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Abstract

This paper focuses on the design and analysis of a P+d+f (Proportional, Derivative, and Force) variable control strategy aimed
at delayed bilateral teleoperation of a manipulator robot, the ultimate goal of which is to obtain simultaneous coordination
of force and position between the haptic device and the robot. The proposed controller changes the damping based on
both the time delay and feedback power signal measured online. Unlike other P+d+f strategies, this proposal avoids terms
with discontinuities in the controller, cancellation of human and environment forces and also prevents the explicit use of
environment parameters. The proposal uses variable damping dependent on a feedback power signal, which reduces kinetic
energy to ensure bounded control errors. Simulations are performed to verify that dual coordination is achieved without using
explicit nonlinear damping in the controller or needing the parametric knowledge of the environment model, which is useful

to apply the controller to most commercial manipulator robots.

Keywords Bilateral teleoperation - Force—position coordination - Time delay - Transparency - Lyapunov—Krasovskii

1 Introduction

Teleoperation systems broaden human operators’ capabil-
ities allowing them to remotely perform physical work in
places that may be too dangerous or even unreachable for
humans [1]. They are formed by two stations connected by
a communication link which inevitably introduces backward
and forward time delay. The robot that performs the physical
work is located in the remote station, which we call follower
or remote robot. On the other hand, the robot that generates
the commands is located in the local station, and we will refer
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to it as a haptic device or leader. A human operator uses the
haptic device to drive the remote robot to complete a task
while he or she receives multimedia information (visual and
audio) and force feedback from the remote site. This coupling
is defined in the literature as bilateral teleoperation and allows
the human tactile perception of the remote task (closed-loop
control). These systems can be applied to diverse fields such
as rescue and surveillance, spatial and ground exploration,
explosives deactivation, tele-manufacturing, among others
[2].

Delayed bilateral teleoperation systems (DBTS) are mod-
eled from delayed nonlinear multi-degree-of-freedom (DOF)
robotic systems, where one main issue is the destabiliz-
ing effect caused by the time delay, which is time-varying
and asymmetric [3-5]. Many controllers mostly proposed
and evaluated using DBTS of robot arm manipulators were
introduced. Some of these strategies have been modified,
adapted, and tested using other types of remote robots such
as wheeled mobile robots [6], mobile manipulators [7-9],
UAV (unmanned aerial vehicles) [10, 11], and teleoperation
networks [12, 13]. With respect to the stability of DBTS,
the majority of the schemes use passivity-based control [14]
including scattering transformation, wave variable and con-
trollers based on time-domain passivity [15-17], damping
injection [18] and adaptive, impedance and neural network
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controllers [19, 20]. Other sources that induce non-passive
behaviors in the system are the human operator and the envi-
ronment [21]. To achieve stable position coordination, the
simplest controller is the P+d type. In this type of con-
troller, the energy extraction, based on damping, must be
high enough to get stable position coordination [18, 22, 23].
But these controllers are calibrated mainly depending on the
time delay and the setting is free of the human operator.
Even more, the condition to reach stability is frequently ful-
filled considering passive human actions represented by a
spring-damping model [24]. However, this model type does
not always faithfully represent the human operator behavior
[21], and therefore, other models should be analyzed to get
conclusions about how the controller could be designed or
calibrated depending on them.

On the other hand, beyond stability, one of the crucial
concepts in bilateral teleoperation is known as transparency,
defined in [25] as a measure of how the human is coupled to
the remote environment. In any bilateral teleoperator system
design, the essential goal is to provide an adequate trans-
mission of signals (positions, velocities, forces) to link the
operator as closely as possible to the remote workspace. If the
teleoperation system is completely transparent, then opera-
tors should feel a direct interaction with the remote task.
Usually, there is a balance between stability and transparency.
In [26], the transparency definition is quantitative extended to
the time domain, isolating three components called remote,
local, and instantaneous.

With the intention of achieving stable and transparent sys-
tems, different architectures have been proposed; the firstly
called four-channel architectures which send a bidirectional
flow of force and position, such as position—force domain
passivity schemes, based mainly on experimental study and
showing that the human operator does not remain passive in
the position—force domain for all ranges of frequencies [27],
TDPA (time-domain passivity approach) which combines
passivity observers and passivity controllers [28-31] where
these schemes can be included into a two-layer approach as
in [32] but the main drawback of the schemes TDPA are
that they need the whole energy flow which cannot be com-
puted on one side of the teleoperation system and therefore
predictors or delayed energy flow are necessary to use, and
Lyapunov-based strategies addressed to achieve simultane-
ous tracking of force and position as in [33, 34], where P+d
controllers plus force transmission (P+d+f) for both sides
are applied to delayed nonlinear teleoperation of manipulator
robots, and recently, in [35] a position/force control scheme is
proposed for bilateral teleoperators with time-varying delays
based on the estimation of velocities and forces by using only
joint position measurements, assuring that position and force
tracking errors become ultimately bounded with arbitrarily
small ultimate bound in finite time.
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A problem with schemes mentioned is that they must use
delayed energy flow or rely heavily on sign functions, adding
adiscontinuity in control actions as well as controller param-
eters depending on the environment parameters, making it
unfeasible for its application in practice.

Due to the aspects described above, we highlight the need
for new control aimed to improve the current overall perfor-
mance of DBTS in the sense of stability and transparency, via
a control scheme applicable in practice. This paper proposes
a strategy to get stable coordination for DBTS. The result
achieved involves the coordination of force and position. To
the best of the authors knowledge, this proposal is novel in the
following respects: (a) design of a stable controller for force
and motion coordination in a DBTS of a manipulator robot,
based on the injection of variable linear damping on the hap-
tic device, avoiding nonlinear damping and discontinuities,
thus allowing it to be applied in most commercial robots that
include internal configurable PID controllers; (b) the linear
damping injected on the local site is changed online based
on the time delay and feedback power signal, the latter is
defined as the product between leader velocity and delayed
environment force, and it is computed only on one side of
the delayed teleoperation system allowing to detect immedi-
ately when the feedback power injects more energy into the
system; (c) simulations using a PELICAN robot and simple
experiments are performed evaluating the position and force
errors, to verify that such errors hold bounded achieving a
simultaneous coordination of force and position.

The paper is presented as follows: Sect.2 describes the
dynamic models, properties, and assumptions used in this
work. In Sect. 3, a novel control scheme is proposed, and the
stability analysis is performed. Section5 shows simulation
results comparing the proposed scheme with a representative
controller of the state of the art, as well as simple experiments
applying the scheme proposed. Finally, Sect. 6 shows the dis-
cussions and conclusions of the performed simulations and
experiments.

1.1 Nomenclature

Table 1 presents the nomenclature used in the mathematical
development of this paper.

2 System modeling

To analyze the delayed teleoperation system of a manipulator

with force feedback, we first briefly describe the assumptions,
properties, and models that this work uses.
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Table 1 Nomenclature

Scalars
K, om P+d Parameters of the leader
A Variable linear damping
kg Position scaling
k¢ Force scaling
ks, ag P+d Parameters of the follower
ke, Cte Parameters of the environment model
&h» Oh, kp Parameters of the human operator model
hi, by Forward instantaneous delay and its maximum value
ha, by Backward instantaneous delay and its maximum
value
E¢ Feedback energy
Epq Energy of the P+d controller
Ey Energy of the human operator
En Energy of the haptic device
Vectors (R")
Xm» X, Xo Position, velocity and acceleration of the leader
X, X, Xg Position, velocity and acceleration of the follower
i Force of the human operator
f. Environment force
gm, &s Gravity forces applied to the leader and follower
fin, £ Controller output applied to the leader and follower
Xm, Xg Positions of the leader and follower in stationary
state
fi, f. Forces of the human and environment in stationary

state
Matrices (R"*™)

M., Mg Inertia of the leader and follower
Cn, Cs Centripetal and Coriolis terms of the leader and
follower
2.1 Models

The traditional dynamic model for robot manipulators rep-
resented in Cartesian coordinates is used,

M (Xm)Xm + Cin (Xm, Xm)Xm + 8m (Xm) = fn + £, (1)
M (X5)Xs + Cs(Xs, X5)Xs + 85(x5) =5 +fe. (2)

where X, Xg € R" are the leader and follower positions
in Cartesian coordinates, respectively; Xp,, Xs are the corre-
sponding velocities, My, (Xm), Ms(Xs) € R™" are the inertia
matrices, Cpy (Xm, Xm), Cs(Xs, Xs) represent the centripetal
and Coriolis forces, gn (Xm ), gs(Xs) describe the gravitational
forces, f;, and f. are the human and environment forces, and
i, £ represent the forces, computed by the controller. We
assume that the robots do not operate in workspace singular
points.

2.2 Assumptions and properties

In this work, the following assumptions, properties and lem-
mas are used [14, 15, 36]:

Property 1 The inertia matrices My, and Mg are symmetric
positive definite.

Property 2 The matrices Mm —2Cy and Ms —2C, are skew-
symmetric.

Property 3 There exist Y1, v > 0 such that CpXy <
Y1 [Xm| and CsXg < Y3 |Xs| for all time t.

Property 4 If Xm,Xm,Xs, Xs are bounded, then the time
derivative of Cy, and Cg are bounded too.

Assumption 1 Based on [37]. The communication channel
adds forward /1 and backward £, time delays. These delays
are time-varying, bounded and asymmetric. Therefore, it is
possible to establish h1 and ks such that 0 < hi(t) < hy and
0<hyt) < ﬁgforalltandhl <T< l,hg <t <.

Assumption 2 Based on [23]. The remote environment is
considered as a viscous-elastic force plus a constant force
and a non-modeled signal of finite energy. Such force output
is represented by:

f. = fale — ke(Xs — Xe) — QeXs — B, 3)

where ke, e are the elasticity and damping coefficients of
the environment model, the vector x; — X, represents the
distance that penetrates the robot on the elastic medium
taking for simplicity xe = 0, B is a constant value and
f.. € £2 N L4 represents a bounded-energy non-modeled
signal with £, || < fa, and ||f"ale | bounded too, being fa.
positive constant.

Assumption 3 Based on [37], the human operator behaves as
a P+d like controller plus and a non-modeled signal of finite
energy. Such model is described as follows:

fh = £, + gn(A — Xs(t — h2)) — onXm — knXm, 4)

where constants o, > 0 and ky, > represent the human opera-
tor damping and the elastic coefficient. On the other hand, the
mental reference of the operator is assumed to be composed
of a constant setpoint A plus a variable part f,, € £, N L
which is assumed to hold |/f,, || < fah and ||f"ah || bounded,
where fah is a positive constant value. In this sense, gy, is
the internal gain of the human operator that is translated into
the intensity by which the setpoint is pursued. From a control
perspective, A represents the system convergence point in the
steady state. Although most models present in the literature
are passive [24], this assumption does not cover most of the
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Fig.1 Control system architecture

tasks that the human operator can perform, which must be
explicitly evaluated for each particular task, where the human
parameters can be identified following a procedure like [21].

Lemma 1 (Barbalat) [38]. For any f : R0 — R", if
lim;_, oo f(; f(1) (‘11 exists and is finite, and £(t) is uniformly
continuous, i.e., £(t) € Lo, then lim;_, 5, £(t) = 0. Besides,
foranyf : R>og — R", iff(t) € L2 N L and £(1) € Loo,
then lim;_, oo £(¢) = 0.

Lemma 2 [39] For vectorfunc_tions a(.), b(.) and a variable
value h(t) with 0 < h(t) < h, the following expression is
valid:

t t
_2aT(1) / b(£) de — / bT(&)b(&) de
t—h(t)
< h(r)a"(Ha(r) < h(na' (H)a(r).

t — h(r)

&)

3 Controller for force and position
coordination

We propose to couple a P+d-+f structure (including the inter-
change of force and position signals between the local and
remote sites) with a variable damping depending on a feed-
back power signal. The controller output f;,, (applied to the
leader) and f; (executed by the follower) is proposed as:

fin = —km (kgXm — X5(t — h2)) — (@m + A)Xm
+ 8m (Xm) + kefe (t — h2), (6)

fs = ks (kgxm (t — h1)—xs)—asfxs+gs(xs)+kiffh(t — hy),
(N
where the parameters ks and kny represent gain values, kg

maps the haptic device position to the remote robot set point,
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Remote

h
2 € Robot

environment

k¢ describes a force scaling, oy, and o are damping coeffi-
cients, and A represents a variable linear damping that will
depend on the feedback power signal measurable on the local
site.

This scheme is compatible with the internal structure of
commercial manipulator robots which commonly are based
on PID (or modified PID) controllers. Figure 1 presents the
architecture of the control system.

To understand how the proposal works, we analyze the
energies involved in the leader. First, we define the feedback
power signal Pyy as the product of the leader velocity and
the delayed environment force (8). This signal will be used
in A to vary the total damping of the leader, and in doing so,
indirectly control the total energy
Pap = kg (&) fe (e — ha). ®)

The energy Epq (10) is the result of the force fer (9)
applied by the P+d (Proportional plus damping) controller
used in the haptic device (6)

ferr = _km(kgxm_xs(t — h2))—(@m + A)Xm + gm(Xm),
)

t
Epg = / 5T (0 fr (2) de. (10)
0

The human operator energy Ey, is the result of the force
that the operator applies to the haptic device (11)

t
Enp =/ xI (&) fn (¢) de. (11)
0

When the force of the remote environment (with its corre-
sponding transmission delay) is applied to the haptic device,
anew energetic component is introduced in the haptic device
that we call feedback energy Ey (12)
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Energy Injection

Energy dissipation

Energy Injection

Energy dissipation

Fig.2 Given an arbitrary defined energy warning level; Case A) When
feedback energy (Ey) is outside this level, energy injection mainly
occurs by E} due to time delay; in this situation P+d controller dis-
sipates energy through constant damping. Case B) When xp, points in
same direction as fe(r — h2), Er increases, then variable damping A is
used to dissipate the additional energy

t
Ef = / kexI (o) fe (e — hy) de. (12)
0

Finally, the haptic device energy Ey, is computed as the
sum of Epg, Ey, and Ef (13)

En = Epq + Ef + Ey. (13)

According to the state of the art, the added constant linear
damping depends mainly on time delays. We join this concept
with variable damping, obtaining a novel fe that reduces the
kinetic energy to the extent that the feedback power injects
more energy into the system. In contrast, when the feedback
power draws energy from the leader, the proposed controller
raises the damping only as a function of the time delay. This
concept is illustrated in Fig. 2.

3.1 Stability analysis

First, case A = B = 0 in (3) and (4) will be analyzed.
The control error is defined as € = kgXm — Xs. A positive
definite functional V (Xm, Xm, kgXm —Xs, X5, Xs) = V1 +V2+
V3 + V4 is proposed and how its time evolution is, along the
trajectories of the system from a finite initial condition. The
functional is formed by the following terms:

1. . 1
Vi = EX;ran(Xm)Xm + EKIXmTva (14)

K2 T
, 15
) ee ( )

K3 K4 . .
7xe5 + 3xIMs(xs)xs, (16)

0 t
Vi = / / 11 (&) () d& O
—hy t+0
0 t
b / f & (&)km (&) dE 46
—hy t+0
0 t
/ X! (6)%s(8) dg dg
—hy—hy t+6
t
/ X1 (€)km (£) d. (17)

t—hy

V>

V3

+ K4

1 kqop
41—1

Here, x; € R are positive constants defined in “Appendix
A’

Going on the procedure given in “Appendix A”, V along
the trajectories of the system is analyzed considering the
closed-loop dynamics of both leader and follower, time delay,
and the human operator and environment forces. As a result,
we get:

V < =i + A)X]km — AgkeaX] Xs
+0m [Xm| + s |Xs| + ke fe(t — o), (18)

where

h 1+ o )’ h 19
1— + ° + (2_kt> 2, (19)
Pm = fah,

ps = K4(éfah(t —hy) — fae), (20)

with kg 1= (km — gn)/(kskg).

From (18) to achieve bounded velocities, we design A to
dynamically compensate the term x = k¢x] fo(t —h2), called
feedback power signal, measurable on the local site.

We propose A to comply with the following general con-
ditions:

1. A(x) varies with the feedback power, ie., A(x) =

fGpfe(r = h2)).
2. A(x) only extracts energy from system, then A(x) >
OVx.
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3. To preserve transparency, A(x) must remain low when
the direction of xp, and f.(r — hy) are opposite, i.e.,
limy oo A(x) =0.

4. When the direction of X, and f. ( — /) are the same, A (x)
must be a monotonically increasing function with respect
to the feedback power, i.e., if x < y then A(x) < A(y).

5. To preserve the stability of the system when the direction
of X, and f.(# — hy) are the same, the power extracted
by A(x) must be greater than the power of the feedback
signal, i.e., X! Axm > kex] fe(f — ho)VX] fe(t — h2) > 0.

Remark 1 If oy, and o are sufficiently big (high damping) to
fulfill Ay, As > 0 (19), the condition ky, > gh is hold, then
we can get from V (14)—(17) and V (18) that variables Xm,
Xs € Loo.

Next, if (18) is integrated with respect to time, we get:

t

V(t) = V(0) < —Am [%ml2 —s sl13 + / i1 () pm(e) de

0
t t

+ / X! (e)ps(e) de + f X1 (= A(€)Xm
0 0
+ kefo (e — h2)) de. 1)

Remark2 The integral terms fé %m (€)' pm(e) de and
f(; %(¢)" ps2(¢) de are bounded since f... fa, € L2 (Assump-
tions 2 and 3) and Xy, Xg € Loo.

The design of the variable damping A allows that

t

/ﬁL(—A(a)Xm + kefo(e — ha))de < 0,
0

and due to V is radially unbounded, we get V bounded in
(21) for all t, hence X, Xs € Loo. Therefore, ||Xm||§ and
IIi{SH% are bounded too, which implies that X, Xg € L. It
is important to remark that as greater the magnitude of A is,
the system better avoids the possible increase of the feedback
power injected to the leader, while if such control parameter is
low, the transparency is higher. Consequently, the selection
of A must take into account a trade-off between stability
(energy boundness) and transparency (the human operator
perceiving the environment such as it is). Because of this
trade-off, the expression of A is a design factor that must
be selected for each particular application. Without losing
generality, in Sect. 5 we propose a possible expression for A.

In addition, the closed-loop dynamics of the leader (1) and
follower (2), including the proposed controller in (6) and (7),
can be represented by the following expressions:

@ Springer

Ky = M,;,l[ — Conm — ki (kgXnn

= Xt = h2)) = (@ + Ak + kifelt = h2) + ]
(22)

K = M| [ — Cyk + kg (kX (t — 1)

— X)) = ks + (=) . (23)

Remark 3 Due to Remark 1 and 2, X, Xs € Lo N Lo, and
therefore, f(; Xm df and fé Xg dt have finite limit for t — oo.
Furthermore, all terms on the right hand of (22) and (23)
are bounded from Remark 1 and Assumptions 1, 2 and 3;
i.e., Xm, Xs are uniformly continuous. Next, Lemma 1 can
be applied concluding that xp,, Xs — 0 as t — oco. Lemma
1 can also be applied to fot Xm(e) de and fot Xs(e) de, which
have finite and defined limit for # — oo. Deriving (22) and
(23) it is feasible to verify that Xy, and X are bounded; then
we get as the result that X, X — 0 as t — co. We remark
that from this result it is possible to infer that A(x) — 0 for
t — oo, which implies that the total damping of the haptic
device tends to oyy.

3.2 Force and position dual coordination

To obtain 1,2 and 3, A = B = 0 was considered. Otherwise,
avariable change is performed in order that a similar stability
analysis can be carried out [34].

To get the new Krasovskii-like equilibrium solution the
closed-loop dynamics is analyzed for t — oo, in this sit-
uation let us assume that Xy, Xpy, Xg, X — 0, considering
A and B as constant values. Next, the following relations in
stationary state can be expressed from (22) and (23):

—km (kgXm — Xs) + kife + fn = 0, (24)
ks (kgXm — Xs) + - + Fe = 0, (25)
where X = lim;_ o0 X (£), Xg 1= lim;_s o0 Xs(7), f'h =

lim;_, o0 fr(£) and fe := lim,_, o fe(r). Observing (24) and
(25), it is possible to infer that:

Xs — keXm and kefe — —fn. (26)

Next, if the proposed human operator model (4) and the
environment force (3) are included into (26), the relations
represented below can be achieved at steady state:

kefe = —kekeXs — keB = —fh = —gn(A — Xs),
(ghA — kB)
(kekgkf + ghkg + kp) '

Xm —

27
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Finally, analyzing (26) and (27), the following variable
change is proposed:

X = Xpm — Xm, (28)

Yy = Xg — Xq, (29)

where X, and Xg are constant values. If (28) and (29) are
applied to (22) and (23), and on the resulting relations the
proposed human operator model (4) and the environment
force (3) are included, then it is possible to get the following
equations to represent the DBTS:

%= M,;l[ — CpX
— km (kg(x + Xm) — (y(t — h2) +Xs))
— (em + A)X
+ ki (fa, (2 — h2) — ke (Y(t — h2) + Xs)
—aey(t — h2) +B)
+fa, + gn(A — (y(t — h2) +Xs))

— ok —kh(x+im)], (30)
§ = M;l[ — Caf + ks (kg(X(t — h1)

+Xm) — (¥ +X5)) — a5y

+ i (B, (1 = h1) + gn(A — (y(t — hy — h2)

+Xs)) — anX(t — hy))

o, — ke(y + Xg) — ey + B — kn(x(r — hy) + im)].

(31)
Now, if f'h and fe are defined by:
f‘h=f + gny(t — h2) — anX — kpX,
ap T 8hy 32)

f.e = fae — key — aey.

Then, considering the relations (26) and (27), equations
(30) and (31) can be rewritten, in a similar way to (22) and
(23), as follows:

i = M,;,l[ — Conk — iy (kX

—y(t — h2)) — (am + A)X + kefe(t — hy)

+ ). (33)
=M | = G + ksl = hn) =)
— o+ g =) + ] (34)

Remark 4 A procedure similar to the one carried on Remark
1, 2 and 3 can be applied to the delayed system represented
by (33) and (34), getting as a result that the teleoperation

system converges for t — oo to an equilibrium in which
a simultaneous synchronism of force (force exerted by the
human operator will tend to the scaled environment force)
and motion (the position mapped linearly by the leader will
tend to the follower’s position) is obtained. Besides, the
human operator can change the convergence point handling
their internal reference A.

4 Experimental results

In this section, the system is implemented in practice. In these
experiments, a human operator commands a remote manip-
ulator robot through a network, to execute an inspection by
contact of a soft medium. Novint Falcon is used as a 3D hap-
tic joystick to drive a Robotis Manipulator-H as the remote
robot. The human and the environment forces are measured
with a Variense 3-axis force sensor, model fs103. Each device
runs in a separate computer and is linked with a Ubiquiti
NanoStation long-range antenna. Each device (sensors and
robots) is controlled employing independent executable pro-
grams developed in C++ language. Moreover, the controllers
are implemented within Matlab Simulink running in real-
time mode. All internal software modules of each computer
communicate with each other through shared memory. A lay-
out of the experimental setup and views of the local and
remote sites is shown in Figs. 3 and 4, respectively.

The performed test involves utilizing a remotely teleoper-
ated manipulator, controlled over the network, to conduct a
horizontal scan on a soft surface while maintaining a nearly
constant vertical force. The human operator’s task is to posi-
tion the robot in contact with the medium and assess its
hardness by exerting a displacement/force along the z-axis.
Subsequently, the operator must examine the medium’s resis-
tance to movement by applying a displacement/force along
the y-axis while keeping the z-axis position and force as con-
stant as possible. Finally, the operator is required to return
the robot to its initial position.

Although the desired position command A is not explicitly
given to the operator, maintaining a constant contact force
with a passive medium implies A to be constant and B =
O[N]. The medium is positioned at the origin of the z-axis.

A video demonstrating teleoperation with high delay can
be viewed here.

Experiments are repeated for three different communica-
tion time delays i = hy + h>: low, medium, and high.

For medium and high delay, a simulated time-variant
delay is added to both incoming and outcoming signals.
These delays h; are generated by random sinusoidal signals
mounted on random constant with the addition of white noise.
The linear damping is qualitatively calibrated for each test
based on (19).
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Fig.3 Experimental setup
Table2 Parameters used in the experiments
Parameter Low delay Medium delay High delay
max(h) [s] 0.5 1.5 2.25
ke [kg/s%] 8 8 8
ks [kg/s2] 10 10 10
kg [m/m] 1 1 1
ke [N/N] 1 1 1
ka1 [kg/s] 0.2 0.4 0.6
kao [$°/ (kg- m?)] 20 20 20
gn [kg/s’ ] 5 5 5
an [kg/s] 0.5 0.5 0.5
ae [kg/s] 0.5 0.5 0.5
7[N] 0.5 0.5 0.5

Fig.4 Views of the remote site (bigger picture) and local site (bottom-
right picture)

4.1 Setup

For the controller implementation, first an expression for
A(t) is chosen, following the guidelines of Sect. 3.1. For
a sake of simplicity we propose to use the function:

A = kalekazi;,fe (t—h2) , (35)

where kq; are positive constants, which was adjusted empir-
ically: first performing an experiment and measuring the
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maximum value of the feedback power, then choosing a value
high enough to ensure the condition 3.1. The parameters used
in each experiment are summarized in Table 2.

On the other hand, o, and o values were calculated for
each h; using (19).

4.2 Results

Figures 5, 6 and 7 show the results of the experiments. Despite
the time delay (last graph in each figure), accurate position
tracking on both the y-axis and z-axis is observed. In addition,
even when the forces signals are (as usual) very noisy, a good
force tracking of the system is observed in both, waveform
and magnitude. It should be noted that the force synchro-
nization occurs only when the robot is in contact with the
medium, that is, F. # O[N]. When F. = O[N] the force
desynchronism occurs because the operator pushes the end
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Fig.5 Experimental results for (A)Human Force vs Environment Force in y-component
low delay. A E hF T /\ T T =
Environment-operator force 0 1 |———Fhy
. . e |V ;
tracking on the y-axis. B s r 1 F.y
Environment-operator position = -10p L ]
tracking on the y-axis. C
Environment-operator force - (B)Master Position vs Slave Position in y-component
tracking on the z-axis. D g 0.05F T T T T 3
Environment-operator position g — Xy
tracking on the z-axis and = L J \ / — Xy
position of the medium. E < -0.05E L L J
Evolution of variable damping.
F Round-trip communication (C)Human Force vs Environment Force in z-component
delay T T T 7
' ——F] hz
E T T T T T
= 0.02F 1 |—Xom,:
£ 001 1| X2
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(E)Variable Damping
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4 1 -
= [ 1 A
0 I L 1 L 1
0 20 40 60 80 100 120
(F)Round-Trip time delay
205 T T ‘ T .
Rz
[
A

effector of the haptic device, and therefore generates a mea-
surement in the sensor.

Next, tracking error index of position Iy and force Iy and
time to complete the task Ty,sk are obtained. Such metrics
are calculated as follows:

Trask
Iy = T / IXm (§) — Xs(§)[d§, (36)
task
Trask
Iy |fn(§) — f(6)1d§. (37

Trask
0

Remark are summarized in Table 3.

From Table 3 and Figs. 5, 6 and 7, it can be seen that, as
usual, system performance degrades as the time delay grows.
However, it is observed that even under a high time delay of
more than 2s, the system behaves adequately, keeping the
main control variables bounded, which translates into satis-
factory performance in terms of stability and transparency.

40 60 80 100 120

Time [sec]

5 Simulations

In this section, simulation results are presented to compare
general aspects of the response of the proposed scheme with
the one obtained using the controller from [34], since the
latter is a good representative of the controllers were the
stability condition is reached through control actions with
sign functions.

Some key differences and similarities of our proposal with
the most well-known papers of the state of the art are sum-
marized in Table 4. It is important to note that our proposal
doesn’t require the use of sign functions or the cancellation
of exogenous forces. Its parameters are independent of the
elasticity of the medium and it modifies the damping depend-
ing on a measurable power/energy signal; this way it avoids
the use of observers whose estimation usually degrades with
the time delay.

To contrast the results, the response of the system is com-
pared with the case without variable damping. It should be
noted that there is no theoretical evidence of the stability of
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Fig.6 Experimental results for

(A)Human Force vs Environment Force in y-component
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the latter, despite the fact that it performs well in these few
simulations.

The controllers are constructed from Eqgs. (6) and (7). In
the first controller (denoted as Pdf+A), A is chosen following
the guidelines of Sect.3.1. For the sake of simplicity, we
propose to use the following function

A= kalekazi(;rnfe(t_hz)’ (38)

where k,; are positive constants, which were adjusted empir-
ically: first performing a simulation and measuring the
maximum value of the feedback power, then choosing a value
high enough to ensure the condition 3.1. For the second con-
troller (denoted as Pdf’), A = Oforall ¢. For the last controller
(denoted as Pdf+I"), the A term of (6) is replaced with I" of
(39) [34]
L) = sen(xn) (kax,x, + k3 ) (39)
For the simulations, the PELICAN robot model pre-
sented in [36] and used in [34] is adopted. The simulations
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100 150

Time [sec]

are divided into two stages, one of penetration in the
medium and another of retreat. The robot starts at a posi-
tion go = [45, 135] [°] and the medium is at a distance
Xo = [18.83,7.62] [cm]. For the penetration part of the
simulation, consider A; = [33.3,7.62] [cm], which repre-
sents a penetration of 15cm, and B = 0 (passive medium).
For the retraction part, A is switched to Aj X0, which
tries to bring the robot to its initial position. Through A and
Ay, the interaction of the end effector of the robot with the
environment occurs mainly in the x axis, keeping the value
of y constant.

The parameters of the controllers are set to k2 5
[kg/(m? - s)], k3 = 5 [kg/s]. km = 10 [kg/s’], gn = 8
[kg/s?], kg = 1 [m/m], ks = 15 [kg/s*], kf = 1 [N/N],
ke = 200, kg = 200 [kg/s] and koo = 0.1 [s3/(kg - m?)].

The simulation of each control scheme is repeated using
three random sinusoidal time delays, with the following max-
imum values: max (fjow) = 100 [ms], max (Amedium) = 500
[ms] and max (hpign) = 1 [s].

To facilitate the interpretation of the results, f;, =f,, =0
is taken. Conservatively, K = o = o = 0, it should
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Fig.7 Experimental results for (A)Human Force vs Environment Force in y-component
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Table 3 Tracking error index be noted that values greater than 0 would contribute to the
I, It Tusk stab{llty of the system. ' .
- - - - Figure 8 shows that, given the same parameter settings,
y-axis z-axis y-axis z-axis [s] o .
all schemes behave similarly, especially for cases where the
Low delay 0.0012  0.0009 10536  1.3240  117.90  time delay is high. This is a dual coordination of force and
Medium delay ~ 0.0023  0.0013  1.3977  1.4285  148.63 position is achieved. However, the scheme based on
High delay 0.0029  0.0015  2.0694  2.1691 15450  explicit nonlinear damping (sign functions in the controller)

Table4 Qualitative comparison with other studies in the literature

adds chattering.

Operator model sgn() func EFC RFS DEP FPS BEO BEM
Traditional P+d [14, 22] Passive + £, term No No 0 No No No No
Hashemzadeh et al. [33] LTI Yes Yes 1 Yes Yes No No
Mohammadi et al. [34] Passive + constant force Yes No 2 Yes Yes No No
Estrada et al. [40] Passive + constant force Yes No 1 No Yes No No
TDPA based [28-31] Passive No No 0/1 No Yes Yes No
Guajardo-Benavides et al. [35] Lo Yes No 0 No Yes No No
Our proposal Passive + position controller No No 2 No Yes No Yes

EFC exogenous force cancellation, RFS required force sensors, DEP Dependent on Environmental Parameters, FPS force position synchronization,
BEO based on energy observers, BEM based on energy measurement
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Fig. 8 Position (top) and force (bottom) synchronization errors using Pdf+A (blue), Pdf+I" (red) and Pdf (black) for different time delays:

max (hiow) = 100 [ms], max(Amedium) = 500 [ms] and max (hpign) = 1 [s]

Variable damping for Pd + f + A controller
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Fig.9 Force contribution of A (Fa) in the proposed controller (Pdf+A) for different time delays: max (f1ow) = 100 [ms] (yellow), max (medium) =

500 [ms] (red) and max (inign) = 1 [s] (blue)

In Fig. 9, it can be seen that the proposed variable damp-
ing only acts in the moments of retraction and rebound of
the end effector. Although the magnitude of Fa increases
as the delay increases, its relative magnitude with respect to
constant damping gets smaller, and as the speed of move-
ment is also lower, it results in a less evident effect on the
total behavior of the system. However, it is observed that
the variable damping acts for a short period after retraction

@ Springer

(maximum feedback energy) damping the initial effect and
subsequently deactivating itself, thus contributing to the sig-
nal stabilization time. This behavior can be accentuated by
proper parameter settings: tuning k1, the time during which
the variable damping acts can be adjusted, and through k,»
its magnitude.
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6 Discussions and conclusions

In this paper, a strategy that considers the effect of time
delay has been proposed in order to get a stable bilateral
teleoperation of a manipulator robot. It is based on injecting
linear damping, avoiding the use of nonlinear damping and
dependence on the medium properties, which is impractical.
The proposed controller can be applied in commercial robots
which generally include PID structures.

The stability theoretical analysis together with the per-
formed simulations give us as a result a general law to
qualitatively online calibrate the controller to achieve a stable
simultaneous synchronization of position and force, where
the injected damping mainly depends on the time delay
and feedback power that considers the leader velocity and
delayed environment force.

The analysis shows that the system achieves bounded
force and position errors regardless of the time delay as well
as the elasticity of the medium. Although, as usual in bilateral
teleoperation, the environment parameters influence the sys-
tem performance, the study of this phenomenon for this fam-
ily of controllers is outside the scope of this work. It is impor-
tant to remark that the proposed scheme avoids the use of
discontinuities in the controller and consequent chattering as
well as energy observers are not used. Our proposal requires
the use of force sensors and the main limitation at theoretical
level is that the analysis presented does not allow assure a
convergence of the force and position errors in finite time.

The results of this study contribute to the improvement of
the trade-off between stability and transparency, rising and
extending the potential use of bilateral teleoperation systems
to a broader range of applications.
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Appendix A

From the functional V (Xm, Xm, kgXm — X, X5, Xs) = V| +
Vo + V3 + V4 represented by (14), (15), (16) and (17), remem-
bering that € = kgxm — Xq; its derivative along the system
trajectories will be obtained.

First, the time derivative of (14), including the leader robot
dynamics (1)), and Properties 1 and 2, is accomplished as:

Vi = %] MimXm + %, Mm&m + &1 Xm,
= %0 (B, + fin — 2m) + k1K xm + 150, (Mm - 2Cm)>’4m,

= % (s + fn — 8m) + K1 K] Xm. (A.D)

Next, if the control action f, (6), including the delayed
environment force f. (3) with B = 0, and the human force
fy, (4), considering A = 0, are included in (A.1), and then
adding and grouping terms by convenience, it yields:

Vi = —(am + an + A)X! km
— kinkgXmXm + (km — gn)XnXs(t — h2)
+ %! £,
— kxgafe (t — ha) + (k1 — kn)X g Xm,
= —(otm + o + A)X) Xm

— (km — gh)kme
t

— (km — g% / X (£) d&
t—hy
+ XxTnfah

+ kex) fe (1 — h2)

— kgghkhXm + (K1 — kn)Xh Xm. (A.2)
Now, Vz is obtained from (15):
v T. T.
Vo = kokge X — K2€ Xs. (A.3)

Besides, V3 from (16) including the follower dynamics (2)
as well as the control action £ (7) is given by:

. T. TR - i
V3 = k3XgXs + 5% MsXs + kgXg MXs,
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= K3XI).(S + K4X-sr(fs +1fe —g) — %K@.‘-sr (Ms - 2Cs) Xs,
= K3XeXs + KaX{ (F + fo — g),
= (3XT kg + heak] [ks (kgXem (t — h1)
— %) = ok + =) + ] (A4)

If the environment force f. (3) and the human force f},
(4) are inserted into (A.4), and on the result the terms are
rearranged, the below expression is reached:

V3 = /c3xl)'(s

+ X! [ks(kgxm(t b)) —xo)
— agXs + (Fa, — keXs — 0teXs)
+ i (B, (1 = h1) — gnXs(t = h1 — h2)
~ ankm(t = h1))).

< —(as + ae)kak{ Xs
+ (k3 — i—‘;m — kyq)i(lxs
+ raXfy, (1 — 1)

+ kgkakle — iaX] fy,
t
~ kokgreai] / (&) d&
t—hy
t
+ ] [ 56 ds
t—hy—hy
+ }‘(th{4f{-Sr)'(S

+ Yonkakm(t — h1)Tkm(t — ). (A.5)

Stability analysis is hard to complete because there are
terms with delayed variables in (A.2) and (A.5). To solve
this, V4 (17) has been proposed, whose derivative considering
Assumption 1 is obtained by:

t
Vs < ikl — / KT (6)ks(6) d&
t—hy
t

kT om — K [ T (6 km () d&

t—hy
t
sl + )il — s [ K@% g
t—hy —hy

1 kgqap T %

41— ¢ ™M

1 1—h
= Z—"““hl(_t Dot — At b)), (A6)
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The integral terms in (A.6) can be linked with others of
(A.2) and (A.5) using Lemma 2 (5), yielding the following
relations:

t
—(km — gn)Xh, [ %s(€) d&

t—hy
t
— [ %] (6)%s(&) &
t—ho

< 3ha(km — gn)*Xy%m (A7)

t
_kskgK47'(I fxm(g) dé
t—hy

t
—k4 [ X1 (E)%km (€) dE
t—hy

< gl (kskg) eakXs (A.8)

t
Lreax] [%s(6) d§
t—hy —hy

l _
—ky [ X (E)%s(8) dE < T(Iy

t—hy—hy

- 2
i) (82 ) kel (A9)

Finally, V can be built joining equations (A.1)~(A.6), con-
sidering the relations given by (A.7)—(A.9) to avoid terms
with integrals, knowing that the negative last term of (A.6)
always overcome the last term of (A.5) according to Assump-
tion 1, and defining constants k; as k1 = kggh + kn, k2 =
(km — gh)/kg, K3 = K4(gh/kf + ke) and K4 = Kz/ks in order
to cancel all opposing terms. The final relation obtained to
represent V is given by:

V=Vi+W+V3+V,
< [ em+ &) + (1= g Jom — als
— § 0 — g0 %], 5m
- K4[(as +ae) — (1 + (&)?
+ (8 ) - (1+ &
+ (f—,?f)z)f_lz]ilis
— kekpfe(t — h2)

. T
+ meah

+ sk (gfa (1 = 1) + o) (A.10)

The result achieved in (A.10) is used to complete the sta-
bility and convergence analysis of force and position signals
of the leader—follower teleoperation system.
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