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Abstract

In the field of bilateral teleoperation, achieving transparency, which refers
to the quality of immersion of the operator in the remote environment and
ensuring passivity has been major parameters for obtaining a stable con-
troller design. Especially after the contact with the environment, when the
variable impedance is introduced, kinetic energy is generated into the sys-
tem. In one of the most critical cases of a narrow passage, and especially in
combination with delay, this can lead to a divergent bouncing between two
close walls and leads to jeopardizing the system’s stability. Therefore the
passivity control becomes crucial in these scenarios. The Time-domain Pas-
sivity Approach (TDPA) and the state-of-the-art approach of TDPA, which
considers the energy reflection (TDPA-ER) assures stability in the presence
of delay and has already been validated in many teleoperation scenarios. To
solve the problem of energy generation caused by variable impedance, a new
methodology that assures passivity was required. The main contributions of
thesis work include analyzing and testing of TDPA-ER for the first time with
variable impedance and a new impedance control strategy that uses the con-
cept of stiffness gradient was developed to accommodate for the time-varying
stiffness. This proposed method is augmented with the conventional TDPA
and TDPA-ER. To demonstrate the validity of the proposed approach, sev-
eral simulations considering different case scenarios are conducted. Then, to
prove the effectiveness of the proposed strategy, experiments were performed
with the 1-DOF rotational devices with the varying stiffness estimated from
a Myo-Band attached to a user’s arm. And finally, a possible extension of
the proposed approach has been presented.
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Chapter 1

Introduction

A Teleoperation (tele derived from Greek meaning: distant) system provides
an extension for human capabilities to perform various tasks at very far dis-
tant places. These systems are mainly adopted in order to keep humans safe
from a hazardous environment, reduce the cost of travel, and facilitate many
other complex tasks which are not easily achieved by human beings. It en-
compasses the various types of applications including space operation and
underwater exploration via teleoperation [1] [2], Minimal invasive surgeries
[3] [4] [5] represents another important application in the field of teleoper-
ation. The concept of teleoperation is also applied to teach new skills to
humans [6] [7] [8] [9]. The teleoperation setup is as shown in the figure 1.1.
The human operator operates the main device located at the local site and

Figure 1.1: Model of a teleoperation system

controls the secondary device at the remote site. The communication chan-

1



Chapter 1. Introduction 2

nel provides a communication between the two devices devices which are at
different location. The sensory information from the human operator is sent
via communication channel (CC) to the secondary device side in order to
perform desired actions. The force feedback provides useful source for the
manipulation tasks and thereby ensuring smooth operation and increased
performance [10] [11]. The haptic devices are comprised of tactile sensors
that measure the position exerted by the user on the interface and it also
perceives information from the secondary device about the remote environ-
ment in the form of tactile and force feedback. The force feedback produces
directional forces, which is calculated from a coupling stiffness.

1.1 Motivation

In the domain of teleoperation, despite the continuous improvements and
advancements in the field of control and stability of teleoperation system,
there are still many tasks and operations, that cannot be conducted under
sensory feedback signals. For example, tasks that are usually performed by
humans with ease such as drilling, chipping, or catching a ball in hand and
many other activities involving large uncertainty in the environmental con-
straints cannot be easily performed by conventional bilateral teleoperation
due to inadequate or low quality sensory information (such as position, force,
velocity).
During the teleoperation, when the secondary device is approaching an ob-
ject and when the delay is high, and if in case the impedance controller is
set for high stiffness, the impact would lead to damage both the secondary
device robot and the object or environment. Furthermore, if high unexpected
forces are generated and is fed back to the user with delay, this causes injury
to the operator.
The humans on the other hand have a stable mechanism to be compliant
with the unknown environment. Inspired by the superior functional capa-
bilities and interaction performance of human limbs the concept of variable
impedance control can be used as an alternative to the position based control
or bilateral force control methods. Variable impedance is a control criterion
wherein through the method of teleoperation a secondary device (output de-
vice) is controlled through an impedance controller by measuring and repli-
cating the user’s limb pose or the muscle impedance profile in real-time.
The impedance of the user is estimated by monitoring the muscle activity
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through surface Electromyography (sEMG). This combined reference com-
mand i.e position and impedance is sent to the coupling controller of the
teleoperated robot in-order to accomplish a particular task [12]. Incorpo-
rating the human motor control principles into the controllers of robots will
enhance the performance and allow the interaction capabilities close to those
achieved by the humans even in the case of changes or uncertainties in the
dynamic environment.
Many methodologies have been developed that deal with the variable impedance,
the most common method being the tank-based approach. Even though this
approach shows satisfactory results in simulations and experiments, the con-
sideration of already dissipated energy is often criticized. In this work, we
focus on a concept that gives satisfactory results, which is purely based on
potential energies and is physically more comprehensive.
It can be seen in [13], the authors propose the concept of observer-based force
gradient controller in which the undesired increase in force generated by the
delay in the communication channel is reduced and results in minimizing the
high-frequency vibrations caused by the TDPA. Inspired by this approach
the principle of the gradient is used and a new method called stiffness gra-
dient control is presented in this work which adopts the variable stiffness
commanded from the sensor and ensures passivity in the teleoperation sys-
tem.

1.2 Organization of the report

The following chapters of this work are structured as follows:

Chapter 2 includes a brief background about the methods in bilateral tele-
operation, fundamentals of Time Domain Passivity Approach and state-of-
the-art approaches in TDPA of delayed 2-ports and limitations resulting from
the direction-dependent energy monitoring is presented. The concept of vari-
able impedance was introduced. Furthermore, related work to this thesis are
discussed.

Chapter 3 describes the problem statement in more detail. The passiv-
ity problems due to variable stiffness and the discussion of state-of-the-art
approach are mainly presented.
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Chapter 4 describes the proposed control approaches to solve the problem
and the concept of stiffness gradient approach is introduced along with its im-
plementation in passive time-delayed teleoperation with adaptive impedance
is presented.

Chapter 5 In this chapter, the simulation results are presented based on the
implementation of the stiffness gradient concept to the passive time-delayed
teleoperation with adaptive impedance and relative experimental validation
is performed.

Chapter 6 This chapter summarizes the work presented in this thesis and
the possible future work on this topic is also discussed.



Chapter 2

Background

2.1 Bilateral teleoperation

This chapter mainly focuses on the methods, which are used to design a bi-
lateral teleoperation system, and are based on two different system represen-
tations. For the design of the control architecture and the design of the con-
troller parameters, the model-based signal flow representation is used, which
considers an idealized system. Then, the energy-based model-independent
network representation of the system is used to take into account the influ-
ence of time delays.
The signal flow architecture of bilateral teleoperation system is as shown
in figure 2.1. It consists of a human operator (HO), main device (input
device), secondary device (output device), the environment (EN), the con-
troller system (PD controller), and the communication channel (CC), which
is represented by the time delays T1 and T2. The time delay T1 acts in the
direction of the main device to the secondary device and T2 in the opposite
direction.

In the signal flow diagram of a bilateral teleoperation system, velocities
are usually entered instead of positions, since this velocity and the force sig-
nals are always conjugate pairs, and the product of this results in power.
All components in the system except for the communication channel ex-
hibit either impedance or an admittance characteristic. An admittance type
represents a dynamic mapping from forces to positions or velocities, while
an impedance performs the inverse mapping from positions or velocities to
forces. If the impedance and admittance mappings are assumed to be linear

5
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Figure 2.1: Signal flow of PF control architecture in bilateral teleoperation
system: The communication channel is represented by two-time delays. T1

and T2. The velocity vm as well as vs correspond to the velocity of main and
secondary device respectively. The velocity vm is transmitted to the coupling
controller on the secondary device side delayed by the time delay T1. This
controller determines from the difference of the delayed main device velocity
vdelm and the secondary device velocity vs, this controller determines the force
Fc, which is necessary to adapt the positions of the secondary and the main
device. The force signal Fc arrives delayed by T2 delayed at the main device
side.

and time-invariant (LTI), corresponding transfer functions can be derived us-
ing the Laplace transformation. And impedance mappings Z(s) are defined
as:

Z = F (s)/v(s).

The widely accepted human and environment systems behavior can be
modeled as mass-damper-spring system as:

Zh(s) = Mhs
2+Bhs+Kh

s
.,

Ze(s) = Mes2+Bes+Ke
s

.
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where Mh, Bh, Kh, Be, Ke are the mass, damper and spring components of
the human and the environment and Zh, Ze are the human and environment
impedances. Similarly the simplified model of the main device and secondary
device can be described by the mass-damper system or even a single mass.

ZM(s) = MMs+BM .

ZS(s) = MSs+BS.

MM , BM ,MS, BS are mass and damping components of main and sec-
ondary devices respectively, and ZMand ZS are their impedance.
Admittance mapping Y(s) is represented as:

Y = Z−1 = v(s)
F (s)

.

YM(s) = s
MMs2+BSs

.

YS(s) = s
MSs2+BSs

.

MM , BM ,MS, BS are mass and damping components of main and sec-
ondary devices respectively, and YMand YS are their admittance.
For the PD controller (PI equivalent if the input is velocity), which is widely
used in the field of teleoperation. The equivalent impedance is given by:

Zc(s) = Bs+K
s

where ’B’ and ’K’ are virtual damping and the stiffness values, which is,
derivative and proportional gains respectively.
The role of the impedance controller is to reduce the position error or de-
viation between the main device and the secondary device. The controller
compares the velocities of the two devices and generates the force (Fc) which
is sent to the main and secondary device to align their position.

2.1.1 Control Architecture

The names of the control architectures denote the signals transmitted over
the communication channel. The first part of the name refers to the signal
transmitted from the main device to the secondary device and the second
to the signal flowing in the opposite direction. In the following different
PF (Position-Force) architectures are discussed. These were developed for
different application scenarios in the field of robotics.
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Position-Force computed architecture

The (P-Fc) control architecture is represented as shown in the figure 2.1 a
PI controller is provided on the secondary device side. In this way the main
device receives the controller force with a delay, this limits the stability and
position sequence of the system. The advantage of this architecture is that,
conjugate signals flow through the communication channel. This simplifies
for the implementation of the Time Domain Passivity Approach, as will be
explained in the further sections.

P-F measured architecture

The P-F measured architecture is as shown in the figure 2.2. In this control
architecture, the main device receives force feedback, that is perceived by
the force or torque sensor on the robot, which comes in contact with the
environment. But the secondary device receives the computed force from the
PI controller. This approach is more robust and intuitive in terms of sensing
the environment compared to the previous (P-Fc) architecture. More details
of this approach are given in [14]. In-terms of stability and performance the
feedback force can be controlled by scaling.

Figure 2.2: Block diagram of PF-Measured control architecture
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2.1.2 Network Representation

The network representation of a bilateral teleoperation system is as shown
in figure 2.4. The usage of network representation provides as an important
tools for representing a teleoperation system as it mainly allows to obtain
conclusions regarding the passivity of the system by examining the input
and output energy flows of each subsystem. At each port, a power conjugate
pair of effort variable (force) and flow variable (velocity) can be defined and
measured. By integrating this power conjugate pair over time, the total en-
ergy can be calculated. Also, considering the sign of the conjugate pair, the
energy flow direction can be determined.
One of the other advantages of using this representation is a generalized sys-
tem analysis, which means, the passivity condition can be applied on every
system as long as it is represented as network elements.
This type of representation of a bilateral teleoperation systems can be rep-
resented by the 1-port subsystems as shown in figure 2.3a

a) 1-portsubsystem b) 2-portsubsystem

Figure 2.3: Network subsystem representation

(also ”1-port”, or ”two-pole”) which includes operator and environment
and the 2-port subsystems (also ”2-port”, or ”quadripole”) is indicated as
shown in figure 2.3b. This includes Main device, PI controller, communica-
tion channel and Secondary device. Multiple 2-port subsystems, such as the
PI/PD controller and the communication channel, can be combined into a
single 2-port subsystem. This would then be ended by the two 1-port subsys-
tems combined which contain main device and human operator, or secondary
device and environment as shown in figure 2.5.
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Figure 2.4: Network representation of Bilateral Teleoperation

Figure 2.5: Network representation of subsystems in Bilateral Teleoperation

2.2 Time Domain Passivity Approach in Bi-

lateral Teleoperation

The stability in bilateral teleoperation is usually achieved if the system is
passive (e.g. controlled via passivity control) or in the case of low delays in
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the communication channel. However, if the system is designed to be always
passive then no constant dissipation or damping is required. This results
can lead the system to be too conservative and might in-turn reduce the
transparency [15]. In order to overcome this issue, a new stability ensuring
approach called Time Domain Passivity approach (from here on: TDPA) has
been designed. The TDPA has been presented in [16] and then this approach
was extended to position-position [17] and 4-channel architecture [18] [19].
The TDPA is an approach that monitors the energy of the system in real-
time and uses adaptive dissipative control method only when the system
shows an active behavior to maintain the passivity of the system. As the
name suggests the dissipation is computed in the time domain as a function
of energy observed of the network.
The TDPA has become one of the most commonly used methods in the field
of teleoperation, since it does not assume anything but accepts any form of
energy generation without requiring the model of energy source. The TDPA
has already been successfully applied in the field of teleoperation [20] [21]
[17] in the field of haptics [22] [23] and mechanical multibody systems [24].
In the ideal case of the teleoperation system, which is the combination of
both one and two-port subsystems, it assumes to be a transparent network,
where input and output signals are identical and is usually characterized
by communication with zero transmission delay. But whereas during the
real case scenario, the transmission delay is present in the communication
channel, that leads to active behavior and thus makes the system unstable.
In order to overcome this issue, an impedance and admittance type passivity
controllers are added on each side of the communication channel as shown in
the figure 2.6
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Figure 2.6: Network representation of Bilateral Teleoperation with Passiv-
ity controllers

Figure 2.7: Signal flow diagram of TDPA

The signal flow diagram as shown in figure 2.7 has two passivity observers
(POs) and are attached to each port of the network in order to monitor the in-
put energies and output energies. The passivity controllers (PCs) are placed
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on either side of the communication channel. The PC at the left side of the
channel is the impedance type PC and at the right side, the admittance type
PC is present. The input energy at the main device side (EM

L2R) is monitored
and is sent to the secondary device side. The damping element ‘β’ is varied
such that it reduces the output energy of the secondary device ES

L2R below
the delayed input energy in order to satisfy the passivity condition. The
same procedure applies for the energy flow in the opposite direction from the
secondary device to the main device.
From the network representation of bilateral teleoperation as shown in fig-
ure 2.6 it can be seen that velocity and force are exchanged between the main
device and secondary device. To maintain the stability of the system, the
passivity criterion for the communication channel (two-port network) has to
be considered. The equation for the passivity observer is given by [25]:

Eobs = ∆T
n∑
k=0

[fm(k)vm(k)− fs(k)vmd(k)]. (2.1)

Where ‘∆T ’ stands for sampling time, fm, vm are force and velocity of main
device and fs, vmd are force of the secondary device and delayed main device
velocity respectively. Considering the above equation, it is clear that it is
not possible to monitor the energies at each side of the two-port simultane-
ously because of the inevitable delay induced in the communication channel.
To overcome this problem a solution is proposed in [25]. Here this can be
improved by monitor the energy at each side of the channel and transmit it
over the communication channel (CC). As shown in figure 2.8 the energies
are further parted into directions in which the energy flows, such as ‘L2R’
represents left to right directions and ‘R2L’ denotes right to left direction at
the main device and secondary device sides and can be computed as:

EM
L2R(t) =

{
EM
L2R(t− 1) + ∆T·Pm(t), if Pm(t) > 0.

EM
L2R(t− 1), if Pm(t) ≤ 0.

(2.2)

ES
R2L(t) =

{
ES
R2L(t− 1) + ∆T·Ps(t), if Ps(t) > 0.

ES
R2L(t− 1), if Ps(t) ≤ 0.

(2.3)
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EM
R2L(t) =

{
EM
R2L(t− 1), if Pm(t) > 0

EM
R2L(t− 1)−∆T·Pm(t), if Pm(t) ≤ 0.

(2.4)

ES
L2R(t) =

{
ES
L2R(t− 1), if Ps(t) > 0

ES
L2R(t− 1)−∆T·Ps(t), if Ps(t) ≤ 0.

(2.5)

where the power generated at an instant ‘t’ at port i and is given by:

Pi(t) = fi(t)vi(t). (2.6)

The Passivity Observers are located at each side of the communication
channel and the energy observed can be calculated as:

W PC2(t) = EM
L2R(t− T1)− ES

L2R(t)−W PC2
diss (t− 1). (2.7)

W PC1(t) = ES
R2L(t− T2)− EM

R2L(t)−W PC1
diss (t− 1). (2.8)

Where W PC1(t) represents the observed energy that has to be dissipated by
the passivity controller (from here on:PC) in the R2L direction and W PC2(t)
represents the observed energy that has to dissipated by the PC in the L2R
direction at the time step ‘t’. T1 and T2 denotes time delay in L2R and R2L
directions respectively.

The stability of the system is ensured if the following passivity criteria
for the TDPA is met:

EM
L2R(t)− EM

R2L(t) + ES
L2R(t)− ES

R2L(t). ≥ 0,∀t ≥ 0 (2.9)

The passivity controllers are designed to act as a variable damper to dissipate
active energy observed by the passivity observers.
With the given passivity conditions the, impedance type PC on the main
device side can be computed as:

α(t) =

{
−WPC1(t)

∆T · ˙xm2(t)
, if W PC1(t) < 0.

0, if W PC1(t) ≥ 0.
(2.10)
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fm(t) = fmd(t) + α(t)vm(t). (2.11)

As a result the feedback force to the main device (fmd) is modified by the
virtue of the adaptive coefficient‘α’.
and for the admittance type passivity controller on the secondary device side
can be calculated as:

β(t) =

{
−WPC2(t)
∆T ·f2s (n)

, if WPC2(t) < 0.

0, if WPC2(t) ≥ 0.
(2.12)

vs(t) = vsd(t) + β(t)fs(t). (2.13)

As a result, the desired velocity of the secondary robot (vsd) is modified
by the virtue of the adaptive coefficient ‘β’.
This designed TDPA shows jittering effects, when the feedback force is sent
to the Human operator in the experiments. To overcome the force jitter-
ing effects, [25] has proposed using a passive virtual system composed of
mass (mc) and spring (kc) which is placed in-between the main device and
impedance PC as shown in figure 2.9, which acts as a bidirectional low pass
filter that removes the high frequency force signals while still maintaining
system passivity.

Figure 2.8: TDPN Energy flow[26]
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Figure 2.9: A time-delayed teleoperation system with the proposed two-
port TDPA and the virtual mass with spring.

Drawbacks of TDPA

The TDPA approach, however convenient it might seem it has drawbacks of
its own. The energy storage element is excluded from the passivity analysis
based on the assumption that it does not hamper the conditions for passiv-
ity. The admittance type PC is used on the secondary device side, leads to
position drift and thus leads to instability.
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Figure 2.10: Energy observation and Passivity control in conventional
TDPA [27].

In this traditional approach, the passivity controller as shown in fig-
ure 2.10 is located at port B before the energy storage element. The PC
dissipates energy coming from the main device side (L2R direction) and this
leads to charging up of the storage element less than intended that can change
the coupling behavior drastically and thus leading to over-conservative dissi-
pation of energy (R2L direction) and results in position drift. Several meth-
ods are proposed to compensate for this position drift [27] [28] [29]. But
however, as per the experiments conducted in [30], during the case of high
time delay the compensation is limited.

After consideration of all these drawbacks of the conventional TDPA, a
less conservative approach is proposed in [30] and will be explained in detail
in the upcoming sections 2.3 .

2.3 Energy reflection based Time Domain Pas-

sivity Approach

In this approach, the energy reflection of the energy storage element is con-
sidered for the passivity analysis. figure 2.11 presents a basic idea of the
proposed control architecture. The two PCs are located at port A and port
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C to include the energy storage element together with the communication
channel (CC) in the passivity-controlled delayed two-port network. This ar-
chitecture is similar to the approach presented in [31] [32] .But however, in
contrast to the conventional architectures, where these approaches consider
uni-directional observation and control, in this method an energy monitoring
unit (battery shaped) collects an available amount of energy and distributes
in both directions of the delayed two port network. Since the energy mon-
itoring unit has a physical relationship with the energy storage element it
is located at the right side of the communication channel as shown in fig-
ure 2.11.

Figure 2.11: Proposed energy observation and passivity control approach
considering energy reflection [30]

The energy monitoring unit is charged up by the dark gray arrow (Port
2) and light gray arrow (Port 4) which indicates the power input from both
the L2R and R2L direction respectively. The dashed arrow represents the
position of passivity controllers (PC), which dissipates an excess amount
of energy, taking into consideration the amount of available energy in the
monitoring unit.
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Figure 2.12: Real and Ideal potential energy storages[30]

The figure 2.12 represents the difference between real and ideal energy
storage in the monitoring unit. The real storage is filled by port 3 and port
4 from L2R and R2L directions respectively and the ideal storage is filled
up by the power entering from port 2 (PL2R

2 ) and port 4 (PR2L
4 ). This ideal

storage build-up is regarded as the desired energy content of the controller as
this energy is introduced into the 2-port system by the main and secondary
device. This built-up energy in the ideal storage (energy monitoring unit)
leaves port 2 in the R2L direction and port 4 in the L2R direction. But
the desired power output PL2R,des, PR2L,des leaving at both the ports in two
directions is calculated with the control logic as presented below.
The ideal energy storage Est(k) in the monitoring unit which is built up by
the Main (Input device) or Secondary device (output device)is given by:

Est(K) = Est(k − 1) + PL2R
2 (k − T1)Ts + PR2L

4 (k)Ts. (2.14)

As we can observe from the above equation the power PL2R
3 (k) measured at

port 3 is not used for building up the storage because this energy is affected
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by the delay in the communication channel(CC). And therefore the delayed
input energy from port 2 has to be used as input instead.
The calculation of passivity control logic is split into two parts, wherein at
first, the excessive amount of energy that leaves the energy storage element
is computed. This energy might lead to instability in the system because of
energy injection into the storage element by the communication channel in
the L2R direction. The actual power output in both the directions is given
by:

P act
out(k) = PR2L

3 (k) + PL2R
4 (k). (2.15)

And now for the second part, the desired or allowed output power is to
be calculated to ensure passivity. For this purpose, the proposed logic is
designed in such a way that, if the output power at port 3 and port 4
(P act

out(k) = PR2L
3 (k) + PL2R

4 (k)) is less than the stored energy in the en-
ergy storage element, then the same amount of energy is assigned at their
respective port. Otherwise, all the energies in the energy storage element are
assigned to the main device and the secondary device by the ratios of PR2L

3

and PL2R
4 in Pout(k).

PR2L,des(k) =

{
Est(k)
Ts

PR2L
3

Pout(k)
, if Est(k) < Pout(k)Ts.

PR2L
3 (k), if Est(k) ≥ Pout(k)Ts.

(2.16)

PL2R,des(k) =

{
Est(k)
Ts

PL2R
4

Pout(k)
, if Est(k) < Pout(k)Ts.

PL2R
4 (k), if Est(k) ≥ Pout(k)Ts.

(2.17)

This desired power PL2R,des(k) and PR2L,des(k) is sent to the main device
and secondary device side that are integrated over time for passivity control.
The passivity controller on the main device side has to make sure that not
more energy than ER2L,des(k) =

∑k−T2
j=0 PR2L,des(j)Ts leaves the port. Excess

of energy dissipated is given by:

W PC1(k) = ER2L,des(k)− ER2L
2 (k)−W PC1

diss (k − 1). (2.18)
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where ER2L
2 =

∑k
j=0 P

R2L
2 (j)Ts is the uncontrolled energy output at the port

2 and W PC1
diss (k − 1) is the sum of energy dissipated at previous time step.

Similarly, the passivity controller at the secondary device side is given by:

W PC2(k) = EL2R,des(k)− EL2R
4 (k)−W PC2

diss (k − 1). (2.19)

Since on both sides the impedance type passivity controllers are used, this
results in force generation with high frequencies due to the sudden force
changes. Therefore to compensate for this effect, The author in [25] propose
a passive virtual mass-spring system that acts as a low pass filter of force
and velocity in both directions and helps in minimizing this effect.
In the next step, The energy storage in the energy monitoring unit has to
be updated by subtracting the powers PR2L

3 and PL2R
4 since they have exited

the ports in the respective direction.

Est(k) = Est(k − 1) + (PL2R
2 (k − T1) + PR2L

4 (k)

− PR2L
3 (k)− PL2R

4 (k))Ts.
(2.20)

2.4 EMG-based impedance estimation

In order to estimate the stiffness of the user’s arm at the wrist level, the
MYO armband is used. This sensor has 8 EMG channels. The articles [33]
[34] [35] describe the machine learning algorithms that are used for the es-
timation of intended stiffness, but are normally used to estimate the user’s
hand movement intention in terms of a desired hand pose. The most recent
one describes the algorithm in more general terms, whereas the other two
describe the algorithm in more detail. In this, the concept of supervised
incremental learning approach is proposed in order to estimate the grasp-
ing pattern and to predict the finger forces from the sEMG. The algorithm
adopted is Ridge Regression (RR) in order to estimate finger forces using
ultrasound imaging [36] however, since the proposed linear models would not
be sufficient to model the relationship between the sEMG and finger forces
the author combined incremental RR with Random Fourier features (RFF’s)
to generalize over non-linearities. This is referred to as incremental ridge
regression with Random Fourier features (iRFFRR).
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2.5 Related work

Considerable efforts have been made in recent years for developing appro-
priate impedance control strategies for smooth human-robot physical inter-
action by learning and adopting impedance variation strategies from human
beings.
The tank-based approach is one such method in which they [37] provide a new
impedance control strategy to accommodate for variable stiffness by properly
controlling the energy exchanged between the subsystems during the action.
With this control approach, the passivity of the system is guaranteed for any
given choice of the stiffness variation and the system provides stability in
both free motions and the case of impact with the environment. The varia-
tion of stiffness produces extra energy which is injected into the system and
thus leading to phases of energy generation and potentially to instability.
This loss of the passivity affects impedance control and hence due to this,
the stable interaction is not guaranteed. For example, in one of the most
critical cases of a narrow passage, and especially in combination with delay,
this can lead to a divergent bouncing between two close walls. In order to
avoid such issues, the traditional impedance control model is combined with
tank storage (which stores the dissipated energy from the system), which is
energetically coupled through the input, this allows the stiffness variation
by still maintaining the passivity and stable interaction behavior with the
environment. The tank-based approach was first introduced in the [38] and
later on, it was adopted by [39] [40] in the field of teleoperation of robots.
In the case of the tanks approach the dissipation element of the system is
replaced by the storing element (tanks). This tank is usually used for storing
dissipated energy and this stored energy is released to the system, which
is used for other control purposes (e.g.variable stiffness ) behavior on the
secondary device side or compensation for the position error between the
main and secondary device side). Both these elements(tanks and dissipative
elements) process the energy in a very different manner. The tanks always
perform a reversible transfer of energy (i.e. the energy can be absorbed
and released) into the system. But whereas the energy dissipative elements
perform an irreversible transfer of energy (energy can only be absorbed).
Considering all these advantages of tanks the authors implement them in the
context of impedance control. To limit the absorption or exchange of energy
between the system and tank, a design parameter is formulated which en-
ables/disables the storage of energy.
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The tank is augmented with the impedance model and is energetically cou-
pled through an input. The control logic of the input is designed in such a
way that it decides whether to incorporate variable stiffness or not. If the
energy of the tank is greater than the certain threshold then this provides
an opportunity for the system to accommodate the desired variable stiffness
behavior and on the contrary, if the energy content of the tank is lower than
a certain defined threshold then the system has to implement constant stiff-
ness behavior.
Simulations and experiments are performed to test the effectiveness of this
approach. In the case of simulation, the main goal of the authors was to test
the stability of the system while implementing a periodic stiffness variation.
The simulation result showed instability as expected for the case of using
only a standard impedance controller. The behavior over time for the stor-
age function and the position tracking diverges to infinity over time. After
implementing the tank algorithm, the system remained stable over time and
the position tracking did not diverge from the desired one. To check the
robustness of this approach puncturing task experiments were conducted by
the authors with tank based algorithm and the results were plotted accord-
ingly.

Another extension of the method that incorporates the principle of energy
tanks can be found in [41]. In this approach, they try to develop meth-
ods to incorporate the time-varying impedance behavior in the redundant
manipulators for both the primary and null space tasks. A passivity-based
controller is implemented which uses the concept of energy tanks which are
filled by the dissipated power in the system, and it compensates for the non-
control passive actions and hence ensures the passivity during free motion
and stable interactions with the environment. Since the fact that intercon-
nection of passive subsystem results in passive system in this method the
passivity is each system in analyzed independently with respect to its cor-
responding power port. The passivity is analyzed with the storage function
of each subsystem and taking a time derivative of the storage function and
verifying if the system shows active behavior. In this case, the primary and
the null space task showed active behavior. This was mainly due to the
stiffness variation in both the main task controller and null space task con-
troller. And therefore to restore the passivity in the system, the concept of
’energy tanks’ is adopted. The main ideology behind this approach is that
the tanks allocate a certain amount of energy to the system that could be



Chapter 2. Background 24

Figure 2.13: Interconnection of Energy Tank with the primary and null
space task controllers[41]

used to execute non- passive behavior or control actions. The tanks can also
be used to store the energy dissipated by the system (through dampers) and
can be reused for ensuring passivity. The energy tanks are interconnected
to the primary and null space controllers as shown in the figure 2.13. The
tank exchanges energy with the controllers through the power port(ut, yt).
The primary task controller exchanges energy through the dirac structures
through power port (F1,d, ẋ1). The energy injected through this port is used
to implement stiffness variation in the primary task. (F2,d, ẋ2) is used to
inject energy necessary to vary the stiffness in the null space task, while
the other (F2, v) compensates for the null space task projection[42] Further-
more, this approach in the simulation where the variable stiffness profile is
commanded to both primary and null space tasks. It is shown that with the
energy tanks, the system remains passive with the energy always decreasing.

In [43] this article, an argument is made in the terms of linear regression
to model human stiffness via EMG signals. The article does show the nearly
linear relation between the measured stiffness ‘Kh’ and the principal com-
ponent of the measured muscular activation, and it is based on physical
measurements of the wrist stiffness. The PCA analysis (principal component
analysis) is adopted and an eigenvector is used for the evaluation of muscle
activation required to complete a task at hand.
The natural control of the secondary device impedance is estimated via sur-
face electromyography (sEMG) and 1 DOF teleoperation task is conducted
to validate this approach the hand stiffness of six healthy subjects was con-
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sidered and linearly estimated using the (sEMG) with excellent accuracy (R-
square regression coefficients around 0.90). The secondary device impedance
was controlled in real-time using the estimated stiffness, which resulted in
high precision in position accuracy and contact torques, when the stiffness of
high value is commanded. And also force feedback is added to augment the
effect of telepresence and control of robotic impedance by human subjects.

Interesting work is done related to the variable model parameters (stiffness)
in [44]. Here, the concept of passivity based model updating for the Model
Mediated Teleoperation (MMT). In MMT, a simple object model is employed
on the main device side to approximate the remote and unseen environment.
The main advantage of this approach is that since the haptic control loop
will be running locally the system shows stable behavior even in the presence
of communication delay. The local model which is present at the main device
(or input device) side should be updated whenever the environment changes.
Due to this sudden model update or sudden changes in parameters it leads
to model or force-jump effects and results in unpredictable motion and hence
the system becomes unstable. Therefore to have a smooth and stable model
update the concept of passivity-based Model Update (from here on:PMU)
is proposed. PMU based approach ensures the stability of local haptic in-
teraction during the model update phase by considering the sampling effect
of the haptic device. A 3-D spring-damper model is used to approximate
the remote environment, where damping, stiffness, and initial position are
considered to be major parameters that would change during the teleopera-
tion. In the coming sections for simplifying the passivity analysis, solutions
and methods are provided to overcome instability, that is caused due to the
update of stiffness. Considering the stiffness parameter update, increasing
the stiffness harms the system passivity. The reason is that, if the stiffness
is increased, then consequently energy is generated in the system. If the
generated energy is not dissipated by the system damping during the model
update phase, the system becomes unstable or non-passive. But whereas for
the decreasing stiffness case scenario, this would not be a problem because
it would reduce the energy stored in the system, and thus obtains energy
for the system passivity. To overcome the effects of increasing stiffness, an
additional adaptive damper is designed to achieve system passivity assuming
for low-frequency inputs. This adaptive damping element is also used in [22]
for the environment with unchanging model parameters.

The performance of the proposed PMU scheme is studied using simula-
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tions. At first, the effect of change in stiffness is studied and the results
are plotted accordingly.It can be observed that for the case where the PMU
method is used the adaptive damping is computed according to [44] and hence
the net energy output of the system stays positive. For the case where the
PMU method has not been adopted it can be seen that the net energy output
of the system decreases to a non-positive value (indicating active behavior)
due to stiffness increase. Hence, the results obtained shows that the PMU
scheme guarantees the system stability and on the other leads to a more
comfortable model update compared to the method that does not adopt this
approach.
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Problem statement

3.1 Energetic behavior of variable stiffness

In order to enhance the safe and compliant interaction of the secondary
device with the environment, the concept of teleimpedance control can be
adapted in the field of teleoperation. Here, the impedance controller of the
secondary device adjusts the gains in a similar manner to that of the human
arm’s despite the delay in the communication channel and enables the user
to perform the desired action in an uncertain environment. However, if
we consider this situation more carefully, increasing the stiffness in real-
time leads to higher kinetic energy generation after the contact with the
environment and violates the passivity condition of the bilateral teleoperation
system, as the output energy will be higher than the input energy, that
eventually makes the system unstable.

27
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Figure 3.1: Energetic behavior of variable stiffness

The energetic behavior of the system due to variable stiffness can be seen
from figure 3.1. The first plot represents the change of stiffness with respect
to deflection and for the sake of simplicity, a monotonous increase in stiffness
(Karm) is considered. During the pressing phase (when the user makes con-
tact with the object or environment) the value of stiffness increase linearly
and reaches a higher value at δmax and due to this the energy in the storage
element is charged up as intended by the main and secondary devices, which
can be seen in the energy plot where both the observed energy (observed
Epot) and the analytically calculated energy (Epot) reaches their peak value
at maximum deflection. But in the releasing phase (when the user pulls out
contact with an object) if the stiffness continues to increase constantly and
reach a higher value at zero deflection (δ = 0) then the observed Epot eventu-
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ally reaches a non-positive value and this indicates energy generation due to
increase in stiffness and thus the system potentially leads to instability. This
instability in the system can lead to undesirable effects especially when the
secondary device is interacting with the environment. For example, in one
of the most critical cases of a narrow passage, and especially in combination
with delay, this can lead to a divergent bouncing between two close walls and
impacts both the environment and the robot. Therefore the passivity control
becomes crucial in this situations.

3.2 Discussion of state-of-the-art method

To accommodate the variable stiffness behavior in the impedance model and
assure passivity, the concept of the energy tank approach has been introduced
in [39]. This approach has widely been used in the haptics [45] telesurgery [46]
and remote insertion and palpation [47]. As explained in the previous sections
even though this approach is mathematically accurate, it uses dissipated
power to fill up the ’tanks’ and is reused for executing potentially non-passive
control actions, which is not physically comprehensive. This lacks physical
meaning when compared to other mechanical systems, where potential energy
(physical energy) is used for storage and has more physical relation to the
energy storage element. And also during the steady-state (zero velocity, zero
deflection) the energy in the tanks is not reset to its initial conditions as in
real mechanical/physical systems [30]. But instead, the energy in the tank
is filled up in presence of residual energy from the previous operation.
The storage of energy in the tank takes place only up to a certain limit [48],
this because, during ceratin teleoperation mode, the human operator injects
a large amount of energy into the system and thus making the stored energy
dangerously large. The tanks should have certain threshold energy to deal
with variable stiffness behavior. But the value of the threshold that has to be
selected or the boundary condition that has to be maintained is not defined.
This leads to uncertainty as to how much dissipated energy filled in the tank
is required to compensate for the effects of desired variable stiffness and also
the forces may be completely canceled by the controller leading to a very low
stiffness.
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3.3 Implementation of TDPA with variable

stiffness

From the figure 3.1 it is proven that implementing variable stiffness causes
energy generation within the system, and thus result in active behavior.
To study the effects of stability of the system in the presence of variable
stiffness and time delay, the conventional TDPA is subjected to variable
stiffness, and simulations were performed in MATLAB and Simulink on a
1-DOF bilateral teleoperation model. For this purpose two types of stiffness
variations were considered: A constant increase in stiffness (ramp input) and
sinusoidal variation of stiffness. Both these variations were performed in the
case of wall contact scenarios. The round trip delay was given in the range
of Td = 0ms to Td = 200ms.

a) No delay (Td=0ms) round trip b) With delay (Td=200ms) round trip

Figure 3.2: Both a) and b) represents the plots of constant stiffness increase
(Kmeas) in TDPA with wall contact. High frequency PC disturbances towards
the main device side can be avoided through the passive filter. It can be
seen that for both the cases with and without delay, the net energy output
quickly decreases to negative values (the system is active) due to the stiffness
increase.
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a) No delay (Td=0ms) round trip b) With delay (Td=200ms) round trip

Figure 3.3: Both a) and b) represents the plots of sinusoidal stiffness
variation(Kmeas) in TDPA with wall contact. It can be seen that for both the
cases with and without delay,the net energy output decreases to non-positive
values. This indicates energy generation in the system due to variable stiff-
ness and potentially leads to instability.
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Proposed control approaches

4.1 TDPA-ER with variable stiffness

The architecture of TDPA-ER with variable impedance is shown as in the
figure 4.1

Figure 4.1: TDPA-ER architecture subjected to variable stiffness

Analogous to the other state-of-the-art method, the available amount of

32



Chapter 4. Proposed control approaches 33

energy is collected in the energy monitoring unit (battery shaped) collecting
the energy input from both sides of the delayed 2-port subsystem. Since this
monitoring unit has a physical relation to the energy storage element, the
monitoring unit is located on the right side of the communication channel
and it directly assures passivity of 2-port with variable impedance.
The estimated stiffness parameter (Kh) from the sensor is sent to the coupling
controller as shown in the figure 4.1. This method assures passivity since the
energy input to the 2-port passivity directly depends upon the variation of the
stiffness. And during the releasing phase, the power that leaves the energy
storage element at port 3 and port 4 leads to instability since additional
energy may be injected due to the increasing or variation in the stiffness in
accordance to the user’s impedance, these changes could result in non-passive
behavior and potentially lead to instability. In order to avoid such issues, the
actual output power is limited according to the logic presented in the equation
(2.16) and in equation (2.17) in section 2.3 and the desired power PL2R,des(k)
and PR2L,des(k) are sent to the main and secondary device side. The excess
observed energy is calculated as per the equation (2.18) and(2.19) and this
energy will be dissipated by the respective passivity controllers (PC1 and
PC2) at each side of the ports. And thus this control approach guarantees
system stability and passivity in the presence of variable stiffness.
To examine the behavior of TDPA-ER with variable stiffness, experiments
are conducted and the results are plotted accordingly. This will be discussed
in the next section.

4.1.1 Results

This state-of-the-art approach of TDPA as explained in section 2.3 was con-
sidered as one of the possible solutions in order to solve the problem of
variable stiffness.
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a) Constant increase in stiffness b) Sinusoidal variation in stiffness

Figure 4.2: TDPA-ER subjected to variable stiffness under 0ms roundtrip
delay

The plots as shown in figure 4.17a and figure 4.2b represents two different
types of stiffness variation (KMeas) in TDPA-ER under 0ms roundtrip time
delay with wall contact. In figure 4.17a, which is the critical case of stiffness
variation the main device force drops suddenly during the releasing path
compared to case in figure 4.2b. The position following of the two devices
is satisfactory. The charging and releasing of the spring during the two
wall contacts (t=[6s,10s] and t = [12.5s,16s]) are visible in the energy plot.
Since the EPP never goes negative in this case, the passivity of the system is
confirmed.
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a) Constant increase in stiffness b) Sinusoidal variation in stiffness

Figure 4.3: TDPA-ER subjected to variable stiffness under 200ms roundtrip
delay

The plots in figure 4.3a and figure 4.3b represents the stiffness variation
in TDPA-ER under 200ms time delay with wall contact. In the case of
figure 4.3a the main device force drops more rapidly during the releasing
path compared to case figure 4.3b. The position following is clearly affected
by the high delay. The energy plot (EPP ) is always positive and thus confirms
the passivity of the PC-controlled network. Due to the impedance type PC
force dissipation is higher especially during the wall contact for a constant
increase in stiffness than a sinusoidal variation of stiffness. In contrast to
conventional TDPA subjected to variable stiffness, no position drift appears
despite the high communication delay due to the consideration of energy
reflection and the application of impedance-type PCs on both the side.
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a) Constant increase in stiffness b) Sinusoidal variation in stiffness

Figure 4.4: TDPA-ER subjected to variable stiffness under 200ms roundtrip
delay with free motion and wall contact.

It can be observed that the main device force drops more rapidly in fig-
ure 4.4a than in figure 4.4b during the releasing path. The position following
is clearly affected by the high delay. The energy plot (EPP ) is always positive
and thus confirms the passivity. During free motion less energy needs to be
dissipated by the PCs than in wall contact scenarios. Higher force oscilla-
tions can be observed during free motion for the constant increase in stiffness
(critical case) due to higher time delay. This can be avoided by implementing
a low pass filter.

4.1.2 Discussion with drawbacks

The TDPA-ER even though it compensates for the drawbacks of TDPA, it
has limitations of its own, if it is subjected to stiffness variation.
The drawbacks of this approach can be examined in the simulation environ-
ment, in which a single DOF bilateral teleoperation system is considered with
TDPA-ER algorithm. The analysis is done by considering a critical case of
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stiffness variations: The constant increase in stiffness (ramp input)
At first, the ramp input (critical case) is considered. When the simulation
was conducted for no delay case it can see that the system remains passive
i.e the proof of passivity EPP is positive. However, if no energy is available in
the storage the force feedback to the main device from the passivity controller
drops drastically to zero during the release path, which can be observed by
the green area from the plot figure 4.5. This leads to a misinterpretation of
the feedback signal by the user. A similar effect can be observed in the case
of a time delay of 200ms (round trip) as represented by the green area from
the plot figure 4.6 In order to avoid such issues and to prevent secondary
device adhering to the wall or environment during the releasing path, the
concept of stiffness gradient was introduced to enhance its performance.

Figure 4.5: The green area represents the sudden force drop on the main
device side at no time delay, when the secondary device robot is moving out
of the environment (releasing path).
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Figure 4.6: The green area represents the sudden force drop on the main
device side at a roundtrip delay of 200ms, when the secondary device robot
is moving out of the environment (releasing path).

4.2 Gradient Methods

4.2.1 Linear Gradient Concept

To overcome the drawbacks of TDPA-ER and issues regarding variable stiff-
ness the gradient concept was introduced. In the beginning for the sake of
simplicity, the linear gradient concept is adopted.

figure 4.7 visualizes the basic idea of the proposed method. It can be
observed that during the pressing phase the stiffness from the sensor (in this
case monotonous increase in stiffness) is adopted. And due to this the ob-
served energy (Epot) in the storage element that serves the desired coupling
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behavior is charged up at maximum deflection (δmax) as intended by both
the main device and the secondary device. However during the releasing
path instead of taking into consideration of stiffness commanded from the
sensor(Karm), the passive gradient OK(k) is calculated, which is the func-
tion of δ(k) ,Epot, K(k) and the allowable stiffness (Kallowed) obtained from
the gradient is adopted. This stiffness reaches a much lower value at zero
deflection than compared to Karm and the observed Epot eventually reaches
zero unlike the scenario presented in the figure 3.1. This energetic behavior
(net observed energy is positive) confirms the passivity in the system without
active behavior.

Figure 4.7: Linear gradient concept

In some cases during the release path the Kallowed values reaches to zero
or negative values in case of constant gradients as it can be seen from the
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figure 4.8. This makes the system non-passive as observed Epot tends to reach
negative values.

Figure 4.8: Calculated allowable stiffness (Kallowed) reaching negative values
with implementation of linear gradient during releasing path

In order to avoid such issues, the calculated gradient OK(k) on the release
path is limited to assure passivity.
A suitable minimum stiffness must be set by the user in order to maintain
coupling between the main and the secondary device. This can be obtained
by limiting the gradient OK(k) on the pressing path as shown in the figure 4.9
such that a desired minimum stiffness (Kmin) can be achieved.
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Figure 4.9: Passive Linear gradient both on pressing and releasing path

In contrast to TDPA and other state-of-the-art methods, in this approach,
a minimum stiffness ‘kmin’ can be guaranteed at zero deflection assuring po-
sition synchronization between the devices. The position drift which used to
occur for the conventional TDPA can be avoided if this method is combined
with the least conservative approach (TDPA-ER). The behavior of stiffness
can be more easily affected with this approach, and thus higher system trans-
parency can be achieved.

Implementation of Linear Gradient

The computation for linear gradient is as shown below:
At time step k, the linear equation (y = mx+ t) of K with gradient OK

looks like:
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K(δ) = OK(k)δ +K(k)− OK(k)δ(k)

= OK(k)(δ − δ(k)) +K(k)
(4.1)

where δ is the deflection,δ(k) and K(k) is current deflection and stiffness
at time step ’k’ respectively and OK(k) is the gradient.

The potential energy at the time step k with deflection δ(k) and K(k) is:

Epot(k) =

∫ δ(k)

0

Kδdδ

=

∫ δ(k)

0

(OK(k)(δ − δ(k)) +K(k))δdδ

=

∫ δ(k)

0
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=
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δ3(k) +

1
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(4.2)

Solve for OK(k) we get:

OK(k) =
−6(Epot(k)− 1

2
K(k)δ2(k)

δ3(k)
(4.3)

This calculated OK(k) gradient acts as a passive gradient for both the press-
ing and release path. Both this passive gradients limits the measured gradient
OKmeas (gradient of stiffness obtained from the sensor) such that the system
would remain passive with variable stiffness. The allowed stiffness (Kallowed)
can be obtained from this computed gradient by integrating it with respect
to deflection (δ(k)). The stiffness at zero deflection can be calculated with
the help of gradient using the equation

Kzero = K(k) + OK(k) ∗ δ(k) (4.4)
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If the value of stiffness (Kzero) is lower than or equal to minimum stiffness
then the gradient on the pressing path has to be limited.
To understand the behavior of the linear stiffness gradient control, The sim-
ulations were performed in Simulink by taking two input sine wave signals
as shown in the figure 4.10 which represents the position of the main de-
vice (input device) and secondary device (output device). The signal of the
main device has an amplitude of 1 and frequency of 3 rad/sec and the sec-
ondary device has an amplitude of 0.9 and frequency of 3 rad/sec and for
the sake of analysis two different types of stiffness variations were considered:
The constant increase in stiffness (ramp input) and sinusoidal variation of
stiffness.

Figure 4.10: Position signals for main and secondary device

The graph of Stiffness vs deflection is plotted as shown in the figure 4.11
and figure 4.12
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Figure 4.11: The plot of stiffness vs deflection with the implementation of
linear gradient for ramp input (constant increase in stiffness. Kmeas repre-
sents the estimated stiffness input and Kallow indicates the allowable stiffness
obtained from the passive gradient.
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Figure 4.12: The plot of stiffness vs deflection with the implementation
of linear gradient for sinusoidal input. Kmeas represents the estimated stiff-
ness (sinusoidal variation in stiffness in this case) and Kallow indicates the
allowable stiffness obtained from the calculated passive gradient that assures
passivity.

As it can be seen from the plot the red line represents the desired stiffness
(Kdes) commanded from the sensor, but here in this analysis case, we take the
most critical case, which is a ramp input. And the blue line represents the
allowed stiffness (Kallowed). It can be seen that the (Kallow)follows the (Kdes)
line during the pressing phase and the releasing phase the (Kallowed)drops
linearly and hence showing that this is the allowed stiffness that is required
to maintain passivity. Similarly, even in the case of sinusoidal stiffness input,
it can be seen that in the figure 4.12 during the releasing path the (Kallow)
drops linearly in order to assure passivity and compensate for the energy
generation that occurred during the increase in stiffness phase.
It is important to note that in contrast to other state-of-the-art method, in
this approach the passive stiffness (Kallow) is reset back to initial conditions
(Kmeas) during zero deflection or free-motion as in the case of real physical
systems.
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Discussion with drawback

One of the drawbacks of this approach is that the desired Kmin, which is nec-
essary for position synchronization between the devices is not always set and
it has to be manually set by the user during the operation. This approach
gave better results in the simulations than compared to its implementation
on experiments(1-DOF device). During the experiment, the stiffness Kallow

during the releasing path becomes negative due to the linear gradient and
thus resulting in drastically changing the coupling behavior between the de-
vices. In order to avoid such drawbacks, a new Non-linear gradient method
was developed and its concept and implementation will be explained in the
next section.
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4.2.2 Non-linear Gradient Concept

Figure 4.13: Non-linear gradient concept. The first plot represents stiffness
vs deflection, where Kstart is the initial value of stiffness at the start of
pressing phase, when δ ≈0, Kallowed is the allowable stiffness and Kstart is
the estimated stiffness from sensor. The second plot shows the variation
of deflection over time and the third plot denotes the variation of potential
energy (Epot) over time.

The concept of Non-linear gradient can be seen in figure 4.13. similar to the
previous case monotonous increase in stiffness (critical case) is assumed for
the sake of simplicity. During the pressing phase, it can be seen that the
stiffness increases constantly(Karm) from Kstart and reaches a higher value
at maximum deflection δmax. Due to this, the energy in the storage element
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is charged up, as it can be seen from the plot where observed (Epot) curve
increase until maximum deflection (δmax) is attained. However, during the
releasing phase the passive Non-linear gradient OK(k) is calculated, which is
the function of δ(k) ,Epot, K(k) and the allowable stiffness(Kallowed) obtained
from the gradient is adopted. In contrast to the previous approach it can be
observed that the stiffness Kallowed drops in a manner of the parabolic curve
and reaches approximately to the same value of Kstart. This eliminates force
jumps in the system and the Kallowed does not reach negative values in the
case of the non-linear gradient. The charged-up energy in the storage element
is released to the system during the releasing phase, which is indicated in the
plot where observed (Epot) drops and eventually reaches zero. This energetic
behavior (net observed energy is positive) confirms the passivity in the system
without active behavior.

Implementation of Nonlinear Gradient

The implementation of Non-linear gradient concept is as follows: At time
step k, the polynomial equation (y = axd + bx + c) of K with gradient OK
can look like:

K(δ) = a(δ)d + b(δ) + c. (4.5)

We skip further polynomial parts for simplicity in the beginning. The
most effective parameter in the polynomial is the exponent ‘d’ which has
the biggest effect on the non-linearity of the curve. The minimal value of
d ≥ 1 has to be found for which Kmin can be reached. The parameters a to
c have to be determined according to the respective d, K(k), δ(k), Epot and
the following conditions:
At δ = 0, the K(0) should be close to Kstart.

K(0) = c ≈ Kstart. (4.6)

Kstart is the K(k) when starting the pressing at δ ≈ 0
K(δ(k)) = K(k) is another condition, when starting the releasing phase at
δmax
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K(k) = aδd(k) + bδ(k) +Kmin. (4.7)

K(k)−Kmin − bδ(k) = aδd(k). (4.8)

if d=2, a linear solution according to the previous section should be
searched to allow for the negative slopes.

Epot(k) =

∫ δ(k)

0

.K(k)δdδ

=

∫ δ(k)

0

aδd+1 + bδ2 + cδdδ

=

[
a

1

d+ 2
δd+2

]δ(k)

0

+

[
b
1

3
δ3

]δ(k)

0

+

[
c
1

2
δ2

]δ(k)

0

= a
1

d+ 2
δd+2(k) + b

1

3
δ3(k) + c

1

2
δ2(k).

(4.9)

This equation can be solved for ‘b’:

Epot(k)− a 1
d+2

δd+2(k)− c1
2
δ2(k) = b1

3
δ3(k).

b =
Epot(k)− a

d+2
δd+2(k)− c

2
δ2(k))

1
3
δ3(k)

. (4.10)

K(k) can be calculated by Fusing (4.7) and (4.9), we get:

K(k)− c− bδ(k) = aδd(k).

b =
Epot(k)− a

d+2
δd+2(k)− c

2
δ2(k))

1
3
δ3(k)

.

K(k)− c− Epot(k)− a
d+2

δd+2(k)− c
2
δ2(k))

1
3
δ3(k)

δ(k) = aδd(k).

K(k)− c− Epot(k)− c
2
δ2(k)(k))

1
3
δ3(k)

δ(k) +
a
d+2

δd+2(k)
1
3
δ3(k)δ(k)

= aδd(k).
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K(k)− c− Epot(k)− c
2
δ2(k)(k))

1
3
δ3(k)

δ(k) + a δd+2(k)
1
3
δ3(k)(d+2)

δ(k) = aδd(k).

K(k)− c− Epot(k)− c
2
δ2(k)(k))

1
3
δ3(k)

δ(k) = a(δd(k)− δd+2(k)
1
3
δ3(k)(d+2)

δ(k)).
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K(k)−c−Epot(k)− c

2 δ
2(k)(k))

1
3 δ

3(k)
δ(k)

(δd(k)− δd+2(k)
1
3 δ

3(k)(d+2)
δ(k))

.

a =
K(k)−c− 3Epot(k)− 3c

2 δ
2(k)

δ2(k)

(δd(k))(1− 3
d+2

)
.

a =
K(k)− c− 3Epot(k)

δ2(k)
− 3c

2

(δd(k))(1− 3
d+2

)
. (4.11)

Now substitute the value of value of ‘a’ and ‘b’ in the first equation (4.6).
Thus, K(k) becomes

K(k) = c−
(δd(c−Kk +

(3Epot− 3cδ(k)2)
2

δ(k)2

(δ(k)d − (3δ(k)d+2)
(δ(k)2(d+2)))

+ (3δ(Epot− cδ(k)2

2
+ (δ(k)(d+2)(c−Kk +

(3Epot−
(3∗cδ(k)2)

2
)

deltak2))

((δ(k)d −
(3deltak(d+2))

(δ(k)2(d+2)))∗(d+2))))

δ(k)3

).

(4.12)

According to the equation (4.6) substitute Kstart in the place of ‘c’ as it rep-
resents the value of stiffness(K(k))during the starting of pressing at δ ≈ 0

K(k) = Kstart −
(δd(Kstart −Kk +

(3Epot− 3Kstartδ(k)
2)

2

δ(k)2

(δ(k)d − (3δ(k)d+2)
(δ(k)2(d+2)))

+ (3δ(Epot− Kstartδ(k)2

2
+ (δ(k)(d+2)(Kstart −Kk +

(3Epot−
(3Kstartδ(k)

2)
2

)

deltak2))

((δ(k)d −
(3deltak(d+2))

(δ(k)2(d+2)))∗(d+2))))

δ(k)3

)

.

(4.13)



Chapter 4. Proposed control approaches 51

The gradient of this functionOK(k) can be calculated with respect to deflec-
tion and is given by:

OK(k) =

(3 ∗ (Epot− (Kstart∗δ(k)2)
2

+
(δ(k)(d+2)∗(Kstart−Kk+

(3∗(Epot− (Kstart∗δ(k)2)
2

δ(k)2

((δ(k)d− (3∗δ(k)(d+2))

(δ(k)2∗(d+2)
))∗(d+2))))

δ(k)3

−
dδd−1 ∗ (Kstart−Kk +

(3∗(Epot− (Kstart∗δ(k)2)
2

))

δ(k)2

(δ(k)d − (3∗δ(k)(d+2))
(δ(k)2∗(d+2))

.

.

(4.14)

Similar to the previous implementation figure 4.10 to understand the behav-
ior of the non-linear stiffness gradient controller, the simulations is performed
in simulink by taking two input sine wave signals which represents the po-
sitions of main device (input device) and secondary device (Output device).
Two different types of stiffness variations are considered: Constant increase
in stiffness (ramp input) and sinusoidal variation of stiffness.
The graph of Stiffness vs deflection is plotted as shown in the figure 4.14



Chapter 4. Proposed control approaches 52

Figure 4.14: The Plot of Stiffness vs Deflection with the implementation
of non-linear gradient for ramp input (constant increase in stiffness)
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Figure 4.15: The Plot of Stiffness vs Deflection with the implementation
of non-linear gradient for sinusoidal input

At first, the analysis is done for the ramp input (constant linear increase)
case. As it can be observed from the figure 4.14, The green line in the
plot represents the value of Kstart which indicates the stiffness at δ ≈ 0. It
remains constant for one complete cycle of the pressing and release phase.
The red line in the plot is the value of KDes. This line initiates from Kstart

and increases during the pressing path( when deflection δ goes from 0 to 0.1)
and reaches a higher value than the initial value (Kstart) during the releasing
path (when deflection δ goes from 0.1 to 0). This leads to higher energy
generation in the system and leads to instability if this desired stiffness is
adopted. Therefore the allowable or passive stiffness (Kallow) is computed
based on the non-linear gradient equation as shown before. The purple line
in the plot shows the value of Kallow. It can be seen that the Kallow follows the
Kdes line during the pressing phase and during the releasing path it drops
in a non-linear manner and reaches a value below or equal to the Kstart
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based on the degree of polynomial adopted. Similarly, the analysis is done
for Sinusoidal variation of stiffness as shown in the figure 4.15. And hence
implementing this method satisfies the passivity condition as there would not
be excess energy generation or high force feedback to the user.

Discussion

This proposed gradient concept overcomes the limitations of the previous
approach and its effectiveness can be analyzed in further sections. During the
releasing path the allowable stiffness (Kallow) reaches to the point of initial
stiffness (Kstart) and therefore, the minimum stiffness that is required to
maintain the position synchronization between the devices is maintained and
thus prevents the user from setting the desired stiffness for each operation.

4.3 Passive Time-Delayed Teleoperation with

variable Impedance

4.3.1 TDPA-ER with Nonlinear Gradient

Taking into consideration the disadvantages of TDPA-ER as discussed in
the previous section, The combination of the least conservative approach
(TDPA-ER) and stiffness gradient concept was implemented.
Implementing of Linear gradient concept with TDPA-ER did not seem to
be a suitable choice because of its drawback as mentioned in the previous
section and its unresolved challenges in the experiment. So therefore the
Non-linear gradient concept was an appropriate choice to combine it with
the TDPA-ER.
The architecture is arranged as shown in the figure 4.16.
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Figure 4.16: The proposed architecture TDPA-ER combined with Non-
linear stiffness Gradient controller subjected to variable stiffness estimated
from the EMG hardware

The two impedance type passivity controllers (PC) are located on either
side of the communication channel (CC) in order to consider the energy stor-
age element together with the CC in 2-port delayed network. The monitoring
unit is located at the right side of the communication channel as shown in
the figure 4.16.
The stiffness estimation is done by EMG hardware with 8 channels of sEMG
electrodes attached to the human arm. In order to deal with the variable
stiffness behavior, the coupling controller that is normally used in previous
approaches is replaced by a nonlinear gradient controller. This is necessary
because of the following reasons: To ensure passivity, reduce the force feed-
back to the user, and overcome the drawbacks of TDPA-ER in case of variable
stiffness.
The stiffness (Kmeas) is commanded from the sensor to the stiffness gradient
controller and the Kdes is computed as :

OKDes = ∂KDes
∂δ

= (∂KMeas

∂T
)/( ∂δ

∂T
).
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∂KDes
∂T

= (∂KDes
∂δ

) ∗ ∂δ
∂T

.

Kdes =

∫
OKdes ∗ dt. (4.15)

where OKDes is the desired stiffness gradient and KDes is the desired stiff-
ness.
During the pressing path the desired stiffness KDes is achieved but during
the releasing path i.e when the main device retrieves from the wall contact,
The nonlinear gradient is computed as derived in the previous section.

OK(k) =

(3 ∗ (Epot− (Kstart∗δ(k)2)
2

+
(δ(k)(d+2)∗(Kstart−Kk+

(3∗(Epot− (Kstart∗δ(k)2)
2

δ(k)2

((δ(k)d− (3∗δ(k)(d+2))

(δ(k)2∗(d+2)
))∗(d+2))))

δ(k)3

−
dδd−1 ∗ (Kstart−Kk +

(3∗(Epot− (Kstart∗δ(k)2)
2

))

δ(k)2

(δ(k)d − (3∗δ(k)(d+2))
(δ(k)2∗(d+2))

.

.

(4.16)

The minimal value of d ≥ 1 has to be found for which Kmin value can be
obtained. The parameters K(k), δ(k) , Epot represents the current stiffness,
deflection and potential energy respectively at the time instant k.
In order to ensure the passivity, the switching up of the gradient takes place.
During the pressing path, the desired gradient from the sensor is adopted and
during the releasing path, this desired gradient is limited by the calculated
passive gradient.
The allowable stiffness is calculated Kallow from this gradient:

Kallow =

∫
OK(k) ∗ dδ. (4.17)

the stiffness thus obtained drops in a non-linear manner as explained in plots
in the upcoming section.
The force commanded ‘Fcd’ from the stiffness gradient controller to the main
and secondary device is given by:



Chapter 4. Proposed control approaches 57

Fcd = Kallow ∗ δ. (4.18)

.

Results

This section comprises simulation results obtained from MATLAB and Simulink.
The goal of the following simulation is to test the stability of the system dur-
ing the implementation of variable stiffness. In particular, the desired stiff-
ness, which is provided to the system was chosen to be: constant increase in
stiffness (ramp input) and sinusoidal stiffness variation. The time delay in
the communication channel is chosen from 0ms to 200ms round trip.
In order to overcome the drawbacks of the energy reflection TDPA the con-
cept of Non-linear gradient was introduced and is computed as shown in the
previous section. The traditional coupling controller is replaced with the
non-linear gradient controller as shown in the figure 4.16. The simulation re-
sults are plotted for this approach, considering different possible cases. The
plot of stiffness vs deflection is also shown in order to analyze the stiffness
behavior throughout the operation.
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a) Constant increase in stiffness. b) Plot of Stiffness vs Deflection.

Figure 4.17: TDPA-ER with Nonlinear gradient subjected to variable stiff-
ness under no delay with wall contact.

figure 4.17a represents stiffness variation in TDPA-ER with Non-linear
gradient. In contrast to TDPA-ER method the sudden dropping of main
device force is absent during the releasing path. figure 4.17b indicates the
behavior of the stiffness during the operation. During the pressing path the
passive stiffness Kallow follows Kdes but during releasing path it drops in a
nonlinear manner and reaches Kstart. In contrast to linear gradient concept
a minimum position synchronization can be maintained between the devices
during all the cases (minimum stiffness can be guaranteed at zero deflection).
The energy plot (EPP ) is always positive and thus confirms the passivity of
the PC controlled network.
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a) Constant increase in stiffness b) Plot of Stiffness vs Deflection.

Figure 4.18: TDPA-ER with nonlinear gradient subjected to variable stiff-
ness under 200ms roundtrip delay with wall contact.

figure 4.18a represents stiffness variation (ramp input) in TDPA-ER with
Non-linear gradient. The position tracking between the device is clearly af-
fected due to higher time delay. The position drift does not occur despite
high communication delay. This combination of Non-linear gradient con-
troller, enables eliminate the high frequency force vibrations on the main
device side. Mainly PC1 (PC at main device side) dissipates higher energy
during the wall contact. In contrast to TDPA-ER method rapid force drops
during the releasing path cannot be observed .The energy plot (EPP ) and
the net observed potential energy (Epot) is always positive and thus confirms
the passivity of the system. The plot presented in figure 4.18b represents the
stiffness behavior. The dropping of passive stiffness Kallow in a non-linear
or parabolic manner can be clearly observed at higher deflection during the
releasing path.
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a) Constant increase in stiffness. b) Plot of Stiffness vs Deflection.

Figure 4.19: TDPA-ER with nonlinear gradient subjected to variable stiff-
ness under 200ms roundtrip delay with free motion and wall contact.

In figure 4.19a it can be seen that PC forces generated during wall contact
are high compared to free motion. The position tracking is normally affected
due to high delay but the position drift does not occur. In contrast to TDPA-
ER at higher delay this approach has less force drops during the releasing
path. EPP remains positive and thus the passivity of the system is confirmed.
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Discussion

The results shown in the previous section indicate the effectiveness of the
Non-linear gradient concept combined with TDPA-ER. The position-synchronization
is slightly affected in case of higher time delay, but the position drift does
not occur in all cases. The feedback force is not cut off rapidly during the
releasing path as observed in the previous case (only TDPA-ER), this ensures
higher transparency in the system. The proof of passivity EPP remains pos-
itive and thus the passivity of the system is confirmed for all the considered
stiffness variation cases.

4.3.2 TDPA with Nonlinear Gradient

In the case of conventional TDPA it can be seen that, if variable stiffness is
implemented, the system tends to go non-passive and results in instability.
To avoid this the concept of stiffness gradient control can be implemented in
order to accommodate for non-passive actions resulting from variable stiff-
ness. The linear gradient concept for this case scenario seemed unfeasible
because of the drawbacks as mentioned in the previous section. Therefore
the principle of the non-linear gradient is adopted.
The architecture of TDPA with non-linear gradient control is as shown in
the figure 4.20



Chapter 4. Proposed control approaches 62

Figure 4.20: The proposed architecture of standard TDPA combined with
Non-linear Stiffness Gradient controller subjected to variable stiffness esti-
mated from the EMG hardware.

The position controller that was present in the previous conventional
model is replaced by the stiffness gradient controller in order to adapt with
variation in stiffness. The impedance passivity controller is placed towards
the left side of the communication channel (CC) and the admittance type
passivity control is placed at the right side of the CC before the stiffness
gradient controller. The PCs present on either side provide delay compen-
sation and removes excess energy generated in the communication channel
due to the time delay. The stiffness of the arm muscle is estimated from the
EMG hardware is sent to the controller. The Non-linear gradient controller
works similarly as explained in the previous section. The desired stiffness
is achieved during the pressing path or when the secondary device comes in
contact with the object or environment. This is very much essential so that
the required task can be accomplished with ease and position accuracy can
be achieved. And during the releasing path due to the calculated passive
gradient, the allowable stiffness can be calculated and interaction forces can
be reduced which demonstrates a better performance, regardless of the delay
in the communication channel, while still satisfying the passivity condition.
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Results

This approach of Non-linear Stiffness Gradient is adopted to the traditional
TDPA in order to assure passivity in the case of variable stiffness. The
simulation results are plotted for this approach, considering different possible
cases and the plot of stiffness vs deflection is also shown accordingly .
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a) Constant increase in stiffness. b) Plot of Stiffness vs Deflection.

Figure 4.21: TDPA with nonlinear gradient subjected to variable stiffness
under 200ms delay with wall contact.

figure 4.21a represents stiffness variation (Ramp input) in TDPA with
Non-linear gradient. The position drift can be observed in this case at
t=[5s,9s] because of the admittance type PC and higher time delay in the
communication channel. The energy plot EPP is always positive and thus
confirms the passivity of the system despite the variable stiffness input. fig-
ure 4.21b shows the plot of Stiffness vs Deflection. It can be observed that
at higher deflection during the pressing path the Kallowed follows the KMeas

but during the releasing path it drops in a parabolic path and reaches to
Kstart. This avoids energy generation in the system due to variable stiffness
and reduces the feedback force to the user.



Chapter 4. Proposed control approaches 65

a) Constant increase in stiffness. b) Plot of Stiffness vs Deflection.

Figure 4.22: TDPA with nonlinear gradient subjected to variable stiffness
under 200ms delay with free motion and wall contact.

figure 4.22a can be observed that the position synchronization is not
perfect during free motion(t=[0s,5s]) and wall contact (t=[5s,10s]) due to
the presence of delay in the communication channel. This behavior results,
to some extent, from the admittance type PC that causes a position drift.
High frequency force vibrations can be seen during the wall contact, which is
caused by the impedance PC on the main device side, this tends to increase
with time-delay. EPP is always positive and thus confirms the passivity of the
system. figure 4.22b indicates the plot of Stiffness vs Deflection, that shows
the behavior of stiffness throughout the operation. At higher deflection,the
allowable stiffness (Kallowed) adopts a non-linear path during releasing phase
and reaching (Kstart) can be observed. This prevents injection of energy in
the system and hence maintain stability.

Discussion

The results presented in the previous section depicts the advantages of im-
plementing Non-linear gradient concept with standard TDPA. The system
remains passive for all the considered cases of stiffness variation and delays,



Chapter 4. Proposed control approaches 66

but severe drift in the position can be observed in all the cases due to the
presence of admittance type PC at the secondary device side. High frequency
force vibrations can be seen during the wall contact, which is caused by the
impedance PC on the main device side, this tends to increase with time-
delay. This effect can be eliminated by using low pass filter or by adopting
observer based gradient (OBG) method [13] .
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Experimental Validation

In this chapter the experimental setup used for testing and validation is
described (see figure 5.1).

5.1 Experimental Setup

Teleoperation hardware

The system developed by SENSO-DRIVE GmBH mainly consists of two
independent Motor units featuring torque sensors. Both devices are brushless
with a nominal torque of 0.7Nm and a peak torque of 2 Nm. This system runs
on real time operating system (QNX) at a frequency of 1KHz. A Simulink
based user interface has been developed for rapid development and real time
prototyping. The table below represents the main hardware features.

Table 5.1: 1 DOF Main and Secondary device characteristics

Bus Interface CAN or ethercat
Operational frequency 1kHZ

Nomianal torque 0.7Nm
Pick torque 2Nm

Weight 500 gr
Dimensions 120 x 220 x 220 mm

Motor characteristics Brushless DC

67
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Figure 5.1: Experimental setup: Two 1-DoF rotational devices.

EMG Hardware

Figure 5.2: EMG hardware : Myo band device
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The device features EMG electrodes, a 9-axes IMU composed of a 3-axes ac-
celerometer, a 3-axes gyroscope, and a 3-axes magnetometer, and a vibration
motor used to alert the user when a particular event occurs. The estimated
stiffness from the EMG hardware (Myoband device) is sent to the one-DOF
device via UDP communication and the experiments are performed accord-
ingly. Similar to the machine learning algorithms used by the authors in
[33] in our approach to stiffness estimation, we are using a ridge regression
algorithm with a pseudo-Gaussian kernel that uses an approximation based
on Random Fourier Features (RFF). As for the reasons, machine learning
algorithm is used on the wrist rather than adopting co-contraction index
based method in[12], this is because, in general, the forearm is, fairly hard
to model, and agonistic and antagonistic muscles responsible for movements
(and therefore stiffness) around a given axis are hard to identify. Therefore,
machine learning approach is probably the most practical solution for stiff-
ness estimation on the forearm. The limited mass of the hand and restricted
range of motion of the wrist also contribute to making machine learning more
effective. On shoulder and elbow, conversely, the muscle groups are probably
easier to locate, and therefore for those joints a model-based approach can
be more easily adopted. As the stiffness is measured in one dimension, there
is no need to project the joint stiffness onto the cartesian space as described
in [43], but a normalization and signal conditioning step in the form of a
gain and offset in simulink model is introduced. This gain, which can be
adjusted on the fly, in association with the linear regression model, amounts
to essentially the same result. That is, one can adjust the gain so that the
actual control impedance is sensibly controlled, independently of the actual
estimated human stiffness in terms of its relation to the actual physical value.

5.2 Experiments

5.2.1 EMG stiffness estimation

In this section the stiffness estimated from the EMG hardware is used as
an input to validate the concept of Non-linear gradient and the simulation
results are plotted accordingly.
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Figure 5.3: Passive variable impedance control with Passvity control OFF:
Estimated stiffness from EMG hardware used as an input to Non-linear gra-
dient control.

It can be seen in figure 5.3 that using the Non-linear gradient concept,
the net energy output quickly decreases to negative values, if the passivity
control (PC) is turned off and thus the system shows active behavior due to
stiffness variation.
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Figure 5.4: Soft in, stiff out with pas-
sivity control ON

Figure 5.5: Stiff in, soft out with pas-
sivity control ON

Figure 5.6: Constant stiffness with passivity control ON
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In figure 5.4 the stiffness is increased during the releasing path compared
to the pressing path (soft in,stiff out) the observed potential energy (Eobserved

pot )

is less than the analytical potential energy (EAnalytical
pot ) and the Kallow drops

based on the computed non-linear gradient during the releasing phase. The
net energy output is positive and the system remains passive (with passivity
control ON) throughout the whole operation even with stiffness variation.
In this figure 5.5 the stiffness is increased during the pressing phase than
compared to the releasing phase (stiff in,soft out) and the observed potential
energy (Eobserved

pot ) is higher than the analytical potential energy (EAnalytical
pot ).

The Kallow follows the KDes and hence the desirable stiffness can be achieved
during releasing phase. The net energy output is positive and the system
remains passive (with passivity control ON) in this case.
In the case of constant stiffness input (see figure 5.6) the higher kinetic energy
generation does not occur after contact and the observed potential energy
(Eobserved

pot ) is approximately equal to analytical potential energy (EAnalytical
pot ).

A minimal Kallow drop during the releasing phase can be observed. The
system remains passive (with passivity control ON) in this scenario.
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5.2.2 Delayed Teleoperation

a) with time delay Td = 400ms b) with time delay Td = 800ms

Figure 5.7: The plots of a) and b) represents the sinusoidal stiffness varia-
tion in TDPA-ER with wall contact under different time delay.

The experimental results presents the wall contact scenarios at 400ms round-
trip delay (see figure 5.7a) and 800ms round-trip delay (see figure 5.7b). The
green area indicates the contact release intervals and it can be observed that
analogous to TDPA-ER method the sudden dropping of main device force is
absent during the releasing path due to the application of gradient methods.
It can also be seen that the allowable stiffness (Kallowed) drops during the
releasing path and resets back to its initial condition (Kmeas) during free
motion. The net observed potential energy(Eobserved

pot ) is always positive and
thus the passivity condition is satisfied.

5.3 Final remarks

In this chapter, the experimental results show the effectiveness of the pro-
posed gradient method for both teleoperation with EMG hardware and de-
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layed teleoperation scenarios.
In the first experiment, it can be observed that optimal results can be seen for
different cases of stiffness variation that is estimated from the EMG hard-
ware, which is attached to the user’s arm. The observed potential energy
(Eobserved

pot ) varies in response to the stiffness variation during pressing and
releasing path, but in all the cases the net energy remains positive and thus
ensures the passivity of the system.
In the second experiment, the gradient method is evaluated with higher time
delays in combination with the least conservative approach TDPA-ER. The
position synchronization is accurate even in the presence of higher time de-
lays and sinusoidal stiffness variations. The drift in the position cannot be
seen due to usage of impedance type PC on both the side of the devices.
The sudden force drops as observed previously during the releasing path (see
figure 4.5) are minimized with this combination of gradient method to TDPA-
ER. The system remains passive for both the delayed cases (net observed Epot
is positive).



Chapter 6

Conclusion

In this thesis work, various control approaches are proposed to overcome the
effects of variable stiffness in the bilateral teleoperation system. State-of-
the-art TDPA method (TDPA-ER), Gradient methods are introduced, and
the effectiveness of these methods are investigated more closely in simulation
and experimental evaluations.

6.1 Summary

In the introduction, in order to perform a safer operation, the need for vari-
able impedance or Tele-impedance was explained. However, variation of
impedance according to the estimated stiffness from the human’s arm in
real-time leads to higher kinetic energy generation after contact with the
environment and violates the passivity condition of the bilateral teleopera-
tion system. To overcome these issues, the Time Domain Passivity Control
methods are necessary. Within an extensive literature survey, similar sys-
tems, that involve stiffness estimation strategy and various control methods
that are subjected to variable impedance are highlighted.
The proposed methods in this thesis, that is TDPA-ER is least conservative
and more physically comprehensive, it provides optimal results in terms of
position synchronization, higher transparency with no drift in position, de-
spite the variation in stiffness and higher time delay in the communication
channel. However, this approach has its limitations, since the feedback force
drops drastically during the releasing path or free-motion if there is no po-
tential energy available in the monitoring unit. Therefore, the concept of
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stiffness gradient has been adopted in this work to compensate for the draw-
backs of TDPA-ER and prevent the generation of energy due to variable
stiffness.
The effectiveness of this approach can be observed in the simulation envi-
ronment and experimental results. It can be seen that by combining this
approach with standard methods, the force is maintained much longer dur-
ing the releasing path in contrast to TDPA-ER and thus facilitating smoother
operation.

6.2 Outlook

In future work, the concept of teleimpedance approach can be adapted to
a passive time-delayed teleoperation system in combination with stiffness
gradient methods for 6 DOF robotic devices. The parameters such as the
end-point stiffness and the position reference can be estimated in real-time
by EMG hardware and position markers respectively from the human’s arm
and are provided to the secondary device to achieve safe and compliant inter-
action with the environment. Furthermore, the concept of stiffness gradient
methods can be applied to energy tanks and damping injection methodolo-
gies.
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Appendix A

Extension of Gradient Concept

Adaptation during pressing phase

Figure A.1: Stiffness vs
deflection plot

Figure A.2: Limitation of Kallow

during pressing phase

Figure A.3: Soft in, Stiff out with passivity controller ON
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In certain cases of stiffness variation, it can be observed that during the
releasing path the minimum point (Kmin) of the computed allowable stiffness
(Kallow) drops to a very lower value (see figure 1) and thus affecting the
position synchronization between the devices and leads to sudden force jump
in the system. In order to avoid this issue, the allowable stiffness can be
limited during the pressing path as shown in figure 2 such that the Kmin

is limited during the releasing path and thus minimizing the force jump
effects and improves the performance of the operation. The green area in the
experimental result (see figure 3) represents the limitation of Kallow during
the pressing phase to avoid the excess drop of allowable stiffness during the
releasing phase.



Nomenclature

α Dissipation coefficient for an impedance based Passivity Controller

β Dissipation coefficient for an admittance based Passivity Controller

DOF Degrees of freedom

EM
L2R Energy flowing into a TDPN from its left port (usually at the Main

device)

ES
L2R Energy flowing into a TDPN from its right port (usually at the Sec-

ondary device)

EM
R2L Energy of a TDPN flowing out from its left port (usually at the Main

device)

ES
R2L Energy flowing into a TDPN from its right port (usually at the Sec-

ondary device)

Fe Environment force

Fm Main device force

Fs Secondary device force

Kallowed Computed allowable stiffness during the releasing Phase

KMeas Estimated or measured stiffness from the EMG hardware

Kstart Stiffness during the start of the pressing Phase

P Power of the system

P − Fc Position-Force computed architecture
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P − Fmeas Position-Force measured architecture

PC Passivity Controller

PO Passivity Observer

T1 Forward time delay

T2 Backward time delay

TDPA Time Domain Passivity Approach

TDPA− ER Time Domain Passivity Approach with Energy Reflection

vm velocity of the Main Device

vs velocity of the Secondary Device

Zc Impedance of the controller

Ze Impedance of the environment

Zm Impedance of the Main Device

Zs Impedance of the Secondary Device

CC Communication Channel

LTI Linear Time-Invariant
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