output trajectory used this work is higher order polynomials are sometimes used for path segments,
this polynomial is quintic polynomial: 6(t)=a, +at+a,t’ +a,t’ +a,t* +at®, the solution is
provided from robotics toolbox (Corke)[13]. The initial conditions of the trajectory are chosen equal
to zero in the start of the motion. The initial condition of the states are as follows

70=[0 005 0001 0 0 Of. Itisassumed that the link are deformed before the start of the

robot motion in order to ensure the capability of the estimation process in detecting the change in the
states even if the estimator has no information about the initial conditions of the system. The flexible
link physical parameters are as follows: 1 m length, 1x10™ m? cross sectional area, the first and
second natural frequencies are: 2.12, 14.3 Hz, E1=54.6 N.m?, p=7850 Kg/m®,

Two set of results are presented in this section, first include the simulation when the time of the
robot motion to reach the desired angle is 2 sec, the second set when the time is 3 sec. The set of the
estimators’ gains resulting from the design process are:

K, =[14.25x10° 4050.81 475.445 15.35x10° —-94.59x10° —10.644x10°]
K, =[0.1257 —874x10° 29003 79x10* -128x10° -8.013].

The state feedback gains according to  procedure  addressed earlier are
G=[1 11208 1.0578 0.4597 0.6108 0.2076]. The desired motion of the link is addressed in
Figure (3); start from zero and tend to 90 degree in 2 and 3 seconds respectively. In order to
compare the behavior of the designed system, a PD controller is also designed and simulated for the
single flexible link robot. Due to the nature of the flexible robot dynamics (i.e. a minimum phase
system), the uncontrolled motion results are not presented. The time delayed and the noised signals
can be seen in Figure (4). This signal and the link rotation angle output signal are used for
estimation process. The delay in the tip deflection output signal is variable value, in practical
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applications the delay can be assumed as constant. The error in the estimation process due to the
unknown initial conditions are shown in Figures (5), for the motion time 2 sec. It can be easily
noted that the estimators can construct the states of the system based on the output signals very
quickly.

The tip displacement and the input torque for proposed state feedback and PD controlled motion
are shown in Figures (6-9). In Figure(6) the motion time is 2 sec; the tip deflection suppressed
effectively after 1 sec. The same situation for the tip deflection in Figure(8), although it is smaller
but it required the same time for removing of the vibration from the tip. For the torque inputs and
due to the change in the time of operation the required torque in 2 sec case is larger than the
required torque for the 3 sec case Figures (7 and 9). Consequently the tip deflection and the input
torque using the proposed state feedback control gave better performance in comparison with PD
controller.

CONCLUSIONS

In this work the estimation of the state variables of single flexible link robot model for control
based on different types of measurements was studied. The dynamic model of flexible robot system
is designed using assumed mode method. In order to deal with the different properties of those
measurements, two state estimators are designed. The Leunberger observer for the base angle of
rotation measurements while the Kalman filter is used for tip displacement noisy and delayed
measurements, the two estimators work well. The states from the noisy delayed measurement are
estimated with a good accuracy. The control of single link flexible robot based on the estimated
states are simulated, and the results show good performance for the controlled behavior. The
proposed estimation process will be implemented later experimentally for more complicated
flexible systems.
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NOMENCLATURE

KE, Kinetic energy of hub.

KE, Kinetic energy of link.

KE, Kinetic energy of payload.

PE, Elastic energy of link.
P Mass per unit length of link.
E Modulus of elasticity of material.
I

Moment of inertia about z-axis.

m, Payload mass.
m, Hub mass.
W Deflection of the link.
r, r, Components of kinematics vectors.
J, Hub inertia.
N Number of links.
n, Number of flexible modes included.
T Time delay in the measurements.
n Noise in the measurements.
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Figure (3): the desired base angle.
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