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Abstract— Since teleoperation systems are mostly executed
in the extreme environmeni, there are constraints in designing
the mechanism and choosing sensors. This paper presents a
novel quantitative comparisen method of teleoperators based
on H. framework. The upper H.. norm bound of the
system including H.. sub optimal controller is used as the
performance index. As a case study, the method is applied
to a real teleoperation system to study the effects of sensory
configuration and back-drivability of the mechanism on the
performance of the system in tasks which involve different
environment impedances. 1t can be important criteria to
design a teleoperator from the control point of view,

I. INTRODUCTION

The difficulty in implementing a teleoperation system
comes from the unpredictability of human and environment
impedances, communication disturbances, such as time de-
lay, and quantization error. Previous work in the literature
focus on the robust controller design to overcome such
uncertainties and disturbances from a control point of view.
The controllers are designed for a specific haptic device,
slave manipulator and task. As the result, the teleoperation
system with a well tuned controller can demonstrate its best
performance. This approach is applicable when we can pick
our favorite mechanism and sensors for the haptic device
and the slave manipulator. However, in some applications,
there are constraints in designing the mechanisms and
choosing the sensors. For example, in the application of
minimally invasive surgery, since the slave manipulator
works inside the patient through a small port, the size of
the actuators and number of sensors are restricted. How-
ever, there is no systematic quantitative methodology to
compare different teleoperator architectures, or to evaluate
design decisions, such as sensory configuration or drive
mechanisms, to guide design of the overall teleoperation
systems.

The teleoperator architectures can be classified by the
number of channels of sensor information used. There are
4 architectures, position to position, impedance two port,
admittance two port, and 4-channel. The position to posi-
tion architecture modet uses only position information. The
master device and the slave manipulator follow opposite
side’s position. With this architecture, the interface can be
simple, however, exact force reflection is impossible, Two
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port and 4-channel! architectures are more popular, since we
can control the position and force simultaneously. There
are two types of two port architectures according to the
force sensor location. If force sensor is used at the slave
manipulator, it is impedance interface. If force sensor is -
used at the master device, then it is admittance interface.
Hannaford used two port network model design framework
in which an operator command position and interaction
force between slave manipulator and environment is re-
flected to the operator [1). He introduced the hybrid matrix,
which he discussed how it can be a measure of perfor-
mance of the teleoperator. Anderson and Spong introduced
passivity theory with scattering mairix to overcome time
delay for two port interface [2]. The scattering matrix can
be a measure of passivity for uncertainty, such as constant
time delay. Colgate suggested the achievable impedance
range, Z-width as a measure of performance in sampled
data system [3]. Adams and Hannaford applied virtual
coupling to impedance and admittance interfaces so as
to find the Z-width to satisfy unconditional stability [4].
Lawrence defined transparency as an objective of perfor-
mance to match impedances of human and environment
and proved that all four information channels are required
for the high levels of transparency [5]. Yokckohji defined
new performance index of maneuverability [6]. Cavusoglu
suggested new measure of fidelity which is the sensitivity
of the transmitted impedance to changes in the environment
impedance. This measure was used to design teleoperation
controllers {7]. The above mentioned frameworks need as-
sumptions; human and environment are linear and passive,
in addition they have difficulty to treat uncertainty of the
plant, disturbance, and noise systematically.

Another approach is to use H,, framework or p syn-
thesis with velocity and force information channels at
both directions. Kazerooni developed an H framework to
design a controller which transmits only force signals at the
master and slave robots [8]. Yan and Salcudean suggested
a general framework for H,, optimization using motion
scaling {9]. Leung applied p synthesis to design controllers
for time delayed teleoperation [10]. With these frameworks,
though we can treat exactly the robust stability and robust
performance of the system with multiple sources of uncer-
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tainties, this approach are not generally used since a teleop-
erator has unique characteristics distinguished from other
robotic system. in common robotic systems, they have
desired path or impedance so that the controller is designed
to follow them. However, a teleoperator includes human
operator and environment and their impedance is not mea-
surable. In the three approaches referred above, controllers
are designed for a specific environment impedance and
they have no general methodology for other performance
objectives. If the impedance is changed, then controllers
are not optimal anymore and the stability can not be
guaranteed.

In this paper, we present ‘guantitative’ method to compare
teleoperator mechanisms and architectures using a task
based desired performance. We apply H., design frame-
work in which the uncertainty of environment impedance,
plants, and noise of sensors are treated as disturbance
inputs. In this paper, all 4 architectures mentioned and
back-drivability of the mechanism are the subject of com-
parison. The -y value, the upper Hy norm bound of the
system including H ., sub-optima? controller, is used as the
performance index.

The teleoperator architecture models will be presented
in section II followed by the introduction of the H..
framework in section III. The procedure to quantitatively
compare teleoperator using N, framework will be de-
scribed in section IV. The comparison methodology to
practical case will be applied in section V. Section VI will
present the quantitative comparison results of teleoperators
followed by the discussion in section VIL

II. TELEQPERATOR ARCHITECTURE MCDELS

In this study, we will consider the 4 different teleoperator

architectures shown in Fig.1. Position and force measure-
ments are the most frequently used signals in teleoperation
systems. Position sensors are used both at the master
device and the slave manipulator in all the configuration in
Fig.1. On the other hand, each configuration has different
number of force sensors. The interfaces have the following
sensor combinations; force sensor at the slave side only
(Fig.1(a)), force sensors at both sides (Fig.1(b)), no force
sensor (Fig.1(c)), and force sensor at the master side only
(Fig.1(d)) .
The description of elements of a teleoperation system are
shown in Table.l. Here, we assume that human position is
same as the master device's position, i.e., a rigid master.
Wa,, Wa,, Wa,, Wy, W, W, , Wy, , and W, are
the weighting functions to shape and amplify unit random
inputs, &y, da, d3, d4, T, d,, d;,, and d,, into actual
inputs, dy, da, da, ds, Th, dze, d-,-,,, and da,-e.

II1. Hoo DESIGN FRAMEWORK

In this section, the suggested 4 interfaces will be re-
arranged to the linear fractional (LFT) form [11]. After
rearrangement we can get the form as shown in Fig.2,
where (7 is the plant expressed by a state space repre-
sentation, K is the controller, = is the cost functions to
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Fig. 1. Teleoperators (a) : with force sensor only at slave side, (b} : with
force scnsors at both sides. (¢} : without force sensor, (d) : with force
sensor only at master side.
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TABLE 1
ELEMENTS OF A TELEOPERATION SYSTEM

Neminal plant model of the master and slave
Ze Nominal environment impedance

Non. N Gear ratios of the masler and slave
dy, ds Uncenainties of master and slave
expressed as disiurbances
da, dy Sensor noise at masler and slave side
d.e Uncertainty of environment

Th Human operator force co d

Tm. Ts Position of masler and slave
Um., Ug Control inputs al masier and slave
K "Ha optimal controller

Ym: Ys Position sensor signals

Yrpp s Yre Porce sensor signals al master and slave

dr, . dr, Foree sensor noiscs al master and slave
b rd

) G [

| K

Y u

Fig. 2. Lincar Fractional Form

measure performance, w is disturbance inputs, ¥ is sensor
information, and w is control inputs with

Wi, Win]”,
)
@

z = [I/Vl('rh - Te), Hi?(mm - -Ts)s
® = {um: HS]T 1

R . R . . ) AT
[di, do, ds, ds, dr, P, di]
for architecture 1
- N - . R - . - . T
[dls d?: d3s d41 d'rh ’ d‘rc: Ths dzg]
for architecture 2

w= 3 3 H =~ ~ .T >)
[d, ds, ds, dy, #n, ds]
for architecture 3
S S S N s 0T
[dl: d?; d3a d47 dThT Ths dlc]
. for architecture 4 J
©)]
[ym: s, )" for architecture 1
” for archi 2
andy = § B Yo e Tyfc] or architecture
[ym, ys,] for architecture 3
T .
[ym: Ys» yrh} for architecture 4
)

The first element of the cost function, z, is the force
tracking performance which evaluates how precisely the
master device reflects the interaction force between the
slave manipulator and the environment. The second cne
is the position tracking error. The third and forth ones
are the penalties on controller cutputs which are inputs
to the plant G. Wy, Wa, W5, and W, are the frequency
dependent weighting functions. Here, we need to explain
the first element of the cost function. There are two kinds

of force tracking measures typically used in the literature,
€r =Th — Te, )]

and

(6)

In {8), e, is used for force tracking performance. In [9]
and [10], e,, is used. If e, goes to zero, it means that
a controller just reflects the interaction force at the slave
side so that un, becomes 7, and the operator feels 7, and
impedance of master device. If e, goes to zero, then 7
follows .. It means that u,, reflects the interaction force,
Te, and also generate feed forward input to the master
device. At a result, the operator does not feel the master
device impedance. In this paper, since we will compare
various mechanisms, e;, should be used in order to keep
the operator from feeling the master device impedance.
If e,, is used for the performance index, then high gear
ratio mechanism would have small position variation for
the same magnitude of force command resulting in an
erroneous reduction of position error,

In this paper, the controller will be designed using the
H. optimization. Then we can find a sub-optimal H
controller, K, such that

1T zwlloe = [[Fi(G. K}l{se <y

€rp = Um — Te-

)

where T, is the transfer function which includes plant
G and controller K, and + is the upper bound of the
'H . norm of cost function, z, with respect to unit random
inputs, w. Fi{-, ) is lower LFT. Since finding H., sub-
optimal controller is not the issue of this paper and numeri-
cal algorithm to calculate it is already well known, we will
not explain the details of the solution process. Internally
stable H., sub-optimal controller and ~ value can be
obtained easily using above LFT form and MATLAB -
Analysis and Synthesis Toolbox [12].

1V. ANALYSIS METHOD

In this section, we will summarize how to compare the
teleoperators quantitatively using the measurable index, «
value as follows.

1) Select a plant. Specify the nominal plant model, P,
and P, modelling error, Wy, and Wy,, and sensor
noise, Wy, and W,,.

2) Specify the range of human force, W, , suitable for
the task.

3) Specify nominal environment impedance, Z., and
uncertainty, Wy, , also based on the task.

4) Specify force sensor noise, de and Wy_ .

5) Decide the frequency range where performance ob-
jectives should be significantly satisfied, W5 and W,
which have unit magnitudes.

6) Decide actuator limitation, W5 and W,.

7) For every interface of teleoperator and various gear
ratios, IV, and N, :

7-1)  Rearrange the system equation into the lin-
ear fractional transformation forms
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7-2) Calculate the M., sub-optimal controller,
K, and the upper bound of ||Tiyflec, 7.
increasing the scales (3; and [3,) of W
B W and Wy = 8, W5, until the M, upper
bound becomes equal to 1. In other words,
find the 5; and (3» values such as
{1 [ Toullee < 1LW1 = B, Wo = B3T3},
B B

®)
We can then compare the different teleoperator architec-
tures using the inverse of, 5 and /3, the scales of W¥; and

W, which give best possible performance for the selected
mechanism and interface.

V. CASE STUDY

In this section, we will perform a case study to illus-
trate the analysis method presented above. First, we will
introduce the practical plant, disturbances, environment
impedance, uncertainty, human force source and noise
models that will be used in the subsequent analysis. The
y-axis of PHANToM will be used as the master and slave
plant medels. The y-axis transfer function of PHANToM
is given! for the master and slave plants as follows [13]:

1 o1 PP

vz bm = jpfm ="y

1 9%430.255%42.923%10%% 45741 x10%34 2. 784 x10%° )
2 1.52687+2339+2.848 < 10° :
Pf

In Eq.(9), P), and P, are nominal model of PHANToM.
In Fig.1, Py, and P, are transfer functions for unit gear
ratio. Since PHANToM has a gear ratio V = 115/10,

Pn=P

_ {11.5)% 5443095534 2.923% 1055745 741 105541.784 %100
= = 1.53€57 12385+ 2818 % 10 .
(10

Uncertainty expressed as disturbances caused by modelling
error and friction are denoted by d; and ds. In this case
study, we will only consider the friction of the manipu-
lator. PHANTOM has 0.04(N) end-effector friction [14].
Therefore, the amplitude of the disturbances are :

10

lda| = [ds] = 0.04(N) x —= = 0.003478(N).  (11)

In H, framework, the disturbances are assumed to be unit
magnitude white noise inputs, we used the following filters
to convert the unit disturbance inputs to actual disturbances
described above,

Wa, = Wy, = |da]| = |d3].

Sensor noises caused by quantization error are denoted by
ds and dy. The forward kinematics of PHANToM y-axis
is

(12)

y = Iy — la cos(Bs) + 1y sin(#y), (13)

where, Iy = 215(mm) and lg = 170{mm) are the
lengths of the 2nd and 3rd links, and &, and &; are the

UIn this report, dimensions are millimeters for position and Newions
for force.

corresponding joint angles. Therefore, the relation between
actuator angles, & and 65, and the joint angles are as
follows :

32 = %0’2 and 93 = %9"3. (14)
And the variation of forward kinematics is
8y = N{lysin(P35)685 + {1 cos(02)60, }. (15)

The quantization error of joint position measurement is
2m /8192 rad with 2048 pulsesfirev rotary encoder with
quadrature encoding. Therefore, the worst gquantization
error in task space, y happens where 8o = 0, 63 = /2.
The amplitude of dp and d4 can be calculated as

[5y|53;=,;95=;T;ilgz:g?ga:ﬂm = ‘2.568 X 10_2|
1 1
= ﬁlel = Nlﬂhl, (16)
|da| = {da| = 2.953 x 107" (mm). (17

dy and d4 are the quantization errors which are modelled
as white noise, therefore, W, and Wy, are just amplifiers,

Wa, = Wa, = |dy| = |dy. (18)

In the set up, the human operator uses his fingertip for force
commands. We assume that the human operator force input

range, |7p|, is 1() and its bandwidth is below 5 Hz. So,
5x 2%

W, = f— 19

™ = [l s+5x 2T a9

For the nominal environment impedance, we will use the
impedance of a silicon gel, which has consistency similar
to human soft tissue as reported by [15], and an object
which has 30 times higher impedance than a silicon gel.

P 0.35(0.055 + 1) for silicon gel (20)
€7 110.50(0.055 + 1) for high impedance env. [

The vncertainty of the environment is expressed by distur-
bance form and its magnitude, |4}, is assumed as 0.1{N),
10% of human force command. Then,
1

= |d,| = 0
Therefore, our task covers Z, with 1/10(N') uncertainty in
whole frequency. Force sensor noises are denoted by d,,
and d.,. The amplitude of these values are 1/40(N) when
a 20(N) capacity force sensor is used [16]. dr, and d,
model force sensor noise and Wy and Wy, are also just
amplifiers,

Wa,, @1

Wy, = Wa,, = |d-| = jdn].

VI. COMPARISON OF TELEOPERATORS

(22)

This section shows the quantitative comparison results
using the procedure mentioned in section IV. The Fig.3
shows the best performance, (1/8:} and (1/8:), of four
teleoperator architectures in contact with the silicon gel
environment, with respect to various master and slave
gear ratios. Fig.4 shows the result for the high impedance
environment. In Fig.3 and Fig.4, there are two figure sets
which are the results of position and force tracking error,
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Fig. 3. Performance with the silicon gel environment (a) : Position error,
(b) : Force error. In each set, the upper left is for architecture Fig.1(a),
the upper right for Fig.1{b), the lower left for Fig.1(c), and lower right
for Fig.1(d).

(a) and (b} respectively. Ny, and N, indicate the gear ratio
of master device and slave manipulator. In each sets, there
are 4 results according to the architectures. The upper left
picture of each figure sets is for the interface in Fig.1(a).
The upper right, the lower left, and the lower right one
are for Fig.1(b), Fig.1(c), and Fig.1(d), respectively. For
example, the upper left picture of Fig.3(a) indicates the
minimum upper bound of position tracking error, or the
best position tracking performance, of the interface with
force sensor only at the slave manipulator with respect
to various gear ratios of the master device and slave
manipulators. For the task for the soft environment, higher
gear ratios at both sides have an advantage of position
tracking performance and the architecture is not relevant
to the position tracking performance (Fig.3(a)). However,
force tracking performance is dependant to the architecture
type as well as the pear ratio (Fig.3(b)). For a given
architecture the lower gear ratio results in better force
tracking performance, however, the gear ratio of the side
where the force sensor is attached does not affect the
performance. For example, the upper left picture in Fig.3(b)
shows that the lower gear ratio at the master side results
in a lower force tracking error, while the performance is
not affected by the gear ratio at slave side.

(b
Fig. 4. Performance with the high impedance environment (a) : Position
crror, (b) : Force error. In cach set, the upper lefi is for architecture
Fig.1(a), the upper right for Fig.1(b), the lower left for Fig. I{c), and
fower right for Fig.1{d).

For the high impedance environment, the position tracking
error gets lower when the gear ratio at master side gets
higher, while the gear ratio at the slave side makes no
difference (Fig.4(a)). Since the impedance is high, position
variation of the slave manipulator becomes very small and
the gear ratio at the slave manipulator does not affect the
position tracking performance as much. Though Fig.4(b)
shows similar results as in Fig.3, except when there is
no force sensor at the slave manipulator, the result is not
monotonous and there is some intermediate gear ratio that
result in worse performance than higher gear ratio.

VII. DISCUSSION

This paper presents a quantitative methodology to com-
pare teleoperation system in the viewpoint of M, optimal-
ity. 4 different teleoperator architectures are classified by
sensory configurations, and back-drivability is expressed
by gear ratio. The models used include an extensive set of
disturbances, and uncertainties of plant and environment
are included in the form of disturbances. The most popular
haptic device, PHANToM, is used as the master device
and the slave manipulators, and practical disturbances are
used in the analysis. The results shows the effects of
various interface and back-drivability parameters on two
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kinds of environments, silicon gel and high impedance
object. The method presented provides a quantitative help
to design teleoperation systems which is optimal in the
sense of task based performance objectives. In the case
study, we have considered a2 limited set for environment
uncertainty. It is possible to extend this set. However,
this results in an over conservative controller, limiting
the nominal performance. In the future, we will treat the
environment as the structured uncertainty. It is expected
to be a more effective approach to interpret the relation
between conservativeness and performance.
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