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Abstract

The work presented here defines a control
algorithm for a telerobotic system in which the dynamic
behaviors of the slave robot and the master robot are
functions of each other. These functions, which are the
designer's choice and depend on the application, are
described. A control architecture is then presented
which guarantees that the specified functions govern the
dynamic behavior of the telerobotic system. The stability
of the closed-loop system (i.e., master robot, slave
robot, human, and the load being manipulated) is
analyzed and sufficient conditions for stability are
derived. A set of experiments is given to verify the
theoretical predictions.

1. The Telerobotic Control Specifications

Figure 1 shows a telerobotic system which is
used to manipulate an object through a completely
arbitrary trajectory. The goal may be a dynamic behavior
in which the human senses scaled-down values of the
forces that the slave senses when manipulating the
object. Therefore, a controller must be designed so that
the ratio of the forces on the slave to the forces on the
master equals a number greater than unity. If f and
fm1 represent the forces on the slave and on the
master, then fo= ~af, where « is a scalar greater
than unity. (The negative sign, originating from the
convention used in Figure 1, implies the opposite
directions of fs and fi;,.) Furthermore, if the object being
manipulated is a pneumatic jackhammer, the goal may be
to both filter and decrease the jackhammer forces. Then,
the human senses only the low-frequency, scaled-down
components of the forces that the slave senses. This
requires a low-pass filter such that fi=-ccf,, where 1/«
is a low-pass filter transfer function.

In addition to scaling the forces, one may
require a behavior for the telerobotic system in which the
slave robot position equals a scaled-down value of the
master robot position. In other words, if Ys and Yy, are

1 The subscript "m" signifies the master and "s" signifies
the slave.
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the positions of the slave robot and the master robot,
then Yg=pYny where B is smaller than unity. This
behavior is useful when great precision is required in the
slave maneuver; a few centimeters of master motion
correspond to a few microns of slave motion.

Without formal proof, it is stated that, for linear
systems, only three independent relationships can be
specified among the four variables: Y, Ys, fm, and fs.
One possible set of relationships is:

Ys = ﬂg Ym > (1)
fs = ﬂf 1=m ’ @
1=s = Zs Ys - (3)

Ay, Af, and Zg are transfer functions. Ay and Af
represent the relationships between the positions and
forces while Zg is the slave port impedance. Note that,
once the above three relationships are specified, no
other independent relationships can be specified.

"Telepresence" discussed in recent literature,
specifies a dynamic behavior in which the environmental
effects experienced by the slave are transferred through
the master to the human without alteration; therefore, the
human feels that she/he is "there" without "being” there
[2, 3, 4, 10, 12].

Figure 1: 1In telerobotic system, human
constrains master robot motion while
environment constrains slave robot motion.

In contrast with telepresence, the above design
specifications allow the designers to alter the



environmental effects on the human. Note, these design
specifications are independent of the chosen control
architecture and do not assure stability. The next
section however, introduces a new and practical control
architecture which achieves the design specifications
and guarantees stability.

2. The Control Architecture

The proposed control architecture lets
designers hand'e the robustness of the master robot and
the slave robot without getting involved in the dynamics
of the human, the dynamics of the object being
manipulated by the slave, or the communication time
delay [1]. The control architecture design must include
the dynamic behavior of the master robot, slave robot,
human arm and load being maneuvered.

Dynamic Behaviors of the Master and Slave Robots

Each robot has a closed-loop velocity
controller. Throughout this article, this controller is
called a primary stabilizing controller. The resulting
closed-loop system is called a primary closed-loop
system. The following motivated our choosing a closed-
loop primary stabilizing controller for the robots:

1. A closed-loop velocity control system (usually
referred to as rate control) eliminates the effects of
frictional forces in the joints and in the transmission
mechanism, and creates a more definite dynamic
behavior in the robots. Minimizing the effects of
uncertainty in the system is a usual design
specification for velocity controllers.

2. A closed-loop velocity control system creates linear
dynamic behavior in the robots. Here we assume
that, for non-linear robot dynamics, a nonlinear
stabilizing controller has been designed to yield a
nearly linear closed-loop velocity system for the
robot. See reference [13] for a nonlinear analysis of
the dynamics and control of robotics.

3. Choosing a closed-loop velocity system for the robots
lets the designers deal with the robot robustness
without knowledge of the human or environment
dynamics. These dynamics which change with each
operator and environment can be considered
separately.

4. Human safety dictates that the master robot remain
stable when not worn by a human. A closed-loop
velocity control system keeps the robot stationary
when not being maneuvered.

Only the master robot dynamic behavior is
derived here; the derivation of the slave robot dynamic
behavior is similar to that of the master robot. The

master robot velocity, Vp,, results from two inputs: Up,
the electronic command to the primary controller of the
master robot and f,, the forces imposed on the master

robot. The transfer function G, is defined as the primary
closed-loop system and has the electronic command U,
as input and the master velocity, Vp,, as output. The
master robot sensitivity transfer function, Sp,, maps the
force imposed on the master robot, fy,, onto the master
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velocity, Vy,. Equation 4 represents the master robot
dynamic behavior in its most general form:

Ve =0Bm Un * Sm fm- 4

Since the master robot is maneuvered by the
human, fy, represents the human contact forces. The
motion of the master robot has a small response to the
human forces, fr, if the magnitude of S, is small. A
small S, results when the primary stabilizing controller
is a high-gain closed-loop velocity controller or when the
actuator has a high gear ratio [5].

Note that Gy, and Sy, depend on the nature of
the primary stabilizing controller. In particular, they vary
depending on the particular compensator chosen for the
closed-loop velocity system. If a compensator with
several integrators is chosen to ensure small steady
state errors, then Sy, will be small in comparison to Gy,
If the robot actuators are non-backdrivable, then Sy, will
be small regardless of how carefully the robot's primary
compensator is chosen.

Similarly, the dynamic behavior of the slave
robot is defined by equation 5:

Vg= G Us *+ S5 Ts. (5)

f, is the force imposed by the environment on the slave
endpoint, and Ug is the input command to the primary
controller of the slave drive system. Gg and Sy are
similar to G, and Sy,, and represent the effects of Usg
and fg.

In this work, the human arm is modeled as a
non-ideal force control system. The force imposed by
the human arm on the master robot results from two
inputs. The first input, Up, is a force imposed by the

human muscles2. The second input is the position of the
master robot. Thus, the master robot motion can be
thought of as a position disturbance occurring on the
force-controlled human arm. If the master robot is
stationary, the force imposed on the master robot is a
function of human muscle forces. If the master robot
moves, the force imposed on the master robot is a
function not only of the muscle forces but also of the
master robot position. Therefore, the force imposed on
the master robot is different from uy. The transfer

function Sy, maps the master robot position, Y, into
the force imposed on the master robot, f,:

2 1t is assumed that the specified form of uy, is not
known other than that it is the result of human thought
deciding to impose a force onto the master robot [11, 14].
The dynamic behavior in the generation of Uy by the
human central nervous system is of little importance in
this analysis since it does not affect the system
performance and stability.



fm = Un = Sh U - (6)

Sh, the human arm sensitivity function (or
impedance [6, 7), is the disturbance rejection property of
the human arm. If the gain of S, is small, the master
robot motion has a small effect on the imposed forces,
fm-

Dynamic Behavior of the Environment

Telerobotic systems are used for manipulating
objects or imposing forces on objects. E is a transfer
function which represents the environment dynamics and
fext is the sum of all external forces imposed on the
environment. Equation 7 provides a general expression
for the force imposed on the slave robot in the linear
domain3:

fs= = Eys *+ foxt . 7

If the slave robot is employed for pushing a spring and
damper, then E is a transfer function such that
E(s)= (K+Cs) and fouy=0 where K, C, ys, and s
are the stiffness, damping, slave position, and Laplace
operator. In another example, if the slave robot is
employed for maneuvering a mass, then E(s)=J 82
where J is the inertia of the object.

The dynamic behavior of the telerobotic system,
the human arm, and the environment is represented by
the block diagram in Figure 2 which uses equations 4, 5,
6, and 7 as the dynamic models of the master robot, the
slave robot, the human arm, and the environment. In the
diagram, H is the control feedback operating on the
contact forces. Note that there is no cross-feedback
between the positions; only the forces are measured for
feedback. This is a fundamental difference between this
control method and previous control methods.

In Figure 2, if Ug, Up,, Up, and fo, ¢ are zero
(i.e., the inputs to the master robot and the slave robot
are zero, the human has no intention of moving the
master robot, and no other forces are imposed on the
slave) and Hyy and Hoy are chosen to be zero, the
interaction force between the human and the master is
zero. If the human decides to move her/his hand (i.e., Up,
becomes a nonzero value) and Uy, Us, fext, Hi1, and
Ho1 are still zero, the physical contact between the
human and the master robot produces some master robot
motion as fp, acts through S,. In general, Sm is very

small: thus, the human operator alone does not have
sufficient strength to move the master robot as desired.

3 fext can be thought of as the equivalent of all the
forces on the slave robot endpoint which do not depend
on Ys and other system variables. One example of fext

can be observed when a second human is holding and
maneuvering the slave endpoint; the force imposed on
the slave endpoint by the human represents fext: IN

this article it is assumed that fou 4= 0.
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An additional route for f,, to map to yy, can be added if
Hqqis chosen to be non-zero; The interaction force fm
is measured and filtered by compensator Hyy and then
used as an input to the master robot's primary controller.
Note that the mapping Gp,Hy; acts in parallel to S, and
thus increases the apparent sensitivity of the master
robot. G, and Sy, are fixed by the mechanical design of
the master robot and by the chosen primary stabilizing
controller. However, the designer can adjust the
apparent sensitivity along the path from fi, to y,, using
Hy1. At this point, there is no restriction placed on the
structure and size of Hyy, but figure 2 suggests
choosing a large gain for Hy; to increase the apparent
sensitivity of the master robot. The interaction force f,,
is also used to drive the slave robot after passing
through the compensator Hyy. If Hyj = Hpy, the master
and slave motion are the same.

Similarly, compensator Hp, is chosen to
generate compliancy in the slave robot in response to the
forces, fg, imposed on the slave robot endpoint [5, 9].
The interaction force fg also affects the master robot as
a force reflection after passing through the compensator
H 12 .

The goal is to find the H transfer function matrix
such that the satisfaction of equations 1, 2, and 3 is
guaranteed for the system. But, designers do not have
complete freedom in choosing the structure and
magnitude of H because the closed-loop system must
remain stable for any chosen H.
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Figure 2: The proposed control architecture .



3. Control

The objective is to select H such that the
achievement of the design specifications in equations 1,
2, and 3 is guaranteed. Here a simple control method is
described which applies when linear differential
equations govern the dynamic behavior of the system.
Inspection of the block diagram of Figure 2 results in the
following equations:

Ys P21
Ay = Un  Pu+6PE’ ®
1=s P21 E
st = T T P E @)
in_ 1+P22 E
“m =Yy T Pt 6PE (1
f_s_ 1+ PH Sh
25 = 0 " ———-—PZZ ~ 6P S when fext = 0, (11)
where
P11 = [Gm Hyp + Sm]/s, (12)
P12 = [Gm H12]/S s (13)
Pop = (Gs Hap + Ss)/s (15)
8P =Py P22 - P12 P2y (16)

Simple inspection shows that equations 8, 9, and 10 are
not independent and that they satisfy the following
equation:

Zn.

A E

atl (17)

Thus, once Ay and A¢ are specified (via equations 1 and
2), the designer cannot choose Zp, arbitrarily; Z, must
be derived from equation 17. Therefore, the design
specifications must include one arbitrary choice for Zg
and two choices from among the three variables Ay, Ar,
and Z,,. (This confirms that only three relationships are
necessary to describe the system behavior.) Here Hg,
Af, and Zg are chosen as the design specifications and
three equations 8, 9, and 11 are solved to calculate four
unknowns Pyq, Py2, P24, and P25, Since equations 8,

9, and 11 contain four unknowns, arbitrary assignment of
P11 leads to the following solutions for P2, P24, and

P221
As+ ALEP
f Y 1
Piz = - . (18)
ArAYE
As Ay (1+ S P)(E + 2Z4)
P21=- f My h ™1 S . (19)

Z(AE - Af 5p)
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AGE2 1+ 8y Pys) * ShZs (Af + AYEPyy)
EZs(AyE-AfSp)
(20)
Once Pyo, Ppy, and Py, are found from equations 18,

19, and 20, members of H can be found from equations
12 through 16.

In the above method, designers have complete
freedom to select Zg, Ay, and Ar. However, the stability
of the closed-loop system in Figure 2 is not guaranteed
for all possible values of Zg, Ay, and Ar.

P22 =

4. Stability Analysis

A sufficient condition for stability of the closed-
loop system in Figure 2 is developed by the Nyquist
Theorem [8]. This sufficient condition results in a class
of compensators, H, which guarantee stability.

2] LS ] el

Figure 3: Loop RQ represents human-master and
environment-slave physical contact.

After some manipulation, the block diagram of
Figure 2 can be represented by the block diagram of
Figure 3. Note that there are two elements in the
feedback loop: RQ represents the natural feedback
loops which occur as a result of human-master
interaction and environment-slave interaction, and RGH
represents the controlled feedback loop. An assumption
is made that the system in Figure 3 is stable when H = O.
If the controller in the feedback loop is eliminated by
setting H = 0, the system reduces to the case where the
human wears the master robot and the slave is in contact
with the environment, but command inputs to the primary
controller of both robots are zero. The plan is to
determine how robust the system is when H takes on a
non-zero value. Specifically, the goal is to obtain a
sufficient stability condition when H is added to the
system. In order to guarantee the system stability,
insurance is needed so det (I+RQ+ RGH] does not
pass through the origin of the s-plane for all frequencies.
det (I + RQ+ RGH) = 0 Vw€eEI[D, o) (21)
Substituting R, Q, G, and H from Figure 3 into equation
21 and calculating the determinant results in:

ShE5P + P22E + Sh P”+ 1=0

Vwe&l0, o) (22)



if S Pyy+ 1 =0 Yweg[0, o) (23)
Then, dividing 22 by 23 results in:

(SR 6P + Pys)E
14 —0 22° L0 VwelD, ) (24)

S h P 11+t 1
To ensure the truth of 24, one must guarantee that:

(S 6P + Puo)E
| Sh P11+ 1

| <1 Vwelo, o) (25)

Therefors, to ensure the stability of the system in Figure
3, inequalities 25 and 23 must be guaranteed; these
inequalities are restated as follows:

1+ PHSh
l__Pzz YR |>1El Vwe [0, «) (26)
1
| Pl< g Vwe [0, o) (27)

Comparing inequality 26 with equation 11 shows that the
left-hand side of equation 26 equals Z5. The stability
conditions in inequalities 27 and 26 can be satisfied
easily because the left-hand sides of these inequalities
are the designers' choice: 24 must be larger than E and
P 1y must be smaller than 1/8}, in magnitude. This
presents an interesting property of the proposed control
faw: the stability criteria (inequalities 27 and 26) do not
limit the designer in choosing A¢ and Ay, but only restrict

the designer in choosing Z¢. To summarize, designers
can choose three functions A¢, Ay, and Z, to describe

the system behavior; while there is no restriction on the
choice of As and Ay, Z5 (slave impedance) must be

larger than E.

6. Experiments

The one-degree-of-freedom telerobotic system
shown in Figure 3 is used to vetify the performance of the
system when the goal is to shape the forces. The master
robot is a link powered by a DC motor. The human holds
the handle on the link to maneuver the master robot, and
a force sensor between the handle and the link measures
the human contact force. The slave robot is also a link
powered by a DC motor. A mass representing a load is
attached to the slave link, and a force sensor between
the load and the link measures the load force. (The
detailed drawings of the force sensor assembly have
been omitted for brevity.) Two independent primary
stabilizing controllers for the master robot and for the
slave robot have been designed to yield the widest
bandwidth for the closed-loop transfer functions, G, and
Gg, while guaranteeing the stability of each system in the
presence of bounded unmodeled dynamics. The
dominant dynamics for G, and Gg representing the

closed-loop velocity system are given by equation 28.
(The development of the velocity controllers for both
robots has been omitted for brevity.)

0.95
0.028 +1

rad/sec
rad/sec

G =G =

The link on each robot is driven through an 80:1
harmonic drive. This large reduction ratio in conjunction
with the closed-loop velocity controller results in stiff
systems with very small sensitivity transfer functions:
Sm and Sg. The DC values of Sy, and S are:

Sm =Ss=0.01  rad/sec /t.Ibf (29)
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Figure 4:

One-Degree-of-Freedom Experimental
Telerobotic System

The slave robot is employed to maneuver a
mass such that:
E=J g2 lbt/rad. (30)

where J=0.05 ft.lbf.sec? is the moment of inertia.

The objective of the experiment is to verify the
proposed control architecture in achieving the
performance specifications described by equations 1, 2
and 3. In the experiment, a number of controllers are
designed each with a different combination of A and Ay

specifications. We only specify A¢ and Ay without any
restriction on Z5. We choose 8P to be zero and use
equations 8 and 9 to solve for Pj5, P2, and Py in
terms of Pyy which is an arbitrary choice.

P21 = Py Ay, 1)
Paz = - [Py E+ Ae)/As E (32)
Pz = P2y /Ay, (33)

Equations 12-15 are used to calculate the elements of H
assuming Sy and S, are very small in comparison to

other variables, and G4 and G, are approximately unity



within the system bandwidth. Choosing Pqy= K/8?

results in:
K
Hi= o (34)
KAygJ+A
ISR AL
Hiz = ArAgZJs (35)
KA
Hpy = -—is (36)
KAyJ+ A
_ ____JL____i
H22 - Hf ﬁg Js (37)

where K is chosen to guarantee the stability condition
given by inequality 27. The controller is implemented
and the system is maneuvered irregularly by an operator
for 5.5 seconds. The motion generated by the operator
can be thought of as a random function with low
frequency components which fall within the bandwidth of
the system. In the first set of experiments, Ay and -Af
are chosen to be unity. Figure 5 shows the slave position
versus the master position where the near unity slope
confirms the equality of master and slave positions for all
low frequency components of the motion.  Figure 6
shows -fg versus f,, where the near unity slope

confirms that the operator and slave force are nearly
equal.

In another set of experiments, A, and -Ar are
chosen to be 1 and 3 respectively. Figure 7 shows the
slave position versus the master position where the near
unity slope confirms the equality of master and slave
positions for all low frequency components of the motion.
Figure 8 shows -f5 and fy, where the human feels a
scaled down value of the slave force.

In the last set of experiments, Ay and -A¢ are
chosen to be 0.5 and 1 respectively; scaling-down the
slave position by factor of 2. Figure 9 shows the slave
and master position where the slave position is one half
of the master position. Figure 10 shows -fg vs fp,, where

the near unity siope confirms the equality of master and
slave forces for all low frequency components of the
motion.

7. Summary and Conclusion

This article introduces the design specifications
for telerobotic control systems. A minimum number of
functions are defined to frame the telerobotic
specifications. The stability of the system (i.e., master
robot, slave robot, human, and the load being
manipulated) is analyzed and sufficient conditions for
stability are derived. A set of experimental results are
given to verify the theoretical claims.
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