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Abstract
Most of the methods to date on bilateral controhoflinear teleoperation systems lead to nonliraeal
coupled closed-loop dynamics even in the ideal adsgerfect knowledge of the master, the slave, the
human operator and the environment. Consequerttty,tiransparency of these closed-loop systems is
difficult to study. In comparison, inverse dynamimsntrollers can deal with the nonlinear termshe t
dynamics in a way that, in the ideal case, theedldeop systems become linear and decoupled. & thi
paper, for multi-DOF nonlinear teleoperation systemith uncertainties, adaptive inverse dynamics
controllers are incorporated into the 4-channehtbrial teleoperation control framework. The resglti
controllers do not need exact knowledge of the thios of the master, the slave, the human operatdhe
environment. A Lyapunov analysis is presented tav@rthe transparency of the teleoperation system.

Simulations are also presented to show the effautiss of the proposed approach.

Keywords: Bilateral teleoperation, trangpay, uncertainties, adaptive inverse dynamicsrobn

1. INTRODUCTION

Teleoperation systems have been widely appliethe environments that are too remote, too cedfiror too
hazardous for the human to be in. Outer space adérsea exploration, minimally invasive telesurgenclear waste
site and radioactive material management are tygxamples. A teleoperation system consists of ex-imerface
robot (master), a teleoperated robot (slave), admperator, and an environment — a general bléagram is
depicted in Fig. 1. The human operator appliesefdi) on the master to control the position of the sl&y) in order
to perform a task in the remote environment. Whenstave-environment contact force is reflectethéoperator, the
teleoperation is said to be bilateral. If the slaactly reproduces the master's position trajgcior,) for the

environment and the master accurately displaysestavironment contact forcef,{| to the human operator, the
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teleoperation system is said be fully transparent. For a review of teleoperatontrol approaches, see the survey
papers [1], [2], [3].
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Fig. 1 Block diagram of a general teleoperationesys

A number of control schemes have been propfiseleoperation systems with linear master aaslesrobots [4],
[5], among which the 4-channel control architectisréhe most successful in terms of ensuring fah$parency [6],
[7]. These fixed controllers assume perfect knogtedf the master and the slave impedances. In a wetatipn
system, however, the perfect knowledge of the maste the slave dynamic models may not be availdeto model
uncertainties. Evidently, the control of teleopematsystems subject to model uncertainties posgsfisiantly more
challenges compared to the control of those witedimodels/parameters. In the following, we revibe pertinent
research results about adaptive control of telextjwer systems (roughly, in the order of increasiomplexity).

There are a few adaptive control schemes in tagatiire for linear master and slave models whereltve and the
environment dynamics are allowed to be uncertage Bnd Chung [8] designed an adaptive control sehiem
teleoperation systems with parametric uncertaintigbe slave and the environment dynamics. Shl.¢0] developed
adaptive control schemes for teleoperation systeitisdifferent types of parametric uncertaintieghe slave and the
environments. In both of these, (a) the dynamiaghefmaster and the slave were assumed to be lab@®knear, and
(b) an adaptive controller was designed for theeslaut a compensator was used for the master.

Adaptive control for nonlinear master and slave et®dis more challenging compared to those for lirees.For
this case, Ryu and Kwon [10] achieved position fonde tracking when the environment’s and the huwoerator's
uncertain parameters were not included in the amfagtiung et al. [11] designed adaptive bilateitoollers for both
the nonlinear master and the nonlinear slave bydoting a virtual master to achieve position aoitd tracking
performance. Chopra et al. [12] proposed an adamintroller for a nonlinear teleoperator with tiaeday to ensure
synchronization of positions and velocities of thaster and the slave. Nufio et al. [13] showed@hafpra’s scheme
was applicable only to systems without gravity, pnraposed a new adaptive controller to removedbisstraint.

The limitation of the above methods is that thely @onsider the dynamic uncertainties of the maatet the slave,
and ignore the uncertainties introduced by the huwm@erator and the environment. For nonlinear mastd slave
dynamics and linear human and environment dynamitadels, all subject to parametric uncertaintiesy Aand
Salcudean [14], Sirouspour and Setoodeh [15], aaly$d and Sirouspour [16] designed separate adalativs for the
master and for the slave.

Nevertheless, this and other adaptive schemesasexilon standard Slotine & Li adaptive control [47¢l none of
them has taken advantage of the inverse dynamipsoagh, which has the advantage of providing aineat
feedback control law that would cancel the nonlirteams in the closed-loop dynamics if the dynarmiese perfectly

known. Adaptive inverse dynamics control of the ifims of a single robot under dynamic uncertaintigas



investigated in [18], [19], [20]. Nonetheless, tiesults in [18], [19], [20] have only been appltednotion control of a
single robot in free motion. So far, there has bezattempt at simultaneous motion and force cobitra master-slave
teleoperation system, in which the master and ltnesare allowed to make contact with the humanaipe and the
environment, respectively.

This paper proposes adaptive bilateral controlbased on the inverse dynamics approach for telatipersystems
with uncertain dynamics in the master, the slalie, dperator, and the environment. The adaptiversevdynamics
controllers are incorporated into the 4-channadtbiial teleoperation control framework. In orded&monstrate the
advantages of the proposed adaptive control schénfas been compared to the previous adaptivensehdor
teleoperation systems from different aspects indabAs Table 1 shows, the proposed control schismappropriate
for master and slave robots with nonlinear n-DORasigics, and involves adaptive control of both trestar and the
slave (i.e., dynamic uncertainties in both the eraahd the slave are allowed). Besides, the prabosetrol scheme

can also work where the dynamics of the operatdrtla@ environment are uncertain.

Table 1: A comparison of different adaptive contaapproaches for bilateral teleoperation systems

[8]-[9] [10]-[13] [14]-[16] This paper
Master dynamics Lineay, certait Nonlinea, uncertaii  Nonlinea, uncertain  Nonlinea, uncertain
Slave dynamics Linear,uncertair Nonlinear, uncertain Nonlinear, uncertain Nonlinear, uncertain
Master controller Fixed Adaptive Adaptive Adaptive
Slave controller Adaptive Adaptive Adaptive Adaptive
Operator Certain Certair Uncertain Uncertair
Environment Uncertain Certain Uncertait Uncertair
DOF 1-DOF n-DOF n-DOF n-DOF
Scheme Slotine&Li base( Slotine&Li base( Slotine& Li base inverse dynamic

The rest of this paper is organized as followsSéation 2, various teleoperation control architexdiare compared
with respect to their transparency. In Sectiond@linear model of teleoperation systems is givarSéction 4, the 4-
channel control architecture is modified to encosspadaptive inverse dynamics controllers for theteraand the
slave. A Lyapunov function is constructed for thafied closed-loop, and transparency of the ovesglitem is
investigated. In Section 5, an alternate contrbkste is discussed that explicitly addresses thertaie dynamics of
the human operator and the environment. In Se@j@imulations are done to show the effectivenéskeoproposed

controller. The paper is concluded in Section 7.

2. VARIOUS TELEOPERATIONCONTROLARCHITECTURES

For precise teleoperation, transparency is ntisée In an ideally transparent teleoperation eyst through
appropriate control signals, the master and theestmsitions and forces will match regardless ef dperator and
environment dynamics, i.e.,

Xm =X, fp =fe ()



To evaluate the transparency of teleoperationhyheid matrix is used which is defined as

fh ] _ [h1a h12] Xm
Thus, full transparency is achieved if and onlghé hybrid matrix has the following form:
0 1
Hideal = _1 0] (3)

The hybrid parametér;; = f;,/x,(f. = 0) is the input impedance in the free-motion conditiblonzero values for
h,; mean that even when the slave is in free spaeeygbr will receive some force feedback, thus giart‘sticky”
feel of free-motion movements. The paramétgr= f;, /f.(x, = 0) is a measure of force tracking for the haptic
teleoperation system when the master is lockedatiam (perfect force tracking fdr;, = 1). The parametér,; =
—xs/X¥m(fe = 0) is a measure of position (velocity) tracking perfance when the slave is in free space (perfect
position or velocity tracking fai,; = —1). The parametér,, = —x/f.(x, = 0) is the output admittance when the
master is locked in motion. Nonzero valuesigy indicate that even when the master is lockedacglthe slave will
move in response to slave/environment contacts.

For achieving the ideal response, various paeation control architectures are proposed [222],[[23], [24]:
Position Error Based (PEB), Direct Force ReflectidFR), Shared Compliance Control (SCC), and 4-okhn

Control. In the following, we compare the transpaseof these control architectures.

2.1 PEB

A position-error-based, also called positiorsifion, teleoperation architecture is shown in Fifa). The
impedance&,, (s) andZ(s) represent the dynamic characteristics of the masbert and the slave robot, respectively.
Also, C;, andCy are proportional-derivative controllers that ased at the master and the slave, respectively.

As can be seen in Fig. 2(a) — the sigrfglandfs denote the exogenous forces of the operator andrtiironment,
respectively — the PEB controller does not use famge sensor measurements and merely tries to rizi@itie
difference between the master and the slave posijtibus reflecting a force proportional to thiedence to the user
once the slave makes contact with an object. Thadhynatrix for this architecture can be found as

T +Cp 22 =t

_ Zis  Zis
H= G 1 4)
Zys Zts

whereZ,, = Z,, + C;, andZ, = Z; + Cg. As a result, in addition to non-ideal force tiack (h,, # 1), the PEB
method suffers from a distorted perception in fmeation condition K, # 0). This means that in the absence of a
slave-side force sensor, control inaccuracies (i@zero position errors) lead to force feedbadké user even when

the slave is not in contact with the environment.

2.2 DFR

A direct force reflection, also called forcesjtion, teleoperation architecture is shown in F¢p). This method
requires a force sensor to measure the interabgbmeen the slave and the environment. The hylanidrpeters for the

DFR architecture are given as



yAR|
n=| R L ®

Zis  Zis
Although the perception of free motion is stilldeban ideall{;; # 0), a perfect force tracking performance is attained
(h,;, = 1). Nonetheless, compared to the PEB methpdjs much closer to zero in the DFR method, anduge only
feels the inertia of the master interface whendlage is in free motion. Although the DFR methodansparency is

somewhat better than the PEB method, both methdtks from the less-than-ideh); andh,, values.

2.3 SCC

A shared compliance control, also called impedacontrol, teleoperation architecture is showRiqm 2(c). In this
method, for the master, the control is the samia 8-R. But for the slave, the control includesifios control terms
as well as the measured interaction force betwhenslave and the environment. The hybrid paramédtershis

architecture are given as

7. 1
H= [_C_R 1+C5] (6)
Zts  Lts

As we can see from the hybrid matHx impedance control methods still suffers from lgss-than-idedi,, andh,,

values.

2.4 4-channel Control

Fig. 2(d) depicts a 4-channel bilateral teleapen architecture. This architecture can represka previous
teleoperation structures through appropriate setedf controllersC, toC,. The compensatof andCg in Fig. 2(d)
constitute a local force feedback at the slave aittdthe master side, respectively. The hybridrpaters for the 4-
channel architecture are
hyy = (ZtsZim +C1C4)/D
hyp = [ZsCy — (1 + C5)Cy]/D
hy1 = —[ZimCs + (1 + C4)Cy]/D (7
hy; = —[C,C5 — (14 C5)(1 + Cg)]/D
whereD = —C3Cy + Zis(1 + Co).

In contrast to the PEB, DFR, and SCC architectesfficient number of parameters in the 4-chaanehitecture

enable it to achieve ideal transparency. In fagsdlectingC; throughC, according to

C1=Zts C2:1+C6C3:1+C5 C4=_Ztm (8)
the ideal transparency conditions is achieved, i.e.

710 1
H=[2) ©
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Fig. 2(d) 4-channel architecture

3. NONLINEAR MODELSOF TELEOPERATIONSYSTEMS

In practice, it is desirable to express theagyits of the master and the slave robots (and ermmasition and force
tracking) in the Cartesian space, where the tasisirgeractions with the operator and the enviramnage naturally

specified. In this section, we develop the nonlimaadel of teleoperation system in Cartesian Space.

3.1 Robot Dynamics Transformation from Joint Spaceaa&sian Space

The general dynamics of a n-DOF robot in the jepdce is as follows [25], [26]:

M(@)4+C(q,9)q+G(q =T (10)
whereq € R"*1 is the joint angleM(q) € R"™" is the inertia matrix,C(q,q) € R™*" is the Coriolis and centrifugal
term,G(q) € R™*! is the gravity term, and € R™*! s the exerted joint torque. Note that the foraeting on the end-

effector,f, result in joint toques

=] (@f (11)
where] is the Jacobian matrix. Multiplying both sidegd®) by]~T, we get

J'™M@d +)"C(q@q+] 6@ =) Tt=f (12)
On the other hand, we have the relationship

x=]q (13)
wherex is Cartesian-space velocity. Differentiating (18 obtain

x=Jq+]q (14)
Thus,

q=J"'% (15)
q=J]"%-J") % {16
Substituting (15) and (16) into (12), we can detlve equivalent of the dynamics (10) in the Castespace as

M, (X + Cx (g QX+ Gx(q) = f 17
where



M, (q) = J"™M(@)) !, ¢ (,9) =]77C(q, @) ! — M (@I, Gy (@) = ] "G(q)
3.2 Nonlinear Model of Teleoperation System in Carte$Space

According to (17), when interacting with a humamd an environment, the Cartesian-space nonlidgaamic
models for n-DOF master and slave robots can hitenras,
Mym (@m)Xm + Cxm (Am, Am)Xm + Gym (Am) = i + fn (18
M5(95)Xs + Cxs (95, 45)Xs + Gys(qs) = 5 — fe (19)
wherex,, X, € R®*! are end-effector Cartesian positions (and ori@mts), q,,, qs € R™*! are joint angle positions,
M, (qm), My(qs) € R®*6 are symmetric positive-definite inertia matric€g,, (qm, dm), Cxs (qs,ds) € R®*6 are
the Coriolis and centrifugal terms, a@d,(q.,), Gxs(qs) € R®*! are the gravity terms for the master and the slave
respectively. Alsof,,, f; € R®*! are force/torque control signals (i.e., controlternputs) for the master and the
slave,f,, € R®*! is the force/torque that the operator applieshtorhaster, anfl, € R®*! is the force/ torque that the
environment applies to the slave.
Property 1. The left sides of (18) and (19) are linear in acfedynamic paramete®, g4 = (Omq1, ...,emdpl)T and
054 = (Bsdy, -, Osap,) T as [25], [26]
My (@m)Xm + Cxm (@m> Gm)Em + Gxm (Am) = Ymd (@m, Gms Xm, Xm)Omad (20)
My5(g)Xs + Cxs (s, Gs)Xs + Gxs(As) = Ysa(qs, Gs, X5, X5)0sq (21)
whereY, 4 € R™P1 andY,y € R™*Pz are the dynamic regressor matrices for the masigithe slave, respectively.
When the master and the slave experience parametgertainties, (20) and (21) become
My (@m)&m + Cem (@my Gm)%m + Gym (Am) = YmaOma (22
My (9s)¥s + Cys (Qs, Gs)Xs + Gs (Qs) = YsaBsq (23)
where®,,4 and@4 are the estimates 6f,4 and@4, respectively.

4. ADAPTIVE INVERSEDYNAMICS 4-CHANNEL TELEOPERATIONCONTROL

The basic idea of regular (i.e., non-adaptimegrse dynamics control is to seek a nonlineadliaek law to cancel
the nonlinear terms in a dynamic model. Our progdaséeoperation control scheme is based on incatimgr two
adaptive inverse dynamics controllers for the magtel the slave (with dynamic uncertainties) irtite #d-channel

teleoperation architecture, as shown next.

4.1 Architecture of the Designed Control Approach

As it can be seen in the block diagram of theppsed architecture in Fig. 3, the position cdl@raomprisingCy,
and C, for the master an@z andC, for the slave are replaced by two designed adajtiverse dynamics position
controllers (the dashed boxes). The remaining tetmsC;, C; andCq are still utilized as force feedback and
feedforward controllers in the proposed approadie Block diagrams of the designed inverse dynamdcstion

controllers for the master and the slave are showrig. 4.
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Master )ﬂ >
(18)

A = My, (%5 — KinyDXm — KinpAXp )+ ComXim + Gym B = My (¥ — KoyAXs — KgpAXg ) +CysXs + Gys
Fig. 4 Adaptive inverse dynamics position contmallga) for the master (left) and (b) for the sléight)

4.2 Control Laws and Adaptation Laws

We are now in a position to propose our adapiiwerse dynamics bilateral control algorithm foe uncertain
nonlinear teleoperation systems. The controlleedassigned for both the master and the slave.

e Control laws for the master and the slave:
fm = llem(qm)(jis - KmVAXm - KmpAXm) +me(qm' qm)xm + me(qm) +Mxm(qm)cz(fh - fe) - fh (24)
fs = st(qs)(im - KSVAXS - Ksprs) + st (qsr qs)xs + 6){5 (qs) 'Hles (qs)CB(fh - fe) + fe (25)

whereAx, = Xp, — Xg, AXg = Xg — Xy, @NdKyy,y, Ky, Kiyp, Ksp, C; andC; can all be chosen to be positive constants.

sp’
» Adaptation laws for the master and the slave:



Oma = ~Lmal®F (A%, + abXpy) + W Ey] (26)
8.4 = —La[®T (8%, + abx,) + W] E] (27)
whereL,,4 andLgq are symmetric positive-definite matricesis a positive constant and is chosen suchdahkatl,

(K, will be defined later in this section). Also,

P, =(1/1+ CZ/C3))M;§1(qm)Ymd (28)
@, = (1/(1 + C2/C3))(C2/C3)Mig () Ysq (29)
BesidesE,, andE; are filtered prediction errors of the form

Ey, = Wmﬁmd — frw — fhw (30)
Es = Wsﬁsd — fow + few (31)

wheref .., fuw, fsw andf,,, are the filtered versions of the fordgs, f;,, f; andf,, respectively. The subscript

shows low-pass filtering by the fiIten;%, e.g.fow = ﬁfm, where) is a positive constant asds the Laplace

operator. AlsoW,, andW; are filtered versions of the dynamic regressoriced Y,y andYyg.
Each of the control laws (24)-(25) includes fivatpaln the master controller (24), the first pﬁ@n(qm)(ks —
KnyAXm — KppAxp,), the second pakt,, (qm, Gm)Xm and the third parGy, (q,,) altogether perform the adaptive

inverse dynamics position control (see Fig. 4(a)he fourth parM,,,(q,,)C,(f, — f.) involves force feedback. The
fifth part —f;, compensates for the force due to the operator.fivheparts in the slave controller (25) have simila
meanings.

Substituting (24)-(25) into (18)-(19), the adsloop equations of the master and the slaveldegned as

Mxm(qm)xm + Cym (qm' qm)xm + me(qm) =

My (Gm) (%5 = KinvA%m — KinpAXpm) + Com (@) Gm)Xm + Gm (@m) + My (@) Co (F — fe) (32)
M,s(99)Xs + Cxs (s, Gs)Xs + Gys(qs) =

M, (9s) (%m — Koy A%s — KopAX,) + Cys(qs, G5)Xs + Grs (A) + My () Ca (Fr — fe) (33)
Adding M, (q,,)%,, and then subtracting it in the right side of (B&)ps to rewrite it as

My (Am) (B%m + KinyAXim + KinpAXm) = YinaAOma + Mym (qm) Co(fn — fe) (34)
Similarly, (33) can be rewritten as

M, (qs) (A% + Koy AXg + KspAXs) = YsqABgq + My (q)C3 (F, — o) (35)

Multiplying both sides of (34) and (35) Mxgk(q,) andMzl(qs), respectively, the closed-loop equations of the
master and the slave can be rewritten as

A&y + KinyAXpy + KipAX iy — Mk (qn) YinaABmg = Co(f, — fe) (36)
A% + KoyAXs + KspAxs — M (q5) YsaABsq = C3(fy, — fe) (37)

~ —~

where ABmd = Bmd — Bmd andAOSd = Bsd - Bsd.

Now, multiplying both sides of (37) I8/C5, using the fact thatx,, = —Ax,, Ax,, = —AX, andAX,, = —AX, ,
and subtracting (36) from the result, we arrivehat following unified closed-loop dynamics for theaster and the
slave:

(1 + CZ/CS)Aim + (Kmv + (CZ/CS)KSV)AXm + (Kmp + (CZ/CS)Ksp)AXm - lVl)?r}l(qm)YmdAemd

10



+(C2/C3)My (qs) YsqABsq = 0 (38)
Multiplying both sides of (38) b¥/(1 + C,/C3), theunified closed-loop can be rewritten as

Ay + KyAxp, + KpAx,y, = @1,A0,,4 — DABq (39)
where

Ky = (1/(1 + C3/C3)) Ky + (C2/C3)Ksy), Ky = (1/(1 + C3/C3)) (Kmp + (C2/C3)Ksp)

SinceKp,y, Kgv, Kmp, Ksp, C; andCy are all positive constantk,, andK,, are also positive constants. It should be
noted that, the left side of the unified closedd@ystem (39) is a linear error expression underdte the designed
adaptive inverse dynamics controllers (24)-(25)tt@rmore, once the parameters converge to thearvalues, i.e.,
A8 q = AByq = 0, the linear closed-loop system (39) will becomeamptetely decoupled adx,, + K, A%, +
K,Axy, = 0. Thus, the performance of the system is very coieve to study.

Remark 1: We obtained the unified closed-loop dynamics (89)tie overall teleoperation system based on thstena
closed-loop dynamics (36) and the slave closed-thyo@mmics (37). Thus, we can use a unified Lyapdooetion to
show the transparency of the overall system dsaméxt section.

Remark 2: It is possible to generaliZ€,,,, Ksy, Kmp, Ksp, C; @andC; from positive constants to positive-definite
diagonal matrices. This needs a small chang&19f(1 + C,/C3))(C,/Cs) into (I + C,C31)~1(C,C31) above and a

similar small change in the transparency proohafbllowing, wherd is the unit matrix.

4.3 Transparency Analysis

In this section, we use a unified Lyapunov fiocto show the transparency of the overall sysbersed on the
unified closed-loop obtained in Section 4.2.
Theorem 1. Assume the following conditions hold:
1) the Jacobian matricdg (q,) andJs(qs) are nonsingular,
2) the inertia matriceM,, (q,,) andM,(q;) are invertible,
Consider the nonlinear teleoperation system (18)-flas uncertainties and is controlled by the adaptontroller
(24)-(25) using the adaptation laws (26)-(2IMen, the signalax,,, AX,,, A0,q4 andAB.4 in the closed-loop system
are bounded. Beside, the position tracking eksgy = x,,, — X converges to zero as— oo. Moreover, the force
tracking erro’Af = f,, — f; also converges to zerotas> . m
Proof: Consider a unified Lyapunov function candidate as
V =A%y + alxy)T (A% + adXy,) + 2A%T (K, + aKy — a?)Axy, + 2007 4 LA g + 2A0 4L jAB, (40)
wherea is a positive constant and is chosen suchdahkatk, as mentioned in Section 4.2. The derivativ&/ along
the trajectory of the unified closed-loop syste®) (i3
V = (8%, + adxy) T (=K Aky, — KpAxy, + @A8q — PAB, + adky,) + AXE (K, + oK, — a?)Axy,

+00T JL7L0,q + A8 L10,, (41)

Because
- Kok — KpAxpy, + @404 — ®ABgq + alky, = —(Ky — 0)A%y, — KpAXy, + @ A8 — PsABg,
we get
V= (8% + adXp,) "(—(Ky — 0)AXpy, — KpAxpy + @004 — PsABgy) + A, (K, + aKy, — a?)Axyy,

11



Py

+087 4 LikyBma + 2874 LsiB,q (42)
Also, because
(A%y + aAxy) T (= (Ky — ) A%y, — KpAxy) = =A% (Ky — o) AXpy — adxp, Ko Axy, — A% (K + oKy — a)Axyy,
we have
V = —A%f (K, — ) Ay, — aAxp KpAx,, — AXE (K + oKy — o)Ay, + A% (K, + aKy — a?)Axyy,

+(A%, + 00X ) T @ AB g — (Akpy + aAXp) TDAB g + ABT (L1084 +ABT,LI10,,

= =A% (Ky — ) AXy, — aAX L KpAXpy +(AXpy + adX ) T @, A0 g — (A%, + aAXy,) T @A

+007 Ly Bma + A0 LeiBsq (43)
Substituting the adaptation laws (26)-(27) into)(4@ get
V = —A%] (Ky — @) AXy, — aAX G KpAXpy — ABT Wik (Wi O — Finw — frw) — ABT W (WsBggq — foy + few)  (44)
Substituting the definitions of .y, frw, fsw @andfe,, into the (44), we have
V = —AXF(Ky — o) Ak, — aAX L KpAXyy,

— 00T, W [WinBrng — == (Fin + )] — ABT W [W,Byq — == (f — £o)] (45)
According to Property 1, we obtain
V = —A%] (Ky — @) Axy, — adxp KpAxpy

— 00T, Wi (WinBing — = YindOma) — ABT WI (Wb — == Yyq054) (46)
According to the definitions oW,, andW; , (46) can be rewritten as
V = A% (Ky — ) Axy, — aAXp KpAXy, — ABL sWi (Wi 0mq — Wiy O1a) — ABT W (W89 — WiB4)

= —Ax; (Ky — ) ARy, — 0AX g KpAXy, — ABT W Wiy AB g — A8 WT WAy 714

From (40) we know that is a function ofAx,,, Ax,,, A®,,q4 andAB;4q, andV = 0 only whenAx,, = 0,A%,, =
0,A0,,4 = 0, andABs4 = 0. On the other hand, when one or more\xf,, AX,,, A8,,4, ABsq IS NoOnzero, we have
V>0, asK, + aK, — a? is a positive constant, abgy, L;j are symmetric positive-definite matrices. Therefbris
a positive-definite function.

Furthermore, from (47) we know thatis also a function ofx,,, AX,,, A8,,q andABy,, andV = 0 can happen
only when Ax,, =0,A%, =0,A0,4 =0, and AB,q =0. On the other hand, when one or more of
AX,,, AX,,, A4, AB.q4 is NONZero, we havé < 0. ThereforeY a is negative-definite function.

SinceV is positive definite andl is negative definitey is bounded, the signalsx,,, Ax,,, AB,,qandABy, in the
closed-loop system are bounded, and AksQ, Ax,,, A8 4 andAB 4 approach zero as— oo. In other words, in terms
of position tracking, we havtla'ngxm = Elrg(xm —X5) =0.

In terms of force tracking convergence, we noiat Ax,,, AX,, A0,,q andABg4 approach zero as— . Thus,

according to the unified closed-loop (39), we cah tlj;mAjim = 0. Furthermore, according to the master and theeslav

closed-loop (36)-(37), the force tracking ertdr= f, — f, » 0 ast — o. This concludes the proof.
Remark 3: The estimated inertia matricéd,,,(q,,) andM,.(q,) for the master and the slave are assumed to be

invertible. To remove this assumption, in the coltérs (24)-(27)M,,,(q,,) andM,.(q;) can be replaced by their
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priori estimatep,,, andMp,, respectively, wherdIp,, = Mp,m, = 0 andMp,, = Mp,. ' = 0. SinceMp,, and
Mp, are not updated onlinghe invertibility of Mp,,,, andMp,, is not a concern. More details about this can bedo
in [18], [20].

5. CONTROLLERSFOR UNCERTAIN MODELS OF OPERATORAND ENVIRONMENT

In the adaptive control laws (24)-(25) in Sewt#, the interaction force between the mastert@dperatof;,, and
the interaction force between the slave and th&@mwentf, can be measured by force sensors and thus amtlyire
included in order to cancel the same terms in thsten and the slave dynamics (18)-(19). Alterntj\ig andf, in
(18)-(19) can be replaced by dynamic models ofdperator and the environment respectively, i.e.theyfollowing
general forms [14], [15], [16], [27]

f, = f; — (MpX,, + By X + KpXp) (48)

f, = Mo, + B, X + KoX, (49)
whereMy, M., By, B, K}, andK, are matrices iR®*® corresponding to the mass, damping, and stiffreésthe
operator’s hand and the environment, respectivaliso, h(.) € R® - R is a nonlinear transformation describing the
relation between the joint-space and the Cartegimce position (and orientation) of each robot, kg, = h,,(q,,)
andxg = h(qg).

Substituting (48)-(49) into (18)-(19), a comdxih model for master/operator and another combinedemfor
slave/environment are obtained as

Mse(qs)is + cse (qS' qS)XS + Gse(qs):fs (51)
where

M6(dm) = My (Qm) + My, Cryo (Am, Gm) = Cxm (@ms Gm) + Bhy Gmo (@m) = Gym (dm) + Khhm(qm)_f;
M. (qs) = Mys(qs) + Mg, Cse (g5, 4s) = Cxs (s, Gs) + Be, Gse(qs) = Gys(qs) + Kehg(qs)
For the combined models (50) and (51), the iamverse dynamics 4-channel control schemebeadesigned as

follows:

e Control laws for the master and the slave:

fin = Mo (Am) (s = KinyAXm — KinpAxpy,) + Cino (A, Gm)%m + Gimo (Am) + Mo (qm)Co (F, — fe) (52)

fy = Mo (q) (¥m — Ky A% — KopAX,) + Coe (s, 45)%s + Gse(qs) + Mo (q)C3(Fr — fe) (53)
* Adaptation laws:

Binod = —Limoa @ o (A + aXyy) + WihoEnmo] (54)
Bseq = —Lseal PL(AX, + alx;) + WEE] (55)

whereL,,q andLg.q are symmetric positive-definite matrices #qgl 4 includes the dynamic parameters of the master

and the humar.4 includes the dynamic parameters of the slavelaménvironment. Also,
P, =(1/1+ CZ/C3))M;1%)(qm)Ymod (56)
P, =(1/1+ CZ/C3))(C2/C3)1VIS_e1 (9s)Yseq (57)
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whereY,,,q andYs.q are the corresponding dynamic regressor matriBesides,W,,, and W, are the filtered
versions of the dynamic regressor matridgg,qy andYseq, Emo @ndEg, are the filtered prediction errors of the filtered
inputsf,. (. is the filtered version df,) andf,, (fs,, is the filtered version df). The proof of position/force
error convergence for this case is similar to diatheorem 1.

Remark 4: It should be noted th# in (24) andf, in (25) do not exist in (52) and (53) as they hbgen incorporated

into the dynamics of the master and the slave eisely.

6. SIMULATION STUDIES

In this section, simulations are conducted to ithte the performance of the proposed controll@#)-(27).
Consider identical master and slave robots to be2tDOF planar manipulator in Fig. 5, which corssist two links
and two rotary joints. The inertraatrix, Coriolis and centrifugal vectagravity term, and Jacobian matrix of the robot
are as follows:

12m, + 21;1,m,cos(q,) + 12(m; + my)  12m, + 1;1,m,cos(q5)
12m, + 1;1,m,cos(qy) 12m,

M(q) = [
C(q,q) = [_21112m25m(Q2)Q2 _lllszSin(qZ)qZ]
' l11,m;sin(q2)q2 0 ’

G(q) = [mzlngOS(Q1 +4qz) + (my + mz)llgCOS(Q1)]
1 m;l,gcos(q; + qz) '

J@= 1122;1(1;5)]23 I, 12 ’

wherel, andl, are the lengths of the linksy; andm, are the point masses of the linksjs the gravity constant, and
q = [q1, q2]T. After transforming the dynamics from the joinasp to the Cartesian space according to (10)-{(i&),
dynamics parameters vector can be foun@ as[m,, m;, m,l,/1,]T. Then, according to Properfy the regressor

matrixY(q, q, X, X) can be obtained.

Fig. 5 2-DOF planar manipulator

As for the operator and the environment modelsemploy (48)-(49), and take
Mh = mhl, Bh = bhl, Kh = khl, Me = mel, Be = bel, Ke = kel,
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wheremy, mg, by, be, ky, and ke are the mass, damping, and stiffness coefficiefitshe operator's hand and the
environment, respectively. As in practice, the irfjustarts from a zero value ff) = [50sin(2.5t),0]T.

In the simulation, the parameters of the master slade (chosen from [2h]the operator and the environment
(chosen from [27] and the controllers, are given in Table 2. Acoggdo Table 2, the actual parameter vectors are
Omg = 0.4 = [4.6,2.3,4.6]". In the simulations, the initial positions of timaster and the slave are set txpg0) =
x,(0) = [-0.05,0.3794]T, and the initial estimates of uncertain parametmtors are assumed to 8g4(0) =

0.4(0) = [3.68,1.84,3.68]".

Table 2: Model parameters used in the simulation

my m; 1; 1, g my
2.3Kk¢ 4.6k¢ 0.5 0.5 9.8kg.m/¢ 3.25k¢
by, Kp, me be ke Ky Ksy
20 Nsn* 300 Nn™* 1kg 40 Nsn* 1500 Nn™* 1
Kimnp: Ksp « A C,,Cs3 Lima Lsg
2 0.1 800 0.05 0.1

The simulation results in terms of master/slavétposand force profiles in the;xdirection are shown in Fig. 6(a)-
(d). It can be seen that the slave can track treitipo and force of the master very well even thodlgere are
parametric uncertainties in the master and slavdetso Note that due to the lack of excitation ie th-direction
(becausef; = [50sin (2.5t),0]7)), perfect position and force tracking exist imttidirection and, therefore, the results
have not been shown.

It should be noted that, in the control laws (229)( it is assumed that the accelerati®gsandx can be measured.
Thus, in order to see how the designed controliéirwork under noises in acceleration measuremest,introduce
noises in the position measurements and force mezasats in the simulation. The corresponding resaré shown in
Fig. 7(a)-(d). The results show that the slaveksabe position of the master well even when tleseemeasurement
noises in the system, although a small force tragkiror exists.

The performance of the proposed adaptive inversardics control approach is also compared with gpeaach in
[10], in which the standard Slotine&Li adaptive piam controllers [17] is used inside a 4-channdhtbral
teleoperation system. The results of the approadhd] are shown in Fig. 8(a)-(d). Comparing Figwih Fig. 8, it
can be found that the performance of the propodegtieve controller is better.
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(a) Position tracking, (b) Position tracking err@), Force tracking, (d) Force tracking error
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(a) Position tracking, (b) Position tracking err@), Force tracking, (d) Force tracking error
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7. CONCLUSIONS

In this paper, an adaptive control method basedheninverse dynamics approach and the 4-channaietal
teleoperation architecture is developed for ungerand nonlinear haptic teleoperation systems. adaptive
controllers designed for the master and the slalets do not need perfect knowledge of the dynawfitke master,
the slave, the human operator, or the environm&ntinified closed-loop dynamics is developed for theerall
teleoperation system and a unified Lyapunov fumctf presented to prove the transparency. An altimen control
scheme is also discussed, which incorporates theriain dynamic models of the operator and therenmient into
the master and the slave, respectively. Simulatiowlies are presented to show the effectivenetheoproposed
approach. Compared with other adaptive control mesefor teleoperation systems, the proposed a@aptwtroller
can yield linear error dynamics, which becomes dpleml when the uncertain parameters converge tottbe values.
Consequently, the transparency of the closed-lgsfem is more convenient to study.

A potential issue with control laws (24)-(25)the assumption that the acceleratigpsandk are measured. The
same assumption is regularly made for achievingfahsparency in the original 4-channel teleopenaarchitecture.
Indeed, the controller€, andC, in the original 4-channel design require accelenatneasurements to be able to
guarantee asymptotic position tracking £ k,é + k,e =0, wheree is the position error) given the inertia
contributions of the master and slave dynamics [[f]}, It must be noted, however, that near-transpey can be
obtained at low frequencies by ignoring these @&taébn terms. Indeed, since voluntary motionshef tuman hand
are themselves band-limitedn the absence of acceleration measurementsjqeosind force tracking will be good
short of feeling high-frequency phenomena suctheasharp edges or texture of an object. On the atred, if perfect
transparency over a large bandwidth is requireidguaccelerometers may be justifiable. Alternaiiyélis possible to
use position measurements with differentiators @& robust to measurement noise. For instanceantej30]
designed a robust exact differentiator, and Suetidl [31] proposed an adaptive version of Levadiferentiator.
Sidhom et al [32] dealt with the use of Suzuki'ffegientiator in an identification context. Incorpting such robust
differentiators in our adaptive control scheme limipate the need for acceleration measurement irees future

work.
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