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Adaptive Smith Predictor Fractional Control of a Tele-operated Flexible
Link Robot*

Saddam Gharab', Selma Benftima? and Vicente Feliu Batlle?

Abstract— This work addresses the adaptive Smith predictor
control of a tele-operated robot composed of a flexible link.
Measurements of the angle of the motor that moves the arm
by using an encoder and the moment at the base of the arm
by using two strain gauges are fed back. These strain gauges
normally present noticeable offset and high-frequency noise.
In order to implement such control, the simultaneous real-
time characterizations of the main vibration mode - which
changes with the carried payload - and the delay of the tele-
operated robot - which is time-varying - are carried out using
a new algorithm based on an algebraic identification technique,
which is robust to the previous strain gauge disturbances.
This algorithm is faster than others previously developed,
being especially suited to implement an adaptive version of the
Smith predictor. The control of the tip position of the robot
is closed using a fractional order controller, which has the
advantage of removing the steady state error introduced by the
strain gauges offset on the tip position. This adaptive control
system is subsequently evaluated on a prototype. Simulated and
experimental results are presented demonstrating the speed,
accuracy, and robustness of the performed control system.

I. INTRODUCTION

Tele-operated robots perform tasks in environments that
can be dangerous for humans. These robotic systems are
designed to be remotely controlled by a human operator.
In teleoperation, an operator controls the movements and
actions of the robot from a remote location through a control
interface that sends commands. Tele-operated Flexible Link
Robots (TFLRs) are robots constructed with lightweight
materials, allowing them to be easily transported, navigate
sophisticated spaces, consume less energy, and, compared
to rigid teleoperated robots, facilitate their mounting on
other platforms. TFLRs are used in various applications,
primarily in the aerospace industry [1] where they perform
tasks in hazardous environments, as well as in the surgical
medical domain [2],[3], allowing surgeons to perform surg-
eries remotely. However, controlling 7 F LRs presents several
challenges: (1) the delay in communication between the
operator and the robot, known as latency, can have significant
implications during the robot’s operation, and (2) vibrations
due to the flexibility of the links can significantly decrease
the positioning accuracy of the robot’s end effector and
may cause damage to the mechanical system if their natural
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frequencies are not correctly identified and the control system
is not adjusted accordingly. The delay can vary over time
due to the different operational states of the communication
lines, and the natural vibration frequencies also change over
time depending on the mass of the load that the robot
is transporting. Additionally, it should be noted that the
sensors typically used to measure and provide feedback on
the vibrations - pairs of strain gauges located at the base
of each link - usually have an offset that varies over time,
along with high-frequency noise. It is worth mentioning
that the other sensors, which are encoders measuring the
rotation of the shaft of each motor, do not encounter these
issues. Therefore, robust real-time identification techniques
are required to ensure rapid estimations of the characteristic
parameters of TFLR dynamics, particularly the vibration
modes of the mechanical system and the delay, to implement
adaptive controls that reduce the controlled robot’s sensitivity
to the aforementioned variations. There are many methods
for carrying out parametric identification of vibration modes,
such as adaptive notch filtering [4], Kalman filtering [5],
and least squares methods [6]. Similarly, for identifying
delays present in tele-operated systems, estimators have been
developed, such as the super-twisting adaptive algorithm [7],
spectral formulation [8], or the use of cross-convolution
equations [9]. However, these algorithms require the es-
tablishment of initial parameter values that influence the
method’s efficiency and demand proper selection of other
parameters, leading to increased computational complexity.
They also require several cycles to converge to appropriate
vibration frequency values and are relatively sensitive to
noise. A relatively recent approach is algebraic framework-
based estimators and compared to other classical method of
estimation [10]. These were originally proposed in [11] and
have been used to design algorithms that estimate real-time
oscillations of a noisy signal in cases such as a vibration
frequency [12], vibration with slight damping [13], vibration
with sensor offset [14], and two vibration modes of an elastic
beam from offset-free measurements of a single signal [15].
These estimators offer the advantages of providing very rapid
estimation of the parameters of interest, being relatively
simple, and not requiring initial states or initial parameter
adjustments. Several control strategies of teleoperated robots
were reported in the literature in order to accommodate
challenges in robots. A study focusing on using Yaskawa
robots with the Robot Operating System (ROS) for tele-
operation tasks is presented in [16]. The work proposed a
standard ROS-based control by incorporating a new velocity
control mode into the standard Motoman ROS driver in
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order to accommodate trajectory tracking errors and time
delay. The designed control method is validated by applying
it to the Yaskawa GP8 robot. A local Partial Feedback
Linearization control technique was proposed in [17], based
on a modified Extended Lawrence Four-Channel architecture
to ensure stability and good monitoring of flexible slave arms
in a master-slave telerobotic system. The stability criteria for
the varying delay was generalized and the designed control
was applied to lightweight cable-driven tools in telerobotic
surgery. A controller based on PD structure was developed in
[18] combined with a disturbance observer to compensate for
dynamic uncertainties, disturbances, time delay, and actuator
failures in a teleoperation system where the slave arm is flexi-
ble. The stability of the designed controller was verified using
the Lyapunov theory. Two controllers are introduced in [19]:
an adaptive and damping injection controller that addresses
uncertainties in plant parameters, and a proportional plus
damping injection controller that regulates a nonlinear tele-
operated manipulator with joint flexibility and time-delays.
The adaptive controller can handle parameter uncertainties
and constant time delays, while the other controller is robust
to variable time delays and both controllers can achieve good
position tracking. The key contributions of this work include
(1) The design of new algebraic estimators for rapidly
identifying the parameters of the TFLR, (2) The development
of an adaptive predictive fractional order controller based on
a PD structure and a Smith predictor. This control scheme
is validated on a 1-DOF flexible manipulator. Additionally,
the parameters of the controller, such as the time delay
and natural frequency, are auto-tuned using online algebraic
estimators. The article has been structured as follows. Section
II presents an overview of the experimental setup and the
dynamic model of the system. Section //I develops two real-
time rapid algebraic identifiers that estimate the vibration
frequency, stiffness, gain of the motor loop, and delay of the
dynamic model. The designed estimator is applied in Section
IV to monitor the vibrations of an experimental 7F LR with
one degree of freedom, and the results obtained in exper-
imentation are presented. Section V deals with the control
scheme adapted to monitor the teleoperated manipulator in
order to ensure trajectory tracking and eliminate vibrations.
Finally, conclusions are drawn in the last section.

II. DYNAMIC MODEL OF THE TFLR
A. Description of the experimental platform

The air table flexible manipulator of Fig. 1 is a precision
mechanism designed for agile and controlled movements in
various applications. It consists of three metallic legs forming
a stable base on which a DC servo motor with a reduction
ratio of n = 25 is installed. This motor serves as the primary
driving force for the manipulator’s motion. A 0.5 m long
flexible arm is attached to the servo motor. This arm is
capable of bending and flexing to accommodate different
trajectories and reach desired positions accurately. At the end
of the manipulator arm, a disc system with a radius of 6 cm
is mounted. The entire system operates on an air table, which
effectively reduces friction and ensures smooth movements

of the manipulator. This feature is crucial for maintaining
precision and accuracy in positioning tasks.
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Fig. 1.

B. Dynamics of the Complete System

Consider the one degree of freedom TFLR of Fig. 1,
in which the angular position of the motor that moves the
link is 6,,(rad), the coupling torque measured at the base
of the link by a pair of strain gauges is I'(N -m), and the
tip angle is 6;(rad). Taking into account the length and the
stiffness of the link, and the tip mass (see Table I), only
the fundamental frequency is excited when carrying out a
horizontal movement of the set (motor + link). The rest of
the modes can be neglected because they have frequencies
much higher than the first one and amplitudes much smaller.
Then the following model of our TFLR is proposed:

k- (On(t) = 6:(1)) =T(1) (1)

where m is the mass of the tip payload, [ is the length of the
link, and % is the stiffness coefficient of the robot link given
by the expression k = l I \where EI is the flexural stiffness.
The dynamics of the DC motor is:

K-u(t)=J-0,(t)+Vv-0,(t)+T:(t) +T(t) )

where K is the electromechanical constant, u is the voltage
applied to the motor, J is the motor’s inertia, v is the viscous
friction, and I'; is the Coulomb friction. The values of the
physical parameters of the motor and the flexible mechanism
are shown in Table 1.

Our setup is equipped with a sensory system comprising an
incremental encoder embedded into the DC motor, enabling
precise determination of the motor’s angular position with an
accuracy of 7-107> rad. Additionally, a pair of strain gauges,
with a gauge factor of 2.16 and resistance of 120.2 Q, is
positioned at the base of the link. Typically, robot actuators
consist of servo systems integrated with controllers that
regulate joint positions, minimizing the impact of viscous
and Coulomb frictions. Our platform’s motor is governed by
a 2-DOF PID controller, designed based on the dynamics
described in (2), leading to a critically damped second-order
closed-loop system. The delay associated with the operator
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TABLE I
VALUES AND UNITS OF ROBOT PROPERTIES.

Property Value Unit
Mass of the payload (m) [0.05] [Kg]
Length of the link (/) [0.65] [m]
Stiffness of the link (k) [0.56] [N-m™1
Inertia of the motor (J) [6.87-1077] [kg~m2]
Viscous friction (V) [1.041-1073] [N-m-s]
Coulomb friction constant (I';) [119.7-1073] [N -m]
Electromechanical constant (K) [0.21] [N-m.V~1]
Flexural stiffness (ET) [0.260] [N-m?]
Sampling time (7's) [2] [ms]

communication is denoted by 7 and incorporated after the
set-point 6. This set point manipulated by the operator, after
having been delayed, serves as the reference for the motor’s
control loop. The resulting dynamics’ transfer function is
represented by equation (3), where M(s) is the transfer
function of the motor’s controlled dynamics, and p stands
for the inverse of the modulus of the double pole tailored
for the closed loop.

O, (s) B 1
6,(5) M= e

Moreover, taking Laplace transforms in (1) and operating,
it is obtained that

=M(s)-e " | 3)

I'(s k- s
GF(S)_Bm((s))_sz—l—(Dz )

0,(s) o>
Gy (S) = em(s) = m 4)

Fig. 2a shows the experimental step response of the arm
tip, 6;, and Fig. 2b shows the magnitude of the frequency
response of the signal provided by the strain gauges. They
show that: 1) the assumption that only the fundamental
frequency is excited is true and 2) the dynamics of our robot
are accurately described by equations (1), (3).

2 T T T
—~15F 0
z 1
20
g
< 050 .
a)
0 1 1 1
0 5 10 15 20
Time(s)
1000 T T T T
)
Z 500f 1
- I b)
n " A} & L
107" 107 * 10 10?
Frequency(Hz)

Fig. 2. Time and Frequency Responses.

III. DEVELOPMENT OF THE ALGEBRAIC ESTIMATOR

In this section, a novel estimation algorithm is developed
based on the principles of algebraic identification, utilizing

the dynamic model (1), (3) of the teleoperated flexible robot.
It is important to note that the algebraic estimator does
not possess asymptotic properties and does not necessitate
statistical knowledge of signal noise. Another significant ad-
vantage is its ability to rapidly estimate parameters using just
the measured input and output variables. This makes it highly
suitable for adaptive controller tuning. Fig. 3 illustrates a
schematic diagram including two parameter identification
processes. Two algebraic estimators are employed: the first
one identifies the delay 7 and the parameter y from the
reference signal 6, and the motor angle 6,,. Meanwhile, the
second one determines the vibration frequency @ and the
link stiffness k from the motor angle 6, and the coupling
torque I

0F Om I
= e~ M(s) Gr(s) >
T w
> —»
Estimator Estimator k
1 | [ 2 .

Fig. 3. Diagram of the Algebraic Estimator.

The proposed technique does not require initial conditions
(which are unknown) and generates linear relationships be-
tween the unknown parameters, enabling rapid convergence
towards the actual values of the system parameters.

A. Estimator 1

Applying the first-order Padé approximation to the delay
term of M(s)-e~"* of expressions (3) we obtain:

0u(8)- (115 (143 -5) = (1= 2 5)- 63(5)  (5)

Differentiating three times with respect to s we get:

d6,(s) d*6,(s) 1 d36,,(s)
2 m 2 m 3 'm
Tl -<3~9m(s)+6-s- Zs +3-57 12 38 T3 +
d6,,(s) d?6,,(s) d36,,(s) d*6,,(s)
2. . m . Q. m ‘2. m . . m
K (6 ds o az ds? a6 ds?

d*6,,(s) d6,,(s) d*0u(s) 5 d*6u(s)
2.5- ol L 6. .
T JueT ds 5T +s ds3 +

. <l . d?6,,(s) N 1 . d>6:(s) 3 d?6,,(s) 3 dze,f,(s)> _
2 ds3 2 ds3 2 ds? 2 ds?
d36m(5) d397:1(s)
O ds? ds3

6

In order to avoid multiplications by positive powers of s,
which result in unwanted time derivatives, equation (6) is
multiplied by s3:
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_ o dBy(s) 1 d%0n(s)
2 3 2 m 1 'm
T- U (357 Op(s)+6-s ~T+3-s S

1 d36,(s) ) 3 dOn(s) 5 d?0(s)
+5 dS3 )+[i (6S T+6S . dsz +
_1 d36u(s) _5 d?6,(s) 5 d30p(s)

1 m 3 m 2 m
= R L~ A

3 dOu(s) Ly d?0u(s)  _ d?6,(s)

. . . 3. n —_ . 2. m 1. m
woze(6es ds 6-s ds? ds3 )+
b ) 1 o () 3y (s

2 ds3 2 ds3 2 ds?
(23 L6 s ) | o d60)
2 ds? ds3 ds3

@)

In order to translate equation (7) into the time domain,
the inverse Laplace transform, denoted hereafter as .56_1,
is carried out. Recall the following properties: &,/’"s(*) =
G0 L) = [y L7145 () = (=1)'1(). More-
over, let the operator fo(P )(*) represent the integration p times
of a function. Taking all this into account, equation (7) is
converted to the time domain and can be expressed in a
compact form as:

Tptoo )+ B +un@)+u-T S+t M) =01(t)  8)

where o =3 %) 6,,(1) +6 17 16,,(1) + 3 [V 120,,(t) + L -
£20,(t), B = 6f0<3)t0m(1‘) + 6]0(2) 126,,(t) + f0<1)t39m(t),
n = 6fo(3>t29m(t) + 2f0(2)t39m(t), & = 6f0(3)t9m(t) -
6 - Ji720u(0) — [V P0(), M = LT P6.0) +
2 N 3 3 ¥

Lileenn + 35076 + Y3600 =
—fo(3)l‘36m(l) + f0(3)l39:1(t) and (Xl,ﬁ17’)/1,31,)~1, and
o) are the outputs of the following linear time-varying
unstable filters with zero initial states:

a=z—-516, Pi=zu n=z
d=20+316, G=—16u+12s 77=13
D=23-61-0y 5=612-0,+2 B=20—2:13-6
B3=36p Zo=—61-0y =610,

* % % * % % * % %

S =z10 AM=z13 01 =26
Zio=z11—1 O Zi3=z14 zi6 =217
Zi1=2120—612-6,  zia=—5-0(05+6)+zs  zir=2zs

Zi2:_6't'9/11 Zl5 = %t2(67t1+6m) Zi8:l3'(9m_91:)

(©)]

The linear equation (8) has five unknown parameters, U,
7, and their combinations, which can be obtained through
a least squares error fit within the time window [#;,t/],
representing the time interval between the first and last
available samples. The cost function to minimize is:

i
& = A (loa(z) Bi(r) n() 6i(r) Al(t)]'Pchl(t))z.d;
| (10)
where (7) denotes matrix transposition and
P=[cp’ @ popet 1 (11)

The minimum & corresponds to an optimum P* given by

T —1

s [oi 1
. t t ot t
v | [ 50| 5w | a| [ 0] ewa
FYOIEERO) i | 8(1)
GIENG) Ar(2)

12)

Then the parameters 7, 4 have to be estimated from the five
conditions obtained: p} = 7-u?, p} = u?, Py=M,pi=TU
and p5 = T being pj, i=1...5 the elements of vector P*.
This is carried out minimizing the quadratic cost function
minE with E = (- g —T- 1)+ (Hg — u*)* + (Mo - To —

To,Mlo
w-1)%+ (o — p)* + (7, — 7)%, which yields the optimum
estimates 7, and .

B. Estimator 2

As mentioned previously, the strain gauge sensor utilized
in the system exhibits an inherent offset, which necessitates
careful consideration when developing the estimator. This
offset, often a result of manufacturing imperfections or
inherent characteristics of the sensor, introduces a baseline
deviation in the sensor’s output readings. Therefore, the
Laplace transform of the measured coupling torque I is

X

['(s) =T(s)+ < (13)

where I' is the actual value and ) is the offset value.
Introducing (13) into the dynamics described by Gr(s) in
the left side of equation (4), we obtain

(P +s5-@%) ()~ k5> 0,(s) — - (s*+@%) =0 (19

Differentiating three times with respect to s we get:

d’1(s) &1 (s)
2
o 3- . —
( ds? *e ds?
dOn(s) s d*6u(s) 5 d30u(s)
k~(6~9m(s)+18~s- 15 +9-5°- 752 +57- 153 +
. dl'(s) , d’T(s) 5 d*Ou(s)
6-T(s)+18-5- ——2 +9-5%- : =0
< (s) 4185 ds 9 ds? ds3

15)

In order to avoid multiplications by positive powers of
s, which result in unwanted time derivatives, we multiply
equation (15) by s3, resulting in:

. d2(s . d31(s _
672~(3~s 3 dsg)+s 2 dsg)>—k~(6‘s > Bu(s) +
5 dBu(s) 1 d20u(s)  dPOu(s)
18. 572, 22m2) s
s s +9-s 152 o3 )
3 = _, dI(s) . d*T(s)  &PL(s)
3 2 1
. T 18- L . . —
+<6 s (s)+18-s s +9-s 72 + 153 0
(16)

This equation can be translated into the time domain:
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w?(yﬂ:ﬁﬂfwfﬁx/mf@)*
6/ O ( 718/ - /(1)9 (1) +17 - 0(1)) +
/ f(e —18;/ £(6)+9-12- / f@) +23 @) =0

a7

and written in a compact form as:

@ (t) +k-Ba(t) = p(t) (18)

where o, B, and 9, are the outputs of the following time-
varying linear unstable filters with zero initial states:

o =7 ﬁ2:I3~9m+Z4 72:t3-f+27
A= 24=912-0y+25 z'7=9~12-1“f23
H=—1T+4zn 5=—181-0y+z6 zz=-181-T'+2z
z=3-12.T Z6=6-6, Z9=6-T

(19)

The linear equation (18) has two unknown parameters, @~
and &, which can be obtained through a least squares error fit
within the time window [¢;, f7], representing the time interval
between the first and last available samples. The cost function
to minimize is:

i
& =
I

([loo(t) Bo()]-[@* KT —p(0)*-di (20)

In order to estimate @2 and k, minimizing & leads to:

7] [ ) ] ] Do
(21)

C. Sentinel Algorithm

Since filters (9) and (19) are unstable, expressions (12)
and (21) involve divisions of very high magnitudes when the
elapsed time is long. Then numerical errors are produced in
these divisions that yield incorrect estimations of the system
parameters. Then it is essential to employ sentinel algorithms
that stop the identification process when the parameters have
been accurately estimated, preventing the errors produced
if the algorithms were run for a long time. Moreover,
these sentinels ensure the accurate selection of the estimated
parameters, are indicators of the estimation accuracy, and
determine when the identification process should cease and
the parameters of the adaptive controller should be retuned.

The sentinel algorithm employed here is based on the Ex-
ponentially Weighted Moving Average (EWMA) and Expo-
nentially Weighted Moving Standard Deviation (EWMST D).
The recursive formulae of the EWMA and the EWMSTD
are respectively Z(j) = A - X(j)+ (1 —A1)-Z(j—1) and
S(G) =V (X(J) = Z(j)* + (1= 2A2) -$2(j — 1), where X
represents any of the parameters to be estimated, 0 < 415 <1
are the forgetting factors that handle the smoothness of the
trajectory and j is the sampling index. It is important to

note that the initialization values for the EWMA and the
EWMSTD are defined as Z(1) = X(1) and S(1) = X(1).
By using these definitions and the outputs of the algebraic
estimator, it is considered that the estimates have converged
when the following condition is fulfilled:

SU)
Zo) =°

where 0 is a chosen precision threshold.

(22)

IV. APPLICATION OF THE ESTIMATOR

The above estimators are applied to a simulated model
of the TFLR and are implemented into the program of
the considered robot. Fig. 4 shows the measured signals,
which serve as inputs to the estimators and are utilized for
identifying the parameters as indicated in Fig. 3. However,
only estimations of @ and 7 will be presented, as these
parameters are the most critical for control purposes.

e
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0 0.5 1 1.5 2 2.5 3 3.5
Time (s)
Fig. 4. Experimental Signals Used for the Algebraic Estimation.

The natural frequency is employed in designing the TFLR
control system, serving as crucial data for efficiently can-
celing vibrations. Its real value @, is determined via Fast
Fourier Transform (FFT) and stands at 11.52 rad.s™!
Estimator 2 yields a suitable value of around 11.518 rad.s™!
in less than 0.65 s with a relative error of 0.017%. Knowing
the delay enables implementing compensatory measures to
synchronize the robot’s behavior with the desired motion
or trajectory. It also allows for achieving precise control
and enhancing the dynamics in closed-loop systems. The
system’s real delay is 7,= 0.46 s and Estimator 1 is capable
of providing the exact value in less than 0.2 seconds. The
evolution of the estimated frequency and delay, and their real
values, are illustrated in Fig. 5.

The sentinels, determined by the convergence criterion
(22), are depicted in Fig. 6 for both estimated frequency
and delay. This illustrates that acceptable estimated values
for frequency and delay can be chosen, starting from 0.65
s and 0.15 s, respectively. The proposed algebraic estimator
involves two phases: the estimation procedure and the con-
vergence criterion. The two algebraic estimators established
previously will be employed to auto-tune the parameters of a
designed Smith predictor fractional order controller, applied
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Fig. 5. Experimental Evolution and Convergence of the Natural Frequency
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Fig. 6. Evolution of the Sentinels.

to the 1-DOF flexible robot presented in Section /1. The
rapid estimation of T F LR parameters enhances the suitability
of the designed controller.

V. ADAPTIVE FRACTIONAL-ORDER DERIVATIVE
CONTROLLER EMBEDDED IN A SMITH PREDICTOR
STRUCTURE

We consider the Smith predictor-based control scheme
depicted in Fig. 7, wherein M(s) denotes the real equivalent
transfer function of the controlled servo motor. Specifically,
we define M(s) = m, with g = 0.02. The motor is
regulated using a robust 2- DOF PID controller, with its
double pole located at p = _ﬁ This placement renders
the motor dynamics robust against variations in mechani-
cal vibration of the beam and friction (either Coulomb or
dynamic frictions). Furthermore, the motor dynamics exhibit
a response significantly faster than the mechanical vibration
of the beam. Here, Gg(s) characterizes the real relationship
between the tip position and the motor angle, while T denotes
the real-time delay attributable to data transmission between
the control center and the servo-controlled motor. In this
figure, M*(s), Gj(s) and 7* represent the model transfer
functions of M(s) and Gg(s), and the model of 7. Since the
motor control is robust, we assume hereafter that M(s) =
M*(s). However, Gg(s) varies in function of the carried
payload and 7 in function on the operational state of the
communication line.

The parameters ®* = 11.518 rad.s~', T = 0.46 s are
considered as the nominal values of respectively the natural
frequency and the delay, and R(s) represents the controller.
Accordingly, the values of 7%, K; and @ are adapted based
on the estimation performed by the algebraic estimator.

Equating the right part of equation (1) gives and estimator
of the tip position 6;(¢) of the robot based on measurements
of the motor angle 6,,(r) and the strain gauges I'(¢):

I(r)
Tk

Since I'(z) has an offset x, a constant disturbance d(t) of
amplitude f; is produced in the estimation of 6;(¢). It is
modelled in Fig. 7 as a step disturbance d(s) = %
i= L.

k

0,(t) = 0, (t) — (23)

0; (s) 05 (s) Ou(s)

Algebraic

Estimator

Feedback Control Scheme.

Fig. 7.

A. Offset Disturbance Rejection

Operating the block diagram of Fig. 7, the closed-loop
transfer functions of this system are obtained:

0 (s) = Goe) M) (61 )R )

1+R(s)-M(s)-G; (d)+R( )-M(s)-(Go(s)-e 5 =Gy (s)-e ") 24

Given the significantly faster dynamics of the motor com-
pared to the vibration of the flexible link, we can reasonably
assume that M(s) = 1. Accordingly, we get that

0:(s) = Hy(s)- 6/ (s)+Hy(s)-d(s) (25)
where
_ Go(s)-e ™
Ho() = TrGras @ Re) (GeGremGrore ™) 20
Hy(s) = - sl @7

1+R(5)-G} (d)+R(s)-(Go (s)-e = —Gy(s)-e7)

Applying the Final Value Theorem to these expressions and
taking into account that Gg(0) = Gj(0) = 1, we get the gain
of Hy(s) and the steady state error caused by d(s). They are
respectively:

- _R(0)
, limHy(s)-d = TER(0)

1
lim H —_—
sgl(l) 9< ) 1+R(0) s—0
This suggests that, in order to get a unity gain in the closed-
loop system and a zero steady-state error to strain gauge
offset, it is required that R(0) = 0.

d (28)
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B. Control Design: Frequency Domain Based Technique
The previous condition implies that controller R(s) cannot
have a proportional term. It must have only a derivative term
being its simplest form R(s) = K, -s. This controller has
a single parameter to be tuned which means that we will
be able to design a single dynamic specification (either in
the time or frequency domains). Then we propose to use a
fractional-order derivative controller of the form

R(s)=Ks-s*, 0< (29)

which verifies that R(0) = 0 and has two parameters to
be tuned (K; and ) allowing us to design two dynamic
specifications. We choose to design the controller in the
frequency domain defining a phase margin ¢,,(rad) and a
gain crossover frequency @.(rad-s~').

Let us assume that the model Gy (s), T* perfectly matches
the real process Gg(s), 7. Then transfer function (26) be-
comes

Go(s)-e **
Ho(s) = et ™

[+R(5)-Go(s)
and the open loop frequency response is L(j-®) = R(j -
®)-Gg(j- ). The condition to design a controller (29) that
verifies the previous two specifications is [20]:

(30)

mz
(o) +o2
Equating the magnitude and phase of this complex expres-

sion and assuming that @, > @ yields the rules to tune the
fractional-order controller:

Ki(j- @)% = —el (31)

2 2
g=20n g, OO (32)
T

Fig. 8 plots the first path of the Nyquist diagram of L(j- ®)
for 0 < w < oo. The solid blue line represents R(s) = 1
and depicts a marginally stable closed-loop system with a
phase margin of ¢, = 0 degrees. To enhance the relative
stability by increasing the phase margin, the phase lead
controller R(s) is introduced to add a phase margin equal to
@, to the open-loop system. Then the solid red line shows
the Nyquist diagram of L(j®) using the controller (29) in
which the corresponding critical point is represented. This
diagram shows that this fractional order differentiator decals
the critical point of Gg(j- @) adding a phase margin equal
to %, The stability of the closed-loop system is ensured for
o, > ay if ¢, >0 and o < 2.

We pursue an overdamped and fast step response of Hy (s).
Then we choose the frequency specifications ¢,, = 80° and
®, = 12.26 rad -s~'. It is well known that ¢,, is related to
the damping and the chosen value guarantees overdamping,
and @, is related to the settling time, and the chosen value
guarantees reaching the £5% of the final value in less than
147 s. The first expression of (32) yields o = 0.89. The
second expression of (32) yields K; =0.0138 in the case of
a nominal payload of 50g, which implies that @y = 11.54
rad s~

e ! S~ Design Point
.......... Unity Circle
—Gi(jw)

—L(jw)

S(L(jw))

R(L(jw))
Control Design Technique Based on Nyquist Plots.

Fig. 8.

C. Experimental Control System Validation

Experiments are carried out that estimate the time delay
and the fundamental vibration frequency in real time. The
Smith predictor scheme is combined with the controller
(29). Once the two identification processes have estimated
the robot parameters, the parameters of the blocks of the
controller of Fig. 7 are updated: @* in Gj(s), % in the delay
block e~ %, and Ky is calculated in function of the estimated
@ in R(s). The parameters of the controllers are initially
tuned in accordance with the nominal robot parameters:
@y = 11.54 rad -s~' and time delay 7p = 0.5 s. These
controller parameters are maintained from the beginning of
the maneuver until they are updated.

Figures 9 and 10 demonstrate that the designed R(s)
achieves both guaranteed tracking and offset perturbation
rejection simultaneously, in the cases of changes of the tip
payload and time delay respectively.

1 T T = ol T
—~0.8F 1
=l 1
]
&
T 0.6F q
= 0.8
3 04f 1
k=) 0.6
= 0.2k ——wy =10.0 rad/s —wy =12.0 rad/s 1

: wy = 11.0 rad/s wy =13.0 rad/s

0 | ! | | |=—w = 1167 rad/s — Trayectory

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5

1E T T T T R\ R T T 3
T o08F “ .
= 1.1
o]
0 0.6 1 e ]
3 0.9
5 04p 0.8 ]
5 -
= 02 L .

1 2 3 4
0L L L L L L L
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
Time(s)

Fig. 9. Experimental Validation of the Adaptive Control Scheme When
There is a Change in the Tip Payload m and, Consequently, in the Vibration
Frequency @
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Fig. 10. Experimental Validation of the Adaptive Control Scheme When

There is a Change in the Time Delay 7.

VI. CONCLUSIONS

Tele-operated robots with flexible links are of interest in
applications such as large space robots, medical surgery and
exploration, and large robots for construction and infras-
tructure maintenance. However, their control is complicated
due to simultaneous time-varying delays and vibrations. In
this context, the developed estimators are useful as they
allow obtaining in real-time the delay and the frequency of
the dominant vibration mode of the robot. This information
enables the development of adaptive controls that enhance
the performance and stability of such robots. The estimators
developed in this article are original and are based on
the general methodology of algebraic identification, offering
several advantages: they provide faster estimation compared
to other identification algorithms, do not require any ini-
tialization values, and can be relatively insensitive to high-
frequency noise, and the offset present in the measurements.

In order to ensure stability and good performance of the
manipulator when tracking a desired trajectory while avoid-
ing vibrations and sensor offset, an adaptive Smith predictor
controller was implemented using the developed algebraic
estimators. A fractional-order derivative controller has been
embedded in the Smith predictor structure in order to remove
the steady-state error caused by the strain gauge offset. These
algorithms have been validated in an experimental platform.
This controller adapts its parameters faster and in a more
effective manner than what has been achieved to date.
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