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Abstract—Trilateral haptic systems can be modeled as three-
port networks. Analysis of coupled stability of a three-pot net-
work can be accomplished in either the passivity or the absate
stability frameworks assuming all three ports are connectd to
passive but otherwise unknown terminations. This paper firs
introduces our recent results in terms of extending Raisbdcs
passivity criterion and Llewellyns absolute stability criterion
to general three-port networks — both criteria are founded m
the properties of a positive-real Hermitian matrix. Next, we
show that the absolute stability criterion is less consentive
than the passivity criterion. Then, to show how the two criteia
may be utilized at the system design stage, we apply them
to the problem of designing controllers for a dual-user hapic
teleoperation system and a triple-user collaborative hapt virtual
environment. Using the two criteria, controllers are then designed
and compared in terms of conservatism in simulations and
experiments.

Index Terms—Three-port network, trilateral haptic system,
absolute stability, passivity.

I. INTRODUCTION

New application of multilateral teleoperation systemseh
recently emerged including collaboration of multiple sty
perform a haptic virtual task and shared control of a rob
in a remote environment by multiple users. Practical uses
these include tele-rehabilitation [1], surgical trainifj, and
cooperative multi-robot systems [3]. An interesting clags
multilateral haptic systems is the trilateral one, which te
modeled as a three-port network. Two examples of trilate
haptic systems are dual-user haptic teleoperation syqtems
master robots and one slave robot) and triple-user colidiver
haptic virtual environments (three master robots).

In designing haptic teleoperation controllers, the maialgo
are performance and stability. For a bilateral teleopenagi/s-
tem consisting of a teleoperator (master, slave and cderts)l
coupled to terminations (human operator and environme
performance is the ability of a teleoperation system toemes
the undistorted dynamics of the environment to the hum
operator. Taking precedence to performance is stabilitychv
is necessary for safe teleoperation. Direct investigatfdele-
operation system stability requires not only the telecoeia
immittance(z, y, h, g) parameters, but also the models of th
human operator and the environment, which are usually
known, uncertain, and/or time-varying [4], [5]. Consedqign
conventional techniques cannot be used to study the tyab
of teleoperation systems. Methods for analyzing the stabil
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of teleoperation system can be categorized as teleoperator
passivity and teleoperator absolute stability criteria.

By definition, a teleoperator is passive if the total energy
delivered to it at its ports for all possible passive termina
tions is non-negative at all time [6]. This means that, on
a net basis, the teleoperators terminations are performing
work on the teleoperator. Also, by definition, a teleoperator
is absolutely stable if the teleoperation system remaiaislest
for all possible passive terminations. For bilateral tpks@tion
systems comprising one master and one slave, teleoperator
passivity and absolute stability can be analyzed via Ralsbe
criterion [7] and Llewellyn’s criterion [8], respectivelin this
paper, we extend these two criteria to trilateral telecjpesa
this is not a trivial task for reasons discussed later. Sinti
Raisbecks and Llewellyns criteria for bilateral teleopers,
the proposed criteria for the passivity and absolute staluif
trilateral teleoperators are applicable to LTI systemith or
without communication delay

For absolute stability analysis of a trilateral teleoperat
in [9], [10], and [11], methods are proposed in which the

a\fhree—port network model of the teleoperator is reduced to a

two-port network by assuming a known termination for the
ird port, paving the way for the application of Llewellgn’
terion. Unfortunately, in the above approaches, a degree of
freedom is lost when the third port is coupled to a known
termination In [12], the stability of a nonreciprocat-port
twork was studied by finding a reciprocalport network
h the same stability characteristics. For the reciproca
port network, absolute stability can be studied through its
equivalence to passivity. This method can be lengthy for
generaln-port networks; however, the method is tractable for
three-port networks.
For passivity analysis of a trilateral teleoperator, Waatg
. [13] proposed three different passive architectures based
ur-channel shared control. Shahbatial. [14] performed
stability analysis for dual-user teleoperation systenhseg-
‘?J'art networks) by using the passivity theory. In [15], Pascth
et al. propose a time-domain passivity-based control approach
for a three-port network. In this work, three passivity alvses
and three passivity controllers have been used. In [16],dden
&t al. presented a criterion for passivity afport networks

With unknown terminations. The criterion gives necessary

End sufficient conditions for passivity of amport network
ssuming that the unknown terminations are passive.

In this paper, a comparison on the performance between
absolute stability and passivity criteria for three-patworks
is provided. In two case studies involving a dual-user ltapti
teleoperation system and a triple-user collaborative ibapt
virtual environment system, each of these two criteria sdus
for the design of stabilizing controllers.

The rest of the paper is organized as follows: The next
section gives mathematical definitions and lemmas for aigly
of passivity and absolute stability. In Section Ill, for tyort
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networks, we show the conservatism of the Raisbeck’s passiv wherek,,,,,, m,n = 1,2, denotes the residue ¢f,,, and
ity conditions as compared to Llewellyn's absolute stapili %7 ,, is the complex conjugate @f,,,,.

conditions. In Section IV, the proposed passivity and alisol

stability criteria for three-port networks are derived. ¥ew 3) The real and imaginary part of thé matrix elements
the conservatism of the passivity conditions compared to satisfy

the absolute stability conditions. Then, as a case study, in

Section V, the passivity and absolute stability criteri@ ar r1 20 (2a)
used in designing a trilateral shared control architecfare 22 >0 (2b)
a dual-user teleoperation system and a triple-user collabo Ar117r99 — (r12 +721)° — (@12 — 221)2 > 0 (2¢c)

rative haptic virtual environment system. The passivityl an

absolute stability conditions in terms of system paranseter U

including controller gains are found. Finally, simulatsoand

experiments to verify the validity of the calculated comfis g | |ewellyn’s absolute stability criterion [8]:
are presented in Section VI. Section VII contains conclgdi

n.. . . C
remarks and future work. Criterion 2. A two-port network with the immittance param-

eter P is absolutely stable if and only if Conditions 1) and 2)
in Criterion 1 hold and, for all real values of frequencies

[I. MATHEMATICAL PRELIMINARIES we have
Lemma 1. [17] Let P, and P, be the immittance matrices

of two n-port networks. Then, i, and P, possess identical3

principal minors of all orders, the two n-port networks are r11 >0 (3a)
stable (weakly stable) togethén rog >0 (3b)
Definition 1. [18] A Hermitian matrix is a complex square - [p1opan| + Re(prapar) (30)
matrix that is equal to its conjugate transpose. 2 -

]

Conditions 1) and 2) of Criterion 1 imply those of Criterion
2. As part of the two conditions 3) in the two criteria, (2a)-
(2b) in the passivity criterion are the same as (3a)-(3bhé t
Lemma 2. [20] A linear time-invariant system with transferabsolute stability criterion. Now, based on the relatigpsh
matrix G(s) is passive (strictly passive)(s) is positive real

Property 1. [19] A Hermitian matrix is positive definite
(positive semidefinite) if its principal minors are all ptvge
(nonnegative).

i iti mntrnm € mntrnm
(strictly positive real). Re(y/Frp) — \/ [Pmnp |+2R (PmnPrm) )
Definition 2. [20] A n x n proper rational transfer matrix . ) o
G(s) is called positive real if wherem,n = 1,2, Condition (3c) in Criterion 2 can be re-
i) Poles of all elements af(s) are in Re[s] < 0, written as
i) Any pure imaginary polgw of any element o(s) is a (Re(y/P12P21))? <1 5
simple pole and the residue matridm;,_, ;. (s — jw)G(s) 711729 = ©)

is positive semidefinite Hermitian,
iif) For all real w for which jw is not a pole of any element of
G(s), the matrixG(jw)+GT (—jw) is positive semidefinite.

while Condition (2c) in Criterion 1 can be manipulated into
the form

(Re(y/p12pa1))? 4 (12| = |p1 ) <1

4ri1722

Property 2. [21] A gyration operator, which transforms one (6)
immittance matrix to another, preserves the passivity ryp 11r22
Obviously, the passivity condition (6) (or the equivalet))
I1l. PASSIVITY AND ABSOLUTE STABILITY OF TWo-PORT IS more conservative than the absolute stability condign
NETWORKS (or the equivalent (3c)). These two conditions are equitale
if and only if |p12| = |p21].

As shown above, Raisbeck's passivity criteria and
Llewellyn’s absolute stability criteria are equivalent ahd
only if the two-port network with immittance matrix have
|p12| = |p21]- Also, all passive two-port network are absolutely
stable but not vice versa [22].

For two-port networks, the well-known Raisbeck’s pasgivit
criterion [7] and Llewellyn’s absolute stability criterio[8]
have been developed to investigate the stability of the owtw
when connected to arbitrary passive terminations.

A. Raisbeck’s passivity criterion [7]:

Criterion 1. If pn = Ton + JTmn, m,n = 1,2, represents IV. PASSIVITY AND ABSOLUTE STABILITY OF

any of the four immittance parameters, (y, h, and g) of THREE-PORTNETWORKS

a two-port network, for all real values of frequencies the | this paper, we will discuss conditions for the passivity
network is passive if and only if and absolute stability of three-port networks . We will show

1) TheP matrix have no poles in the right-half plane (RHP)that these criteria are equivalent conditions, and comfiae

2) Any poles ofP matrix on the imaginary axis are simple,two in the general case in terms of conservativeness.
and the residues of th® matrix elements at these poles Consider a general nonreciprocal three-port network shown
satisfy in Figure 1 with the immittance matrix

kmm >0, m=1,2 pb11 P12 DPi3 ]

ki1koo — ki2ko1 >0,  kia = k3 1) P=1pa p2 ps 7

P31 P32 P33




Vi 1120 (8a)
—> ras > 0 (8b)
f r33 >0 (8c)

1
_ 4ri1ras — (112 +721) — (212 — 21)* > 0 (8d)
dry1rss — (r13 +731)% — (213 — 231)% > 0 (8e)

v, droorzs — (o3 + 132)? — (223 — T32)% > 0 (8f)
+ » 4r11722733 — 7“33[(7“12 + 7“21)2 + (3012 - $21)2]

f P —rao[(riz + 7”31)2 + (213 — 3531)2]
_2 —ri1[(res + 7”32)2 + (23 — 3532)2]
+ (rog + 732)(r13 + 731) (112 + 721)
+ (r12 + 721) (213 — ®31)(T23 — T32)
>V3 — (r13 + 731) (@12 — Z21) (23 — X32)
+ + (rog + 732) (213 — x31)(T12 — 221) > 0 (89)
f3 0
- Proof. According to Lemma 2, the three-port network is

passive if and only if its transfer matrix (i.e., the mat¥xin
(7)) is positive real, which can be verified through Definitio
Figure 1. A general three-port network. 2. It is obvious that Condition 1) in the theorem is the same
as Condition i) in Definition 2.

According to Condition ii) in Definition 2, the residue
Where, f; and V;, i = 1,2, 3 are the forces and velocities of matrix is positive semidefinite Hermitian, so we have
each port. Let pyn = Tmn + JZmn, m,n = 1,2, 3. Later in o ok o
the paper, we will show through case studies how to calculate kio = k31,  kis = k3, kaz = k3 9)
such a matrix for a given trilateral haptic system. We prepowherek’  is the complex conjugate df,,,, m,n =1,2,3.
the following theorems for the passivity and absolute $itgbi Based on Property 1, the residue matrix is positive semitiefin

of the three-port network modeled . if its principal minors are all nonnegative, i.e.,
kmm Z 0; m = 17 2; 3 (10)
ki1kao — ki2ko1 > 0 (11)
k11kss — kigks1 >0 (12)
. kookss — kogksa > 0 (13)
A. Passivity theorem
y k11k22k33 - k11k23k32 - k22k13k31 - k33k12k21
+ ki2kasks1 — kigkarksa > 0 (14)

Theorem 1. A three-port network with the impedance matri

P in (7) is passive if and only if xrhe inequalities (9)-(14) are equivalent to those in Caodit

2) of Theorem 1.

1) The P matrix elements have no poles in the RHP. According to Condition iii) of Definition 2,

2) Any poles of thé® matrix elements on the imaginary axis 2r11 Ti2 + 721 T13 + 731
are simple, and the residues of tie matrix elements at P(jw) + P*(—jw) = | ri2 + 7 2ro0 723 + 732
these poles satisfy T3+ 731 T2z + 732 2r33
kmm >0, m=1,2,3 0 Ti2 — T2l X13 — I31
k11k22 — k‘12k21 +] T21 — T12 0 X23 — I32 (15)
—kn >0 T31 —T13 32 — T23 0
ki1kss — kisks: needs to be positive semidefinite. Using Property 1, thiddea
T ks >0 to Conditions (8a)-(8g). This concludes the proof. O
k22k33 - k23k32 Z 0

ka2
k11ks3 — ki3ks1 ki11kos — kor1k13 k11ksa — ks1kio B. Absolute Stablllty theorem
_ >0
k11 k11koo — k12kay k11

R R A Theorem 2. A three-port network with impedance matdX
127 Ra1s M3 = B3l P23 T a2 in (7) satisfying the symmetrization condition
wherek,,, m,n = 1,2, 3, denotes the residue of,,,, and B —0 (16)
k¥ is the complex conjugate éf,,,. P13P21P32 — P12P23P31 =
is absolutely stable if and only if Conditions 1) and 2) in

3) The real and imaginary part of thé matrix elements Theorem 1 hold and, for all real values of frequencigswe

satisfy the following inequalities have



3) W,

T11 Z 0 (173.)
99 > 0 (17b) L . 4
r33 >0 (17¢c) K\\\Wﬁ?;{{z’/
-
11722 — [P1zp21| +2Re(p12p21) >0 (17d) Wi%?%ﬁ
clive an
T11733 — IPrapan| +2Re(p13p31) >0 (17e) potentially ;7?
|p23p32| + Re(p23p32) ynstable f/ /
T92733 — 5 >0 (171) | Vf/ /%
|p23p3z2| + Re(pasps2) ////
T11722733 — T11
2
g Ip13p31| + Re(pisps1) %%%%
|p12p21] +2Re(p12p21) A A A/::
— 33 5 Py 7 f;”:}f;’;f:}f;’;fﬂ >
+ 2Re(y/p12p21)Re(y/p13p31)Re(y/p23psz) > 0 (179) 0 1 Wi

O
. . . . Figure 2. Stability-activity di .
Proof. [23] According to Lemma 1, if there exists a reciprocal oure ablity-acivity diagram

three-port network with impedance matrix, that has the
same stability (weak stability) characterization as therae _ _
ciprocal three-port network with impedance matitx then is that according to Property 2 a gyration operators transfo
one immittance matrix to another, and preserves passivity.
det(Poy + Py) = det(P + Pp) (18) P passivity

for any passive (strictly passivd)y, = diag[p1, p2, p3]. Ac-
cording to (18) in the paper, we have

Pa + D1 Do Pd
det Db Pe+Dp2 Py
Dd by Dh + P3 C. Comparison of passivity and absolute stability condiio
pi1+m P12 P13
= det D21 P22 + P2 P23
P31 P32 P33+ p3 Conditions 1) and 2) of Theorem 1 imply those of Theorem

2. Also, as part of Condition 3) in Theorem 1, (8a)-(8c) in
Theorem 1 are the same as (17a)-(17c) in Theorem 2. As
shown in Section lll, the passivity condition (8d)-(8f) ione
conservative than the absolute stability condition (1{@Ad#),
respectively. These conditions are equivalent if and ofly i

Calculating the two determinants and equating the coefisie
of p1, p2, andps (because the above is to hold famy passive
(or strictly passive)P, = diag[p1, p2, p3]), if and only if the
symmetrization condition (16) holds, we get

» P11 Y14/P12P21  Y24/P13P31 Ip12| = |p21]s |P13| = |p31], and|pa3| = |ps2|.
ca = | TivpPi2pe b2z 13V P23p32 Furthermore, Condition (17g) in Theorem 2 can be re-
Y2/P13P31  7Y34/P23P32 D33 written as
where~; = £1 for i = 1,2,3. The three-port network with
transfer matrixP, is absolutely stable if and only if it is 1=

passive [24]. According to Lemma 2., is passive if and  (Re(\/p23ps2))®  (Re(y/P13psr))?  (Re(\/pizp21))?
only if it is nonnegative real, which can be verified through + +
Definition 2. Thus, it is easy to show that Conditions 1) and

22733 T11733 T11722
2Re(/p12p21)Re(/P13p3r)Re(y/P23p32)

2) in Theorem 1 need to be satisfied. Additionally, according — <1. (21)
to Condition iii) of Definition 2, 711722733
} ) On the other hand, noting that
Pey(jw) + Plyf(—jw) = g )
mn + nm + mn — <4nm
2711 2v1Re\/p1ap21  272Re\/P13pa1 (r ram)” + (@ ) Zom) )

2’}/1R€, /P12P21 2T22 2’)/3R€, /P23P32 = 4(Re(\/ pmnpn'rn)) + (|pmn| - |pnm|) (22)

27v2Rey/pisps1  273Re\/paspsz 2rs3 (20) wherem,n = 1,2,3, Condition (8g) in Theorem 1 can be
needs to be positive semidefinite. Using Property 1 and equrgﬁanlpulated into the form
ity (4) (wherem,n = 1,2,3) leads us to Conditions (17a)- Wi+ Wy <1 (23)

(179). This concludes the proof. = In the following, we will show thafi; > 0, establishing the

Remark 1. Theorem 1 and Theorem 2 holds not only fofact that the passivity condition (23) (or the equivaler)j8
the impedance matrix4) of a general network but also foris more conservative than the absolute stability condiir)
its other immittance matriced’( H, G). The reason for this (or the equivalent (179)).



In (23), we havelW, = W5 + W, — W5 where Er .
5 5 ¢ A Environment
~ ru(|pas| = Ip32l)® | r22(lp1s| — [ps1l)
W3 = +
4111792733 4ri17m29733
DL —_— 2
N r33(|p12| — [p21]) ’ - Slave
4r11722733 'y S
W 2Rey/p12p21Re/P13psiRey/pasps2 S v
* 11722733 ’ Fm; : | _Fi
We — (112 + 721)(r13 4 731) (123 + 132) F. Fos
5 = n
47«117a227a33 Cont:ollers
(r12 + 721) (213 — ®31)(T23 — T32) Communication
47/.117‘227‘33 Channel
~ (riz +r31)(z12 — 201) (w23 — 732) Vi A
47“117“22 733 User 1 Master 1 Master 2 User 2
(reg + 132) (213 — @31)(T12 — T21)
4r11799733

) Figure 3. A dual-user haptic teleoperation system undarébannel control.
Obviously, W3 > 0. Because of (4)W, > 0. Therefore,
wheneveils < 0, thenWs > 0. WhenWWs > 0, thenW, > 0

if and only if (W -+ W)2 — W2 > 0, which is equivalent to reviewing a four-channel, dual-user teleoperation sysheih

specifically investigate the stability of position-positicontrol

(Ip12] = |p21])? (167337123 + 4711733 (|p2s| — [ps2])? scheme. Later, we will introduce a triple-user haptic \atu
— 4(Rey/p13pa1)? ((res + 132)% + (w23 — 132)?)] environment and study its stability.

+ (|p13| — |p31|)? (1622125 + 4r22733(|p12| — |p21])?

74(Re¢m>2((ru +791)? + (212 — 21)?)] A. A dual-user teleoperation system with position-positio

shared control
+ (|p23| — [pa2])?[167117123 + 4r11722(|p13] — |pa1])?

_ 2 2 - 2] > In a dual-user teleoperation control system, the goal is
4Rey/przpa1) ((r13 +731)" + (213 —231)7)] 2 0 (24) v 1o users collaboratively control a robot to perform a

whereri23 = Re,/prap21Re/p13psiRe /p23ps2. It is easy to desired task on a remote environment. Such a system consists
show that (24) always holds. Thus, regardless of sigilef of two master robots for the two users and one slave robot
we havelW, > 0. that is in contact with the environment. This configuration
In the stability-activity diagram of Figure 2, we have graphhas applications in many real-world scenarios such as when
cally represented (21) and (23) in a two-dimensional spgce the aim is to train a novice trainee (user 1) to do a task in
choosingW; and W, as the two coordinates. Evidently, alla remote environment under haptic guidance from a mentor
passive three-port networks are absolutely stable, buttot (user 2). As elaborated by [2], [11], the desired positiod an
absolutely stable three-port networks are passive. force of each robot are the weighted sum of positions and
Remark 2. The passivity criterion of three-port network inforces of the other two robots. The weights are determined
Theorem 1 is equivalent to the absolute stability critelion by a parametet. € [0, 1] which in practice gives the relative
Theorem 2 if and only if the impedance matrix in (7) have authority that each operator has over the slave robot.
In a dual-user teleoperation system, the dynamics of the two
[p1zf = lp21l,  [p1sl = [psil,  Ipas| = [ps2l- (25)  masters and the slave in contact with the two users and the
This is true becaus®, = 0 if and only if (25) holds. This environment, respectively, are
holds not only for the impedance parameters of a generad-thre oo _
port network but also for its other immittance parameters. ZmiVii = Fhi & Femi (262)
Remark 3. For teleoperation control systems, using the ZsVe = Fe+ Fes (26b)

absolute stability criterion will allow for higher transgacy \yherei = 1,2, and Z,,; and Z, are the impedances of the
compared to using the passivity theorem. The reason for thigy masters and the slave, respectively. AlBg; denotes the

is that passivity criterion is more restrictive than theab® jnteraction force between the two users and the two masters
stability criterion, and there is a trade-off between Si3bi ang £, denotes the interaction force between the slave and
and transparency. In the case studies that will follows @&ighihe environment. Lastly};,;, and V. are the users and the
teleoperation transparency under absolute stability iiond  cnvironment velocities.

compared to passivity conditions will be shown. The four-channel dual-user shared control laws [11], [16]:

V. CASE STUDY: COMPARISON OFPASSIVITY AND chi = _Gmi‘/hi - C4mthid + CﬁmiFhi - CQmiFhid (278.)
ABSOLUTE STABILITY FOR TRILATERAL HAPTIC SYSTEMS  Fes = —CsVe + C1Veqg — Cs5F + C3F g (27b)

In this section, the aim is to compare passivity and absolutdereC,,,; andC; are local position controllerg/s,,; andCs
stability for trilateral haptic systems. A trilateral hapsystem are local force controllers, and,, Cs,.;, C3, and Cy,,; are
may be a dual-user haptic teleoperation system with one sldeedforward and feedback compensators. Algg, and V.,
robot, or a collaborative haptic virtual environment withie are the reference velocities ahy;; andF.; are the references
users. In the following, we will consider both cases, whicforces for the two masters and the slave, where using the
happen to the nonreciprocal three-port networks. We begin bomplementary-linear-combination (CLC) laws for authpori




sharing are While for simplicity this example did not involve communi-
cation time delay, the teleoperator’'s impedance matrixhman

Viia = aVe + (1 - a)Vie (283) " calculated in a similar manner in the presence of delay. Also
Vhea = (1 — a)Ve + Vi (28b)  the upcoming passivity and absolute stability analysesbean
Vig = aVi1 + (1 — a) Vi (28c) performed in a_similar manner for de_laye_d teleoperators as
Fiia = aF, + (1 — a)Fps (28d) the proposed criteria apply to general immittance matrfoes
trilateral teleoperators.
Fhoa = (1 — a)Fe + aFpy (28e)

In the following subsections, we will discuss different
Feg = aFpy + (1 = @) Fry (287)  methods to analyze the system stability. The first methed tri

Consequentlyp determines how the two users collaboratt find an (infinite) set of equivalent bilateral teleopesat

and contribute to the reference position for the slave, andSystem for the trilateral teleoperation system by coupbng

also determines what share of force feedback they (traife@t to a known termination and then utilizes Llewellyn's

and mentor) receive. For instance,dif= 0, the slave robot Ccriterion for finding the stability conditions; this proves

will be completely controlled by the mentor and the traineée a cumbersome and open-ended investigation. The second

will receive large force feedback urging him/her to follomet and third methods are based on Theorem 1 and Theorem 2

mentor’'s motions. On the other handnif= 1, the slave robot for direct stability analysis of a three-port network forea

is completely controlled by the trainee, allowing the mentdassive but otherwise arbitrary terminations; these nuztho

to assess the skill level of the trainee by feeling the redtbctinvolve compact, closed-form conditions.

forces. If0 < o < 1, the trainee and the mentor collaborate 1) stability analysis via reduction to two-port networks:

and eaCh Contl’lbute to the SIaVe I’ObOt pOSItlon Whlle reng|v To reduce the three_port network to an equiva'ent two_port

some force feedback. network between the two users, one can couple the environ-
Position-position control is a special case of dual-us8ent port to a known load termination and then absorb the

shared control in which there is no force sensor measuremdf@d termination into the network. To find the equivalent-two
and Cy,; = Copms = C3 = Cs = Cemy = Cema = 0. For PoOrtimpedance matrix, in the simplest case, one can canside

simplicity of deriving stability conditions, we considenis the aforementioned load to be a pure known stiffnkss- 0.
special case of the earlier-described 4-channel teletperaASSumea = 5. Then, using# = K, the equivalent two-port
system. For good position tracking, the common choice Rgtwork for the dual-user teleoperation control systemiviery
Cl = Csr C14'rn1 = _Gmlv and C14'rn2 = _CmQ- Assume by

Zm1 = Mm18, Zma = Mmas, Zs = Mss, and let us make Fnl [ 2 z, Vi
the following choices for the local position controllers: { Fo } = [ zl 7 ] { Via } (32)
Con1 = M, Cona = M, For brevity, we do not show the elements of the ma#fikjw).
K, .+ }S( s § Now, the stability of the reduced two-port network (32) must
Cy = H-— (29) be testedfor all possible choices ofs and all frequencies

5 w. By Llewellyn’s criterion, the stability of the dual-user

To get the impedance matrix of position-position contrdeleoperation system is guaranteed if, for &ll and all w,
dual-user teleoperation system, first substitute (28) ) ghd Wwe have

then substitute the result in (26) to get % 1 (Kys Kymiw? — KpsKpm1) (K + Kys)
vml —

Fp1 211 212 213 Vi1 4 (K4 Kys)?w? + (Kps — Msw?)?
W [ momom e GO (KooK + Komi Ko (Kps = M?) o
F, 231 232 233 Ve 1 (K4 K 2a? 4 (Kpy — M) = (33a)
Where 1 (Kp'rrLQ + KU'rrLQ)(KpsK + KUSMSWQ) >0 (33b)
oy = Bomt + Koms 4 (K + Kys)?w? + (Kps — Mow?)? —
y Kpm1 + Komis 2Re(Z11)Re(Z35) — Re(Z1525,) — | 21573 | > 0(33c)
2= —(1-a) S To synthesize controllers based on (33) for all value& aind
Kpm1 + Kym1s w is a daunting task if not impossible. This issue is exacerbat
A= 0 once one considers that the environment port's load may
Kpm2 + Kymas include damping and inertia in addition to stiffness, in ethi
291 = —Q—— case (33) would have to be satisfied for all values ranging
jrann KS s from 0 to oo of stiffness, damping, inertia and frequency. As
gy = —Pm2Z T Um2Z 4 Ar s (31) discussed in [11], the computational burden can be allegiat
§ by using the transformatio® = g;} where Z. is the
zo3 = —(1— Q)M complex impedance of the load termination, to map the right
s half of the Z, plane to the inside of a unit disk in thiéplane.
- _ o Bps £ Kuss However, this method still requires to pick a large number of
S points in the unit disk in th& plane, test (33), and then repeat
Kps + Kyss this process for a large number of frequenciesefore one
z2=—(1-0) can reasonably be sure that Llewellyn’s conditions are et f
Kps + Kyss a large set of points in the right half of th& plane and for
s + M;s a large set of frequencies.



2) Stability analysis via Theorem 1All the elements of

teleoperation systems is given by (51).

(30) have only a simple pole on the imaginary axis. Analysis 3) Stability analysis via Theorem 2n this case, it can

of the residues leads to

kll - pml > 0 (34)
koo = Kpma > 0 (35)
kiikas — Kok
w:(1*a+a2)&nm220 (37)
11
Fry ks — Eysh:
211733 7 M3R3L (1- a2)Kpm1 >0 (38)
k33
Kookss — kosh:
w = (2a —a?)Kp, >0 (39)
22
ki1kss — kisksi  Kiikos — ka1kis kiikse — kgikio —0
ki1 ki1kaa — k12ko1 k11
(40)

(34)-(36) and (40) are always satisfied. Also, (37) alwayd$io
for all « € [0, 1], thus, Conditions 1) and 2) of Theorem 1 ar

fulfilled.
Applying (8a)-(8f) to (30) results in

Kym1 20 (41)
Kym2 >0 (42)
Kys >0 (43)
4K pm1 Komz — (Kpm1 — aKypm1 + aKym2)?

_ (Kpm1 — aKp'erLl + aKpm2)? >0 (44)

w
AK y1 Kps — (Kym1 — K pm1 4+ @K ps)?
- B = 0B+ 0Bp)” (45)

w2

be shown that the symmetrization condition (16) will hold

only if « = 1. It is possible to see that the absolute stability
conditions (17a)-(17d) become
Kvml Z 0 (52)
K’UmQ Z 0 (53)
Ky >0 (54)
SKUmIKvm2 + Sw Kplepm2 - # Z 0 (55)
7 1 Qm1Qs
8 Ule'Us + @Kpml - 7;1}2 Z 0 (56)
7 1 QstQ
KvsKva + OJ2 Kpstm2 - 80.)2 Z 0 (57)
where Qm1 = 1/K3m1w2 + K?2 pmls Qm2 =

é/m, and Q, = 1’/K38w2+Kzs. Now,
under (52) and (53), condition (55) will be fulfilled for all

frequenciesw if the gains of the PD controller¢’,,; and
Cino satisfy

Kp'ml _ KprrLQ

K’Uml Kvm2 ps

On the other hand, condition (17g) will be fulfilled for all
frequenciesv if the gains of the PD controllers in (29) satisfy

K, m K, m Ky
—pml _ Zem2 o5 96 < — <5426 (59)
K’Uml Kvm2 ps

Clearly, (58) holds if (59) holds. So, a sufficieffitequency-
independentand compact condition for absolute stability of
the above-described position-position dual-user telegijmsn

pml Kus

V3 <
7\fK

vml

<7+4V3. (58)

prn 1

vml

It is easy to see that, condition (44) and (45) will be fulfille systems is given by (59), where all control gains are nonneg-
for all frequenciesw if the gains of the PD controllers in (29) ative. Evidently, (59) is less restrictive than (51).

satisfy
(1 — Q)Kpml = OéKme (46)
(1—-a)Kpm1 = aKps 47)
4Kvm1K'um2 - (K'Uml - aKvml + aKva)Q Z 0 (48)
4K ym1 Kys — (K'Uml —aKym1 + aKvs)Q >0 (49)

On the other hand, under (46), condition (8g) becomes
1

- 2002 (Kpml - KPS)Q[K'Uml(l — Oé)Q(Q — Oé)
+ K""’”2a2(1 + a?;)] T 22 (1 - 206)2K1)m1
1

(1—2a)(1 —a)(K2

202 pml K;%s)[oPKva
+ (a+2)Kymi] + (1 + a)(2 — @) Kym1 Kvma Kos
— 0*(2 = Q) Kum2 Kos(Komz + Kus)

— (1 —a+a®)Kpmi Komz2[(1 — @) Kym1 + ok ymo]

— (1= a)*(1 + Q) Kom1 Kus(Kumi + Kup) >0 (50)

At the first glance, the constraint = % imposed by the
symmetrization condition (16) seems very limiting. Howeve
one must note that various combinations of authority slgarin
and teleoperation control laws exist and= % is only an
artifact of using CLC authority sharing laws in conjunction
with position-position teleoperation control laws. Fostence,

by changing the authority sharing laws (28) to the masters-
correspondence-with-environment-transfer (MCET) lave-pr
posed in [11], for the same dynamics for the master and
the slave and the same position-position control laws as in
Section IV.A, the symmetrization condition (16) holds faoya

«Q becauseZngngg»g — Z19093731 is identical to zeroWe
compare the effect of CLC and MCET authority sharing
laws on the conditions that results from the absolute
stability and passivity criteria.

B. A triple-user collaborative haptic virtual environment

In a one degree of freedom triple-user collaborative haptic
virtual environment, the goal is that three users coopevite
one another in a virtual environment to perform a task while

It is easy to see that (46), (47), (48), (49), and (50) will beeceiving haptic feedback. This corresponds to multi-poin

fulfilled for all frequenciesw if

1
a == Kpml =

2 ’ Kp'rrLQ =

K,

ps»

K'Uml = Kva = Kvs
(51)

of-contact interaction with a virtual environment. Thetsys
consists of three master robots, each of which operate on a
specific point (grid mesh node) on the virtual object as shown
in Figure 4 [25], [26], [27]. The virtual object computes the
dynamic response (in terms of force feedback) at each oéthes

So, a sufficientfrequency-independerand compact condition points by using the positions of the three masters. Thealirtu

for passivity of the above-described position-positioalduser

object’s mechanical properties such as mass, stiffnes$, an



Master 1 Virtual environment virtual object are
User 1 }ﬁ; }ﬁl Mo1Z01 = Kini(zh1 — zo1) + Bini(En1 — To1)
fin ‘m%ﬂ " B + K12(zo2 — wo1) + Bi2(Zo2 — Fo1)
ml o 01 ™ H ;szﬂ + Ki3(xos — xo1) + Bis(Lo3 — ©o1)
77777777777777777777777777777777777 | ] + Ko1(0 — 201) + Bo1(0 — &o1) (61a)
Ko Moodoz = Kma2(zh2 — To2) + Bma(dne — To2)
Master2 + Ki2(xo1 — xo2) + Bi2(%o1 — ©o2)
User 2 xu2 o2 + Ka3(x03 — wo2) + Bas(Zo3 — Zo2)
] B,., By ! + Ko2(0 — 202) + Bo2(0 — &o2) (61b)
2 M ! Mo, H o Mooz = Kinz(2n3 — 203) + Bms(hs — Z03)
Koz | EKEOZ K + K13(zo1 — wo3) + B13(£01 — Fo3)
”””””””””””””””””” Koo + Kas(wo2 — w03) + Bas (&2 — To3)
+ Ko3(0 — 203) + Bo3(0 — &o3) (61c)
Master 3
; X } Xo3 For simplicity, let us choosés,,; = B2 = Bms = Bo1 =
%User3 > § > Byo = Bos = Bio = Bis = Bss = 0. Thus, the impedance
j fis B]ﬂ By matrix representation of the closed-loop triple-user itapt
3 >m M3 o virtual environment system is
3 Kms | B03 Kis .
' jW]W—_E fn1 Z11 212 213 Tp1
””””””””””””””””” Ko fre | =] 221 222 223 Tho (62)
In3 231 232 733 Tp3
_ —1
Figure 4. A triple-user collaborative haptic virtual emriment system. whereZ = A~ B and
_ K2 _ Kis
ais Kma2 Kns
A= _—Igi azs  —g=
R RE s
a1q15—Km1 _ q2Kio _ g3Kis
S S S
damping can be adjusted to correspond to real life objecats. O B = —akp “2‘1255‘]‘*"'2 — ‘13}:(23
application of such a trilateral system is in tele-reh#diion, _akis — 22K 43935~ Km3
in which two master robots are operated by two patients and ® ® *
the third master robot is operated by a therapist. The tigiragh the above,
interacts with the patients in a virtual environment desitjfor Ko+ Ko+ K3+ Ko
rehabilitation exercises and monitoring the patients'gpess ar = Mo1s + s )
through the received force feedback. Koo + K1 + kos + Koo
ags = MOQS + )

s
Kz + K13 + Koz + Kos

)

Dynamic modeling of the entire system based on a mass- g3 = Myzs +
spring-damper mesh model for the virtual environment fol- ) s )
lows. Consider the triple-user collaborative haptic \altenvi- _ Minis™ + K _ Mp28” + K2

ronment system shown in Figure 4. In this figuié,.;, K n K1 2 Koo ’
and B,;, ¢ = 1,2,3, are the mass, stiffness, and damping M,38% + K3
of the three masters. Alsa)/y; represents the mass of a q3 = K—3

node of the virtual object mesh that is in contact with master
i. We assumelMy; is connected to a stationary ground via
spring K; and dampeB,;. We also assum& s, K13, Ko3

are the stiffness of springs connecting the three nodeseof }j,
mesh of the virtual object. Similarly3;2, B3, Ba3 are the b
dampers connecting the same three nodes. Lg&tjydenotes
the interaction force between each user and the corresppndi
master.

Next, we will consider this triple-user collaborative hapt
tual environment system and analyze its stability based
oth Theorem 1 and Theorem 2.

1) Stability analysis via Theorem 10ne can see that all
the elements of impedance matrix (62) have only a simple pole
The dynamics of the three masters are on the imaginary axis, thus, Conditions 1) and 2) of Theorem
. . i 1 are fulfilled. For the impedance matrix (62), the passivity
Mpiiny = fa1 + Kmi (201 — 2a1) + Bmi(Zo1 — 1) (608)  conditions (8a)-(8c) will always equal zero. Condition Y8d
Myn2ine = fr2 + Km2(to2 — 2h2) + Bma(Zo2 — #h2) (60b) (8f) turns out to be

M3ins = frs + Km3(2o3 — 2h3) + Bms(&o3 — Tr3) (60C) 1

- Qi3 >0 (63)
Also, the dynamics of the three nodes on the mesh of the WK K K2



where, the
Ql = I(12I{m3J\I()SW2 - K12Km3K23 - K12Km3K13
— K19Kn3Ko3 — Ko3 K13 — K12K?2 5
QQ = (1 - K’ml)K'rQrLQMOlel(W2 + 1)2
+ (Koma — 1)K}, Moo Mz (w® 4 1)°
+ W (Km1 — 1) K2 (K1 Mt + K1 Mor + Kot Mo
+ KioMyp1 + K13Mpy1 + 2M 1 Moy)
+ w(1 = Kpn2) K2y (K2 Moma + Kima Moz + Koo M2 (@) ®
+ K3 Mo + K1o Mo + 2M,0 Mos)
+ K251 = K1) (Ko1 K1 + K13K 1 — M1 Mop)
+ K2 (Ko — 1) (Koo Ko + KosKima — Mo Mos)
+ (Kml - KmQ)(KrinK?nQ - K12)
Obviously, (63) will be fulfilled for all frequencies if and
only if Q2 = 0, which happens whek,,; = K,,» = 1. This
will also make the left side of (8g) equal to zero, and stgbili
is ensured.
Given the symmetry between the three ports in a trilateral
system, a necessary and sufficient, frequency-indeperadent

compact condition for passivity of the above-describgulgri Figure 5. The four cases f@ps and Q4 have same sign.
user collaborative haptic virtual environment system is

Kml = Km2 = KmS =1 (64)

2) Stability analysis via Theorem 2t can be shown that
the symmetrization condition (16) will always holds once we
find the elements of the impedance matrix (62). It is easy to

(d)

dition for stability of the above-described triple-usetliabo-
rative haptic virtual environment system is either

see that the left side of stability conditions (17a)-(17d) w K >1. M.1> M
always equal zero. Condition (17d)-(17f) turns out to be mto m ob
1 ys e (17a)-(170) Kz > 1, My > Mo,
5 Q1QsQu(~1 + sign(Qs)sign(Qu) sien(Qs )sien(Qa) > 0 K > 1, Mo > Mos, ©8)
(65) 4K,?”1 > (Kml — 1)(K12 + K13 + K()l)z,
where 4K2 5 > (Kpa — 1) (K12 + Koz + Koz)?,
3 2
Q3 = W4M77L1M01(Km1 - 1) - WQ(Kml - 1)(Mm1Km1 4Km3 > (Kmd o 1>(K15 + Ko + KOB) ’
+ K1 Ko1 + KioMpn1 + K13M1) Evidently, (67)-(68) is less restrictive than (64).
+ K1 (K1 — 1)(K12 + K13 + Ko) + K2,
Q4 = w' Mo Moz (K — 1) = w?(Kmz — 1) (M2 Koz VI. SIMULATIONS AND EXPERIMENTS
+ Ko Koz + K12Mpo + Koz M) In this section, the passivity and absolute stability cbads
_ 3 for the dual-user teleoperation system found in the preyviou
 Koma (Koma = 1) (K2 + Kog + Koo) + Koy sections will be verified via simulations and experiments.
Obviously, (65) will be fulfilled for all frequencies if K,,; = For brevity, we do not report the experimental results of a
K, = 1. Also, if Q3 and Q4 have the same sign, (65) will similar exercise for the triple-user collaborative hapfiitual
be fulfilled. environment. For checking the passivity of trilateral hapt

Given thatQs and@, are quadratic polynomials i, there teleoperator, a passivity observer that calculates thepdited
is a total of 4 possibilities as shown in Figure 5 for the signsnergy in the system has been incorporated into the simula-
of Q3 and Q4. Here, we only consider the case (b) in Figuréons and experiments. The dissipated energy is given by the
5 and the other 3 cases can be analyzed on a similar basisnput-output energy integral
this case, a sufficient condition for stability is

¢ ¢
Kmi>1, Kmae>1, Mpu > My, Mpys> Moo Ey(t) :/O Fr1(T)Via () dT+/O fr2(T)Vaa () dr
AK2 1 > (Kpa — 1) (K2 + K13 + Ko1)? t

: + (T)Ve(r)dT >0 69
AK3 o > (Ko — 1)(Kig + Koz + Kg2)? (66) 0 fe(r)Ve(r)dr (69)

These conditions will make the left hand side of (65) equal fbhe teleoperator is passive i, (¢) is non-negative at all time

zero. Since the left side of (17a)-(17d) have become idahnti¢6].

to zero, the left side of condition (17g) will also equal zero For checking the absolute stability of the trilateral hapti

and stability is ensured. teleoperator, the ports #2 and #3 were connected to passive
Given the symmetry between the three ports in a trilater@rminations while the input energy at the port #1 was mea-

system, a sufficient, frequency-independent, and compect csured. The three-port network teleoperator is absolutglesta



10

0.15 T T
Tablet TP Absolutely stable and passive
THE CONTROLLERS GAINS OF THE POSITIONPOSITION DUAL-USER ——— Absolutely stable and non-passive
TELEOPERATION SYSTEM USED IN SIMULATIONS(A) PASSIVEAND || = Potentially unstable and non-passive
ABSOLUTELY STABLE, (B) ABSOLUTELY STABLE BUT NON-PASSIVE, (C) @
POTENTIALLY UNSTABLE (I.E., NOT ABSOLUTELY STABLE) AND >
NON-PASSIVE 8 WAWWWWWWW
w k
Master #1 [ Master #2 Slave 0 ~
(A) Kp'ml 30 Kp'rrLQ 30 Kps 30 0.05 L L L I 1
K'Uml 5 K’UmQ 5 K’US 5 0 ° 10 @) -n::)e ©) 2 % %0
B) | K 3 | K 30| K 150 0.15
( ) pml pm2 L [— Absolutely stable and passive
K'Uml 5 K’UmQ 50 K’US 150 — Absolutely stable and non-passive
©) | Kpm1i 3 | Kpm2 80| K,s 15 N
Kvml 5 Kvm2 20 Kvs 60 ui
g
S 0
if and only if, at all timest > 0, we have [28]:
t _01 1 1
0 10 20 30
Ei(t) = fr1(T)Vha(r)dr > 0. (70) (b) Time (s)
0

] ) Figure 6. Simulation results for the dual-user teleoperatsystem. (a)
A. Simulations Input energyEs at the master #1’s port for absolute stability analysis, and

" " . b) passivity observer energy, used for passivity analysis. Simulation
The position-position dual-user teleoperation system h%&ameters are listed in Table I: parameters (A) for the latmdp stable
been simulated in MATLAB/Simulink. There is no time delayand passive, parameters (B) for the absolutely stable anepassive, and

in the communication channel between the masters and themeters (C) for the potentially unstable and non-passiv

slave. Three 1-DOF robots as the two masters and the slave Table I

are mOdeled by .maSSEMml = 07' Mm2 = 09' and HE CONTROLLERS GAINS OF THE TRIPLBUSER COLLABORATIVE HAPTIC
M, = 0.5, respectively. In simulations for both passivity and yrryaL ENvIRONMENT SYSTEM USED IN SIMULATIONS. (A) PASSIVE
absolute stability, the master #2 and the slave are corshect@p ABsOLUTELY STABLE, (B) ABSOLUTELY STABLE BUT NON-PASSIVE,
to LTI terminations with transfer functions’-, which are (C) POTENTIALLY UNSTABLE AND NON-PASSIVE

5+1°7

passive as, fos = jw, we haveRe(L;) = 5 > 0.
In passivity simulations, the master f#ll is also J(r:%)nnected to (A) | Mor 04 Kpy 1 Kor 15| K1z 6
another passive termination with transfer functigﬂ, and a Moz 0.4) Kpp 1 Koz 15| K3 6
sine-wave exogenous inp#};, is applied. In absolute stability Mos 04| Kpg 1 Koz 15| Ki3 6
simulations, port 1 is open and a sine-wave ingGt is B) | Moy 04| K,,; 260| Kpg 15| K1 6
applled to the master #1. My 04| K,,2 260 Koo 15| Koz 6

The triple-user collaborative haptic virtual environmeys- Moz 04| K,,3 260| Kos 15| K13 6
tem has been simulated in MATLAB/Simulink. There is no “(©) | A7,;, 0.4 | K, 2 Kop 6 | K12 3
time delay in the communication channel between the masters My, 04| K,, 1 Koy 6 | Koz 3
and the virtual objects. Three 1-DOF robots as the three M. 0.4 Km( 3 K 6 | K. 3
masters are modeled by masses,; = M2 = M, = 1.6, 03~ m3 03 13

respectively. In simulations for both passivity and abs®lu
stability, the master #2 and #3 are connected to LTI termi-
nations with transfer functiongi-. In passivity simulations, for a period of time, indicating potential instability of eth
The master #1 connected to another passive termination wititateral haptic system.
transfer functions—~, and a sine-wave inpyt:, is applied. In ~ The dissipated energy (69) profiled) are plotted in
absolute stability simulations, port 1 is open and a sineewaFigure 6(b). As it can be seen, if the controllers gains are
input f;1 is applied to the master #1. selected according to (51), e.g., as listed in Table I(Agnth
1) Dual-user teleoperation systemiiccording to (51) and the passivity observer outpi, is non-negative at all times.
(59), the stability of the position-position dual-useretgper- However, when the controllers gains violate (51), e.g.isted
ation system should depend on the controllers gains. In tifeTable I(B) and (C), then the passivity observer outpijt
simulations, the controllers gaids, .1, Kym1, Kpm2, Kvmz2, 1S NOt always positive, indicating the loss of passivity loé t
K,s, and K, were chosen according to Table I. Gains imaptic teleoperator. Evidently, passivity is more resitrecthan
Table I(A) satisfy (51) and (59), in Table I(B) satisfy (5Q)tb absolute stability.
not (51), and in Table I(C) satisfy neither (51) nor (59).&Ils  2) Triple-user collaborative haptic virtual environmerytss
a= % tem: According to (64) and (68), the stability of the triple-
The input energy (70) profilesE) are plotted in Figure user collaborative haptic virtual environment system $thou
6(a). As it can be seen, if the controllers gains are selecteéepend on the controllers gains and robots parameterseln th
according to (59), e.g., as listed in Table I1(A) and (B), thle® simulations, the parameteid,,,;, Mo;, Kmi, Ko1, K12, K13,
input energy at port 1 is non-negative at all times, indiaati and K23, wherei = 1,2, 3, were chosen according to Table
the absolute stability of the trilateral haptic system. ldwer, 1l. Gains in Table II(A) satisfy (64) and (68), in Table 11(B)
when the controllers gains violate (59), e.g., as listed satisfy (68) but not (64), and in Table 11(C) satisfy neitlie4)

Table I(C), the input energys; will become negative at leastnor (68). Also,a = %



Master #2

11

05
=—=—Absolutely stable and passive
Ahsolutely stable and non-passive
— Potentially unstable and non-passive I
di
=]
e
""—-._._,_“___-
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-‘-—-‘-‘_“_‘-l-\.
-0.3 . .
0 0 40 &0
01s (a) Tirme (53
A Absolutely stable and passhe
m— theolutely stable and norepassive
i Fotentially unstable and nor-passive
g 0 ANASSANAAAANNNAANA
2 \
= i NN Figure 8. Experimental setup where the master #2 is corhedtepassive
h\"“‘“""“'“-x-. spring to stiff wall, the slave is in free motion. In absolstability experiment,
. . . el S the master #1 is _controlled by a human user. In passivity raxeat, the
S a0 40 &0 master #1 is physically clamped.
b} Time ()

Figure 7. Simulation results for triple-user haptic vifteavironment system.

and (b) passivity observer enerdy, used for passivity analysis. Simulation
parameters are listed in Table Il: parameters (A) for theolaltsly stable

Table Il

THE CONTROLLERS GAINS OF THE POSITIONPOSITION DUAL-USER
TELEOPERATION SYSTEM USED IN EXPERIMENTS(A) PASSIVE AND
(a) Input energyEs at the master #1's port for absolute stability analysis,ABSOLUTELY STABLE, (B) ABSOLUTELY STABLE BUT NON-PASSIVE, (C)

POTENTIALLY UNSTABLE AND NON-PASSIVE

and passive, parameters (B) for the absolutely stable anepassive, and Master #1 Master #2 Slave
parameters (C) for the potentially unstable and non-passiv (A | Kym1 580 Kpme 580 K 580
pm pm ps
The input (70) profilesi) lotted in Fi Ko 3691 Ryme 3001 Ky, 360
e input energy profile are plotted in Figure

7(a). As it can be seen, if the parameters are selected asgord ®) ?’ml 228 ?””Q ggg ?’s iggg
to (67)-(68), e.g., as listed in Table 1I(A) and (B), then vml vm2 vs
the input energy at port E, is non-negative at all times, (©) | Kpm1 30 | Kpma 800 | Kps 150
indicating the absolute stability of the trilateral haggicstem. Kymi 50 | Kym2 200] K,s 600

However, when the parameters violate (67)-(68), e.g. stadi
in Table II(C), the input energy¥’s will become negative at
least for a period of time, indicating potential instalyilif the
trilateral haptic system.

The dissipated energy (69) profilés, are plotted in Figure
7(b). As it can be seen, if the parameters are selected angor

to (64), e.g., as listed in Table 11(A), then the passivitgetver . = o .
ougpqu gis non-negative at éu )times. HO\FI)VEVGI’, \)/?/hen thgone under three different set of position-position tetagon
parameters violate (64), e.g., as listed in Table II(B) arg@htrol gains according to Table lil. Gains in Table IlI(A)
(C), then the passivity energy observer outdy is not satisfy (51) and (59), in Table I11(B) satisfy (59) but not{5
always positive, indicating non-passivity of the trilatEhaptic and in Table III(C) satisfy ne.|t.her (51).nor (59). )

system. Evidently, passivity is more restrictive than &teo _ As far as the absolute stability experiments, the inputgner

stability, as far as the stability of the overall teleopinat (70) profilesE; are plotted in Figure 9(a). As it can be seen,
system is concerned. if the controllers gains are selected according to (59),, e.g

as listed in Table IlI(A) and (B), then the input energy at
) port 1 E; is non-negative at all times, indicating the absolute
B. Experiments stability of the trilateral haptic teleoperator. Howevemen

For experiments with a dual-user haptic teleoperation sy§e controllers gains violate (59), e.g., as listed in TAl(€),
tem, we use an Phantom Omni robot (Sensable Technole input energye; will become negative at least for a period
gies/Geomagic, Wilmington, MA, USA) as the master #2, arf time, indicating potential instability of the trilatdrhaptic
two Phantom Premium 1.5A robots as the master #1 andtglgoperator.
the slave. Out of the three actuated joints of each robot, theAs far as the passivity experiments, the dissipated energy
first joint, which rotates about the vertical, is consideirethe (69) profilesE,, are plotted in Figure 9(b). As it can be seen,
experiments while the second and the third joints, whiclmforif the controllers gains are selected according to (51), ag
a parallel mechanism, are locked using high-gain contsllelisted in Table 11I(A), then the passivity observer outpig
The Phantom Premium robot for master #1 is equipped wiih non-negative at all times. However, when the controllers
a JR3 6-DOF forcef/torque sensor (JR3, Inc., Woodland, Céains violate (51), e.g., as listed in Table IllI(B) and (C),
USA) for measuring the external contact forces. then the passivity observer outph}, is not always positive,

The experimental setup is shown in Figure 8; this figuredicating the loss of passivity of the haptic teleoperaidris
shows the exact arrangement for the passivity experimeats. again reaffirms that the teleoperator passivity requirgngen
the absolute stability experiments, the only differencéhist too restrictive and conservative (for the teleoperatiostesy
the master #1 is controlled by a human user rather than bestgbility) compared to teleoperator absolute stability.

physically clamped. In both passivity and absolute stbili
experiments, the master #2 is connected via a pair of passive
dsprings to a stiff wall and the slave is in free motion. Each
of the passivity and the absolute stability experiments are
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Figure 9. Experiment results for the dual-user teleopamasystem. (a) Input [12]
energy Es at the master #1's port for absolute stability analysis, émd
passivity observer energl;, used for passivity analysis. Both plots pertain t[13]
a position-position dual-user teleoperator. Experimepéaameters are listed

in Table Ill: parameters (A) for the absolutely stable andspse, parameters

(B) for the absolutely stable and non-passive, and paramé@) for the [14]
potentially unstable and non-passive.
VII. CONCLUSIONS ANDFUTURE WORKS [15]

In this paper, we showed how the absolute stability crite-
rion is less conservative than the passivity criterion fothb
bilateral and trilateral haptic teleoperators and that tine [16]
criteria become the same when a bilateral or trilateral ibapt
system is modeled by a immittance matrix hawg| = [p21|, [17]
|p13| = |ps1], @and|p23| = |ps2|. Both analytically and through (18]
simulations/experiments involving dual-user haptic dplker-
ation of one slave robot and triple-user collaborative itapt1®]
teleoperation in a virtual environment, the two criteriargve
compared. It was concluded that the absolute stabilitgigoih  [20]
is less conservative compared to the passivity criterion f&1
position tracking trilateral haptic teleoperators. In fogure,
the absolute stability criterion can be used to investigage
stability of trilateral haptic systems that experiencedtidelays
in their communication channels.

[22]
[23]
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