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Nonlinear Adaptive Bilateral Control of Teleoperation Systems with
Uncertain Dynamics and Kinematics

X. Liu, M. Tavakoli, and Q. Huang

Abstract—Research so far on adaptive bilateral control of
master-slave teleoperation systems considers dynami
uncertainties but stops short of considering kinemtéc
uncertainties. However, when picking up objects ofinknown
lengths, orientations and gripping points, the oveall kinematics
of a robot in the teleoperation system becomes urntain.
Therefore, new controllers are required that can garantee the
stability and motion tracking performance of the sytem in the
presence of both dynamic and kinematic uncertaintie in the
master and the slave robots. In this paper, firsthe uncertain
dynamics of the human operator and the environmentare
incorporated into the dynamics of the master and th slave,
respectively. Then, for a teleoperation system withuncertain
dynamics and kinematics, nonlinear adaptive contrdérs are
designed for both the master and the slave. The cwallers do
not need exact knowledge of the dynamics of the nias the
slave, the operator, or the environment, or of th&inematics of
the master or the slave. The stability and positiortracking
convergence of the entire teleoperation system astudied. The
validity of the theoretical results is verified bysimulations.

. INTRODUCTION

Teleoperation systems enable humans to
interact with environments that are too remote .{e.
outer space), too confined (e.g., human body cgwitytoo
hazardous (e.g., a nuclear waste site or mine)field the
human to be in. A typical teleoperation system siaf a
local robot (master), a teleoperated robot (slasgepuman
operator, and an environment. The human operatpliesp
forces on the master to remotely control the pasitf the
slave in order to perform a task such as graspingbgect in
the remote environment. In such a system, forcleatidn
involves capturing the robot-environment interactiand
displaying it to the operator. If the slave exactyproduces
the master’s position trajectory for the environinend the
master accurately displays the slave-environmemitacto
force to the human, the teleoperation system i Isaifully
transparent.
approaches, see the surveys [1]-[2].

Most teleoperation controllers assume petteciwvledge
of the master and the slave impedances. In a tetatipn
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system, however, perfect knowledge of the mastertha
slave cannot be obtained in practice due to model
uncertainties and/or unmodelled dynamics. Besidbs,
closed-loop stability is affected by the operateod ahe
environment dynamics, which are both uncertain.

Zaad and Salcudean [3] combined the dynamics of the
environment and slave in the design of an adagtiveroller
for the slave used to mitigate parametric uncetitsnn the
environment modelee and Chung [4] designed an adaptive
control scheme for teleoperation systems with patem
uncertainties in the slave and environment dynansts et
al. [5] developed several adaptive control scherfas
teleoperation systems with parametric uncertainitieshe
slave and with environments of different types: nmkn
constant parameters, jumping parameters, and sntinath
varying parametersFite et al. [6] proposed a predictive
adaptive controller to extend the Smith predictonaept to
the force-position teleoperation control architeetto cope
with the effect of time delays and maintain tramepay
independent of parametric uncertainties in the remvhent.

reach afgd!l of these, (a) the dynamics of the master tedslave

were assumed to be linear whereas multi-DOF robots
typically nonlinear (note that applying linear apaches to
nonlinear teleoperation systems results in degraded
performance), and (b) dynamic uncertainties of stave
and/or the environment were considered yet thos¢hef
master and the operator were ignored. In other syoath
adaptive controller was only designed for the skide.

For adaptive teleoperation control involvingnhinear
models of the master and the slave, Ryu and Kwpmlify
not include the environment’s and the human’'s uager
parameters in the adaption and achieved full tramsy.
Hung et al. [8] designed adaptive controllers fothbthe
master and the slave by introducing a virtual nraste
achieve stability and motion tracking performanCéopra
et al. [9] proposed an adaptive controller for ledperator

For a review of teleoperation contrQlith time delay to ensure synchronization of posisi and

velocities of the master and the slave in free omotNufio et

al. [10] showed that Chopra’s scheme was applicablg to
systems without gravity and, to overcome this, av ne
adaptive controller that replaces the positions aldcities

by their errors was proposed. The limitation of afllthe
above is that they only consider the uncertain dyos of

the master and the slave, and do not consider the
uncertainties introduced by the human and the enmient.

For nonlinear master and slave models anéidiheman
and environment models all subject to parametric
uncertainties — Zhu and Salcudean [11], Sirouspenud
Setoodeh [12], and Malysz and Sirouspour [13] psepo
adaptive teleoperation controllers to enforce linscalar-
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type position/force mappings between the human thed
environment. Separate adaptive laws were desigmethé
master side and for the slave side. Nevertheléss, and
other adaptive schemes did not account €mcertain
kinematics of the master and the slave robots.

This leads us to several open problems in éveldpment

=Ty + ]rTr‘l(qm)fh (1)
qu (9545 + Cqs (95, 95)qs + Gqs(qs)
=Ts — ]sT(qs)fe 2

where q,, and qs € R™! are joint angle positions,

of teleoperation control laws. Note that the kinéima Mam(dm) and Mgs(qs) € R™" are symmefric positive-
parameters of robots are quite hard to measure. [14lefinite inertia matricesCqm (qm, 4m) and Cys (qs, qs) €

Moreover, the tool-induced kinematic uncertaintaekd to
the complexity. Thus, when a robot picks up objests
different lengths, unknown orientations and grigppoints,
the overall kinematics is affected. The resulhit the robot
is no longer able to precisely manipulate a toch tdesired
position. A question that naturally follows is haavachieve
stabilizing and high-performing teleoperation ire tface of
both dynamic and kinematic uncertainties?
This paper proposes nonlinear adaptive contsolfer

R™™ are matrices representing Coriolis and centrifugal
terms, Ggm(gqm) and Ggs(qs) € R™' represent gravity
terms, T, andt, € R™?! are control inputs (torqued)}, €
R™! denotes the force the operator applies to the enast
f. € R™1 is the force the environment applies to the slave,
and J,(q,) andJs(qs) € R™™ are the Jacobian matrices
for the master and the slave, respectively.

Dynamics(1)-(2) have some fundamental properties [18]:

teleoperation systems with uncertain dynamics arfd OPerty 1. The left sides of (1) and (2) are linear in a det o

kinematics. The proposed teleoperation control lams
inspired by those proposed by Cheah et al. [15]-[lt fnust
be noted, however, that the results in [15] ang fiE&al with
motion control ofa single robot in free motion. Also, in
[17], both position and force sensors are needednfition
and force tracking in a single robot, which is engiee to
realize in practice. The major contribution of tlpiaper is

incorporating the parameter-uncertain dynamics loé t

dynamic paramete®; = (044, ---, edp)T as
M(q)4 + C(q, 4)q + G(q) = Ya(q, 4,484
whereY,(q, q) € R™P is the dynamic regressor matrix.

Property 2. The matrixM(q) — 2C(q, q) is skew-symmetric

ie., " (M(q) - 2C(q. ) =0, vZeR™.

human operator and the environment into the paemmet B. Kinematicsof Master and Save

uncertain dynamics of the master and the slavé&enjdint
space, and extending the control approach for glesiobot
to a teleoperation system. In doing so, we alsarass
parametric uncertainties in the master and slaverkatics.

The rest of this paper is organized as followsSéttion
I, we first introduce the dynamic and kinematicdets of a
teleoperation system. Next, we assume parameterant
LTI models for the operator and the environmenthia task
space and convert them into the joint space, sovthacan
incorporate them into the master and the slave mig®
respectively. In Section Ill, nonlinear adaptiventollers
are designed for the master and slave sides. abditst and
motion tracking convergence of the teleoperaticsteay are
studied. Simulation results in Section 1V show ttheg slave
can follow the position of the master despite altertainties
in dynamics and kinematics. Besides, the forcekinac
error between the master and the slave is boundbd.
paper is concluded in Section V.

Il. DYNAMIC AND KINEMATIC MODELS OFTELEOPERATOR

A. Dynamics of Master and Save in Joint Space

In the absence of friction and other disturbaneasen
interacting with a human and an environment, thietjo
space nonlinear dynamic models for an n-DOF mastaot
and an n-DOF slave robot can be described as [18]:

qu(qm)qm + Cqm (qm' qm)qm + qu(qm)

The generalized end-effector positiors, and x; € R6*!
of the master and the slave can be expressed s [18

Xm = hy(Qm), Xs = hg(qy) ©))

where h(.) ER" > R® is a nonlinear transformation
describing the relation between the joint-space thrdask-
space positions. The Jacobian-based relationshepsebn
task-spaceand joint-space velocities are

Xm = ]m(qm)qma X = ]s(qs)qs (4)
Differentiating (4) with respect to time yields
X = is(qs)qs + ]s(qs)QS (6)

Property 3. The right side of (4) is linear in a set of
kinematic parameters [15]-[1 8,k = (Ok1, ""ekwl)T and
05k = (Bk1, ---,esz)T such that

Xy = ]m(qm)qm = Yok (dm, 4m) Omk

Xs = ]s(qs)qs = Ysr(qs, 4s) Osic
where Yo (qm, 4m) € R&"* and Y4 (qs, q5) € R&"V2 are
the kinematic regressor matrices.

C. Dynamics of Operator and Environment in Task

Space

The dynamics of the human operator and the envieothm
are naturally specified in the task space as tihésspace in
which they make contact with the master and theesla

4245



robots. In this paper, second-order LTI modelswaed for

= —ZCT(]rTr;(qm)Bh]m(qm))z '

the human and the environment. Such models hava besnd

successfully used by other researchers (see [B])-[1
fy = fy, — (MpXy, + By Xy + Kpxp) (7)

f. = fi + MX; + B X + KeXg (8)

where My, M, B, B, Ky, and K, are constant, symmetric
and positive matrices iR®*® corresponding to the mass,.
damping, and stiffness of the operator's hand anel t
environment, respectively. Her€; is the human exogenous

force andf; is the environment exogenous force.

D. End-to-end Model of Teleoperation Systemin Joint

Space

To facilitate the teleoperation control desigthe
dynamics of the human and the environment arefemed
from task to joint space and incorporated into digeamics
of the master and the slave. Substituting (3)+(6) {(7)-(8),
the joint-space models of the human and the enwieo are

fh = fﬁ - Mh]m(qm)(jm - (Bh]m(qm) + Mhim(qm)) qm

_Khhm(qm) (9)
fo = £; + McJ(a9)ds + (BeJs(a)) + McJs(ay)) 4
+K.hy(q5) (10)

Multiplying both sides of (9)-(10) bp (q,,) andJI(qs),
respectively, and substituting into (1)-(2), a cameld model
for the master/operator system and a combined niodéte
slave/environment system are obtained as
(11)

(12)

M (Qm)lm + Cm (Ams 4m)Gm + G (Am) =T
M;(ds)ds + Cs (95, 95)9s + Gs(qs)=Ts
where
My (qm) = Mgm(@m) + I (@m)Mp)m (Qim)
Crn (@, Gm) = Cqm (Am) Gm) + I (@) BrJ m (@)
i (Am)MpJm Q)
Gm(@m) = Ggm(@m) + I (@m) Knhim (Gm) =T (@m)f;
M;(qs) = Mg(qs) + 5 (gs)McJs(qs)
Cs (95, 4s) = Cqs (qs, 4s) +J3 (45)BeJs(as)
+J5 (a)MeJs(as)
Gs(gs) = Ggs(qs) +J5 (qo)Kehs(qo) + 5 (gs)fe

It should be noted that, Property 1 still hofds the left
sides of (11)-(12), while Property 2 does not hfud the
new inertia and Coriolis/centrifugal matrices. bad, a new
property is introduced below.

Property 4. Forvq € R®*%, we have
(T (Mm(qm) - 2Cm (qm' qm)) (

(T (Ms(qs) - ch(qs' qs)) (
= —23"(J3 (q5)BeJs(a5))T

Remark 1:
master and the environment’'s dynamics into theeslass
done in [11]-[13]. However, the main differenceoar work
is that we transform the dynamics of the operatat the
environment from task space into joint space, s the
dynamics of the master, slave, operator and enwien can
be unified in the joint space for adaptive consyhthesis.

Ill. DESIGN OFNONLINEAR ADAPTIVE CONTROLLER

Various adaptive controllers for a single robwotfree
motion [15]-[16] consider the dynamics of the robmbe

M(@)4 + C(q)q+G(q) = T

in which there is no term involving the interactiéorce
between the robot and the environment. The sitnatibere
the robot is in contact with an environment wassidered
in [17] yet both position and force sensors weredeel in
the controller, which is expensive to realize iagtice.

A. Adaptive Position-error-based Teleoperation

We extend the control for a single robot toipms-error
based (PEB) control of a bilateral teleoperatorpbed to a
human operator and an environment. The principl®©BB
control [19] is that it tries to minimize the diffnce
between the master and the slave positions, tHiextiag a
force proportional to this difference to the operaince the
slave makes contact with an object. The PEB conteit is
its simplicity and not requiring force sensors.

To achieve stable and transparent teleoperati@engoals
of our PEB-based adaptive control are as follows:

1) Ensure boundedness of signals in the teletiper
system irrespective of dynamic and kinematic uadeties.

2) Ensure convergence of the position trackimgpre
between the master and the slave to zero.

Operator
Dynamics(7)

Master
i Master
= Adaptive T : € X,
T Controller(20) Kinematics(4)
+

Environment
Dynamics(8)

<

Slave Slave q Slave
+ Dynamics(2) Kinematics(4)

= Adaptive Ts s s
Controller(21)
O ——— 1
Combined slave/environment(12)

Fig. 1. Structure of adaptive PEB teleoperatiortrmbn

The structure of our PEB-based adaptive controkmseh
for teleoperation is shown in Fig. 1. Adaptive cofiers are
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designed for the master/operator system and for the Kinematic update laws:
slave/environment system, where the dynamics of the

master, the slave, the human, and the environmemt a Ok = 2L Yk (A Gm) K (A%, + 0AX,)  (24)
uncertain, and also the kinematics of the mastel the Y T . .
slave are uncertain. In PEB control, the positidntte 051 = 2L Yo (s, ) K (A% + alXy) (25)

master is the reference position for the slavevacelversa.  where L, L,g, L and Lyg are all symmetric positive

B. Teleoperation Control under Dynamic and Kinematic ~ definite but otherwise arbitrary matrices.
Uncertainties Each of the control laws (20)-(21) includes tparts. The

first part is feedforward model-based estimatior dahe
second part involves feedback compensation forcitgland
position tracking. Substituting (20)-(21) into (3@0), the

When the Jacobian matrices of the master aadsldve
experience parametric uncertainties, (4) becomes

Xm = Jm (m Omi)m = Yok (@m, Gm) O (13) closed-loop teleoperation system is obtained as

§s = is(qs'ﬁsk)qs = Yo (qs, qs)ﬁsk (14) Mm(qm)sm + Cm(qm' qm)sm + YinaABmg
where %, and %, are estimations ofx, andx,, +im (dm Omi) K (8%, + adxp) = 0 (26)
Jm (dm, Omi) andjs(qs, 85 ) are estimations o, (q,,) and M, (q.)$; + Cq(Qe, 68, + YeqABey

Jin(4r), and®,,, and@, are estimations 0, and @y,
respectively. Define two new vectors in joint spdae the

master side and the slave side: whereA®, .4 = 0,4 — 0,,4 andAB 4 = 0.4 — B4.

Amr = Jin' (@ Omi)Xmrs Gsr = J57 (05, 000%s:  (15)  Remark 2: In the control laws (20)-(21), it is assumed that
Xm, X5, 4 and qs can be measured from position sensors.
Differentiating them for findingJ,, andJs, however, will
involve inaccuracies due to noise. This is the orafor
Xmr = Xg — 0AX ), Xgr = X — 0AXq (16) explicitly considering kinematic uncertainties aridus
developing kinematics update laws in this paper.

+J7(qs, 051 ) Ks (A% + adx) = 0 (27)

where J51(qum, 0x) and j51(qs, 8 are the inverses of
Jn (G, Omi) @ndjs(as, Bx), respectively. Here,

where o is a positive constant,Ax,, = x,, —x,, and

Axg = X — Xp,. Also, define two adaptive sliding vectors inRemark 3: The vector 0,,4 includes unknown dynamic

joint space for the master side and the slaveasde parameters of the master and the human operatoia8y,

S e — A S = . — ¢ (17) 0.4 includes the unknown dynamic parameters of theesla
m = Am = Gmr: S5 = Qs or and the environment. Herd, is treated as an unknown

Using (17) and Property 1, (11)-(12) become system parameter and is included @p,4. Also, f; is

included inB4. Such an approach is effective whinand

Mm(qm)sm + Cm(qm' qm)sm + Ymdemd =Tm (18) * . .
f; change slowly with respect to time.
M Ss + C5(qs, qs)Ss + Ysq05q = T 19 . . .
(85035 + €5(Qs 4S5 + YsaBsa = T (19) Theorem: Consider the nonlinear teleoperation system (11)-
where (12), which is the result of the dynamics of themiaun

_ .. LN operator (7) and the environment (8) being incoafexd into
¥indOma = M (@m)mr + Con (@ Gon) e+ G () the master robot (1) and the slave robot (2). lis th
and teleoperation system is controlled by (20)-(21)ngsthe
Ysa0sq = Ms(qs)sr + Cs (s, 45)4sr + Gs(qs)- dynamic update laws (22)-(23) and the kinematic atg@d
Inspired by [15]-[17], we are now in a positiongmpose laws (24)-(25)then all the signals in the closed-loop system
our nonlinear adaptive bilateral control algorithiihe are bounded.

algorithm is composed of the following three parts: The proof of the Theorem and a discussion emptisition
e Control laws for the master and the slave: tracking performance can be found in Appendix.

T = YinaOma = I (A, Ot Ko (A% + ax,) - (20) IV. SIMULATION STUDY

Ts = Yeq0sa — J7(qs, 051 ) Ks (A% + alx;) (21)  In this section, simulations are conductedltstrate the

performance of the proposed controller. Both theteraand
i o ) POt A iy the slave are considered to be two-link, revoloiatjplanar
AXp =X = Xgy AXg =Xg = Xm, Ong and 85 are the 445 [18] with similar dynamics and kinematics.
estimations oBp,,q and@y,, respectively. As for the operator and the environment, let us tak
* Dynamic update laws:

whereK,, and K are symmetric positive definite matrices

Mh = mhl, Bh = bhl, Kh = khl,

4 _ _ T
0md = —LnaYl4Sm (22) M, = m,L, B, = b.I, K, = kI,

ésd = _Lde;rdSs (23)
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wheremy,, m,, by, be, ky, and k. are the mass, damping, andwell, while in the conventional adaptive controheme the
stiffness coefficients of the operator's hand arfie t position tracking error is clearly larger. As foorde
environment, respectively. Léf starts from a zero value, tracking, although there are errors both in theppsed

f, = [f;1, 0] = [25(1 — co0s0.1t), 0]T. Also, takef; = [0,0].
For simplicity, gravity is ignored. Then, theikmown
dynamic parameter vectors can be expressed as

Oma = [5(m; + my), Li1;my, Li1;my, i1y, 13by, 1y 1ok,
12(m; + m, + my,), Zby, 5,1, 111,17
B854 = [15(m; + m,), 1;1;my, Li1yme, 1y15be, 13be, 1 1oke,
1f(my + m, + me), 17be]"

wherel; andl, are the lengths of the links, ang, andm,
are the point masses of the links. The dynamicessgr
matricesY,,q andY,y are obtained based on Property 1.
As far as kinematics, the robot Jacobian madrix
—lis1—13812
I = e +lzc0 P
Then, the unknown kinematic parameter vectors can
expressed as@,,, = 0y = [1;,1,]T and the kinematic
regressor matricesYx(qm, 4m) and Yg(qs qs) are
obtained based on Property 3.
In the simulation, the parameters of the robotd,[1i&e
operator and the environment [13] are given in &abl

=184,

TABLE |
MODEL PARAMETERS IN THESIMULATIONS

Iyl, m; m; mp
0.5(m) 4.6(kg) 2.3(kg) 0.2(kg)
bh kh Me be
50(Nsm™) 1000(Nm™)  0.1(kg)  20(Nsm™)
ke Knm (I Lok
1000(Nm™) 2001 401 101

a Ks Lsd Lsk
0.25 2001 401 101

According to Table 1, the actual parameter vecioges
0,4 = [0.625,0.575, 0.05,12.5,12.5,250,1.775,12.5,
17.5(1 — cos0.1t), 17.5(1 — co0s0.1t)]7,
0.4 = [0.6,0.575,0.025,5,5,250,1.75, 5],

0,4 = 04 = [0.5,0.5]T.
In the simulations, the initial values were randpsgt as

X, (0) = x,(0) = [0.6,0.2]T,

0,,4(0) = [0.5,0.6,0.1,11,13,240,1,12,13,10]7,
0,4(0) =[0.3,0.5,0.02,6,6,240,2,4]T,

0 (0) = 85(0) = [1,1]".

control scheme and the conventional adaptive dweegtror
in the proposed control scheme is smaller at cepaints.
This is reasonable because the proposed contislleased
on the PEB architecture and not on the direct foeflection
architecture or the 4-channel architecture, wheh achieve
better forcing tracking. Sinc; is zero in the Y axis, the
position and force are not shown in that direction.

_ 1 08
E 055 4 £
= Eoss]
X A=
5 o 4 < 05
Boa4s 1 Euaa»
W a
Y7 | [

|

|
o 20 40 60 80 100 0
Time(sec)

b Fig. 2. Master and slave positiong,(and x,) in X axis:
(left) proposed adaptive control, (right) conventibadaptive control
600 .

550

2 » @
s & 8
8 8 8

Force X (N)
Force X (N)

@
&
=1

w
&
=

"
&
S

o 2
o
&
=]

20 40 50 80 100 20 0 60 80
Time{sec) Time(sec)

Fig. 3. Master and slave forceg and f,) in X axis:
(left) proposed adaptive control, (right) conventibadaptive control

It is worth noting that a key point in adaptive trohis
that the tracking error should converge regarddésghether
the input is persistently exciting or not, i.e.,eodoes not
need parameter convergence for tracking error agevee.

V. CONCLUDING REMARKS

In this work, we presented a nonlinear adaptiveriigm
to cope with uncertainties in the dynamics and kiagcs of
a teleoperation system. The dynamics of the hunpanator
and the environment were incorporated into the enaabd
the slave dynamics, respectively. The adaptive roblats
designed for the master and the slave do not negdoace
measurements. The stability of the closed-loopesgsts
guaranteed and the convergence of the positiorkitgc
error is discussed. To the best of our knowledgs, is the
first time that both dynamic and kinematic uncettiais
have been considered in control of a teleoperatystem.

The proposed controller is based on the PEB authite,
which has a limitation in terms of force trackingngpared

The transparency of the proposed control approach tp the direct force reflection architecture and #hehannel

compared with the conventional adaptive controlraapgh,

architecture [19]. Addressing this and accountimy f

which cannot deal with kinematic uncertainties. Th&ariations in the communication time delay and mear

simulation results are shown in Fig. 2-3. Using pheposed
control scheme, the slave tracks the position ef rifaster

terms such as joint friction remain as future work.
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APPENDIX
Sability and position convergence analysis:
Consider a unified Lyapunov candidate function as

V:V1+V2

whereV; andV, are the Lyapunov functions for a single

robot [15]-[17]:
Vi = 2SmMu (Qn)Sm + CAX LK AXpy + 2AO], 4L A8 g
1 —
+2A0 0 L AB .
V, = 38T M,(qs)ss + adxs KoAx + 20033 L51A0q
1 -
+§A9§k sl%Aesk
where A8, = 0, — 0., and Ay = By — B. Since
Mm(qm)ﬁ Mg (qs)' K, Ks, Ling, Lsa, Lk and Ly are all
positive definiteV is positive definite.

Using Property 4, the derivative @falong the trajectory
of the closed-loop system (26)-(27) becomes

V = —K,, (AXT, A%, + a?AxT A,
+40 11 Yk (A Gm) Yk (A Gm) 201y
—K (AXT A% + oa?AXTAX,
+A8, Y (s, 45) Y (a5, 45)A0;)

—sm (Tm(am)BpJim (@) )Sm
=55 (J5 (@5)BeJ5(a5))ss

Note that K, K, B, andB, are positive definite matrices.
ThereforeV is negative semi-definite. The reason Yonot

being negative definite is that fef, = s, = Ax,, = Ax,
AB . = ABg, =0, but AB,,q # 00r AB,q + 0, we have

and Ax; € L2 and using Barbalat's lemma [20], we can
obtain tha’rgimAxS = tlim Xy — X)) — 0.
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