Sussex Research Online

Haptic identification by ELM-controlled uncertain manipulator

Article (Accepted Version)

Yang, Chenguang, Huang, Kunxia, Cheng, Hong, Li, Yanan and Su, Chun-Yi (2017) Haptic
identification by ELM-controlled uncertain manipulator. IEEE Transactions on Systems, Man, and
Cybernetics: Systems, 47 (8). pp. 2398-2409. ISSN 2168-2216

This version is available from Sussex Research Online: http://sro.sussex.ac.uk/id/eprint/72064/

This document is made available in accordance with publisher policies and may differ from the
published version or from the version of record. If you wish to cite this item you are advised to
consult the publisher’s version. Please see the URL above for details on accessing the published
version.

Copyright and reuse:
Sussex Research Online is a digital repository of the research output of the University.

Copyright and all moral rights to the version of the paper presented here belong to the individual
author(s) and/or other copyright owners. To the extent reasonable and practicable, the material
made available in SRO has been checked for eligibility before being made available.

Copies of full text items generally can be reproduced, displayed or performed and given to third
parties in any format or medium for personal research or study, educational, or not-for-profit
purposes without prior permission or charge, provided that the authors, title and full bibliographic
details are credited, a hyperlink and/or URL is given for the original metadata page and the
content is not changed in any way.

http://sro.sussex.ac.uk



http://sro.sussex.ac.uk/

Haptic Identification by ELM
Controlled Uncertain Manipulator

Chenguang Yang, Senior Member, IEEE, Kunxia Huang, Hong Cheng, Senior Member, IEEE,
Yanan Li, Member, IEEE, and Chun-Yi Su, Senior Member, IEEE

Abstract—This paper presents an extreme learning machine
(ELM) based control scheme for uncertain robot manipulators
to perform haptic identification. ELM is used to compensate
for the unknown nonlinearity in the manipulator dynamics. The
ELM enhanced controller ensures that the closed-loop controlled
manipulator follows a specified reference model, in which the
reference point as well as the feedforward force is adjusted after
each trial for haptic identification of geometry and stiffness of
an unknown object. A neural learning law is designed to ensure
finite-time convergence of the neural weight learning, such that
exact matching with the reference model can be achieved after
the initial iteration. The usefulness of the proposed method is
tested and demonstrated by extensive simulation studies.

Index Terms—Extreme learning machine; haptic identification;
adaptive control; robot manipulator.

I. INTRODUCTION

The evolution of robot technologies starts from industrial
applications such as simple functions of casting, forging,
stamping and welding etc [1]. With the advance of sensing
technologies, it brings more perceptive functions to robots
to excute a variety of complicated tasks, e.g., autonomous
navigation of mobile robots with the ability of sensing the
surrounding environment to plan a path and to perform rel-
evant tasks [2]. In addition to industrial applications, robots
have also been widely applied in service and medical fields.
In these fields, a robot is supposed to interact with a dynamic
environment and to manipulate unknown objects. Thus, it is
necessary for a robot to learn and recognize the properties of
the environment and objects, such as elasticity, geometry and
so on. For this purpose, visual sensing technique has become
mature and widely used technique [3], e.g., a stereo camera
was applied to acquire the position of target objects for a
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Fig. 1. Human interacting with an object using haptic exploration [photo taken
at South China University of Technology]

grasping task in a hand-eye robot system [4]. However, when
the lighting condition in the working environment is bad, e.g.,
either too dark or too bright, or the detected object is obscured
by something else, the robot system equipped with only visual
sensors is not able to complete the task. In this regard, it is
necessary to develop alternative sensing technology. It is noted
that a lot of research works are based on the imitation of
biological systems, e.g., inspired by bats and birds, a robotic
aircraft with flexible wings was modeled and controlled in [5].
Inspired by tactile sensing of humans, we aim to develop an
approach of haptic identification for robots.

It is heuristic that people identify the geometry and stiff-
ness of various objects through the sense of touch (Fig. 1).
Therefore, we may use specialized tactile sensors for robots
to detect an object’s properties, e.g., the intelligent haptic
sensor based on force sensing resistor (FSR) could estimate an
object’s surface orientation [6]. However, most tactile sensors
are delicate and require proper working conditions, which
implies that appropriate tactile sensors need to be developed
for specific robots. To make the estimation of the object’s
properties more feasible, we will develop a method without
requiring any dedicated sensing hardware.

When humans interact with unknown external environ-
ments, we tend to adjust the force and impedance skillfully
[7]. As studied in [8], when interacting with an unstable
environment, the human central nervous system (CNS) tends
to adjust the endpoint impedance of the limbs. It is indicated
in [9] that humans tune the interaction force to counteract a
compliant object, and adapt the reference trajectory around
an external object during the interaction. According to the
experiment results reported in [9], a computational model was



built in [10] to online adjust the reference trajectory to match
the observation in [9]. Similar to the above studies, a human-
like learning controller in [11] recognized the elasticity and
geometry of the interacting object by adapting the feedforward
force and desired point, with an assumption that the robot
manipulator model was invariant and known. However, usually
the dynamic model of a robot is unknown and can be subject
to uncertainties.

Generally, adaptive control does not need prior information
of system parameters, making it proper to deal with systems
with uncertainty. Adaptive learning impedance control without
requirement of the prior knowledge of the robot manipulators
was developed for physical robot-environment interaction in
[12]. To deal with parameter uncertainties, adaptive technique
was integrated into the cooperative control design for a hy-
brid partial differential equation-ordinary differential equation
system in [13]. In [14], adaptive control based on Lyapunov’s
direct method was developed to deal with the uncertainties of
the system parameters. In addition to the uncertainties, adap-
tive control is able to handle the nonlinearities in the system,
e.g., a dynamic surface control method was integrated into
an adaptive output feedback controller for the systems with
uncertainties and nonlinearities [15]. Several updating laws
were developed for estimation of the parameters of systems
with nonlinearity [16]. Besides, various adaptive controllers
were developed for tracking the reference path [17] [18]. A
robust adaptive control method combined with fuzzy control
was proposed in [19], with which the calculation burden was
mitigated and the system became more robust. In [20], various
adaptive designs were discussed and compared for the problem
of aircraft auto-landing. In the above works, uncertainties in
the system can be parameterized. When the system model
is unknown or the uncertainties could not be parameterized,
neural network (NN) can be employed for approximation.

Combining with other traditional controllers, NN control
can be developed and applied into various fields, such as
aircraft auto-landing [20], wind power generation [21] and
robot manipulation. The NN approximation property is able
to deal with systems with uncertainty and unknown dynamics
[22] [23]. Thus, the approximation property has been widely
applied in various fields. A NN based control design was
developed to perform effective estimation of wind power
generation, which might be influenced by wind velocity, wind
orientation, air mass density and so on in [21]. To handle the
problem of grasping an object by dual arms with uncertainties,
NN was used to approximate both the uncertainties of the dual
arms and the unknown nonlinearity of the manipulated object
[24]. A NN based telerobot control strategy with graranteed
performance was designed in [25]. The NN enhanced con-
troller compensated for the unknown dynamics of both the
manipulator and the external payload. In addition, NN can
be used to compensate for the nonlinearity in the system

dynamics and the input, e.g., NN was used to deal with
the complex nonlinearity in the dynamics and stabilize the
bus power system [26]. A NN enhanced constrained control
allocation strategy was developed for overactuated aircrafts
in [27], in which NN was used to handle the nonsymmetric
input saturation constraint. Two RBF NNs were developed
in [28] to compensate for the effect of input dead-zone
and to approximate the unknown dynamics of the flexible
manipulator. In practical applications, NN is always combined
with other control methods to obtain a better performance. To
compensate for the effects of uncertain dynamics and time-
varying delays, the RBFNNs and wave variable approach
were integrated into the teleoperation controller applied on
a TouchX joystick [29]. An application of genetic algorithm
(GA) based NN control on lithium-ion battery systems was
studied in [30]. In the control design for an fault diagnosis
system, the initialization and optimization of the connection
weights of NN were handled by GA, which resulted in a lower
error range. A commodity trading model mixing the NN and
expert system was established in [31], which had advantages
compared to rule-based and unaided NN approaches. In [32]
[33], the control strategies based on both adaptive NN and dis-
turbance observer were designed for large-scale systems and
3-DOF model helicopters with uncertainties, nonlinearities,
and unknown external disturbance. A general projection NN
was employed to handle the quadratic programming problem
caused by model predictive control [34]. [35] developed an
adaptive NN controller based on full-state feedback for an
uncertain robot manipulator, which had full-state constraints.
Besides, a radial basis function (RBF) NN enhanced controller
was designed for robotic manipulators to perform a tracking
task [36]. Moreover, NN was applied on controlling the
discrete-time systems [37].

Although the NN control has extensive applications in many
fields, it is limited by its inherent computational complexity.
Extreme learning machine (ELM) is a unified framework of the
generalized single-hidden layer feedforward networks (SLFN)
[38] [39]. It is distinctive that the weights of input samples
and the bias of activation functions can be randomly chosen
in the training process of the ELM. In comparison with the
traditional NN, the ELM has a number of advantages such as
celerity of training speed, convenience for implementation, and
minimal human intervention. The ELM has been frequently
used in situations such as human face recognition [40], object
classification, hypersonic flight and so on [41]. An online
sequential learning algorithm (OS-ELM) for SLFNs with high
rapidity and accuracy was developed in [42]. It is noteworthy
that except the number of hidden nodes, no more parameters
need to be selected. An improved ELM was proposed in [43]
with a higher accuracy and a faster training speed than the
traditional ELM. A real-time learning algorithm (RLA) was
developed in [44], similar to the ELM with an ability to



Fig. 2. An uncertain manipulator in contact with an unknown object

train massive samples accurately requiring a short time. A
robust controller based on sliding-mode feedback control was
developed in [45], which was able to improve the stability
of the air graps in an electromagnetic actuated conveyance
system.

In this work, we develop an ELM enabled adaptive learning
control with finite-time convergence for uncertain manipulator
to identify an object’s geometry and elasticity, as shown in Fig.
2. First of all, due to the uncertainties of the robot manipulator
dynamics, the ELM is employed to approximate the unknown
manipulator’s dynamic model. According to [46], to satisfy
the persistent excitation (PE) condition, a periodic reference
trajectory in the first trial is employed. In addition, we set a
reference model whose feedforward force and reference point
are updated iteratively, and the closed-loop robot system under
the developed controller will match it exactly using the learned
ELM weights in the first trail. Because the matching of the
robot system to the reference model should be guaranteed
before we update the model’s reference point and feedforward
force, we design learning law for the ELM to approximate the
dynamic model in finite time.

Throughout this paper, the following notations are in order.

e ||-|| represents the induced norm of matrices and Euclidean
norm of vectors.

e [ ]7 denotes the transpose of a vector or a matrix.

e 0y, stands for a p-dimension zero vector.

® I[;xn) TEPrESENts a m X m unit matrix.

II. PRELIMINARIES
A. Kinematics and Dynamics

The kinematics of robot manipulator can be described as
follows:

z(t) = ¢(q) (1

where x(t) € R™ is the actual trajectory of the robot end-
effector in the Cartesian space, ¢ € R" represents the robot
arm’s joint position and n denotes the degree of freedom.
Differentiating the forward kinematics with respect to time
brings about the relationship between the task space velocity
2 and acceleration & and the robot joint velocity ¢ and joint
acceleration ¢, respectively, i.e.,

&= J(q)q &= J(q)i+ J(q)q 2)

99

where J(q) = B4

velocities in the Cartesian space and joint space and it is called
Jacobian matrix generally.
The dynamics of the robot manipulator is given by

M(q)i+Clq, Q)i+ Glq) =7 — J (@) fr 3)

where M (q) is the inertia matrix, G(q) is the torque of gravity,
C(q, g) represents the centrifugal and Coriolis matrix, 7 is the
control input in the joint space, and f; is the external force
from the interacting environment.

Because the recognition task is carried out in the Cartesian
space, we perform transformation of the robot dynamics
from the joint space to the Cartesion space. Integrating the
kinematics (1)—(2) into the formulation (3), the dynamics of
the robot in the task space can be described as below

€ R™™ denotes the relationship of

MI(Q)x + Cm(‘]v q)x + Gr(‘]) =T, — f1 @

7. = J~T(q)7, representing the control input which will
be designed in this paper. The matrix M,(q) is symmetric
positive definite. For the convenience, let us use the following
abbreviation:

Mm = Mz(Q)a C:c = Cﬂc(‘]ad)a Gz = Gm(‘]) (5)

In accordance with [47], the following property will be used
in the control design and performance analysis.

Property 1: The matrix 2C,(q,q) — M,(q) is skew sym-
metric.

B. Reference Model

The following desired reference model (Fig. 3) is defined
to be followed by the actual manipulator as in [11]:

Mpé+ Cpé+ Knpe= fr— fa 6)

where e = x4 — x with x4 the reference point in the task
space, while fy is the feedforward force for the robot main-
taining a contact with the object, M,, and C,, are matrices
denoting the desired mass, damping and K, is the stiffness
matrix. The selection of M,,,, C}, and K, depends on specific
applications.

C. Control Objective

In this paper, we aim at designing a controller to make
the manipulator dynamics follow the reference model (6).
Meanwhile, by adjusting x4 and f iteratively, the manipulator
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Fig. 4. The framework of the ELM

is able to detect the unknown object and estimate its stiffness
and geometry (Fig.2). Define the matching error as follows

w=—Mué—Cpné—Kne+ fr— fq (7

Thus, the learning control strategy is to design a learning
law ensuring the closed-loop system response to follow the
specified reference model (6) in finite time. Equivalently, the
matching error w will converge to zero in finite time, i.e.,

w=0, t >t (3

where t. is a terminating time. After ELM learning in the first
trial, i.e., w = 0, the controlled system matches the reference
model (6) without need of further learning. Thereafter, z4 and
fa in (6) will be updated from the second trial for haptic
identification.

D. SLFN based on ELM

Considering a group of samples (x;,t;),2 = 1,2,--- , N for
training, and assuming that hidden nodes number is L, we see
that a normal SLFN can be discribed as [48]

L
ZBZG(ijawhbz):O]?]::LZv7N (9)
1=1

where w;, b; are the parameters linking the input samples with
the hidden nodes, (3; represents the weight of hidden nodes in
the neural output, and G(z;;w;,b;) represents the output of
the 7th hidden node depending on the input x;. The framework
of the ELM is shown in Fig. 4.

Let * = [z1,29,  ,zN|,w = [wy,ws, - ,wy] and
b = [b1,ba, -+ ,by]. The standard SLFN described above

is capable to approximate the samples accurately. Thus, we
rewrite (9) as

H(x,w,b)=T (10)
in which
H(mlaan"' s TN, W1, W2, "+ 7wL7b17b27"' ;bL)ﬁ:

G(x1,w1,b1) -+ G(xy,wr,br)
G(zn,w1,b1) - Glay,wr,br)
b1 t
1 T=
BL tn
If we choose L < N, then the smallest norm least-squares
solution of (10) can be obtained as

8=

B=H'T a1

where the matrix H is the Moore-Penrose generalized inverse
of H.

III. ROBOTIC LEARNING CONTROL

In the following, let us design the learning control step by
step. To facilitate the following design process, an alternative
matching error is defined as

w=Kpw=—¢é—-Ksé—Kpe+ Kg(fr—fa) (12)

where Ky = M ,'Cy,, K, = M Ky, K = M1

Let L represent Laplace transform operation and L~! in-
verse Laplace transform operation. Define a filtered matching
error z as below:

r 1
=L Y1 - —)L{¢}+ —=L 13
p= L1 - L+ L0 ()

where I is a positive constant scalar, and
X = —Kqé — Kpe + K¢(fr — fa) (14)

To simplify the calculation, we redesign the filtered matching
error as

r=—édentxi= [j} (15)
2

I's
s+ T 1
tered signal, while x; = L‘l{ﬁL{X}} denotes the low-
s

where e, = L7 L{e}} represents the high-pass fil-

pass filtered signal. Integrating (12)—(15), we can rewrite w as
below

w=z%+1T% (16)
It can be seen that 2 = 0 and z = 0 will result in w = 0.
Define
M,i, + Cpr + G, = H(xz,w,b)8" + €(x) 17



where

Ty =Xg —€p — X1, Tr =Lqd— € — Xi (18)

B* is the optimal parameter for the SLFN to approximate

M, %, + Cpx,. + G, and € is the reconstruction error.
The control input is designed as

7o = HB — (S + K + Ks)sgn(z) + fr (19)

where H B is the ELM output torque, and B is the estimate
of 5*; S, K = diag(k1, k2), and K5 = diag(ks1, ks2) are all
symmetric positive definite matrices, kg1, kg2 > 0, fI is the
measurement of external force f;. —Ksgn(z) is employed to
compensate for the ELM approximation error. —Kgsgn(z) is
used as a compensation of the measurement error. Besides, the
measurement noise of force f; = f 1 — f1# O[nLis bounded
and the bound of the amplitude is known, i.e., || fr|| < 4.

Combining the input (19) with the robot dynamics in
operational space (4), we obtain the following closed-loop
dynamics

Ma(q)z + Ca(q, 4)z + Ssgn(2)
—Ksgn(z) — (Kssgn(z) — f1)
Due to the requirement of updating z4 and fy; of the
reference model in each trial, it is necessary to guarantee that
the matching error w converges to zero in finite time.
By defining X, = [&idr;lxqy] € R™LX =
[&; &; Ijy 1)) € R3™*! and combining (17), we have

(20)

foi'r + mer + Gr = [sz sz Gz]Xr
=HB" +e¢ 2D
Thus, the robot dynamics can be represented as follows

Myi+ Crpit + Gy = [My, Cry G| X

= (HB" + )X X (22)

where X[ € R'*3" is the Moore-Penrose generalized inverse
of vector X,.. Thus, XIX is a scalar. (22) can be represented
as

(HB* + )X X =XIX(HB* 4+ €)= Hif* +e1 (23)

where H; = X;[XH, and ¢ = XIXe. Therefore, the
dynamics (4) can be represented as

Hip*+ea=1—-f1

where 71 = HB — (S + K + Ks)sgn(z).
To derive the parameter learning law, let us define the
filtered variables Hy, ey, 7y, ff as

le + Hf = HlaHflt:O =0
léf +ef = 61,€f|t=0 =0
l’f'.f+7'f :Tl,Tf|t:0 =0

lflf +f1f = fhflf\t:o =0

(24)

(25)

where [ > 0 is a filter parameter. Then, (24) can be rewritten
as

HB* =rp — fif — ¢ (26)
Define matrix P € RV*" and vector Q € R" as
P=—(P+H}IH;P0)=0
Q= —€Q+Hf7f,Q(O) =0

where ¢ is a design constant.
Let us consider an assistant vector W € RY depending on
P, Q in (27) as

W=P3-Q (28)
Due to
Q= [y e IHF(HB* + fiy +ep)dr
= PB* + [y e CIHT () (fis(r) + ep(r))dr  (29)
we obtain
W =—PB+1 (30)
where § = * — 3 ¥ = — [ CIHT(0)(frp(r) +

ef(r))dr is bounded.
To guarantee the finite-time convergence of the estimation

error 3, we design the following learning law for /3 as in [16]:

. PTVV
B=—A
W]

where A is a positive definite learning gain matrix.
From (30) we have P~'W = —j3 + P~%4. Differentiating
P~1W with respect to time leads to
o(P~w) opP~1
ot ot

In terms of [ = PP~!, differentiating PP~! with respect to
time, we have

€1y

=—f+ 5y + P

(32)

. p—1
pp~! +P86t =0 (33)
Thus, Bg; — —P~1PP~1 Then, we have
-1 . .
Lpat W) _ B—P PP+ Pl
=B+ (34)

where ¢/ = —P~1PP~ Y + P14
Select a Lyapunov function V; = W7 P~ P~1W; then

. _18(WTP_1) 1 1+ _IB(P_lW)
=g 0 WHaW P —F—
:WTp—la(lev)
ot
PTWwW
:_WTP—lA +WTP_1'(/)/
Wl

< =(Amin(A) = [P DIW (35)



Consider ¢ = — f eI HT (1 )(frp(r) +es(r r))dr. It can
be found that v and w are bounded as long as fI,e and
Hy(z) are bounded. The matrices P and P are also bounded
for bounded H f(x) Moreover, according to [49], with a
periodic or periodic-like input for the ELM, the matrix H
is persistently excited (PE), i.e., there exist 77 > 0,0 > 0
such that ft+T1 H(r)HT (r)dr > oI, ¥t > 0. According to
(27) and Lemma 2.2 in [16], P is positive definite satisfying
Amin(P) > o > 0, where 0 = e~*T1 o, Tt indicates the bound-
edness of P~! in magnitude. Therefore, with an assumption
of a bounded measurement noise of force f 7 and a bounded
P~19/|| is bounded. Then, when A is
large enough, i.e., Amin(A) > ||P~19/||, W is readily bounded
according to (35), and thus B and B are also bounded.

To further analyze the error bound, we rewrite (35) as V1 <
—u1V/ Vi, where i1 = (Amin(A) — || P719']|)ov/2 is a positive
scalar. When it is selected larger than a prespecified constant
value, the convergence hm V1 = 0 can be achieved. Thus,

according to [50], the convergence of W can be ensured in a
< =
finite time ¢, < 24/V(0)/u1, i.e., tlg?a W = 0, which leads

to the convergence of estimation error tlh? PB = ).
—tq

The estimation error /3 converges to a compact set in a finite
time t, which satisfies hm PB = . Combining the closed-

loop dynamics (20) w1th equatlon (21), we have

M, (q)% + C(q,4)z + Ssgn(z)

= —(Hp +¢) — Ksgn(2) — (Kssgn(z) — 1) (36)
Select a Lyapunov function V5 = %ZTMTZ then
Vo= 1,éTM z+ 1zTM z+ 1zTM Z
2 — 2 x 2 x 2 x
1 .
=T M2+ §ZTsz
=2T[—Chz — Ssgn(z) — (HB + €) — Ksgn(z)
~ 1 .
~(Kysgn(z) — f1)] + 32" M
1 .
= izT(Mw —2C,)z — 27 Ssgn(z) 4+ 21 (—=(HP ' +¢)
—Ksgn(z)) — 2" (Kssgn(z) — fr)
= —278sgn(z) + 27 (—=(HP 1) + €) — Ksgn(z))
—zT(Kgsgn(z) — fl) (37)

where we use the skew-symmetry property of M, —2C, and
the solution mentioned above that 3 = P~ 14, ¢t > t,. Denote
Hp-!
HP Y +e = [EHPlz i Z;j Because HP~ !9 and €
are bounded, thus, with the matrix K = diag(ky, k2) properly
chosen such that ky > |(HP 19 +¢€)q| and ko > |[(HP 14+

€)2|, we have
Vo < —2"Ssgn(2) — |z1|(ky — [(HP™ ' + €)1]) — |z -
(k2 — [(HP™ ' + €)a) — 2" (Kssgn(z) — f1)
—2TSsgn(2) — 27 (Kssgn(2) — fr)

<
< —ZTSsgn(z) (38)

where we use the fact 27 (Kssgn(z) — fr) > 0. Due to the
boundedness of M, for a large enough S, we have ‘/2 <
—12+/Va, where ps is a positive constant. According to [51],
there exists a finite time ¢ such that ||z|| = 0, V¢ > ¢, after the
finite time convergence of B In a word, the filtered matching
error z would converge to O in a finite time ¢, = t, + tp,

e., ||z]| = 0, > t.. In accordance with (12) and (16), the
matching error w = 0,t > t..

From the above analysis, the parameter estimation error 3
would converge to a compact set in a finite time t¢,. The
convergence of parameter estimation leads to the convergence
of the matching error w in a finite time ¢., i.e., w = 0, > t..
Let the latter estimation 3% = 3°(T)(k > 1), where T' > t,
is the period of the first trial which guarantees the matching
error w = 0, and superscript “k” represents the kth trial to
detect the external object. From the second trial, there is no
need to re-learn the weight parameter B any more. Using the
parameter estimation B learned in the first trial will guarantee
that the matching error vanishes in a finite time t;, i.e., from
the second trial, there exists w = 0,t > t,. Thereafter, x4
and f; in the reference model will be updated iteratively to
achieve the identification of the object’s properties.

IV. REFERENCE MODEL ADAPTATION
A. Adaptation of Reference Point and Feedforward Force

For ease of computation but without loss of generality, we
assume that the robot manipulator detects the object only in
one direction along the x axis of the operational space (Fig. 5).
However, the control strategy can be applied on the three axes
x,y and z in the same way. Suppose that the matrices C,,,, K,
and initial reference point x; are selected appropriately in each
trial. Thus, the robot manipulator’s movement and interaction
with the unknown object are smooth and gentle without
destroying the object. When the robot end-effector interacts
with the object, we assume that the external force can be
described as

fr = Ko(z — )

where K represents the stiffness of the object and x; the
object’s boundary.

In the first trial, the reference trajectory should be set to be
periodic to satisfy the PE condition. From the second trial, for
a better tracking performance, the reference point changes in
a manner as in [52] as below

xd(t) = l‘d(0)+ (md(T) — :,Ud(()))(l()i?3

(39)

— 158" + 6°)  (40)



Fig. 5. Robot end-effector interacting with an unknown object on the wall
and exploring its geometry and stiffness

where { = %; and T is the movement duration. Let 24(T") =

x};, where 27 is a constant in each trial which is the ultimate
goal of the changing reference point x4, and it will be adapted
iteratively. On the other hand, x4(¢) is the reference trajectory
used by the robot in practice.

Combining (6) and (39), the closed-loop dynamics during
interaction can be obtained as

Mmé—i—Cmé—i—Kme—Ko(a:—xb) = —fd “4n

Assume that a finite time ¢y is taken by each trail, and it is
sufficiently large so that at the end of each trial the interaction
between the robot end-effector and the object has reached an
equilibrium (the reference point x4 has reached the saturation
27, and never changes again). Consider the equilibrium position
of the robot end-effector as x.. From the above analysis, it can
be seen that ¢y should satisfy ¢y > .. Since the error e no
longer changes at the equilibrium point, its first derivative é
and second derivative € are equal to Oy,,). Thus, the equilibrium
point satisfies

Ko(xs —mp) = =K (s — 23) + fa (42)

Denoting v* = x% — 2%, and according to [11], we use the

adaptation law of reference point x4 and feedforward force f;
from one trial £ to the next as follows

1 *2

g =xg =x, k=34
x(’;k+1 = x:}k + Oék'l/'k + (1 - ak)(xt - ka)’ (43)
if vF <0
e = 5k (1~ aF) (@ — 22F), otherwise
fc%:fdQZFOa k:3547
cll€+1 :f§+Km(’Uk—’Uk_l)+Ck(F0 _féc)’ (44)
if vF <0
§+1 = fh 4+ CR(Fy — f¥), otherwise

where 0 < o < 1 is a factor that defines the compliance of
the reference point to the object, while 0 < ¢* < 1 represents
a relaxing factor tending to maintain f; to the default state
Fy. They both will be designed latter.

B. Object Geometry and Elasticity Learning
According to [11], let us define

k
a——Km 4y =1y, SF= —
1= , G2 =Ty, S° =

Ko ak — x5k

f—flic —1, ¢k = 1
Ko (2 _l,:lk) > P2 K wk

ok —
Combining (45) with the closed-loop dynamics (20), we obtain

AToF = gk (46)

(45)

oF

where A = [a1,az]T and ® = [¢1, p2]T.

Due to the linearity of parameters in (46), a weighted least
square (WLS) [53] can be employed for fast convergence as
below

Ak-‘rl :Ak + Lk(sk-i-l _ (Ak)T(I)k)

I PFpk 47
dE! 4 (BF)T PEPE
PRt _ ph_ POk (k)T Pk
ok 4 (®*)T Phk
where k = 3,4,---, and A¥ = [a},ak]” with &% and a% the

estimates of a; and as, respectively. Then, the estimates of
Koy and x;, at the kth trial are represented as KJ and if,
respectively, which are obtained by

Km
i

65 - C @b =ak if o <0 (48)

Theoretically, the initial value of fl ie., /11, can be selected
arbitrarily. Practically, the initial estimates of x; and K are
chosen as &, = x, and K = K} = Ko, where z, and K
are the initial position of end-effector and the largest possible
stiffness of the detected object, respectively. This is because
when we humans explore the environment by hand without
vision, we prefer to assume the unknown object hard and large.
When v* > 0, it can be assumed that the object has been
moved away or replaced by another object (if neither occurs
but just an extra feedforward force, the adaptation law (44)
will reduce f; such that v* will be nonpositive again), so

according to [11], we have
KE=CPKE b= afab 1 (1 — af)ay, if vF> 0 (49)

In addition, P in (47) can be initialized as an identity matrix,
e.g., P! = I. The weighting sequence d* can be obtained by

1
d* = (50)
log"*7(1+ £ 127]2)
where ~ is a positive constant. With f(o available, we can
acquire the compliance factor o* and the relaxing factor ¢*
in (43) (44) as

(D

where )\ is a constant specified by the designer.
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Fig. 6. A 2-degrees-of-freedom robot model

V. SIMULAION STUDIES

To test the validity of our proposed identification method,
we carry out simulation studies on a robot manipulator which
moves in the  — y plane as shown in Fig. 6. There will be
two scenarios with case (i) interacting with a spring, and case
(i) interacting with three circular objects with different radius
and stiffness, respectively.

In the following, m; and l; are the mass and the length of
the link i, I.; is the distance between the (i — 1)th joint and
the 7th link’s mass center, ¢ = 1,2. I; is the moment inertia
of link i. According to [12], we set my = my = 10.0kg,l; =
lo = 1.0m,I; = Iy = 0.83kgm?,l.q = I.o = 0.5m. Let us
use the following abbreviation:

s12 = sin(q1 + ¢2), c12 = cos(q1 + ¢2),
s1 = sin(q1), s2 = sin(ga),

c1 = cos(q1),c2 = COS(CI2)

(52)

Then, the kinematic constraints in (2) and the dynamics (3)
are given by

J(q) = [—(l181 + l2512) —52812] (53)

lici +1lacia  lacia

1 loc las
T ) = lilaso {—(51612-&22012) —(l1812-:252812)} (>4)
and
My M
)= [y - o = o)
G(q) =0 (55)
where
My = malZ) +ma(l3 + 12 + 2l1leac2) + I + I,
Mz = My = ma(12, + lileaco) + I,
Moy = mal2y + I, C11 = —malileas2do,
Cra2 = —malile2sa(q1 + G2),
Co1 = malile2s2gr, Ca2 =0 (56)

The robot end-effector positions in the operational space are
initialized as

2*(0) = 1.0m, *(0) = Om (57)

In the first trial, to satisfy the PE condition, the periodic
reference trajectory is set as

™

za(t) = 1+ [sin(z )], ya(t) =0 (58)

where ¢t € [0,T]. From the second trial, the reference trajec-
tory is set as in (40). In the first simulation for parameter
estimation, 7" = 30s > t., which guarantees the convergence
of the parameter estimation. From the next trial, 7' = 10s
which is enough to make the matching error w = 0 and the
robot manipulator reach the equilibrium point z..

The object applies an external force to the robot end-effector
in the manner as follows

fk . {0, xk < Tp;

! Ko(zh —a), 2% > x. (59)

where Ky and x; are the elasticity and boundary of the
detected object. The error occurring in the force measurement
fd is considered to be random and its amplitude is not greater
than 1.

The parameters in reference model (6) are set as

M, = 101 [2%9), Cm = 80l2x2), Gm = 15112x9) (60)

The control parameters in (19) and learning gain in (31) are
chosen as

S = 10129y, K = 31[2x2], Ks = 2112 9),

1 =0.005,=1,¢=50,A =0.1 61)

The number of hidden neurons is 20, and the hidden neurons
parameters w, b are set randomly in the intervals [—1, 1] and
[0, 1], respectively.

The initial feedforward force is chosen as F; = ON.
The largest possible stiffness of object is selected as Ky =
200N /m.

A. Interaction with a spring

Consider that the spring exerts an external force against
the manipulator only along the z axis, and its elasticity
and rest position are 50N/m and 1.3m, respectively. Using
the periodic reference trajectory as in (58), the estimated
parameter 3° and the matching error w® in the first trial are
shown in Figs. 8 and 9, respectively. It can be seen that at
the end of the first trial the ELM enhanced controller can
obtain an estimated output weight vector BO stably which
guarantees the system matching the reference model with a
small error in finite time. Then in the next trial, we just let
Bk = BO(T), k > 1 which guarantees that the matching error
w converges to zero.

Then, from the second trial, we update the reference point
x}; and feedforward force f; in the reference model iteratively



Fig. 8. The estimated parameter BO in the first trial

according to the adaptation laws (39) and (40). We set 20
trials for exploration, and the estimations of Ky and x; of the
spring are shown in Fig. 10. The result shows that with the
learned output weight vector of the ELM compensating for
the nonlinear dynamics, the robot manipulator can estimate
the stiffness and the rest position of the spring exactly.

B. Interaction with circular objects

The setup of the robot manipulator interacting with circular
objects is illustrated in Fig. 11, in which the robot end-effector

W,

] 5 10 15 20 2 Ell
tis)

Fig. 9. The matching error w® in the first trial
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Fig. 10. The estimation of the spring’s elasticity K and rest position xj
when Ko = 50N/m,z, = 1.3m

Fig. 11. Robot in interaction with three circular objects respectively

moves and approaches the object in the x direction from left
to right. The three circular objects A, B and C with different
radius and elasticities will be put in the specified locations in
turn to be detected by the robot. Their centers are at (1.6, 0),
and the diameter and the elasticity of the three objects are
0.4m and 50N/m; 0.6m and 70N/m; 0.3m and 100N/m,
respectively.

The matching error w in the first trial when the robot detects
each circular object, and the estimation of their elasticity K
and boundary x; are illustrated in Figs. 12-17. Figs. 12,14,16
illustrate that although the initial values of the hidden neurons
parameters w, b are set randomly, the proposed ELM enhanced
controller could always compensate for the nonlinearity of the
robot dynamics and approach the reference model in finite time
with a small matching error. The simulation results imply that
using our ELM enhanced controller, the robot with uncertainty
can estimate the unknown object’s stiffness and boundary
successfully.

VI. CONCLUSION

This paper develops an ELM enhanced controller for uncer-
tain robot manipulators to perform haptic identification. The
ELM is used to compensate for the unknown non-linearity
in the closed-loop dynamics. Eventually, the ELM enhanced
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Fig. 12. The matching error w® in the first trial when the robot detects the
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Fig. 13. The estimation of the object A’s elasticity Ko and rest position xp
when Ko = 50N/m,x, = 1.4m

controller ensures that the closed-loop dynamics follows a
specified reference model, in which the feedforward force and
reference point are adjusted iteratively for identification of
elasticity and geometry of the detected object. In addition, the
neural weight learning laws of the ELM are specially designed
to guarantee the finite-time convergence of the learning errors
of neural weights. As a result, the exact matching of the refer-
ence model can be achieved after the first iteration. Extensive
simulations have been carried out to examine and demonstrate
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Fig. 14. The matching error w® in the first trial when the robot detects the
object B
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Fig. 15. The estimation of the object B’s elasticity Ko and rest position xj
when Ko = 70N/m,z, = 1.3m
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Fig. 16. The matching error w® in the first trial when the robot detects the
object C

the validity and effectiveness of our control design.
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