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In the presence of communication latency in a bilaterally controlled teleoperation system, stability and
transparency are severely affected. In this paper, based on a passivity framework, admittance-type and
hybrid-type delay-compensated communication channels, which warrant different bilateral control
architectures, are introduced. Wave transforms and signal filtering are used to make the delayed-
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Time delay demonstrated that using force sensor measurements about hand/master and/or slave/environment

interactions in the control algorithm can significantly improve teleoperation transparency. Experi-
mental results with a soft-tissue task for a hybrid-type architecture and for round-trip delays of 60 and
600 ms further substantiate the hypothesis that using slave-side force measurements considerably
enhances the matching of the master and the slave forces and consequently the transparency compared
to a position error-based configuration.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction both surgical and space teleoperation applications (Imaida,

Yokokohji, Doi, Oda, & Yoshikawa, 2004; Wagner, Stylopoulos, &

A teleoperation system enables human interaction with
environments that are inaccessible to direct human contact due
to their remoteness or the presence of hazards. Telesurgery and
space telerobotics are two examples of more recent teleoperation
applications involving long distance communication between
master and slave units (Guthart & Salisbury, 2000; Butner &
Ghodoussi, 2003; Sheridan, 1995). Recent interest in robot-
assisted surgery is backed by advantages such as minimal
invasiveness, enhanced accuracy and dexterity, and increased
safety and reliability brought about by master/slave operations
(Preusche, Ortmaier, & Hirzinger, 2002; Tavakoli, Patel, &
Moallem, 2005). Telesurgery takes this one step further by its
potentials for providing access to expert medical care for a larger
group of patients more effectively and cost efficiently. Haptic
feedback has been shown to improve task performance during
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Howe, 2002).

From an engineering point of view, the main goals of
teleoperation are twofold: stability and transparency. Transpar-
ency is the ability of a teleoperation system to present the
undistorted dynamics of the remote environment to the human
operator (Hannaford, 1989). The ability to do so is affected by the
closed-loop dynamics of the master and the slave robots, which
distort the dynamics of the remote environment as perceived by
the human operator (Lawrence, 1993; Yokokohji & Yoshikawa,
1994). Among the more relevant aspects of teleoperation is an
interesting control problem resulting from the presence of a non-
negligible time delay in the communication media between the
master and the slave. In the presence of time delays, the stability
and transparency of a bilateral teleoperation system are severely
affected. Several approaches have been proposed in the literature
to deal with this problem. For a comprehensive overview and
comparison on various time delay compensation methods, one
can refer to Hokayem and Spong (2006), Arcara and Melchiorri
(2002), Mascolo (2006), and Lin, Chen, and Huang (2008).

Scattering theory and its intuitively reformulated derivation,
the wave transformation approach, are theoretically capable of
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achieving stability independent of time delays (Anderson & Spong,
1989; Niemeyer & Slotine, 1991). Both of these approaches are
based on passivity, which is a sufficient condition for stability
(Desoer & Vidyasagar, 1975). The key objective for these
approaches is to make the non-passive communication medium
with time delay passive at the expense of transparency degrada-
tion. As will be further elaborated in Section 2.2 of this paper,
based on different choices of wave transformation arrangements,
the existing paradigm of a wave-based two-channel delay-
compensated teleoperation system can be divided into two main
sub-categories; admittance-type (symmetric) architecture and
hybrid-type (asymmetric) architecture. In both cases, the tele-
operation system stability and transparency are affected by the
presence or absence of force sensing in the system. Specifically, it
has been shown that transparency is improved in a delay-free
teleoperation system when slave/environment force measure-
ments are used (termed the kinesthetic force-based (KFB)
approach in this paper (Aliaga, Rubio, & Sanchez, 2004; Sherman,
Cavusoglu, & Tendick, 2000)). In this work, the question of
stability of different wave-based two-channel teleoperation
configurations is explicitly addressed and their performance in
terms of transparency is comparatively evaluated. The main
contributions of this paper are as follows:

e Stability of admittance-type teleoperation systems is investi-
gated using a scattering matrix analysis approach of the end-
to-end model of the teleoperation system (the master +
communication channel + the slave) in Section 3. In particular,
contrary to a commonly held view that using force sensors is
not desirable due to its negative effect on stability, it is shown
that stability can be maintained in the presence of force
sensing and closed-form conditions for stable operation of
different admittance-type configurations are derived. Wave-
domain low pass filters are also factored into the analysis and
it is demonstrated that they can be used as a design tool for
adjusting the robust stability margin.

e Based on a single-loop modeling approach for the hybrid-type
teleoperation system presented in Section 4, the stability of
different hybrid-type configurations is examined. Specifically,
it is demonstrated that using slave/environment force mea-
surements does not necessarily render such a hybrid-type
teleoperation system unstable. Unlike the admittance-type
architecture, the absence of symmetry in the hybrid-type
architecture makes the scattering matrix analysis method for
analyzing stability mathematically intractable. To the best of
the authors’ knowledge, the above issues have not been
addressed previously.

e Analytical and experimental transparency evaluations for
different bilateral control configurations in Section 5 are
indicative of significant improvements when force sensing is
utilized during delayed teleoperation. Practical considerations
suggest that it is more advantageous to use a hybrid-type
configuration instead of an admittance-type one.

In Section 5, the theoretical work presented here is supported by
experimental results based on a haptics-based teleoperation test-
bed for minimally invasive surgery for two different values of
round-trip time delays 60 and 600 ms, in order to address the
effects of both moderate and large time delays.

2. Passivity and robust stability

Throughout the main part of this work, a single degree-of-
freedom (DOF) linear teleoperation system is assumed with the
following equations of motions for the master and the slave

Teleoperation
system

Fig. 1. Equivalent circuit representation of a teleoperation system.

manipulators:'

Mmkm=*fm+fha MS&S =fs 7fe (1)

where My, and M are the master and slave inertias, f,, and f, are
the master and slave control actions, and x,,, and x; are the master
and slave positions. Also, f}, and f, represent the interaction forces
between the operator’s hand and the master, and the slave and the
remote environment, respectively. In order to keep the mathema-
tical analysis tractable, the nonlinear effects of friction and
backlash have not been considered in the dynamic modeling of
the bilateral teleoperation system. For an independent study of
the cited issues, the interested reader is referred to Guesalaga
(2004), Dodds and Glover (1995), and Mahvash and Okamura
(2006).

Colgate (1993) has given the following intuitive condition for
stability robustness: A bilateral teleoperation system is said to be
robustly stable if, when coupled to any passive environment, it
presents to the operator an impedance (admittance) which is passive.
It is generally assumed that the human operator is passive, i.e., the
operator does not do actions to make the system unstable. On the
other hand, although the human operator can often help stabilize
this system, this is a distraction from the task at hand, and more
importantly, a violation of the assumption of operator passivity,
and therefore not considered in stability analysis presented in this
paper. By considering input and output velocities and forces in a
teleoperation system as currents and voltages, an equivalent
circuit representation of the system can be obtained (Fig. 1), in
which impedances Zj(s), Zmn(S) = MnS, Zs(s) = Mss, and Z.(s) denote
dynamic characteristics of the human operator’s arm, the master
robot, the slave robot, and the remote environment, respectively,
and f), is the exogenous input force from the operator. The
equivalent two-port representation of a bilateral teleoperation
system in Fig. 1 includes the master robot, the communication
channel, and the slave robot. This equivalent circuit representa-
tion can be expressed by different two-port network models such
as impedance, admittance, hybrid or scattering parameters. Not
all multiport physical systems can be represented by impedance
or admittance parameters, but for any LTI multiport system, a
hybrid matrix exists and is defined as

~[hi hiz
" | hay hy

Fy
—V,

Vin

E | (2)

2.1. Scattering theory and stability robustness

Based on its scattering matrix model, a teleoperation system is
represented as b = S(s)a where a =[a; a,]" and b=[b; b,]" are
input and output waves of the teleoperation system, respectively.
In a general two-port network, the relation between input and

! Here, it is assumed, without loss of generality, that the manipulator’s
dynamic model is decoupled and its parameters are fully known. A coupled
manipulator with the dynamics = M X where M has off-diagonal elements can be
transformed to the decoupled system 7' = NX using z = MN 'z where N is a
diagonal matrix of the same order as M (e.g., see Ahn & Yoon, 2002).
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output waves and equivalent voltages and currents can be
expressed as a= (F+n?V)/2 and b= (F—-n?V)/2 where F=
[Fn F]" and V=[V,, —V' are the two-port’s equivalent
voltage and current vectors representing mechanical effort and
flow pair force and velocity in the s domain, and n is a scaling
factor. In a reciprocal network, S;; =S,; and in a symmetric
network S1; = Sp;.

Theorem 1. Necessary and sufficient conditions for robust stability
of a teleoperation system are (Colgate, 1993): (a) S(s) contains no
poles in the closed right half plane (RHP); and (b) if 4 is the
structured perturbation of S

sup,, iy (SGo)]<1 (3)
where u,(S) is the structured singular value of matrix S.

A useful property for p,(S) is (Colgate, 1993)

14(9)<6(S) (4)

where G(4) is the maximum singular value of 4. The equality in (4)
holds if the network is reciprocal (Yamamoto & Kimura,
1995). Theorem 1 enables us to use an end-to-end model
of the teleoperation system for robust stability study based
on the scattering matrix analysis. This removes any assumption
on the passivity of the master + controller or the slave +
controller blocks and only assumes that the operator and the
environment are passive. This issue is further discussed in the
next section.

2.2. Passivity-based time delay compensation

In the presence of a time delay, an ideally transparent bilateral
teleoperation system has the following corresponding hybrid and
scattering representation:

0 e—sT
Ho }
—esT 0
— tanh(sT)
“ | sech(sT)

sech(sT)} (5)

tanh(sT)

It can be shown that #(S) for this scattering matrix is unbounded;
consequently this system cannot maintain robust stability. In
practice, robust stability and transparency are competing issues in
a teleoperation system (Lawrence, 1993). In other words, the
smaller #(S) is for a teleoperation system, the larger are
the stability margin of the system and the stability robustness
of the closed-loop system against variations in the dynamics
parameters of the master, the slave, and the controller. Therefore,
one can intuitively argue that &(S) = 1 is the optimum choice for
maintaining stability while the system operates with the best
achievable transparency possible. A physical interpretation for a
two-port network with (S) = 1 is the ideal transmission line with
time delay, which can be represented by its corresponding hybrid
and scattering models as

tanh(sT) sech(sT)
- {sech(sT) tanh(sT)}’
S— { 0 eST]. (6)
esT 0

Comparing Egs. (5) and (6), it can be seen that in the delayed
transmission line robust stability has been attained at the expense
of degraded transparency. Based on this argument, the following
control law was proposed in Anderson and Spong (1989), which
makes passive a communication channel with time delay in a

a
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Fig. 2. (a) Admittance-type and (b) hybrid-type delay-compensated communica-
tion channels.

two-channel bilateral teleoperation system:

Fmd = Fs e—sT + nz(vm - Vsd e—sT)‘
Vg =Vme T +n2F e — F). (7)

An energy-based approach, which yields the same results in a
more physically motivated manner, was proposed in (Niemeyer &
Slotine, 1991). A pair of wave variables (u, v) is defined based on a
pair of standard power variables (x,f) by the following:

Cbx+f  bx—f
U="r50 V= /3 (®)

where u denotes the right moving wave while v denotes the left
moving wave. The characteristic wave impedance b is a positive
constant and assumes the role of a tuning parameter. Eq. (8) are
unique and invertible, meaning that they provide a transforma-
tion between power (any effort and flow pair) and wave variables.
Using appropriate pairs of left and right wave transforms at the
two ends of a non-passive communication channel with time
delay can make it passive.

Depending on the choice of input/output pairs from the four
variables in Egs. (8), four two-port network models (architectures)
are distinguished for the delay-compensated communication
channel. These four architectures correspond to well-known
representations of a two-port network as an impedance matrix,
an admittance matrix, a hybrid matrix, or an inverse hybrid
matrix. Among these four architectures, in order to operate the
slave under velocity (position) control, the two cases in which the
slave velocity is an output, namely the admittance-type (Fig. 2a)
and the hybrid-type (Fig. 2b) delay-compensated channels, are of
interest to us. In the equivalent two-port network of the
admittance-type architecture, the transmitted master and slave
velocities are outputs and the master and slave control actions (or
forces) are inputs. Consequently, the equivalent electrical circuit
representation of the system is symmetric. In the hybrid-type
architecture, however, the slave velocity and the force transmitted
to the master side are outputs, thus the corresponding equivalent
circuit is asymmetric. In each architecture, based on the absence
or presence of force sensing at the master and/or the slave sides,
two control configurations are possible; namely position error-
based (PEB) or kinesthetic force-based (KFB). In this paper, the
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time delay T has been assumed to be constant and equal in both
directions.?

In the presence of time delay, the stability of wave-based
admittance-type and hybrid-type PEB configurations has been
studied using the traditional passivity framework (Niemeyer &
Slotine, 1991). This approach is based on modeling the teleopera-
tion system as a cascade of several two-port networks, among
which only passivity of the delayed communication channel is
ensured while passivity of the other blocks (human operator,
master + controller, slave + controller, and environment) is
assumed. The overall system passivity is based on the fact that the
cascade interconnection of any two passive systems is passive.
However, the cited approach cannot be applied to the case of a
wave-based KFB teleoperation system as it cannot be modeled as
a cascade of several two-port networks. As such, both Anderson
and Spong (1989) and Niemeyer and Slotine (1991) have avoided
the use of force sensor measurements due to questions which may
arise about the passivity of the whole system. In this paper, the
question of stability of admittance-type teleoperation systems is
addressed using a less conservative approach, which is based on
an end-to-end two-port model of the teleoperation system rather
than the aforementioned cascade of two ports. Furthermore, a
single-loop model of the entire teleoperation system (excluding
the human operator and the environment) is presented to
investigate the stability of hybrid-type teleoperation systems. As
a result, in addition to proposing an approach to the stability
analysis of KFB teleoperation systems under time delay, new
robust stability conditions are provided for the PEB configurations
under time delay. Moreover, the topic of transparency of wave-
based admittance-type and hybrid-type architectures in the
presence of time delay is subjected to a quantitative investigation.

In practice, a wave-based teleoperation system performance
can be degraded due to a number of reasons, among which are
discrete implementation of continuous-time control laws and
significant variations in the operator’s behavior or the environ-
ment impedance. The performance is particularly degraded for
large time delays where high-frequency oscillations appear in the
teleoperation system. Wave-domain low pass filtering can be used
as a remedy for reducing vibrations and improving performance
in the teleoperation system, specially when the impedance
matching scheme of Niemeyer and Slotine (1991) and Tanner
and Niemeyer (2006) fails to achieve the goal of performance
improvement. In this paper, a wave-domain low pass filter W(s) is
also included in the stability analysis as shown in Fig. 2. The
resulting stability conditions that are dependent on the band-
width of W(s) are particularly useful for maintaining a desired
stability margin.

3. Admittance-type configurations
3.1. APEB and filtered APEB

An admittance-type position error-based (APEB) teleoperation
system is illustrated in Fig. 3a. In this section, robust stability of
the cited system is investigated based on an end-to-end model.
Let us take M, = M; =M and PD position controllers Cp(s) =
Cs(s) = (kgs + kp)/s used at the master and the slave. Also, let
W(s) =1 for now. The resulting teleoperation system has a

2 The assumption of equal forward and backward delay is not necessary for
passivity of a wave-based delay-compensated communication channel and the
only restriction which should be placed on the communication channel is that the
delay remains constant. However, an assumption of different forward and reverse
time delays does not have a significant effect on the derivations in this work and
only adds to their mathematical complexity.

a

Admittance-Type
Delay-
Comp ted
Communication
Channel

Admittance-
Type
Delay-
Compensated
Communication
Channel

Fig. 3. Wave-based admittance-type teleoperation systems: (a) APEB; (b) AKFB.

scattering matrix that is both reciprocal and symmetric. As a
result, investigating system stability using Theorem 1 is analyti-
cally tractable. In the neighborhood of T =0 (fairly small
time delays), by using a first-order Pade approximation
for the exponential terms in the characteristic polynomial
of the S matrix, it can be inferred that the sufficient condition
for S to be RHP analytic is k;>0 and k,>0. Singular values
of the scattering matrix of the APEB teleoperation system shown
in Fig. 3a are

(A —B1 +C1 —Dye T £ (A1 + B; — C; —Dy)|
Ay —B1 — (4 +D1)e—STi(A1 + B +C +D1)|

where A; = Mbs® + bkgs + bky, Bi = Ms(kgs +kp), C1 = kgs + kp,
and D; = bs. According to condition (b) of Theorem 1, for the
APEB teleoperation system to be passive and consequently
robustly stable, o1 2(jw)<1. Applying these conditions to (9) leads
to

(9)

012(8) =

2b%ky?[1 £ cos(wT)]=0 (10)

As kg >0, both of the inequalities in (10) hold regardless of w or T.
In other words, according to (10) it can be concluded that the
APEB teleoperation system is robustly stable as long as k; >0 and
kp>0.

If a wave-domain low pass filter W(s) = (Ls+ 1)' is used in
the APEB teleoperation system where L = (2nf )~ and f., is the
cutoff frequency of the W(s), the stability conditions will be (a)
kqs>0 and k,>0 as sufficient conditions, and (b) the singular
values of the new scattering matrix will be the same as (9) if e=sT
is replaced by e=STW(s). Applying the passivity condition to these
new singular values gives (see Appendix A)

L2[kqe? (b + kq) + K31 + 2bkg
2bkg\/1 + L2

where tan(¢) = L. For L = 0, (11) simplifies to (10). Condition (11)

defines a region of stability for a filtered APEB teleoperation

system. A simplified region for robust stability can be determined
if (11) is converted to

=| cos(wT + )| (11)

1? [kdwz(b + kq) + klzj] + 2bky
2bkg V1 + L

If rearranged and solved with respect to L, (12) imposes the
following lower limit on L such that the filtered APEB teleopera-

>1. (12)
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tion system is robustly stable

\/—KEbky + b7KG — k3e?b — k3w?b?

13
kqw?b + kj? + k) (13)

Llow =

A real Ly, from (13), which necessitates bkd>kf, + kg (kg + b?),
corresponds to an upper limit for f.,, which shows the cutoff
frequency of the wave-domain low pass filter cannot become
arbitrarily large. In other words, a lower cutoff frequency for the
wave-domain filter ensures a better robust stability margin for the
system. In the next section, it will be discussed that this higher
stability margin comes at the expense of a lower level of
transparency.

3.2. AKFB and filtered AKFB

In this section, a new symmetric two-channel wave-based
teleoperation configuration is proposed which uses force sensing
at both the master and the slave ends. The stability analysis
reveals that stability can be maintained in this configuration and
the corresponding robust stability conditions are derived.

Fig. 3b depicts a wave-based admittance-type kinesthetic
force-based (AKFB) teleoperation configuration, in which mea-
surements of hand/master and slave/environment interaction
forces are used. With respect to stability, due to reciprocity and
symmetry of its scattering matrix, an AKFB teleoperation system
can be subjected to a scattering matrix analysis. Similar to the
APEB configuration, a sufficient condition set for meeting criterion
(a) of Theorem 1 is k4 >0 and kj, > 0. For investigating criterion (b),
singular values of the scattering matrix of the AKFB teleoperation
system are derived as

(A2 + B, — Co)e ST+ (A, — B, — C3)
(Ay — By +C)esT £ (Ay + By + Cr)

012(8) = (14)
where A, = Mbs® + bkys + bky, By = ky4s + kp, and C, = bs. Apply-
ing the passivity condition to these singular values gives the
following stability condition (see Appendix A):

— >|cos(wT — ¢)| (15)
b? + w2M?

where tan(¢) = wM/b. In this configuration, the region of stability

is more limited in comparison to APEB. However, robust stability

can be achieved through proper selection of system parameters.

Choosing the system’s parameters such that wM<b ensures

criterion (15).

If the low pass filter W(s) is made use of in AKFB, the singular
values of the new scattering matrix can be obtained from (14)
through replacing e~T with e~STW(s). In this way, the correspond-
ing stability condition is (see Appendix A)

w?L*(bkq — Mky + K3) + Lk + 2bky
de\/(l + 02L?) (b + 2M?)

>| cos(wT — ¢)| (16)

where tan(¢) = o(M — bL)/(Mw?L + b). Similar to (15), (16) can
also be satisfied through proper choice of the relevant parameters.
Again, a simplified form of condition (16) can be written as

2[2(bky — Mk, + k%) + L2k* + 2bk
w?L”(bky kp +kg) + Lk, + b<d>1 (17)

2kq\/(1 + 2L2(B? + 0?M?)

Criterion (17), which is a sufficient condition for (16), can provide
us with a simpler design condition to determine the lower bound
of L required for robust stability of the teleoperation system.

Hybrid-Type
Delay-
Compensated
Communication
Channel

Hybrid-Type
Delay-
Compensated
Communication
Channel

Fig. 4. Wave-based hybrid-type teleoperation systems: (a) HPEB; (b) HKFB.

4. Hybrid-type configurations

Fig. 4a shows a filtered HPEB configuration. In this section, a
second hybrid-type teleoperation architecture is proposed (Fig.
4b), which utilizes slave/environment force measurement data
(HKFB) and investigate the stability of both configurations.

In a hybrid-type teleoperation system, due to the asymmetric
nature of the topology of the teleoperation architecture, the
scattering matrix S(s) is asymmetric and the eigenvalues of S(s) are
extremely involved making it very difficult to extract closed-form
robust stability conditions. The bottomline is that, unlike the
admittance-type (symmetric) architecture, stability study of a
hybrid-type system through scattering matrix analysis is math-
ematically untractable. Alternatively, in order to conduct a
stability analysis for both filtered HPEB and HKFB configurations,
the teleoperation system is converted into a single-loop repre-
sentation and the passivity theorem (Khalil, 2002) is utilized, as in
the following.

4.1. Filtered HPEB

The hybrid-type delay-compensated communication channel
in Fig. 4, which is shown in Fig. 2b, can be represented as

Fmd
_Vsd
where H, is the hybrid model of the delay-compensated
communication channel. Using Fig. 2b (including the wave-

domain low pass filter W(s)) and (18), the entries of H, can be
derived as

Vi

= Hch : F,

(18)

po bl e 2TW(s)?]

2e-TW(s)

ha = Sgvwez 1
e=2TW(s)c +1
2eTW(s)

haig, = - S5z 7

e W(s) +1

1 — e 2TW(s)?
haa, ) (19)

T be2TW(s)2 + 1]
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vl o

H.,,(s)

)
Vea

Fig. 5. Simplified single-loop feedback connection of a wave-based hybrid-type
teleoperation system.

In order to apply the passivity theorem, Eqs. (1) and (18)
along with Fs = Cs(Vgg — V) can be rearranged in the form of the
single-loop feedback system of Fig. 5 where H, is defined
in (19) and

~ 0
G=1|"9 cz | (20)

Cs+Zs

This single-loop representation includes the delay-compensated
communication channel of Fig. 2b in its feedback path H, and the
combination of the master, the slave, and the bilateral controller
(Fig. 4a) in its feed-forward path G. For this single-loop
representation, the inputs shown in Fig. 5 are Uy; = Fp,, U3 =0,
Us1 =0, Uy = CsF/(Cs +Zs) and the outputs are Y; =V, and
Y2 = VstsZs/(Cs + Zs)-

According to the passivity theorem, the conditions for the
closed-loop map from input to output to be finite-gain %
stable (i.e., all the signals remain bounded; for an LTI system, %,
stability implies BIBO stability) are passivity of G and
strict passivity of H,. The strict passivity of Hy, can be checked
by using Theorem 1. The corresponding scattering matrix entries
for Hy, are

(b? — DIW?(s)e=2T — 1]
(b—1°W?(s)ye=2T — (b + 1)
—4W(s)be—sT

Sy = S22, =

s =5 = 21
a7 2 T 12 W(s)e=2T — (b + 1)2 1)
The singular values for this scattering matrix are given as
b+ DW(s)eT £ (b—1)
9120) = - Wis)e T £ b+ 1) (22)
Taking s = jow, the passivity condition 1,0, <1, leads to
bL? 2
— = 23
1+ 202 (23)

which is guaranteed if b>0. According to (23), the margin for
strict passivity of the delay-compensated channel is b as L — oo.
However, excessive increase of L (or equivalently, reduction of f ;)
incurs a penalty on system transparency. On the contrary, L — 0
results in marginal strict passivity of H. while improving
transparency.

The condition of passivity for G is equivalent to G being a
positive real matrix. Since G has a proper rational form and a
nonzero determinant, it is positive real if G(s) is Hurwitz, G(jw) +
G"(—jw) is positive semidefinite, and any pure imaginary pole jo of
any element of G(s) is a simple pole and the residue matrix
lim,_,,,(s — jo)G(s) is positive semidefinite Hermitian. It is
straightforward to show that G(s) in (20) possesses all the
conditions for being positive real if k;>0 and k,>0. Note that
the second output in the single-loop representation of the HPEB
teleoperation system in Fig. 5 is proportional to V4, whereas the
actual outputs of the system are V, and V. This change of output
does not pose a problem to the input-output finite gain %,

stability of the teleoperation system since with respect to F, and
V4, Vs can be written as
Csvsd - Fe

Vs="z4c (24)
Since both F, and V,; are bounded signals (V4 is the output of a
finite gain %, stable system) and the denominator in (24) is a
Hurwitz polynomial, V also remains bounded. Moreover, in the
presence of a passive remote environment modeled as Z, = F./Vs,
(24) can be rewritten as Vs = CiVyy/(Zs + Cs + Ze). Assuming a
mass-damper-spring model for the passive impedance Z,, it can
be deduced that V; is still bounded (all the coefficients of the
second-order characteristic polynomial remain nonnegative).

4.2. Filtered HKFB

For an HKFB teleoperation system, still using the delay-
compensated communication channel of Fig. 2b, based on Fig.
4b and the single-loop equivalent representation of Fig. 5, matrix
G has the following form:

_|Z 0
G_[O 0 (25)

The inputs of the single-loop representation are U;; = Fp,, Ui =0,
U1 = 0, Uy, = F. and the outputs are Y; =V, and Y, = 0. Similar
to the case of the HPEB teleoperation system, for this single-loop
representation to be input-output finite gain %, stable, G has to
be passive and H., has to be strictly passive. The communication
channel is again given by (18) and (19), thus the strict passivity of
Hg, has already been proven.

With respect to passivity of G, some analytical endeavor
confirms that (25) meets all the conditions for being positive real.
On the other hand, an actual output of the system, V5, is related to
bounded signals F, and V¢ through Eq. (24). In order to have a
bounded Vi, Eq. (24) should be RHP analytic. Therefore, a
sufficient condition for input-output stability of the overall
system is ks >0 and k, >0.

It is worth mentioning that the HPEB system has a reciprocal
scattering matrix, thus passivity is the necessary and sufficient
condition for robust stability. However, the HKFB system
possesses a scattering matrix, which is neither symmetric nor
reciprocal implying that, although sufficient, passivity is not a
necessary condition for its robust stability. The interest in
passivity of a teleoperation system stems from the fact that it
ensures robustly stable performance for a class of multi-variable
systems that cannot be easily subjected to other methods of
stability analysis. Lastly, as was mentioned earlier in this section, a
large value of L produces a larger margin for robust stability of the
teleoperation but at the same time deteriorates teleoperation
transparency.

5. Performance evaluation

For experimental evaluation, a force-reflective master/slave
system developed as an endoscopic surgery test-bed (Fig. 6) has
been used. Through the master interface, a user controls the
motion of the slave arm and receives force/torque feedback of the
slave/environment interactions. The master is capable of provid-
ing the user with force sensation and kinesthetic sensation of the
elasticity of an object in all DOFs available in endoscopic surgery
(pitch, yaw, roll, insertion, and handle open/close)—see Tavakoli,
Patel, and Moallem (2006) for a detailed description of the haptic
master interface. The developed slave arm is an endoscopic
instrument capable of actuating the open/close motions of a tip
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Fig. 6. Setup for telemanipulated tissue palpation.

and rotations about its main axis. Due to the problems posed by
the incision size constraint in minimally invasive surgery,
strain gauge sensors are integrated into the end effector to
provide a non-invasive way of measuring interactions with
tissue in all the five DOFs. For more information about
the slave, see Tavakoli et al. (2005). In the experiments, the
master and slave subsystems were constrained for force-reflective
teleoperation in the twist direction only (i.e., rotations about the
instrument axis). The instrument interactions with the tissue are
measured and reflected in real-time to the user. The Virtual
Reality Peripheral Network (www.vrpn.org) has been used for
network-based communication such that the slave can be
telemanipulated from the master. The digital control loop is
implemented at a sampling frequency of 1000 Hz and circular
buffers have been used to create adjustable time delays in the
communication channel.

As discussed in Appendix B, the haptic master interface, the
friction/gravity effects are determined and compensated for such
that the user does not feel any weight on his/her hand when the
slave is not in contact with an object. This master/slave system is a
useful test-bed for investigating the performance and effective-
ness of different tool/tissue interaction feedback modalities in
soft-tissue applications. Appendix B also includes the master and
the slave systems modelling and identification, whereby the
friction-compensated master is represented as = M0, and
the slave’s model is identified as ts = M;0;.

5.1. Admittance-type configurations

In order to quantitatively evaluate transparency of a teleopera-
tion system, its hybrid parameters can be utilized. Solving the
equivalent two-port network’s equations for F, and —V; with
respect to V,, and F, for the teleoperation system in Fig. 3b, hybrid

parameters of the AKFB configuration are derived as

_ b1 — W?e 2Ty (Ms? + skq + kp)

41
—sT
By = — hyy = 2kas T koW e T
A1
hy = (1 — W2 e 2T)[(kZ + b*)s? + 2kykys + kp?]
+2bs(1 + W2 e~2T)(kys + ky)1}/ 42 (26)
where

Ay = (kgs + kp)(1 4+ W? e 2T) 4 sh(1 — W2 e=2T)
Ay = b(Ms? + skq + kp)41. (27)

The hybrid parameter hyy = Fp,/Vi|r,—o is the input impedance in
free-motion condition. The parameter hiy = Fp/Fely,—o is a
measure of force tracking for the haptic teleoperation system.
The parameter hy; = —Vs/Viulp,—o is @ measure of the velocity (or
equivalently, position) tracking performance. Finally, hy; =
—Vs/Fely,—o is the output admittance when the master is
motionless. When T — 0 and W(s) = 1, the hybrid parameters in
the AKFB teleoperation configuration can be approximated by

hi11 =0, hpp=-hy =1

2s

= . 28
Ms? + skq + kp (28)

ha,
Comparison of (28) with the hybrid matrix of an ideally
transparent delayed teleoperation system represented by (5)
when T — 0 reveals that in this case the only non-ideal hybrid
parameter is hy;.

For an APEB teleoperation system (Fig. 3a) the hybrid
parameters are more complex in comparison to AKFB. However,
in the similar situation of infinitesimal delays and W(s) = 1, they
simplify to

2Ms(Ms* + skg + kp)

hiy =
T oM 1 sky + ky
kas +k
hiz = —hy = —zd £ ,
2Ms® + sky + ky
2s
ha2 (29)

T 2Ms? ¢ skg+ ky

By comparing (28) and (29) with the hybrid matrix of an ideally
transparent teleoperation system when T — 0, one can conclude
that AKFB has a superior transparency over APEB.

The H-parameters versus human operator’s input frequency for
two typical APEB and AKFB teleoperation systems with identical
parameters have been compared in Fig. 7 for a non-negligible
amount of time delay. It has been assumed that b=1, T = 0.03s,
My =Ms =0.1kg, k, =100, k; =10, and f.=10Hz. These
figures support the conclusion about the superior transparency
of AKFB in comparison to APEB. In order to further quantify the
improvement in transparency gained through using the AKFB
configuration in comparison to the APEB configuration in Fig. 7,
the Integral of Absolute Error (IAE) has been calculated for
deviations of the magnitudes of the hybrid parameters from their
ideal values (zero for hy; and h,; and one for hy; and hy;) when
the input frequency changes from 0 to 10 Hz (Table 1). In the case
of AKFB configuration, the corresponding values of IAE in Table 1
represent 35%, 72%, and 72% improvement with respect to hqq, hy2,
and hy, respectively, and a 45% deterioration for hy,. It is worth
mentioning that hy, is not as critical as the rest of hybrid
parameters in providing a satisfactory level of transparency for
the human operator since it basically represents the perception
reflected to the remote environment by the teleoperation system.
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Table 1

IAE values for deviations of the magnitudes of the H-parameters of APEB and AKFB
systems from their ideally transparent values

APEB AKFB
hiy 3222 21.02
his 7.72 221
hat 7.72 221
has 5.54 10.11

5.1.1. Implementation issues

The hybrid-type teleoperation configurations are particularly
of interest because of an implementation advantage of hybrid-
type configurations over admittance-type configurations. From
the controller tuning point of view, assuming an APEB teleopera-
tion system without time delay the closed-loop control law at the
slave side is

_GE—-F.+ M;s2Xm
R —
where E = X, — X, and Cs = kgss + kys. The acceleration feedback

term M;s2X,, in (30) is necessary for asymptotic stability of the
slave’s closed-loop system. Eq. (30) can be rewritten as

sXs (30)

M;S2E + CsE = Fe. (31)
Similarly, at the master side

MmS?E + CE = Fy. (32)
Subtracting (31) from (32)

(M — My)S2E + (Cpy — C5)E = Fy — Fe. (33)
In the ideal case F,, = F,, hence

S2E + ﬁE =0. (34)

Taking (Cpm — Cs)/(Mm —M;) = C to be a PD controller ensures
asymptotic convergence of e(t) to zero. To this end, the master and
the slave position controllers are chosen to be PD-type as Cy;, =
Mp,,C and Cs = M;C, resulting in

Cmn G

M, = M, (35)
As the master and slave side parameters are not generally the
same, neither APEB nor AKFB configurations have symmetric
scattering matrices and therefore they cannot be subjected to an
analytic stability study based on scattering matrix analysis.
Alternatively, criterion (b) of Theorem 1 can be tested numerically
versus the input frequency for a particular system with given
parameters. As a practical example, assume kg =1, kys =5,
T=100ms, b=1, and f., = 10Hz in the experimental setup.
Fig. 8 shows the numerical values of &(S) for filtered APEB and
filtered AKFB teleoperation schemes implemented on the setup
versus the input frequency. The values of (S) for both systems
remain less than 1 for the frequency range of interest, so both
systems are robustly stable.

Based on (35), the slave-side PD controller is tuned for tracking
under the free-motion condition, and the master-side controller
will be a scaled version of that. The ultimate goal of tuning in a
bilateral teleoperation system is to make the slave controller as
“stiff” (i.e., highly accurate position control) as possible, while
keeping the master as “compliant” (i.e., highly responsive to force
control) as possible. However, by making the slave controller stiff
through increasing its gains, according to (35), the outputs of the
master and the slave controllers can saturate causing high-
frequency vibrations in the system. On the other hand, excessive
reduction of the slave controller gains will cause underdamped
(and low-frequency oscillatory) response. In order to exemplify
the nature of this problem, Fig. 9 shows the root locus plot of the
dominant poles of the filtered APEB configuration implemented
on the experimental setup for different values of the slave
controller gain ky;, when the slave is in free-motion condition
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Fig. 9. Root loci of the dominant poles of a non-uniform filtered APEB architecture
versus kg and kps.

(Ze = 0) and 0<ky<0.1. For each choice of ks, the four loci of
dominant poles start from pure imaginary values, and with
increasing ky;, move toward the points of entry on the real axis. As
can be seen in Fig. 9, the range of the slave controller’s gains for
which saturation of the master and the slave controllers are
avoided corresponds to a dominant pole location that leads to a
very compliant and underdamped slave. In the presence of a
nonzero Z., this situation further deteriorates since there is a pair
of pure imaginary poles very close to the imaginary axis. The same
principle is applicable to a filtered AKFB teleoperation system,
which possesses half the number of dominant poles of a filtered
APEB system. Fig. 10 shows two free-motion position tracking
profiles of the APEB and AKFB systems, which have been acquired
from the experimental setup. These profiles correspond to
T=30ms, b=1, and f., = 5Hz. The values of kjs and k4 have
been tuned for achieving optimum free-motion tracking, i.e., to
achieve the stiffest slave while avoiding controllers saturation. It
can be seen that in the experimental setup these optimum gains
fall short of achieving perfect position tracking at the slave end,
thus providing the practical motivation for using a hybrid-type
teleoperation architecture.

5.2. Hybrid-type configurations

Using Fig. 4a and definition (2), the hybrid parameters for a
filtered HPEB teleoperation system are derived as

hi1 = {1 + W? e 2T)sb[MuM;s? + kq(Mm + Ms)s

+ kp(M 4+ Mo)] + (1 — W? e~ 2T) kM, M,s®

+ Ms(Mpky + b*)s? + kgb®s + kyb*1}/ 43
hiy = —hy; = 2bWe T (sky + kp)/ 43
hys = [(1 4+ W2 e 2T)sh 4+ (1 — W2 e 2T)(sky + kp)]/43
A3 = (1 + W? e 2T)b(Mss? + kgs + kp)

+ (1 — W2 e 2Mgs(kys + kp) (36)
and based on Fig. 4b for a filtered HKFB teleoperation system
1+ W2 e 2T)Mus + (1 — W2 e=2T)p

h1l = (1 n W2 E*ZST)
hl2 = 2w S_ST
a1+w e—ZsT)
by — —2W e~*T(sky + kp)
(1 + W? e=2T)(Mjs2 + kgs + kp)
By — (1 + W2 e=2T)sp 4 (1 — W2e=2T)(sk, + kp)‘ (37)

b(1 + W2e=25T)(Ms2 + kys + k)

In order to have a better sense of the difference between these
two configurations in terms of transparency, their hybrid para-
meters are compared for infinitesimal T and W(s) = 1. In this case,
hybrid parameters of the HPEB configuration are simplified to

_ M;s(skq + kp)
M1 = Ms + M;s2 + kgs + kp
_ _ Skqg+ky
e = = e s 1 Ry
s
hyy = M;s? + kgs + kp (38)
and for the case of the HKFB configuration
hi1 =Mps, hip=1
Bt — skq + kp
T T M+ kgs + Ky
s
haa (39)

T M2 + kas +kp”
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Fig. 10. Free-motion position tracking profiles for (a) APEB and (b) AKFB teleoperation systems with one-way delay T = 30 ms.
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Fig. 11. (a) Position and (b) force tracking profiles for the HPEB teleoperation system with one-way delay T = 30 ms.

The value of hy; indicates that under HKFB control, a user only
feels the master’s inertia, which for a haptic device is fairly small,
when the slave is performing a free-motion movement while the
user receives a “sticky” feel of free-space motions under HPEB
control. Moreover, the value of hy, in (39) is evidence of perfect
force tracking in the HKFB teleoperation system. Consequently, by
comparing (38) and (39) it is reasonable to say that the HKFB
configuration performs more transparently than HPEB in terms of
hy; and hy; and their performance is identical with respect to hy;
and hzz.

In order to further substantiate the theoretical developments
derived in this work, tissue palpation experiments were

conducted with the experimental setup. For performing a
soft-tissue palpation task (which is also utilized as a
medical diagnostic procedure), the wuser manipulates the
master causing the slave to probe the tissue via a small rigid
beam attached to the endoscopic instrument. The user moves the
master back and forth for 100s. The slave interactions with the
soft environment are reflected to the user via the master
interface. For the palpation tests, an object made of packaging
foam material was used. As mentioned earlier, the gravity effects
in the master interface have been compensated for such that the
user does not feel any weight when the slave’s tip is not in contact
with the object.
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Fig. 12. (a) Position and (b) force tracking profiles for the HKFB teleoperation system with one-way delay T = 30 ms.
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Fig. 13. Magnitudes of the hybrid parameters for the HPEB and HKFB teleoperation systems with one-way delay T = 30 ms (dashed: HPEB; solid: HKFB).
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Fig. 11 shows the master and the slave position and torque
tracking profiles for an HPEB teleoperation system implementa-
tion with b=1, T=30ms, k; =3, k, = 10, and f, = 5Hz. This
amount of time delay corresponds to the typical delay experi-
enced in the terrestrial wired telecommunication link used for the
telesurgery experiments reported in Rayman et al. (2005). Fig. 12
illustrates the same tracking profiles for an HKFB teleoperation
system with similar parameters. As can be deduced from these
figures, the position tracking performance for the two systems are
close to each other. However, the HKFB teleoperation system
displays a superior force tracking performance, which demon-
strates a higher level of transparency. This deduction is in
accordance with the simplified hybrid parameters in (38) and
(39) and also the results presented in Sherman et al. (2000) and
Aliaga et al. (2004), which have been derived for teleoperation
systems without time delay.

To further investigate the relative transparency of these two
systems, a second set of free-motion tests was performed, which
in conjunction with the previous contact-mode tests, can be used
to determine the hybrid parameters of the teleoperation system in
the frequency domain. In this case, the problem is essentially one
of closed-loop identifications. Closed-loop identification involves
identifying a system that operates under output feedback and
cannot be identified in open loop. In the context of bilateral

Table 2
IAE values for deviations of the magnitudes of the H-parameters of HPEB and HKFB
systems for one-way delays T = 30 and 300 ms
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teleoperation, the closed-loop system consists of the human
operator, the teleoperation system, and the environment. The
teleoperation system cannot be identified in open loop because in
the absence of an environment (i.e., the slave in free space), two of
the hybrid parameters (i.e., h;; and hy,) cannot be identified.
Similarly, in the absence of a human in the loop, creating
persistent-excitation force inputs is very difficult if not impos-
sible.

In the following, the direct approach for closed-loop identifica-
tion is utilized, in which the input and the output of the
teleoperation system are used, ignoring any feedback or input,
in order to obtain the hybrid model of the teleoperation system. In
the free-motion tests, the master is moved back and forth by the
user for about 100s, while the slave’s tip is in free space. Since
fe =0, the frequency response hy; = F,/X, and hy; = —X/Xm can
be found by applying spectral analysis (MATLAB function spa) on
the free-motion test data (for the two-port hybrid model based on
positions and forces). Then, by using the contact-mode test data,
the other two hybrid parameters can be obtained as hy; = Fj,/Fe —
h11Xm/Fe and hy; = —Xs/Fe — hy1Xm/Fe. The magnitudes of the
hybrid parameters of the HPEB and HKFB teleoperation systems
for T = 30ms are shown in Fig. 13. Due to the human operator’s
limited input bandwidth, these identified hybrid parameters can
be considered valid up to frequency 100rad/s. Fig. 13 is an
indication of HKFB’s superiority in terms of transparent perfor-
mance considering the ideal transparency requirements outlined
by (5). High values of hy; for HPEB are evidence of the fact that
even when the slave is in free space, the user will feel some force
as a result of any control inaccuracies (i.e., nonzero position

T'=30ms T=300ms errors), thus giving a “sticky” feel of free-motion movements. On
HPEB HKFB HPEB HKFB the other hand, since HKFB uses f, measurements, its input
impedance in free-motion condition will be significantly lower
hi 8.8 1.9 8.3 18 making the feeling of free space much more realistic. The value of
212 ‘:g'f 13'1; 2?2? 2;'(5) IAE for hqy; with respect to the ideal case for the HPEB and HKFB
,1; 591 63.0 157.0 63.9 conﬁgurations in Fig. 13, given in Tal?le 2, further substantiate thlis
conclusion. The better force tracking performance of HKFB in
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Fig. 14. (a) Position and (b) force tracking profiles for the HPEB teleoperation system with one-way delay T = 300 ms.
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Fig. 13, i.e., hj2 ~ 0dB, confirms the time-domain results observed indicates both systems are capable of ensuring satisfactory

in Figs. 11 and12 and also is in accordance with (38) and (39). position tracking. However, in this case IAE values in Table 2 are
With respect to hyq, both spectra seem to be close to 0dB, which indicative of a better performance for HKFB configuration. It is
a
0.2
s 0
8 -02
o -04
c
S -06
8 -0.8
o
-1
-1.2
1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 80 100
Time (sec)
b

Torques (N.m)

Time (sec)

Fig. 15. (a) Position and (b) force tracking profiles for the HKFB teleoperation system with one-way delay T = 300 ms.
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Fig. 16. Magnitudes of the hybrid parameters for HPEB and HKFB teleoperation systems with one-way delay T = 300 ms (dashed: HPEB; solid: HKFB).
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worthwhile mentioning that because of the finite stiffness of the
slave and also the backlash present in the slave’s gearhead, the
accuracy of hy; estimates is less than that of the rest of the hybrid
parameters.

In order to study the transparency of the two teleoperation
systems under larger time delays, the same experiments have
been repeated for T = 300 ms. This is a typical upper bound for a
single-hop satellite link’s time delay (Rayman et al., 2005). Figs. 14
and 15 show the position and force tracking profiles for the HPEB
and HKFB teleoperation systems, respectively. Fig. 16 shows the
hybrid parameters for these two systems. As can be seen in
Fig. 14, with HPEB configuration, there are vibrations in the
master and slave positions and forces in the contact mode
(with the magnitudes of vibrations increasing with time
delay). While stability in the wave-based time delay compensa-
tion approach is guaranteed in theory regardless of the time delay,
in practice and consistent with previous studies (Anderson &
Spong, 1989; Niemeyer & Slotine, 1991; Ueda & Yoshikawa, 2004),
such vibrations exist and may be due to implementation reasons
such as discretization or limited controller bandwidth. As can be
seen in Fig. 16, these vibrations affect the h;, parameter of the
HPEB teleoperation system. However, as shown in the force profile
of Fig. 15 and the h;, spectrum of Fig. 16, force tracking is much
less subjected to unwanted vibrations in the case of HKFB
configuration. The values of IAE for hybrid parameters of HPEB
and HKFB configurations in Fig. 16 are given in Table 2. These
results are indicative of the fact that transparency is improved by
provision of slave force sensor data to the bilateral control
algorithm.

6. Conclusion

In this paper, stability and transparency of different wave-
based teleoperation systems have been comprehensively exam-
ined in the presence of communication time delays. Different
wave transformation arrangements result in admittance-type and
hybrid-type teleoperation architectures. Moreover, depending on
the absence or presence of force sensing in the system, position
error-based and kinesthetic force-based configurations are possi-
ble. Using an end-to-end model of the teleoperation system, it was
analytically shown that stable admittance-type teleoperation
systems can be implemented with or without direct force
measurements. Additionally, based on a single-loop representa-
tion of the hybrid-type teleoperation system, stability of different
configurations was investigated. Specifically, it was shown that
stability can be maintained for such a teleoperation system when
force measurements are used in the control configuration.

It was also demonstrated that in practice it is better to use a
hybrid-type control architecture because simultaneous tuning of
the two PD controllers in the admittance-type architecture can be
problematic. Moreover, from a transparency point of view, it was
shown that the use of force sensors provides better performance.
In order to further substantiate the theoretical results, it was
experimentally shown that using the measured force data can
significantly improve transparency in the hybrid-type architec-
ture. The experiments were conducted with 60 and 600 ms round-
trip delays in a master/slave teleoperation system developed for
robot-assisted telesurgery.

Future work on the topic of this paper will address the
extension of the proposed schemes to a general multi degree-of-
freedom master/slave teleoperation system and the problems
with teleoperation stability and transparency that arise when a
bilateral controller designed in the continuous-time domain is
converted into the discrete-time domain for implementation as a
digital controller.
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Appendix A. Stability regions in admittance-type
teleoperation

(1) Filtered APEB

In order to derive stability condition (11) for the filtered APEB
teleoperation system, condition (b) of Theorem 1 is applied to the
singular values of the scattering matrix of filtered APEB teleoperation
system while s = jw. The result is the following condition set:

kq?L? (b + kg) + K2L? + 2bkg[1 + cos(wT)

— Lsin(wT)]=0
kaw?L*(b + kq) + k2L? + 2bkg[1 — cos(wT)

+ Lsin(wT)]=0. (A1)
These two conditions can be merged into the unified stability
condition (11).

(2) AKFB and filtered AKFB

In the case of stability condition (15) for the AKFB teleopera-

tion system, if the passivity condition is applied to the singular
values in (14) while s = jo the resulting condition set is

2bkyw?[b + wM sin(wT) + b cos(wT)] =0

— 2bkyw?*[—b + wM sin(wT) + b cos(wT)] =0 (A.2)

which can be combined as stability condition (15). For the filtered
AKFB teleoperation system the resulting passivity condition set is

— 2wkg(bL — M) sin(wT) + 2kg(Mw?L + b) cos(wT)
+ (kgbe?L? — Mky®L? + K3e?L?
+ 2K + 2bkg) =0

2wkg(bL — M) sin(wT) — 2kg(Mw?L + b) cos(wT)

+ (kgbo?L? — Mkpw?L? + KGe?L? + L?K} + 2bkg)=0 (A3)

which can be unified as the stability condition (16).

Appendix B. Master system modeling and identification

(1) Dynamic modeling
The 1-DOF dynamic model of the master in the twist direction

(B.1)

is needed for implementing the bilateral control laws discussed in
the paper. Here, as shown in Fig. B-1, 7, and 0,, are the joint torque
and angular position at the motor output shaft, respectively. The
center of mass m of the master is located at a distance ¢ and an angle
o with respect to the master’s axis of rotation. I, is the master’s mass
moment of inertia with respect to the axis of rotation.

Consider two rigid bodies that make contact through elastic
bristles, the friction force/torque tg;. between the two can be
modeled based on their relative velocity § and the bristles’s average
deflection z as (de Wit, Olsson, Astrom, & Lischinsky, 1995):

Tm = (M + Ly)0m + mge sin(0m + o)

dz . 10]
5—9700%2 (BZ)
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/ of mass

Fig. B-1. The master handle.

dz .
‘L’ﬁ-iCIO‘OZ-FG']a-FG'H (B.3)

where o9, g1 are stiffness and damping parameters for the friction
dynamics, and the term ¢0 accounts for viscous friction. Using the
Stribeck term s(0) = tc(1 — e~y 4 ¢;e~a0 where 7. and t; are
Coulomb and stiction frictions respectively, friction can be written as

Thic = 00 + (1 — e~9)sgn(0) + ts e~ sgn(d) (B.4)

For the master device, assuming asymmetry in Stribeck friction
effects when the master moves in the positive and negative
directions, the dynamics can be written as

Tm = Mm0Om + Gsin(Om + o) + 60
+ 1, (1 — e linhyy, 4 75 ey,

+ TCZ(] — e*az\()m|)u70m + s, e*az\{)m\u70 (B.S)

m

where 1, 75, and a; correspond to the positive direction (Om>0) for
i =1 and to the negative direction (0,;, <0) for i = 2, and u(-) is the
unity step function.

(2) Parametric identification

The master dynamics (B.5) are unknown in terms of rigid-body
parameters for inertia and gravity My, G, « and in friction
parameters o, t, Ts, 01, Tc,,» Ts,, and a. To identify these
parameters, sinusoidal input torques with different amplitudes
and frequencies were provided to the master. Using the obtained
joint torque, position, velocity, and acceleration data, a nonlinear
multivariable minimization procedure (Matlab function fminimax)
was used to find the parameter estimates that best fit the dynamic
model (B.5): My =597 x10%kgm?, G=1.04x10"'Nm, «=
9.3965°, o =6.88 x 107*Nms/rad, 7, =1.98 x 107>Nm, 15, =
ONm, a; =552s/rad, 7, = —1.62 x 102N m, 75, = O0Nm, and
a; = 42.1s/rad. The above identified parameters were used to

compensate for the gravity and friction effects, thus simplifying
the dynamic model of the master to t, = My 0.
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