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In bilateral telemanipulation algorithms based on enforcing time-domain passivity, internal friction in
the devices poses an additional energy drain. This can severely decrease the obtainable transparency
of these algorithms when high amounts of friction are present in the slave device. Based on a model of
the friction, the dissipated energy can be estimated and reclaimed inside the energy balance of the con-
trol algorithm. Extending the energy balance which is monitored, decreases the net passivity of the
telemanipulation system enforced by the control algorithm, which usually enforces passivity of just
the bilateral controller. Experimental results are provided that demonstrate the effectiveness of the pro-
posed approach in increasing the obtainable transparency. As long as the physically dissipated energy is
underestimated, the telemanipulation system as a whole will remain passive. Thus the guaranteed sta-
bility property of the time-domain passivity algorithm is maintained.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

A bilateral telemanipulation system presents the user with hap-
tic feedback about the interaction between the slave device and the
remote environment. The transparency of the telemanipulation
system is defined as the degree to which it is able to convey to
the user the perception of direct interaction with the environment
[1]. One of the factors that determine the achievable transparency
is the implemented bilateral control algorithm. Various control
algorithms for bilateral telemanipulation have been proposed/ap-
plied with different stability and transparency properties, amongst
others Position-Force controllers e.g. [2], Four Channel control [1],
Impedance Reflection algorithms e.g. [3], and Coupled Impedance
controllers, e.g. [4]. A recent overview can be found in [5].

Stability issues can arise in bilateral telemanipulation systems
due to e.g. hard contacts in the environment and time delays in
the communication channel connecting the master and slave sys-
tem. The concept of passivity is often used in the design of bilateral
telemanipulation systems as the interaction between passive sys-
tems is guaranteed to be stable. Both the user and the environment
can be assumed to be passive, or to interact at least with passive
systems in a stable manner [6]. Thus guaranteeing passivity of
the telemanipulation system ensures stability of the interaction
between the user/environment and the telemanipulation system.

Non-linear control architectures have been proposed in litera-
ture that can be combined with regular bilateral control algorithms
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to ensure passivity of the system. These algorithms adapt the
commanded forces computed by the bilateral control algorithm
to ensure that the telemanipulation system remains passive. Due
to the adaptation of the command signals the interaction with this
system is guaranteed to be stable, even though the bilateral control
algorithm itself would result in unstable behavior of the system.
Examples include the work of Ryu et al. [7,8], Kim and Ryu [9],
Lee and Huang [10], and Franken et al. [11]. Of these approaches
we will focus on Time Domain Passivity (TDP) algorithms, e.g.
[7,8,11]. In TDP algorithms an energy balance of the system is mon-
itored. This balance is based on the energy exchange between the
physical world and the bilateral control algorithm. Passivity of that
interaction is enforced with modulated dampers.

Perfect transparency means that the user should not be able to
discern the dynamic behavior of the mechanical master and slave
device, and the bilateral control algorithm during operation. When
left uncompensated, mechanical friction at both the master and
slave side can decrease the obtained transparency [12]. In this pa-
per we will consider bilateral telemanipulation systems that con-
sist of impedance-type displays (force output causality). For such
devices mechanical friction can decrease the tracking performance
with respect to the desired position at the slave side and the de-
sired force at the master side. At the master side the mechanical
friction will distort the force feedback experienced by the user,
which is most apparent during free space motion.

Extensive research has been performed with respect to friction
compensation in motion and force control. Methods have been pro-
posed that use observer-based compensators, e.g. [13,14], adaptive
controllers, e.g. [15,16] force feedback control, e.g. [17,18], and
model-based feedforward compensation, e.g. [19-22]. Overviews
of various sources of friction, applicable models and various
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compensation methods applied to systems with friction are pub-
lished by Armstrong-Hélouvry et al. [23] and Bona and Indri [24].

Examples of friction compensation specifically applied to bilat-
eral telemanipulation systems and haptic feedback devices include
the work of Kwon and Woo [17], Bernstein et al. [18], Bi et al. [25],
and Mahvash and Okamura [21]. Mahvash and Okamura [21] dis-
cuss that not every compensation method is suitable to be applied
in bilateral telemanipulation systems depending on the chosen
bilateral control algorithm and available sensors.

So far the effect of physical friction on the performance of TDP
algorithms has been mostly neglected. Monfaredi et al. [26] recog-
nized that TDP algorithms provide better results when applied to
lightweight devices with low internal friction. Increased amounts
of internal friction in the slave device were found to reduce the
obtainable transparency with the telemanipulation system. There-
fore they proposed to apply a stiffness observer to the interaction
with the environment and make the damping applied at the user
side dependent on the identified stiffness instead of the energy bal-
ance when slave devices with higher internal friction are used. In
their approach the energy balance is no longer monitored, making
the approach similar to the one proposed by Love and Book [27].
However, the required amount of damping to enforce passive behav-
ior of the system is not solely dependent on the stiffness of the envi-
ronment, e.g. the influence of the grasp of the user, the parameters of
the bilateral controller, the device impedances, and the type of mo-
tion is neglected. Furthermore, the stability properties of the system
become dependent on the convergence of the applied stiffness iden-
tification algorithm. Although an interesting approach, it fails to ad-
dress the underlying problem of TDP algorithms.

In this paper, the influence of friction on TDP algorithms is ana-
lyzed. The analysis is performed based on the two-layer framework
introduced by Franken et al. [11]. It will be shown that friction influ-
ences the system in two distinct ways, which can each be separately
handled in one of the layers. In the Transparency Layer one of the
aforementioned compensation methods can be applied to increase
the performance with respect to motion and force tracking. In the
Passivity Layer an energy-based compensation method is proposed.
The focus of the paper lies on this last compensation method. Fur-
thermore, the proposed approach s applicable in any TDP algorithm,
e.g. [7,8]. A preliminary analysis and simulation results of this
improvement in obtainable transparency was presented by Franken
etal. [28]. The contribution of this paper are the extended analysis of
the proposed friction compensation technique in the monitored en-
ergy balance of the TDP algorithm and its experimental validation.

The paper is organized as follows: Section 2 introduces the two-
layer approach to bilateral telemanipulation. Section 3 discusses
the influence of friction within the two-layer framework and the
proposed compensation strategy. Section 4 describes an imple-
mentation of such a friction compensation technique in the two-
layer framework. Experimental results with this implementation
showing the obtainable increase in transparency are presented in
Section 5. A discussion on the proposed approach is contained in
Section 6. The paper concludes and provides direction for future
work in Section 7.

2. Two-layered bilateral telemanipulation

In this section we will summarize the working of the two-lay-
ered framework proposed by Franken et al. [11].! Two layers are

1 With respect to the mathematical notation used in this paper we would like to
point out the following. The index k is used to indicate instantaneous values at the
sampling instant k and the index k is used to indicate variables related to an interval
between sampling instants k — 1 and k. The symbol 7 is used to indicate a generalized
force vector which can contain both forces and torques.

defined that each address a distinct goal. The Transparency Layer con-
tains the bilateral control algorithm that makes the system display
the desired behavior, whereas the Passivity Layer enforces passivity
of the system, see Fig. 1.

The Transparency Layer can contain any control algorithm that
delivers the desired transparency, as long as it results in a desired
torque/force to be applied to the devices at both sides, e.g. [1-4].
The generalized forces to be applied at the master and slave side
are Ty, and Ty, respectively. These desired forces are the inputs
to the Passivity Layer of which the working is summarized below.

A system is passive when the energy that can be extracted from
the system is bounded by the energy that was injected into the sys-
tem and the energy initially stored in the system, E(0):

/ " o odt > —E©), (1)

where 7; and ¢ are the force and velocity associated with the inter-
action point of the system. E(0) is assumed to be zero. Non-passive
systems are said to generate “virtual” energy and it is this addi-
tional energy that can potentially destabilize the system.

For impedance-type systems (force output causality) the energy
exchange between the control system and the physical world dur-
ing sample period k, AH,, (k) can exactly be determined a posteriori
as:

kAT

AH (k) = / (g (b
(k-1)AT

KAT
= —1(k) /(I qi(tydt (2)

k—1)AT

= —T[(k)AqI(I<)7

where Aq;(k) is the position difference of the interaction point that
occurred during sample period k. Using (1) and (2) an energy bal-
ance, Hr, of the bilateral controller can be composed as

Hy (k) = / (O (0) — Ths(E)ds(E)de

(k—1)AT

Z AHIm(l) +AHls(i), (3)

i=0

where Tp, and Tps are the forces exerted by the Passivity Layer on
the master and slave device, respectively. The velocities of the mas-
ter and slave device are gy and gs, respectively. AHj,,(k) and AHs(k)
are computed according to (2) and represent the energy exchanged
between the physical world and the control system, operating in
discrete time, at the master and slave side, respectively. (3) repre-
sent the amount of energy ‘stored’ in the bilateral control algorithm.
If (3) is enforced to be positive always, the telemanipulation system
is passive and thus stability will be guaranteed.

To account for time delays in the communication channel the
Passivity Layer splits (3) into three parts:

Hr(k) = Hu (k) + Hc(k) + Hs(k), (4)

where Hy;, Hc, and Hs represent the energy at the master side, in the
communication channel, and at the slave side. The energy at the
master and slave side, Hy; and Hs, are stored in energy tanks. The en-
ergy levels in these tank can be regarded as energy budgets from
which controlled movements can be powered. An energy transfer
protocol is required to make energy available in the system where
needed. An example is the Simple Energy Transfer Protocol (SETP),
where each side transmits each iteration a fraction, B, of its energy
level to the other side. This guarantees H¢ > O for arbitrary time de-
lays and ensures asymptotic stability of the difference of the tank
levels for arbitrary constant time delays. The proof of the latter is
obtained by a straightforward application of the Jury Stability
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Fig. 1. Two layer algorithm for bilateral telemanipulation. The double connections indicate an energy exchange interaction [11].

Criterion to the linear time invariant description of the tank level
difference.

With the SETP there are three energy flows connected to each
energy tank, the energy exchange that occurs with the physical
world and both an incoming and outgoing energy flow from the
communication channel. The energy tank levels are given as

—1)AT
Hu(k) = " AHpm(k) + AHsu. (k) — AHys_ (k)
i=0
(3)

AH,s(k) + AHM5+(’<) — AHgy,_ (k)7

i-0

where AHy;s_ and AHy;s_ are the energy packets send each iteration
into the communication channel at the master and slave side.
AHys. and AHsy, are the amounts of energy received at each side
out of the communication channel. The energy flow out of the com-
munication channel at each side is the time-delayed energy flow
into the communication channel at the other side. A thorough treat-
ment of the two-layer framework is contained in [29].

When the energy level at either the master or slave side is low,
the force that can be exerted by the bilateral control algorithm at
that side is restricted to maintain passivity. Saturation functions
can be implemented that guarantee

Hu (k)
Hs(

—
)

(6)

0
0.

Vv

Examples of such saturation functions are discussed in [11]. The
various saturation functions that are implemented compute maxi-
mum torques, Tymax(k) and Tspax(k) that can be applied at the mas-
ter and slave side by the Passivity Layer during sample period k + 1
so that passivity will be maintained. The forces applied by the Pas-
sivity Layer are computed as

Toum(K+ 1) = N (Trm (k) Min(|Trim (k)] Thimax (K)) + Trc (k)
Tpis(k + 1) = sgn(trs(k)) min(|Trs ()], Tsmax(k)),

(7)

where 17;c is the force exerted by the Tank Level Controller (TLC).
The TLC is defined at the master side to regulate the energy level
in the system independent of the bilateral control algorithm in
the Transparency Layer. The TLC is activated in order to extract an
initial amount of energy, and further additionally required energy,
from the user to maintain a desired energy level in the system.
The TLC is implemented as a modulated viscous damper:

Trc(k) = —d(k)qm(k)
d(k) _ a(HD - HM(m)) lf HM(’H’_]) < HD (8)
1o otherwise '

where Hj is the desired energy level of the tank and d(k) is the mod-
ulated viscous damping coefficient and « is a tuning parameter for

the rate at which the user will replenish the energy tank given a cer-
tain motion. The selection of Hp and o dependents on the device
characteristics, the implemented energy transfer protocol, and the
properties of the communication channel [29]. Systematic tuning
of the parameters in the Passivity Layer is the topic of ongoing
research.

The algorithm implemented in the Passivity Layer maintains the
energy balance:

=~
-

Hr(k) = » AHp(i) + AHg(i) > 0, 9

1

Il
o

which guarantees passivity of the bilateral control algorithm and
thus of the telemanipulation system as a whole.

3. Friction

In the previous section the two-layer approach to bilateral
telemanipulation was described. In this section the influence of
friction on the performance of each layer will be analyzed. It will
be shown that in each layer compensation methods of a different
nature need to be implemented to achieve the highest possible le-
vel of transparency while guaranteeing stability.

3.1. Transparency Layer

The bilateral control algorithm in the Transparency Layer is in-
tended to provide the user with the desired level of transparency.
For most bilateral control algorithms this translates into the fol-
lowing goals:

o accurate reflection of the environment force to the user,
e accurate position tracking by the slave device with respect to
the motion of the master device.

Mechanical friction in the master and slave device can reduce the
performance of the system with respect to these two goals. The ri-
gid-body dynamic equations of the master and slave system are:

Toum (£) + T (t) + Trm (t) = My (qy)qm(t)

Tows(t) + Telt) + Tas(£) = Ms(qs)iis(0). 19

where 7 and 7 are the forces exerted by the user and the environ-
ment, respectively. Tg,;, and Tgs are the non-linear mechanical fric-
tion forces in the master and slave device and M,, and Ms are the
configuration dependent inertia matrices of the master and slave
device, respectively.

In order to achieve the desired goals 771, and 775 need to be de-
signed such that the negative influence of friction, 7z, and tgs, with
respect to the desired goal is removed. If force/torque sensors are
available force feedback control can be applied at the master side,
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e.g. [17]. If a sufficiently accurate model of the friction can be de-
rived, model-based feedforward control can be applied, e.g. [19].
Bernstein et al. [18] conclude that a hybrid implementation of
these two approaches offers superior performance when compared
to the performance of the separate approaches. At the slave side, an
adaptive position controller can be used to change the parameter
gains to achieve a desired measure of position tracking, e.g. [16],
or model-based feedforward control can be applied to obtain the
same goal, e.g. [21]. Mahvash and Okamura [21] discuss that for
a position-position control architecture, adaptive techniques based
on a pure position tracking error cannot be applied as the tracking
error is also influenced by the interaction with the environment.
Force-feedback control cannot be applied as the slave device can
also be operating in free space.

3.2. Passivity Layer

The algorithm described in Section 2 guarantees stability of the
telemanipulation system by enforcing passivity of the bilateral
control algorithm, (9). The rigid-body dynamic equations of (10)
can be transformed into energy balances as:

kAT

kAT
/ o) u(H)dt = / (T(E) + Tam(0)
(k—1)AT (k=1)AT

— Mu(qun)gm(t))qm (t)dtAH m (k)
= 7AHH(k) — AHRm(k) - AHKm(k)a (11)

where AHy(k), AHym(k) and AHgp,(k) are the amount of energy ex-
changed between the master system and the user, the change of ki-
netic energy in the master device, and the energy dissipated due to
friction in the master device during sample period k. Similarly for
the slave device:

AHys(K) = —AHg(K) — AHgg(k) — AHgs (k). (12)

where AHg(k), AHyy(k) and AHgs(k) are the amount of energy ex-
changed between the slave system and the environment, the
change of kinetic energy in the slave device, and the energy dissi-
pated due to friction in the slave device during sample period k.
The signs in (11) and (12) are due to the definition of the positive
energy flow direction according to (10).

It immediately follows from (12) that physical friction in the
slave device not only influences the position tracking performance
of the slave device, but also the energy balance as enforced by the
Passivity Layer. This influence is independent of possible friction
compensation methods implemented in the Transparency Layer to
achieve proper position and force tracking. Consider the situation
where the slave device is moving at a constant velocity in free
space (AHg(k) =0 and AHg(k) = 0). The energy balance of (12) re-
duces to:

AHjs(k) = —AHpgs(k). (13)

This means that due to (9) the energy dissipated in the slave device
will have to be injected by the user. As the slave device is moving in
free space it is likely to assume that the commanded torque/force
by the control algorithm in the Transparency Layer at the master
side is zero, Ty m(k) = 0. Therefore, the TLC will be activated so that
the user injects energy into the system to compensate for AHkgs.
Subsequently, due to the activation of the TLC the user will not
experience free space motion as such.

Similar arguments can be applied to the master system. Con-
sider the situation where the user is moving at a constant velocity
and that at the slave side AH;(k) = 0. Assume that the user needs to
experience free space motion (AHy(k)=0) and that adequate fric-
tion compensation techniques have been applied in the Transpar-
ency Layer to achieve that free space motion sensation. From (11)
it follows that:

AHpm (k) = —AHgn(k), (14)

which means that without additional measures in the Passivity
Layer the TLC will again be activated. It can also be argued that
without friction compensation in the Transparency Layer the user
is injecting energy into the system to overcome the friction in the
master device, AHg,,, which can be used as partial fulfillment of
the energy that would need to be extracted by the TLC.

A sufficient condition for stability of the telemanipulation sys-
tem is that no energy can be extracted from the system as a whole,
meaning that

/ ! (D) + Te(Das(O)de > 0. (15)

By implementing the Passivity Layer as described in Section 2, pas-
sivity of the bilateral controller is enforced. This means that (15)
becomes

/t] Tu(t)qm(t) 4 Te(t)gs(t)dt = Hgm(t1) + Hps(t1), (16)

where Hg,(t1) and Hgs(t;) are the energy dissipated by friction in the
master and slave device between ty to tq, respectively. (16) indicates
net passivity, which can be quite significant based on the amount of
physical friction present in the master and slave device. This leads
to the conclusion that the implementation of the Passivity Layer of
Section 2 and TDP approaches in general are conservative as more
friction is added to the system than strictly necessary to guarantee
passivity of the telemanipulation system as a whole.

A solution to this conservatism in the Passivity Layer is to ac-
count for the dissipated energy in the monitored energy balance.
Assume that a model of the friction in the master and slave device
is available. Based on the implemented models and the position
measurements, the amount of energy dissipated by friction during
each sample period in the devices can be estimated. This would
yield AHgn (k) and AHg,(k) at the master and slave side. Any model
that is suitable to describe the friction can be implemented, see e.g.
[23] for an overview of various models.

In the Passivity Layer the estimated amounts of energy are sub-
sequently added to the energy tanks. This is sketched in Fig. 2 for
the slave side. The energy balance that is enforced by the two-layer
framework becomes:

k—
Hr(k) = ZlAHIm(i) + AHgn(i) + AHyg(i) + AHgm (i) > 0. (17)

i=0

This prevents the TLC from being activated to compensate for the
energy dissipated internally in the master and slave device, which
would result in net passivity of the system. Stability is still guaran-
teed as the telemanipulation system as a whole remains passive
according to (15). The only requirement to achieve (15) is

kAT
/ Ten(Ou(t) - Te(Ods(t),  (18)

Jt=0

k _ _
Z AHpgn (i) + AHgs(i) <
i—0

which simply means that the estimate of the dissipated energy
should be smaller than the physically dissipated energy so that a
small amount of net passivity remains in (15).

An important difference with the friction compensation method
in the Transparency Layer is that friction compensation in the Pas-
sivity Layer does not directly result in a force to be applied to the
physical device. Assume that a model-based feedforward compen-
sation method is implemented in the Transparency Layer. The com-
puted feedforward force is physically applied to the device and will
as such influence the motion of the device directly. The perfor-
mance of friction compensation methods in the Transparency Layer
can be reduced due to e.g. ignored non-linear effects such as stic-
tion, the Stribeck effect, stick-slip, measurement noise, and
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Fig. 2. Dissipated energy compensation at the slave side in the Passivity Layer: For clarity only the energy flows are depicted in the Passivity Layer, AHys(k) represents the
energy exchange between the master and slave system through the communication network.

phase-lag due to possible filtering operations. These factors can
significantly reduce the performance of the friction compensation
method when the devices are moving at low velocities, especially
near zero-crossings [25]. A possible consequence of such neglected
effects is chattering of the device. By using more advanced com-
pensation methods this can be mitigated, e.g. [30] where online
identification and adaptation is used and [21] where a passive
compensation method is implemented.

With respect to the friction compensation method in the Passiv-
ity Layer the only requirements are (18) and a certain smoothness
of AHg,, and AHg,. Non-smoothness of AHg,, and AHgs can cause
non-smoothness in the TLC, which can be experienced by the user
as disturbing. This means that the requirements on the compe-
tence of the model are much less strict in the Passivity Layer com-
pared to the Transparency Layer. The inclusion of any friction model
that adheres to these two conditions will reduce the net passivity
of the telemanipulation system as enforced by the Passivity Layer.
Thus the obtainable transparency will be increased by any such
friction model.

A final aspect with respect to the proposed model-based friction
compensation in the Passivity Layer that needs to be taken into ac-
count is the possible occurrence of a build up effect in the energy
tanks. Consider the situation where the slave system is moving
in free space, no friction compensation has been applied in the
Transparency Layer at the master side, and perfect friction models
are implemented in the Passivity Layer. Continuous compensation
of the dissipated energy in the master device in the Passivity Layer
will cause a build up effect. Energy is continuously added to the
tank at the master side, AH rm(k) = 0, whereas no energy is spend
from the tank at the slave side, AHs(k) + AFIRS(I<) = 0. This build up
effect will prevent the Passivity Layer from adequately suppressing
unstable behavior of the telemanipulation system. The build up of
energy will first have to dissipated by generated “virtual” energy
that is associated with non-passive behavior of the bilateral control
algorithm in the Transparency Layer before the Passivity Layer can
stabilize the system. This means that the system can temporarily
display unstable behavior due to this build up effect. This problem
due to energy build up is associated with TDP algorithms in general
and ad hoc resetting schemes have been proposed for the TDPC ap-
proach in e.g. [31,32]. It should be noted that the mentioned unsta-
ble behavior is actually potentially unstable behavior, as non-
passive behavior (generation of “virtual” energy) is a required,
but not sufficient condition for instability.

In the situation described above the build up effect in the Pas-
sivity Layer is caused by the continuous inclusion of the dissipated
energy at the master side. For the compensation algorithm the

circumstances need to be identified under which the dissipated en-
ergy can be safely compensated. Two possible methods are:

1. Always include AFIRS(k) and only include AFIRm(k) when
Hm(f{)<HD. .

2. Only include AHg,(k) when Hs(k) <Hp and only include
AHgm(k) when Hy (k) < Hp.

where Hy, Hs, and Hp are again the energy levels of the tank at
the master and slave side and the desired energy level for the
tanks, respectively. The first approach is less conservative as more
of the dissipated energy due to physical friction in the slave device
is reclaimed in the energy balance enforced by the Passivity Layer.
This approach is suitable to be applied under a forward energy-
flow assumption, where motions can only be initiated by the user.
If motions can be initiated from the environment a build up of en-
ergy in the Passivity Layer is still possible. The second strategy
never leads to a build up of energy, but will result in a higher net
passivity of the system to be enforced by the TDP algorithm due
to the higher amount of neglected energy. Depending on the
assumptions made about the environment one of these strategies
should be selected.

4. Implementation

In this section the test setup used in the experiments will be
introduced. A specific implementation of the two-layer framework
will be presented along with an implementation of the proposed
friction compensation method specific for the used test setup.

4.1. Test setup

The setup, Fig. 3, consists of two one degree of freedom devices
powered by a DC motor without gearbox. The maximum continu-
ous torque that these motors can exert is 1.38 Nm. A high-preci-
sion encoder with 65 k pulses per rotation is used to record the
position of each device. The mechanical arms of the devices rotate
in the plane parallel to the base plate. The mechanical arms contain
a linear force sensor to record the force which is applied at the
interaction point perpendicular to the arm in the plane of motion.
The interaction point between the user/environment and the de-
vices is at the end of each mechanical arm.

Both devices are controlled from the same controller running on
a real-time Linux distribution. The controllers are implemented in
the program 20-sim [33] and real-time executable code specific for
this setup is generated directly from 20-sim and uploaded to the
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Fig. 3. Experimental setup: The setup consists of two one degree of freedom
devices powered by an electromotor without gearbox. The position of each motor is
recorded with a high-precision incremental encoder and the mechanical arm
consists of a linear force sensor to record the interaction force between the user/
environment and the devices. A powder brake is attached to the motor axis of the
slave device which allows the amount of friction in the slave device to be controlled.

controller by means of the program 4C [33]. The sampling fre-
quency of the control loop is 1 kHz. As environment a mechanical
spring with a stiffness of approximately 1500 N/m is used. The re-
corded position of this spring in the environment varies slightly
between experiments as only incremental position encoders are
used and the initial position of the slave device is not perfectly
equal for each experiment.

In order to demonstrate the effectiveness of the approach of
Section 3 the level of friction in the slave device needs to be adjust-
able. To this end a powder brake (Merobel FAT 20) is incorporated
in the slave device. A powder brake is essentially a bearing with a
coil integrated in the component. When a current runs through the
coil, the resulting electromagnetic field attracts ferromagnetic
powder in between the running surfaces of the bearing creating
coulomb friction. The amount of coulomb friction is approximately
linearly dependent on the applied current.

4.2. Two-layer framework

In the Transparency Layer a regular Position-Force controller is
implemented as given by:

Trim (k) = 1F (k)
Trs(k) = Kp(qu (k) — qs(k)) — Kags(k)

where F, is the measured interaction force between the slave device
and the environment, r = 0.15 m is the length of the mechanical arm
of each device, and K, and K are the proportional and derivative
gain of the PD-type position controller, respectively.

The focus of this paper is the effect of friction compensation
with respect to the obtainable transparency in the two-layer
framework. The proposed approach of Section 3 consists of local
procedures at the master and slave side. Due to this locality their
performance is not dependent on possible time delays in the com-
munication channel. Therefore, in this paper a non-delayed imple-
mentation is considered. In this non-delayed implementation the
energy tanks in the Passivity Layer at the master and slave side,
Hy and Hs, are merged into a single energy tank Hr. Furthermore,
to show the effectiveness of the friction compensation no addi-
tional saturation functions have been implemented. This imple-
mentation of the two-layer framework is comparable to the
standard TDPC algorithm as proposed by Ryu et al. [7] with a
non-zero positive value to be maintained in the energy balance.

(19)

Table 1

Control structure parameter values.
Parameter Value Parameter Value
Ky 3.75 Nm/rad Kq 0.11 Nm s/rad
Hp 1] o 50 Nm s/rad ]

The TLC is implemented as (8). Both the tuning parameter of the
TLC and the tank level are chosen such that the energy tank is
never depleted during normal operation for the various operating
conditions of all experiments.

The parameters used for all elements of the control structure
are listed in Table 1.

4.3. Friction compensation

Device identification experiments showed that the mechanical
friction in the slave device can be approximated by coulomb friction
and that the amount of viscous friction is negligible. The coefficient
for the coulomb friction, EC of the slave device was determined to
be approximately 0.06 Nm, of which most is due to the residual tor-
que of the powder brake. Actuation of the powder brake will in-
crease the amount of coulomb friction in the slave device. Three
different levels of friction added by the powder brake have been
used. The estimated levels of coulomb friction in the slave device
were low friction (B¢ = 0.06 Nm), medium friction (B¢ = 0.4 Nm),
and high friction (B¢ = 1 Nm). The amount of friction in the master
device is negligible.

It is chosen not to include friction compensation in the Trans-
parency Layer. Due to mechanical play in the slave device, feedfor-
ward friction compensation based on a simple coulomb friction
model, Fig. 4, causes chattering. The use of adaptive position con-
trollers has also been neglected as the focus of this paper lies on
the friction compensation applied in the Passivity Layer. This means
that the position tracking performance of the slave device with re-
spect to the master device will decrease when the amount of fric-
tion in the slave device is increased.

It is assumed that no movements can be initiated from the envi-
ronment, so that continuous friction compensation in the Passivity
Layer of AHg, at the slave side can be implemented. As the friction
in the master device is negligible no friction compensation is in-
cluded in the Passivity Layer at the master side.

The coulomb friction model, Fig. 4, is given by

Trs(t) = —Besgn(ds(t))- (20)

The energy dissipated, AHg(k), during a sample period, k, can be
computed a posteriori at sample instant k. The input for this compu-

Trs

Velocity

Fig. 4. Friction model: The used friction model consists purely of coulomb friction.
The friction compensation technique can accommodate any type of friction model
that (partially) describes the physical friction in the device.
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Fig. 5. Experimental results with Passivity Layer switched off: F and C indicate free space motion and contact phases, respectively. For all three friction levels excellent free
space behavior is obtained, only inertial effects of the force sensor in the slave device are discernible in the feedback force to the user. However, this non-passive
implementation results in an unstable interaction with the remote environment when the user applies a soft grasp.

tation is the displacement of the slave device that has occurred dur-
ing the sample period, k. As this computed energy is added to the
energy tank in the Passivity Layer overestimation of the physically
dissipated energy needs to be prevented. This not only concerns
the used model parameters, but also the presence of possible mea-
surement noise needs to be taken into account. Franken et al. [28]
show how the energy function described below can be adjusted
based on the stochastic characteristics of the measurement noise.

The estimated power, ﬁc(t), dissipated due to coulomb friction
is

Pc(t) = Belgs(t)]

The integral of (21) during a sample period gives the estimated dis-
sipated energy. However, it is not possible to detect a change of
direction during a sample period. Therefore the estimated energy
dissipated by the coulomb friction, AFIRs(k), directly from the mea-
sured displacement, Aqs(k), as

(21)
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Position (rad)
o
Position (rad)
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- . kT
AFigs(k) = BelAgs (k)] < /k Belgs(t)|dt (22)
(k-1)T

which is a lower-bound of the physically dissipated energy as long
as B¢ < B¢, where Bc is the physical coulomb friction coefficient.

5. Experiments

In this section we will demonstrate that the compensation
method of Section 3 increases the transparency obtainable with
TDP algorithms. The stability properties of the TDP algorithm are
unaffected as long as the used friction model underestimates the
physical friction.

Three different levels of friction added by the powder brake were
used. The estimated levels of coulomb friction in the slave device
were low friction (B¢ = 0.06 Nm), medium friction (B¢ = 0.4 Nm),
and high friction (B¢ =1Nm). These friction coefficients are

Strong Grasp Soft Grasp
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Fig. 6. Experimental results with standard Passivity Layer: F and C indicate free space motion and contact phases, respectively. The passivity condition which is enforced
prevents instability of the interaction with the remote environment even when the user applies a soft grasp. However, for increasing friction levels in the slave device the
transparency of the telemanipulation decreases due to the continuous activation of the Passivity Layer.
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Fig. 7. Experimental results with extended Passivity Layer: F and C indicate free space motion and contact phases, respectively. Extending the energy balance in the Passivity
Layer to incorporate the device friction reduces the conservatism of the algorithm. The user experiences free space motion even for high friction levels and stability of the

interaction is still guaranteed even for a soft grasp by the user.

conservative enough so that the physically dissipated energy is not
overestimated. The position controller at the slave device is not opti-
mized to cope with increased amounts of friction in the slave device.
This means that the position tracking performance will decrease
when the friction is increased.

For all friction levels three different implementations of the Pas-
sivity Layer were tested:

e Passivity Layer switched off,

e regular Passivity Layer,

o extended Passivity Layer with friction compensation at the slave
side.

During each experiment a repetitive motion pattern was carried
out (movement in free space, 2 contact phases with a stiff user
grasp, movement in free space, and finally 2 contact phases with
a soft user grasp). During the stiff user grasp phase the user is
firmly holding the device, whereas during the soft grasp phase
the fingertips of the user are lightly touching the device. For each
experiment the positions of the master and slave device are plotted
together with the interaction forces between the user and the mas-
ter device F, and between the slave device and the environment F,
and the level of the energy tank Hry in the Passivity Layer. Contact
phases and free space motion are depicted by C and F, respectively.

Fig. 5 show the obtained results for the situation when the Pas-
sivity Layer is turned off. For all three friction levels excellent free
space behavior is obtained, only the inertial effects of the force sen-
sor are discernible in the feedback force to the user. The magnitude
of these inertial effects increases for higher friction levels added by
the powder brake due to stick-slip effects and the presence of a
small amount of mechanical play in the slave device. Fig. 5 shows
that the contact with the environment is unstable for a relaxed
user grasp irrespective of the friction at the slave side.

When the standard Passivity Layer is activated, Fig. 6, these con-
tact instabilities are prevented. However, a significant decrease in
transparency is visible when the friction level in the slave device
is increased. Already for the situation without additional friction
supplied by the powder brake, Fig. 6a, an additional force is com-
puted by the TLC in the Passivity Layer at the master side to main-
tain passivity of the monitored energy balance. This force is
noticeable and the user does not experience free space motion as
such. Finally, for higher amounts of friction the interaction force

between the slave device and the environment is completely
masked by the force added by the TLC. In this situation the user
is not able to discriminate between contact phases and free space
motion phases while moving the device. Only in static situations
the user accurately experiences the interaction force between the
slave device and the remote environment.

Fig. 7 shows the improvement in free space behavior when the
standard Passivity Layer is extended with the friction compensation
technique proposed in Section 3 and detailed in Section 4.3. The
energy dissipated by the friction in the slave device is now esti-
mated based on the identified coulomb friction model and added
to the energy tank in the Passivity Layer. This means that the bilat-
eral control algorithm is allowed to generate the energy that is
needed to overcome the device friction. Non-passive behavior that
could potentially destabilize the system is still suppressed by the
Passivity Layer. This is demonstrated by the stability of the contact
phases for both grasps by the user.

Fig. 7 shows that the extension to the Passivity Layer proposed
in Section 3 can increase the transparency of the TDPC algorithm.
This effect is especially noticeable during free space motion and
is obtained by incorporating a model-based feedback loop in the
Passivity Layer. However, the use of a model means that the energy
balance is no longer solely based on measured energy exchanges,
but also on an estimated quantity (the dissipated energy). When
this model overestimates the physically dissipated energy, the
TDP algorithm no longer guarantees passivity as “virtual” energy
is generated in the established feedback loop. This is demonstrated
in Fig. 8 where the friction coefficient used in the model,
Bc =0.24 Nm is chosen four times larger as physically present,
Bc~0.06 Nm. A build up of energy occurs during free space mo-
tion. This excess energy in the energy-balance prevents the Passiv-
ity Layer from acting immediately on non-passive behavior of the
bilateral controller in the Transparency Layer and results in
momentary unstable behavior when the user applies a soft grasp.
The Passivity Layer stabilizes the interaction as soon as the “virtual”
energy generated by the non-passive behavior of the Transparency
Layer has dissipated the “virtual” energy generated in the model-
based feedback loop. This shows that a transparency versus stabil-
ity trade-off is present in TDP algorithms. The transparency of the
approach can be increased by incorporating more knowledge about
the physical devices, but at the cost of robustness against modeling
errors.
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Fig. 8. Effect of overestimating dissipated energy: F and C indicate free space
motion and contact phases, respectively. During free space motion “virtual” energy
is generated in the model-based feedback loop which results in a rising level of the
energy tank. This build up of energy prevents the Passivity Layer from acting
immediately on non-passive behavior of the system, which can result in temporary
unstable behavior.

6. Discussion

In Section 3 it was discussed that in order to obtain the highest
possible transparency friction compensation has to be included in
both the Transparency- and Passivity Layer. It could be argued that
this can be circumvented by compensating for friction outside the
two-layer framework. In Section 3.1 force feedback control and
model-based feedforward control were indicated as possible fric-
tion compensation techniques suitable for application at the mas-
ter side. Either of these approaches, or a hybrid implementation as
in [18], could indeed be implemented outside the two-layer frame-
work and would effectively compensate for the friction at the mas-
ter side.

At the slave side however, only model-based feedforward con-
trol can be implemented adequately outside the two-layer frame-
work. A sufficiently accurate model might not be derivable to
implement in a feedforward controller. However, if the derived
model underestimates the physical friction, it can still be used in
the Passivity Layer to reduce the net passivity of the system that
is enforced by the TDP algorithm. This will not increase the posi-
tion tracking performance of the slave device, but will prevent
the force reflection to the user to be adversely influenced by the
TDP algorithm. Possible adaptive position control techniques that
could be applied are necessarily implemented in the Transparency
Layer. Thus friction compensation should also be implemented in
the Passivity Layer.

7. Conclusions and future work

In this paper a method is proposed and experimentally vali-
dated to improve the transparency obtainable with TDP algorithms
when applied to devices with non-negligible mechanical friction.
The friction in the slave device was recognized as a major limiting

factor in the obtainable transparency with TDP algorithms as it
forms a continuous drain of energy that needs to be compensated
by the user. Extending the energy balance monitored by the TDP
algorithm to incorporate the device friction decreases the net pas-
sivity enforced by the TDP algorithm of the telemanipulation sys-
tem. This decreases the influence that the TDP algorithm exerts
on the commands computed by the bilateral control algorithm in
the Transparency Layer. Thus the obtainable transparency with
the telemanipulation system as a whole is increased. The desired
stability properties of the TDP algorithm are maintained as long
as the implemented friction model underestimates the physical
friction. The results in this paper were specific to the two-layer
framework, but the approach is applicable to any TDP algorithm,
e.g. [7,8].

Future work will focus on further validation of the proposed ap-
proach. Experiments with devices containing multiple degrees of
freedom and friction effects other than mere coulomb friction have
to be conducted. The use of online friction identification methods,
e.g. observer-based and delineated feature identification methods,
will be explored.

Imperfections in the test setup (mechanical play and measure-
ment noise) thus far prevented the use of a friction compensation
method in the Transparency Layer. Compensation methods that are
robust with respect to these imperfections will be investigated
and/or mechanical parts of the setup itself will be redesigned
and fabricated.

The practical significance of the proposed friction compensation
technique also needs to be demonstrated. To that end human sub-
ject studies will need to be performed focusing on the performance
with respect to tasks such as stiffness discrimination. A perfor-
mance increase with respect to this task is expected when the pro-
posed friction compensation is implemented.

Extending the energy balance in the TDP algorithm can also be
used to increase the complimentarity of TDP algorithms with pas-
sivity based design approaches in the frequency domain, e.g. Abso-
lute Stability [34] and Bounded Environment Passivity [35].
Preliminary results with a combination of both types of approaches
are reported by Franken et al. [36].
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