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CONTROL SCHEME WITHOUT FORCE SENSORS FOR LOAD SENSING
IN TELEMANIPULATION SYSTEMS WITH FORCE-FEEDBACK
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Abstract: The paper presents a novel approach to the control design of bilateral teleoperation systems with force-feedback
dedicated only for weight sensing. The problem statement, analysis of related papers up to date, and the scope of the study are
presented. The new design of a control unit for a master-slave system with force-feedback was based on an inverse model. The
model was applied to subtract a value of force in the force-feedback communication channel that the system might generate
during free-motion. A substantial part of the paper is focused on the development of a mathematical model for the investigated
control scheme. The paper presents the modelling procedure of the experimental setup and the model used in the study. Two
experiments are described to demonstrate the control unit of the master-slave system with force-feedback. The paper contains
conclusions regarding to the control and the experimental setup.

Bezsensorowy schemat sterowania dedykowany do wyczuwania tadunku w systemach
telemanipulacyjnych z sitowym sprzezeniem zwrotnym

Stowa kluczowe: zdalna operacja, sitowe sprzezenie zwrotne, odwrotne modelowanie, robotyka, zdalne sterowanie.

Streszczenie: W artykule przedstawiono nowe podejscie do projektowania sterowania dwustronnych systeméw obustron-
nego dziatania ze sprzezeniem sitowym zwrotnym, przeznaczonym wytgcznie do wykrywania obcigzenia. W artykule zostat
zaprezentowany opis problemu, analiza dotychczasowych osiggnie¢ badawczych oraz zakres badania. Nowy projekt jednostki
sterujacej dla systemu Master-Slave ze sprzezeniem sitowym zwrotnym oparty zostat na modelu odwrotnym. Model zostat
uzyty do odejmowania wartosci sity w kanale komunikacyjnym sprzezenia zwrotnego, ktdry jest generowany przez system
podczas ruchu swobodnego. Znaczna cze$¢ pracy koncentruje sie na opracowaniu modelu matematycznego obejmujacego
zjawiska wystepujace w badanym schemacie kontroli. W pracy przedstawiono wnioski dotyczace systemu kontroli oraz omé-
wiono procedure modelowania konfiguracji eksperymentalnej oraz model zastosowany w uktadzie sterowania. Opisane sg dwa
eksperymenty, aby zademonstrowac jednostke sterujacq systemu master-slave ze sprzezeniem sitowym zwrotnym. W pracy
przedstawiono rowniez wnioski dotyczace wynikéw eksperymentalnych.

Introduction

Theresearchers’attempts to ensure the safe operation
of various machines have led to the development of
master-slave control systems with force-feedback. The
applications of master-slave systems are widespread,
including performing tasks in environments hostile to
man, contaminated sites, in the depths of oceans and
seas, radioactive interiors of nuclear power plants, and
even other applications like medical rehabilitation. Most
of master-slave systems are unilateral [11, 12, 17, 23, 25,
30, 31], i.e. a device that is being controlled, which is the
slave subsystem, should behave exactly as the device that

controls it, which is the master subsystem. However, as
research continued, it was noticed that the operator that
interacts with the master subsystem/manipulator should
be able to feel the haptic effect of the environment on
the slave subsystem side. The problem posed significant
challenges in its practical application due to large
distances and the inevitable time delay [1-5, 9, 10, 13,
14, 16-18, 22-27, 33, 39, 40]. This specific branch of
robotics faces many challenges that have been conducted
by researchers all over the world for many years. The
main problem concerns the communication channel,
and it is a transport time delay that is inhibiting their
communication. The problem is particularly pronounced
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while sending information over large distances. Another
challenge is the stability of such systems, given known
or unknown delays in the communication channel.

So far, the sensor-less bilateral teleoperation domain
of science mostly belongs to piezoelectric crystals.
Piezoelectric crystals can work at the same time as
actuator, body, and a force sensor, especially, when
developing devices from a large group of single crystals.
Yusuke Ishikiriyama and T. Morita in 2010, published
a paper about the self-sensing control method of
piezoelectric actuators that compensate for the hysteresis
characteristics by using the linear relationship between
the permittivity change and the piezoelectric displacement
[7]. Also in 2010, Micky Rakotondrabe focused his
research on the dynamic self-sensing of the motion of
piezoelectric actuators [20]. The proposed measurement
technique was subsequently used for a closed-loop
control. Aiming to obtain a self-sensing scheme that
estimates the transient and steady-state modes of the
displacement, the author extended a previous static self-
sensing scheme by adding a dynamic part. Again in 2011,
Micky Rakotondrabe developed a new micro-gripper
dedicated to micromanipulation and micro-assembly
tasks [19]. Based on a new actuator, called a thermo-
piezoelectric actuator, the micro-gripper provided high-
range and high-positioning resolution. Finally, Micky
Rakotondrabe continued his studies and in 2015, and he
presented his work about a self-sensing technique using
an actuator as a sensor at the same time [24, 32]. This was
possible for most actuators with a physically reversible
principle, such as piezoelectric materials.

So far, the main presented control schemes for
bilateral teleoperation systems with force-feedback have
some defects. These defects required the use a large
number of sensors mediating between the environment
and the bodies of the slave manipulator, especially in
rotary joints. A situation in which the environment affects
one degree of freedom in accordance with that degree
of freedom is relatively simple by using a single sensor.
However, where the design of the manipulator depends
on many degrees of freedom, and moves in the three-
dimensional space, the use of a single or multiple sensors
could be considered as expensive, or not adequate for the
proper operation of such a system.

Large sensor-less and self-sensing appliances are
rare, even in scientific literature. There are only couple of
papers that address the problem of inverse modelling used
in self-sensing control units of bilateral teleoperators. This
work and papers [6, 15, 22, 23, 25, 28, 29, 36, 37] address
this problem. The first paper [37] presents a method for
the impedance control of a pneumatic linear actuator
for tasks involving contact interaction. The presented
method takes advantage of the natural compliance of
pneumatic actuators. The central notion of the method
is that, that by departing from a stiff actuation system,
low-bandwidth acceleration measurements can be used in
lieu of high-bandwidth force measurements. The second

paper [32] presents teleoperated minimally invasive
surgery systems measurement and display of a sense
of force to the operator. In this paper, a master-slave
system for laparoscopic surgery is proposed, which can
provide force-feedback to the surgeon without using force
sensors. Pneumatic cylinders were used as the actuator of
the manipulators to achieve this. Both papers are based on
the same control methodology, which is the impedance
control. In [37], control methodology contained an inner
loop to control the pressure on two sides of a pneumatic
cylinder, while an outer loop enforces an impedance
relationship between external forces and motion and
commands desired pressures to the inner loop. The inner
loop enforces the natural compliance of the pneumatic
actuator by controlling both the sum and difference of
the pressures on both sides of the pneumatic actuator. In
[32], a bilateral dynamic control system was designed
using a neural network for the acquisition of the inverse
dynamics. The obtained inverse dynamics was used as
a feed-forward controller and to estimate the external
force from the differential pressure of the cylinders.

In our research, we designed a control scheme
for a master-slave system with force-feedback. The
difference between sensor methods is thus far that, in
the case of the proposed control scheme, there are no
sensors mediating between the manipulator body and the
environment, relative to papers [6, 15, 28, 29, 36, 37].
The same thing can be noticed in self-sensing and piezo-
ceramic micromanipulators used for micromanipulation
an in impedance control methods [7, 8, 19-21, 34, 35,
38]. The only sensors used in whole system are position
encoders and pressure sensors. The whole manipulator
body is considered as a perfectly rigid body. In this paper,
the operator needs to feel the manipulator load, but also
a haptic effect of a contact is required. Contact between
the object of the environment was realized in the way that
the system will push back the operator, in the situation
with an unmovable object.

Additionally, the paper presents a pneumatic
manipulator that is an introduction to the work on the
crane car, which is much bigger then devices in the
presented literature. In this project, the operator needed
to feel the crane load, but the feeling of a haptic contact
was also required. The introduction to work on much
bigger devices means the consideration of disadvantages
like long hydraulic pipes, which are also included in the
presented test-stand. The problem of high friction values
and many other problems which will occur during further
work have to be overcome during preliminary tests.

Also in this paper, part of impedance control was
used. This part is an inverse model of the manipulator
structure corresponding to the manipulator operation
without any environmental impact on the slave subsystem.
Based on this fact, it is possible to obtain relatively
accurate information about the environmental impact on
the specific DOF of the slave manipulator. This important
feature eliminates the need of using a sensor (susceptible
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component) between the body of the manipulator and the
environment, or between the actuator and the manipulator
body.

An important feature of this approach on the design
of the control system is that the value of the impact of
the environment is transmitted to a specific master
manipulator degree of freedom, as a response from the
equivalent DOF in the slave manipulator, but without
using geometrical relationships resulting from the
construction of the manipulator. The difference between
impedance control [32, 37] in this system is relatively
simple. The control unit is not controlling the pressure
inside an actuator chamber. Measured pressure is only
being subtracted by the estimated pressure, and the
estimated pressure is calculated by the inverse model of
slave subsystem.

1. Self-sensing control scheme for
teleoperation with perfectly rigid bodies

The presented sensor-less control scheme for bilateral
teleoperation consists of two subsystems - the master
subsystem and the slave subsystem. Both subsystems,
the Master (a) and the Slave (b), are considered as simple
rigid objects described by their inertia, and they are
presented in Fig. 1.
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Fig. 1. Graphical presentation of models: master

subsystem (a), the slave subsystem (b)

These manipulator bodies move in an environment
described by the dissipative element /. The damper
represents, for example, a simplified centre of air and
any other type of motion resistance. The bodies of the
manipulators move without friction between them, and
the global coordinate system. Master subsystem acts
as a motion scanner, which sends information about its
own position x _to the slave manipulator.

Master subsystem motion depends on three forces
applied to the body of Master manipulator. The first
is the gravity, described as G, = M g, where g is the
acceleration of gravity and M is the mass of the body.
The second force is the force applied by the operator
F,, to the body of the Master manipulator. The last
force applied to the body of Master manipulator is F,
which is transferred in communication channel from
slave subsystem. For theoretical analysis transmittance
of master subsystem actuator, the resisting operators’
motion is not considered. Furthermore, in the case of
theoretical analysis, the inverse model represents an
idealized object, and there are no noises considered in
the control scheme.

During analysis, the slave subsystem is a duplicate
of the master subsystem under conditions of kinematics,
dimensions, and mass. This subsystem also moves in the
same environment as the master subsystem. The slave
manipulator is described by its mass — M, gravity force
G, position —x, control force £ (theoretically including
Slave actuator) that is generated by the actuator, and the
environmental impact by force /. The transfer function
B. that describes the dynamics of both manipulators can
be presented as Equation (1):

1
B it i)s m

where i — index, index m for master subsystem, index
s for slave subsystem, s — Laplace operator,
M, — mass.

2. Telemanipulation control schemes

Standard telemanipulation system using force
sensors can be represented as a block diagram as in Fig. 2.

Communication

Gm Channel Gs
Xm
Fh Master Slave Fe
Subsystem Fes Subsystem

Fig. 2. Block diagram of standard sensor method

In Fig. 2, the system senses the environmental force
impact by the force sensor and sends the value of force
back to the Master manipulator in the communication
channel F e

In the presented work, the system do not measure
environmental force impact, but it estimates its value
based on the control signals of the slave controller and
the current Slave manipulator position. The modified
structure of the telemanipulation system is presented in
Fig. 3.
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Fig. 3. Block diagram of the presented method with the
force-feedback estimation block

In Fig. 3, the system has an additional block. The
estimation block calculates the force of environmental
impact based on the force value computed by the model
of the slave subsystem. The force-feedback estimation
block subtracts the measured control signal of the drive
from what is estimated by the model in free motion. This
measured force could be a hydraulic pressure, a voltage
or as presented in this paper, a hydraulic valve current.
The modified system is described in detail in Fig. 4.

The primary problem of methods, where force
sensors and rotary joints are being used, is that the
control unit needs a large number of force sensors
placed on the manipulator arm. This feature is crucial
to deliver the correct value of environmental torque
impact in each rotary joint. In this work, the method
computes the value of environmental force impact
on the slave manipulator to the operator, which is
measured in the drive track in each joint of the Slave
manipulator independently. The presented system
requires as many sensors of current, voltage, or
pressure, as there are dimensions of freedom included
in the Slave manipulator structure. Rotary or linear
joints do not benefit from the presented method of
the estimation of environmental forces on each joint
in the force-feedback communication channel. As
a result, the system, based on the presented method of
estimation, the force-feedback channel will send to the
Master manipulator a zero value of force during free
motion of Slave manipulator.
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Fig. 4. Block diagram of the system in details that was used for the analysis

3. Theoretical system analysis

First characteristic transmittance, which
describes Slave side of the telemanipulation system,
is a transmittance without the impact of gravity force
and environmental force on the Slave manipulator —
Fig. 4. The gravity force and the environmental force are
described by Equation (2):

G =0; F.=0 )

To investigate the effectiveness of the presented
method, it is required to find the slave subsystem closed-
loop and the inverse model transmittances by reducing the
slave subsystem transmittance (Fig. 4) to a simple transfer
function. The first transfer function describes the relation
of two signals x , which is the position of Master, send
to Slave, and the x_ which is the position of Slave. The
transmittance x /x, is presented as Equation (3):

% (5) K(s)
x,(s) (Mys+h)s+K(s)

A3)
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Equation (3) describes the closed-loop system of the
Slave manipulator, including the transfer function of the
position controller K(s). The controller transfer function
is unknown for the transmittance analysis, because
it is possible to use many structures of controllers,
e.g., simple proportional P, PI, or even PID. Different
controller structures would not change the result of the
presented method.

In a continuation of transmittance analysis, the slave
subsystem closed-loop transfer function is determined
as (3). The Second transmittance, including the inverse
model of force-feedback estimation block and the closed-
loop of slave subsystem, is defined by a ratio of the
estimated value of the force generated by the drive during
the free motion of the Slave manipulator — named F,_
and the Master position — x_, and transmittance F,_/x is
presented by Equation (4):

F, (s) K(s)(M§s+h€)s

%, (s)  (Ms+h)s+K(s) )

Equation (4) describes one of two characteristic
transfer functions, which is the function that is responsible
for reducing the value of force in a force-feedback
communication channel. Force in the communication
channel of the manipulator system using rotary joints
without additional force-feedback estimation block
sends to the operator and master subsystem a value of
force used to achieve the desired configuration of the
Slave manipulator. This force will depend on actual
position of each joint and its acceleration, including the
inertia of individual bodies. This feature appears only
during free-motion conditions.

The next step requires finding the transmittance
of closed-loop Slave system, which senses the control
signal F_ from the controller’s block K(s) output.
Theoretically, this signal is just the control force applied
to the body of the Slave manipulator. In practice, the
control signal on the Slave side could be a voltage,
a current, or a pneumatic pressure as presented in the
third part of this paper. To find this transfer function, it
is required to find a solution of two equations presented
as follows:

F =K(s)e(s)
F,
- s 5
i (Ms+h,)s ©

where e(s) is a slave subsystem position error, described as
e(s) = x, (s) —x(s). Looking for a solution of the equations
(5) by aratio of F(s)/x, (s), we obtain Equation (6):

_ K(s)(MA_s+he)s
x,(s) (Ms+h)s+K(s) (6

exactly the same as transmittance (4). This means that
the slave subsystem , during free-motion in a remote
environment, calculates zero value in the force-
-feedback communication channel. This is confirmed
by the transmittance difference, which is represented
as the force-feedback estimation block in Fig. 4 and by
Equation (7):

For the operator of a system, which uses the
presented method, this situation is comfortable, but
requires a very accurate inverse model of slave subsystem.
It is important to show that the slave subsystem, which is
under influence of the environmental force, sends to the
operator exactly the force of the environmental impact.
Of course, in this case, the theoretical analysis is based
on the ideal system presented in Fig. 4.

In the second part of transmittance analysis (4)
and (6), external forces are taken into account. These
forces were omitted during the first analysis to proof
that system in a free-motion situation calculates the
correct value of the estimated force in the Force-
-feedback communication channel. Two new equations
are obtained (8) and (9), which describes the slave
subsystem in Fig. 4, including external forces:

F,(s)-G, K(s)(Ms+h)s
x, (s) B (Ms+h,)s+K(s) (®)

F(s)-G,—F,  K(s)(Ms+h,)s
xm(s) _(Mvs+he)s+l((s) 9

Subtracting Equations (8) and (9), we obtain
Equation (10):

F(s)-G,—F,—F,(s)+G, =0 (10)

After simplifying Equation (10), Equation (11) was
obtained:

F(s)-F,(s)=F, (11)

where the difference F, (s)—F,,(s) according to the

control scheme of Fig. 4, corresponds to the signal of
force-feedback communication channel I, presented as
Equation (12):

F =F (12)

es e
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4. The experimental test stand

Mechanical features of a slave and a master
subsystem are completely identical. The exoskeleton
master subsystem was attached to the operator’s elbow.
The subsystem slave was mounted on a strong and heavy
table. Thus, it was not necessary to do the calculations
of pressure in the feedback resulting from differences in
the mass and dimensions of the master and the slave. The
mass of the human limb was considered as negligible.
The experimental setup is presented in Fig. 5.

Fig. 5. Experimental test-stand

Figure 5 presents the manipulator arm with its
drive system, which was taken into account in the
mathematical model of a pressure in chambers. There
is a stationary base plate (1), which is fixed to the table.
The bending actuator (5) and its extension bend the
manipulator arm. The straightening actuator (2) and
its extension straighten the manipulator arm (3). The
characteristic manipulator arm is the movable part of the
slave subsystem (3). The arm rotates at the articulated
wrist, where a measuring encoder was mounted.

Manipulator
base

P atic

. *
% -
Manipulator
* arm

Jointf
Encoder

Fig. 6. Pneumatic scheme of Slave manipulator

Mounting pneumatic drives in the presented
way was not accidental. Using two drives affects the
symmetry of the piston areas which, as it turned out,
considerably improved the position tracking ability of
the entire subsystem slave. Most of signals in the system
are analogue signals, e.g., the pressure measurement,

and discrete for the encoders and valves. Encoders
that were used to build the test-stand had a number of
pulses equal to 500 per revolution. The pressure gauge
used to measure pressure in the system had a maximum
measurement value of 10 bar, proportionally sensing the
pressure as 1 to 10 V.
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Pm1

Fig. 7. Pneumatic scheme of Master manipulator

In the slave subsystem, as shown in Fig. 6, there
are three pneumatic control signals V , V,, and SD. The
V, signal is the left coil voltage signal of 5/3 switching
valve, V, is the right coil voltage signal of the same
switching valve, and the SD signal is analogue and
controls the degree of throttle opening — the variable
orifice. The pressure sensor P is placed between the 5/3
Valve and the variable orifice. As it turned out during
tests, it is possible to estimate pressure in both piston
chambers using a single pressure sensor, with a respect
to a pneumatic scheme in the Fig. 6. In the case of the
master subsystem, it was easy to use a pressure control
valve P_that controls the air pressure on the basis of the
set value from force-feedback communication channel.
Then, the pressure will only reach the destined piston
chambers using on/off valves, V, and V, (Fig. 7), and
the additional pressure sensors, Pm, and Pm,, were not
needed in the control scheme.

5. Inverse modelling of the test stand

Based on Equations (1) to (12), it is possible to
build a model of a slave subsystem that describes the
dynamics of the system.

During the modelling procedure, it was obvious that
there was a model of a geometrical structure of the slave
subsystem required, which was actually a nonlinear

Pm2

manipulator arm model. Based on the manipulator
arm, a geometrical and dynamic model of the slave and
master subsystem was built, as shown in Fig. 8. The
geometrical model of a rotating arm was dependent on
the dimensions of actuators. The dimensions of each
actuator cause movement of the entire manipulator arm.
To build a model that will behave exactly like the one
in Fig. 5 requires the use of geometrical relationships
among actuator, base, and the rotational arm of the
manipulator, as shown in Fig 8.

Fig. 8. Geometrical relationship of manipulator arm

The model presented in Fig. 8 describes the
estimated pressure in free motion at the time domain by
Equation (13):

i Gyesin(B, (1))-G, %sin(ﬁ1 (1) —%(mlc2 +4m,b’ )s(t)

est

(Azbcos(g —yzj— Absin(y, )) (13)
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where 4, and A, are the areas of pistons — first and
second actuator, &(t) is the angular acceleration of the
manipulator arm, G, and G, are the gravity forces
applied to the body of manipulator. Rest variables are
angles and radiuses used to derive Equation (13) — see
Fig. 8.

As it turned out during tests, a simple geometric
and mechanical model was not enough to properly
estimate pressure inside the piston chamber. This
model was incorporated into the structure of nonlinear
autoregressive model with exogenous input — NARX.
The nonlinear part of model NARX was based on
a binary tree. This model has estimated the pressure
relatively well, relative to simple Equation (13).

6. Experiment

After the identification was carried out, the model
of the slave subsystem tests were conducted to verify
the operation of the whole system. The aim of the first
measurement was to check how the system would
behave, given no interaction with the environment. The
only interaction of the environment, which occurs for
the nonlinear manipulator arm, is gravity and resistance
to motion, and in this particular case, the friction and
resistance of air surrounding the manipulator. However,
even these component data were modelled within the
structure of the NARX model. Owing to this, such a data
can be considered as negligible, when conducting certain
runs by the slave subsystem of the manipulator, because
they exert the same influence both on the real object
and on the model. Diagrams of the first experiment are
presented in Fig. 9.

Subsystem Position

MASTER
40 F i — — — SLAVE

20

Position [deg]

0 5 10 15 20 25
Time [s]
P , Pressure Feedb

Measurement
— — — Feedback
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Pressure [bar]

0 5 10 15 20
Time [s]

N
o
@
=3

Fig. 9. Master-slave system test-stand; first measurement
during free motion operation

The aim of the second experiment was to check if
the system would show the maximum pressure at the
moment when it encounters an object it would not be

able to move. The results of the experiment are shown
in Fig. 10.
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Fig. 10. Master-slave  system  test-stand;  second

measurement during contact operation

The contact phase can be seen in the runs presented
in Fig. 10 between 3 to 12 seconds. The control system
precisely mapped the maximum pressure of 2 bars.
The maximum pressure of 2 bars in force feedback is
the effective pressure, resulting from using the control
method that relies on pressure changes in the system.
The maximum pressure in the system is 6 bars. However,
it is counteracted by the pressure of 4 bars, and the
whole system stiffens. The value of 2 bars means that
the system was able to transmit adequate information
to the feedback with a relatively large time delay of
0.5 s. It can even be seen in Fig. 10. This is due to the
compressibility of the medium in the system, and it
is not the fault of the control system, whose clocking
frequency was set a 10 kHz.

Conclusion

The paper addresses the problem of self-sensing,
sensor-less bilateral teleoperation. The control unit was
based on a NARX model of subsystem Slave. The tests
were conducted on a short distance of one meter, so that
any delay in the communication channel was negligible.
But the width of a pipe delivering air pressure between
actuator chamber and pressure sensor affected a delay of
around 0.5 s. The additional difficulty of the main task of
the study was the fact that the rotating robotic arm was
driven by two linear pneumatic actuators. Two linear
pneumatic actuators were mounted in the presented
way to overcome the difference in a cylinder surface.
This difference caused serious modelling problems. The
actuators were also mounted so that their characteristics
would be strongly nonlinear, i.e. the radial length of the
actuator retraction axis to the rotation axis of the arm
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would not be constant but would be dependent on the
configuration of the robot arm at a given time — a feature
of car cranes.

An additional challenge was posed by the pneumatic
system itself. One disadvantage of pneumatic systems
may be the fact that they are quite difficult to control, when
it comes to position tracking. This can be due to high air
compressibility, which translates into low stiffness of the
mechanical structure. For position tracking, a simple PID
controller was used that cooperated with a controllable
orifice. The controller was tuned during system operation.
The simple PID controller was used, because this paper
was not focused on ability of position tracking by the
system, but on a proof that the system is able to estimate
the values of force-feedback without a force sensor and
impedance control method.
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