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Abstract—The Time Domain Passivity Approach (TDPA) was
developed and applied to tackle a variety of control challenges
such as non-collocated force sensing, authority scaling or delayed
coupling in robotic applications. Specifically for delay, recently,
the energy-reflection based TDPA (TDPA-ER) was proposed to
improve position tracking and force-feedback quality. In contrast
to the conventional TDPA, the TDPA-ER intrinsically prevents
position drift, thus, substantially increasing the coupling rigidity.
Here, we extend the TDPA-ER, to further enhance the force
transparency perceived by the operator in teleoperation scenar-
ios. The extension is based on two independent control strategies
which, among others, reorganize the energy distribution of
TDPA-ER and ensure more continuous force profiles through the
Deflection-Domain Passivity Approach. Experiments confirm the
improvement of force-feedback quality and force continuity with
regards to TDPA-ER. Furthermore, it is shown that interactions
with dynamic objects and active environments can be handled
robustly with the proposed teleoperation control strategies.

Index Terms—Tele-robotics, Tele-operation, Deflection-Domain
Control

I. INTRODUCTION

HE major control challenge in coupled actuated systems

are network delays which potentially lead to instability
in the setup. In coupling of autonomous systems, as for
landing of aircrafts on a platform [1], [2] or platoons in
road traffic [3], mostly position references are exchanged in
the communication channel (position-position architecture [4],
[5], [6]). In contrast, in tele-operation, for the sake of force
transparency, a position command is sent to the robot while
the force acting in the robot environment is fed back to the
operator side [7], [8]. For optimal force transparency, the
interaction force F'¥ of the robot and its environment should
be displayed as accurately as possible on the input device (F!)
with which the operator commands the robot motion.
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Control approaches ensuring stability in case of commu-
nication delay often induce a large constant damping or
apply adaptive damping. In case of the former, it may be
difficult to distinguish between damping and feedback forces,
while the latter may lead to disturbances such as sudden
drops in the feedback force. Still, when considering coupled
systems in tele-operation setups, the force-feedback quality
is of utmost importance. The majority of control methods
for delayed coupling reduce the force transparency through a
velocity-dependent damping force and some potentially result
in discontinuous force signals. The latter is a typical artifact of
the Time Domain Passivity Approach (TDPA) [9]. The TDPA
was applied to enhance the force transparency in explicit force
control [10], [8].

While the conventional TDPA [11] ensures passivity and
thus stability through attenuation of force-feedback and com-
manded velocity, the recently presented energy-reflection
based TDPA (TDPA-ER, [12], [13], [14]) affects only forces,
1. e., the forces commanded to the robot and the force-feedback
to the operator. Thus, the TDPA-ER prevents position drift as
one of the main transparency-reducing factors in TDPA. There-
fore, it was recently elected as part of the IEEE standardization
activity P1918.1.1 (aka Haptic Codecs for the Tactile Internet,
[15D.

Despite its maturity, some drawbacks of the TDPA remained
unsolved so far. Due to the dependency of the control action
on the energy flow direction in TDPA, the force-feedback F!
remains unaffected when energy flows from input device to
robot (exemplary during the pressing phase of a wall contact),
but may suddenly be attenuated by the passivity controllers of
the TDPA when the flow direction changes (release phase of a
wall contact). We refer to this sudden force drop as Artifact Al.
This problem arises in all variations of the conventional TDPA
[9], its more recent extensions for high delays (TDPA-HD,
[16]) and also in TDPA-ER [12]. Another Artifact A2 of the
coupling arises from the fact that the ideal energy level of the
energy storage (calculated from spring stiffness and deflection)
is different from the observed (passivity-wise available) energy
due to delay effects. If the operator moves too fast with
respect to the delay, the energy input and, thus, the observed
energy is too low such that the passivity controller has to
attenuate the robot control force. Since the TDPA-ER acts in
the time-domain, the passivity controllers may attenuate the
robot control force suddenly completely (Artifact A2) as soon
as the storage of available energy is emptied. This artifact is
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reduced through deflection-domain control in this work.

The major contributions can be summarized to: The pre-
sented method substantially enhances the force transparency
in TDPA-ER by reducing the force attenuation on the in-
put device side through prescient energy reflection (Control
Strategy I). Furthermore, the proposed method renders the
force attenuation on the robot side more continuous through
application of deflection-domain control (Control Strategy II).

The paper is structured as follows: Sections II and III intro-
duce the principles of TDPA-ER and the drawbacks of state-
of-the-art approaches. The concept and implementation of the
proposed method is presented in Section IV. The experimental
evaluation for tele-operation with delayed communication and
active environments is shown in Section V. The results are
discussed in Section VI. Finally, Section VII concludes the
work.

II. FUNDAMENTALS

The basic Position-Force architecture (PF) of the TDPA-ER
was introduced in [12]. Later, it was extended to six degrees-
of-freedom (DoF) with the observer-based gradient method
(OBG, [17]) and combined with the haptic data reduction
approach of [18]. It serves as a passive coupling reference in
[19] and was applied in the tele-impedance setup with variable
stiffnesses in [20]. A Position-Position architecture (PP) based
on TDPA-ER was introduced in [6].

Figure 1 presents the signal flow diagram of the TDPA-ER
in a PF architecture. In tele-operation, a human uses an input
device to control a robot in a remote environment. Therefore,
the position or velocity reference of the input device v’ is
transmitted through the communication channel (CC) with
forward delay Ty. A deviation between delayed reference
vl@l and robot motion v% is penalized by an impedance
controller (C'trl) with spring-damper characteristic. Hereby,
the resulting controller force F'¢ is commanded to the robot
and fed back to the input device displaying the delayed force
FCdel (with backward delay T}) to the user.

In TDPA, the energy flow of the system is observed such
that excessive energy that potentially leads to instability can
be measured and dissipated through adaptive damping. Fig-
ure 1 depicts the passivity observer (PO) and the passivity
controllers PC'1 and PC?2 represented by the variable factors
« and [ respectively. In contrast to the conventional TDPA
[11], the robot-side passivity controller is located on the right
of the C'trl such that both PCs are of impedance causality,
i.e. dissipate energy through attenuation of forces (instead of
attenuation of v7>%€! in the conventional TDPA).

The passivity observers POy, PO,;, and POp indicate
where the energy flow is measured in TPDA-ER. These
locations correspond to the ports 2, 4 and 5 of Fig. 2 presenting
the control concept of TDPA-ER in more detail. Note that
the red marked elements represent the proposed enhancement
and can be neglected in the beginning. At each port ¢ of this
network representation, the power can be calculated in each
time step k from force (effort variable) and velocity (flow
variable): P'(k) = vi(k)F*(k). From the sign of the power,

the direction of power flow in left-to-right direction (L2R) and
right-to-left direction (R2L) can be determined:

Coo 0 Pk <0

Prop(k) = { Pi(k), if Pi(k) >0, )
coo [ 0, ifPi(k)>0

Prar (k) = { —Pi(k), if Pi(k) <O0. @

Note that the sign of the flow direction depends on the sign
convention in C'trl. With sampling time T, the energies can be
calculated via integration: E%, (k) = Ts Z?:o P!, =(j) and
Bty (k) =T, Z;‘f:o Py (j). From the network scheme, it
becomes obvious that the TDPA-ER ensures passivity of the
whole delayed 2-port including CC' and C'trl. Thereby, the
impedance controller C'trl can be considered as an energy
storage element that mainly represents the potential energy
Epot in the spring load of the controller. While the ideal energy
storage of the C'trl is the sum of input and output energy of the
2-port Ctrl in Fig. 2, the available energy in the monitoring
unit is charged from the input energies flowing in left-to-right
direction E}, at port 1 and in right-to-left direction E%,,
at port 6. The monitoring unit distributes the available energy
Eror.des and Erap des to port 1 and port 6 as a reference for
the respective passivity controllers. The PCs limit the output
energy according to these references to ensure passivity of
the 2-port. The energy storage E; of the monitoring unit is
calculated as:

Est(k) = Est(k - 1) + E%QR(]C - Tf)
— Brop(k =Ty —1) + Efyp (k) — Efor(k—1)  (3)
- PRQL,des(k)Ts - PLZR,des(k)Ts~

In TDPA-ER, so far, the energy was distributed in a pro-
portional way in accordance to the current output power
on each side of the Ctrl 2-port. Therefore, the cur-
rent output power P2 of the Ctrl was calculated as:

Plct(k) = Prop (k) + PPogp(k), with
Pege(k) = Eqt(k) /Ty — Py (k) )

out

which is the excessive power which leaves C'trl but is not
available in the energy storage Fg;. The desired power output
in L2R and R2L direction was then distributed in a propor-
tional manner:

Phop(k
PI%’,QL (k) +Pea:0(k:) P?’:ict’L’((k))’
Pror des(k) = if ZtB) < pactpy (5
Phop (k). it 251 > Poct(k),
PPor(k
P52R(k) +Pear(:(k) Pi%?((k))’
Prog,des(k) = if Zeelk) < pact () (6)
Phon(k), if 245 > Poci(k).
From these powers, ERrar des and Erap des are determined
via integration.

The OBG 2-port in Fig. 2 introduces the observer-based
gradient method [17]. The OBG was proposed to enhance
the force transparency by reducing the high frequency oscil-
lations of the impedance type PC?2 and especially to preserve

the physical behavior of the coupling controller with spring
characteristics despite delay [21]. Therefore, it rectifies the
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Fig. 1: Signal flow diagram of a TDPA-ER position-force computed architecture.
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Fig. 2: Proposed enhanced concept of TDPA-ER.
feedback force F'® on the operator side such that the force-
feedback behaves analogous to the motion command. Thereby,
the OBG method acts on the deflection-domain independent
of time, in contrast to the TDPA based on the time-domain. =
The reader is referred to [21] for a detailed description of the E 00(:
OBG method. R —
1. PROBLEM STATEMENT < 015 — S S
4 6 8 10 12 14 16 18
The bilateral teleoperation experiment in Fig. 3 depicts a 30 " i , T :
free motion and wall contact with TDPA-ER and OBG at %207‘_F - P —F]
100ms round-trip delay (RTD). Figure 4 and Fig. 5 present g0 //ﬂw\
the respective experimental setup that is further described in = o0 —/4""7‘“’8 T
Section V. The position tracking of input device (') and robot , ' o ' '
() is of high quality despite the high delay since position N e SR —
drift is prevented by TDPA-ER. Still, for the sake of passivity, 8 10 . J\/’d
due to delayed power flow in R2L direction, PC?2 attenuates S| IE,] . | | ‘ |
F? to F*' already at t € [9.5s,10.7s] (Artifact Al of the 4 6 8§ 10 12 14 16 18
TDPA). When the input device starts commanding the release = ! | [ T SN
of the wall contact at about ¢; = 9.5s, the allowed output Zos5t = = = —
power flow at port 1is Ppyy 4o.(K) = Prop ges(k —Tp) =0. s, | it LI ERRRChRbit
At t1 +Ty = 9.55s, the power flow at port 4 changes the sign : p s 10 12 14 16 1s
such that Ppy; 4., 7# 0, while Pg, Ldes At port 1 turns non- . — —
zero at t1 + Ty +1Tp, = 9.6s. Le., during t € [t1,t1 + Ty + Tp), = o5l
PC2 dissipates the power leaving in R2L direction which §
results in a strong force attenuation as visible in the respective R 0= : : - - ‘ ‘
4 6 8 10 12 14 16 18

plot. Due to this force reduction, an operator that wants to
slowly reduce the wall contact (i.e. via slow reduction of the
pressing force) might drop back into the wall penetration as
can be seen in the position (maximum deflection at 10s after
t = t1 + Ty + Tp). The resulting deflection of the coupling
spring can also be analyzed from the passivity confirming
energy plot Epp (the sum of in- and output energies at port
1 and 6) at ¢t € [9.55,10.7s]. In contrast, PC1 only slightly
attenuates the force F'* commanded to the robot. The sudden

Time [s]

Fig. 3: Performance of TDPA-ER with OBG at 100ms RTD:
experiment with free motion and wall contact. F'': displayed
to the input device, F2: OBG output to PC2, F3: received at
the operator side, F'4: output of the coupling controller, FS:
commanded to the robot. Light-shaded area marks main PC2,
dark-shaded area main PC1 attenuation. F¥: 8.9%, F%: 3.8%.
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Fig. 6: Performance of TDPA-ER with OBG at 400ms RTD.
F?:50.4%, F%: 11%.

strong dissipation by PC'1 results from Artifact A2, i.e. the
time-domain method does not forecast when no energy will
be left in the storage during one spring deflection phase.
Therefore, when the storage F,; is empty, but not earlier, the
output is adapted. This Artifact A2 cannot be solved in the
time-domain, but — as will be shown later — in the deflection-
domain.

The metrics F¢ and Fg,/ present the percental force at-
tenuation durllng the wall contact ghase and are defined as
F = F FF and F? B = E F4F The control strategies
proposed in the course of this work aim for lowering the value
of these metrices. In the experiment based on the conventional
TDPA-ER in Fig. 3, F{=50.4% and F3=11%.

In the corresponding experiment with 400ms RTD (see Fig.
6), the force attenuation of PC2 at t € [10.7s,11.8s| starts
with a release motion of the operator at t = 10.7s. But, this
attenuation again leads to a drop of the operator into the spring
(maximum deflection at £ = 11.4s). From the energy Epp
serving the passivity confirmation, this drop can be analyzed
from an injection of additional energy.

IV. PROPOSED APPROACH

As described above, the TDPA-ER considers the robot-side
impedance controller in the passivity-controlled subsystem as
an energy storage. This energy storage is the technological
aspect of TDPA-ER that enables the proposed force trans-
parency enhancement: The TDPA-ER stores the available en-
ergy (which the system may eject without violating passivity)
in a monitoring unit on the robot side. The available energy
is then distributed to the robot or input device side according
to the current power flow. Here, we propose to reflect a part
E¥ of the available energy directly to the input device side
in advance to prevent sudden force drops when the energy
flow direction changes (Artifact Al). Thereby, no assumptions
or predictions on the energy behavior are required, since the
passivity controller setup of TDPA-ER intrinsically ensures
passivity of the delayed coupling 2-port. Artifact A2, described
above, results from the difference between ideal energy level
and observable energy. To reduce this artifact, the Deflection-
Domain Passivity Approach (DDPA, [20]) is adopted here.
The DDPA was developed to ensure passivity of variable
stiffnesses (as an alternative to time-domain control [22])
through adaptation of the coupling stiffness over the deflection
of the coupling spring. Here, the DDPA is introduced to
adapt the stiffness and thus the control force over the spring
deflection in a predictive manner and therefore earlier and
more continuously than through time-domain control.

A. Reducing Artifact Al through Control Strategy 1

1) Concept Description: Figure 2 depicts the proposed
energy distribution concept — Control Strategy I (encircled I) —
reducing Artifact Al. As discussed above, Artifact Al mainly
appears during wall contacts and due to delayed information
of energy reflection. In theory, in case of a rigid wall contact,
the full potential energy stored in the spring is reflected back
to the operator due to zero velocity of the robot. Knowing this,
during a wall contact, the energy arriving from the input device
E3, could be completely reflected back even before the wall
contact is released. Then, the PC?2 dissipation is substantially
reduced (in case of velocities appropriate for the respective
RTD) and Artifact Al can be eliminated completely.

But, to increase robustness in case of non-steady environ-
ments (e.g. a suddenly vanishing rigid wall as simulated in
the experiments below), with Control Strategy I, we propose
to reflect only a proportion v of the energy E¥ in advance
as depicted in Fig. 2 (encircled I). Furthermore, v can be
arbitrarily varied online. For example, v can be reduced as
long as the spring deflection of the coupling controller is below
a certain threshold 6** (implying a free/unhindered robot
motion). Still, note that for all values of v = [0, 1] passivity
of the 2-port will be ensured by the passivity controllers.

2) Implementation: The proposed prescient reflection of
energy is implemented as follows: The new energy storage
E%, has to be calculated as:

By (k) = Ey(k = 1) + (1= v)(Epap(k — Tp)—
Epop(k = Tf = 1)) + Edor (k) = Efor(k = 1)— (1)
PR2L,des(k - 1)Ts - PLQR,des(k - 1)T9



=)

-0.05 -

Position [m]

0 5 10 15 20 25

— 1 T T
> v
i ‘ EizR Epor —— - Ehor E‘LZR E
§> 0.5 F i i
S ) e mm e — —
IS = -
ST ——
0 5 10 15 20 25
— T T T T
Z o4 | |
> ! !
S 02 i i
< j i
E‘S 0 4,—/—4‘/\ :
0 5 10 15 20 25

Time [s]

Fig. 7: Performance of TDPA-ER with OBG and Strategy I
(E,) at 400ms RTD. F?: 17.4%, F3: 9.2%.

In addition, the allowed output energy Efo; ;.. on the input
device side changes to:

ERor des(k) = ERrar des(k) + VELop(k—Tf), (8

where Epror des(k) is the time integrative of Prap ges(k)
which results from the new stored energy EZ, of (7) analogous
to (5). Thereby, P.,. is found from E7, analogous to (4).
Despite adaptation of v (e.g. v = 0 at §(k) < §"), in special
situations, the performance on the robot side is potentially
reduced through Control Strategy I. For instance, when an
object in the environment is non-static, in case of stiction,
energy that has already been reflected to the operator side
through v might be missing on the robot side for the respective
robot motion. In such situations, Artifact A2 may be engraved.
Therefore, v-variation should also depend on the velocity v’
of the robot, such that v = 0, if §(k) < 6** OR v®(k) >
vt", with a velocity threshold v*" indicating a contact with a
steady environment. Note that for the following experiments, v/
was set to 0.25 and the deflection and velocity threshold were
chosen as 6*" = 1mm and v'" = 5mm/s. In the experimental
setup of this work, this was evaluated as a subjectively rated
optimal configuration to reduce the PC2 dissipation during
wall contacts and PC'1 dissipation during free motion phases.
Figure 7 presents an experiment with OBG and Control
Strategy I at 400ms RTD. The benefit of Control Strategy I
becomes visible at maximum spring deflection at ¢ = 12.7s.
Here, PC2 does not attenuate the force-feedback such that
the operator does not drop into the spring. This also becomes
obvious from the non-raising energy Epp. Although, PC'1
is expected to dissipate more energy due to Control Strategy

|81
Smax|™
Kde.s _ Epot t
I Eqn = 0.5K 82
Kim __ -~ A
Kmin T / \\
|6| /, \l\?obs
Bmax Gra) %

(a) Stiffness attenuation to K, (b) Spring deflection, analytical
during releasing phase. Eqn, and observed energy Eops.

Fig. 8: The Deflection-Domain Passivity Approach: Due to
delay, the observed energy F,ps is charged up less than the
analytical energy F,, during the pressing phase. To ensure
passivity, the DDPA designs a stiffness curve Kj;, for the
release phase that ensures passivity with F,ps > 0.

I and the resulting reflection of energy F,, the dissipation is
not substantially stronger than in the corresponding experiment
without Control Strategy I of Fig. 6 (compare dark shaded area
at t € [13.7s,14.8s] and metric Fp).

B. Reducing Artifact A2 through Control Strategy Il

1) Concept Description: In [20], the deflection-domain
passivity approach was introduced to ensure passivity of
variable stiffnesses for arbitrary stiffness profiles. Since
for variable stiffnesses, the observed energy of the spring
may be much lower than the analytical potential energy
Eun(k) = 0.5K (2! (k) — 2f(k))?, passivity potentially re-
quires the full attenuation of the commanded forces from an
unpredictable point in time during one spring deflection phase
in case of time-domain control (compare Artifact A2).

The main control principle of DDPA is the control of
the energy output of the coupling controller Ctrl over its
deflection. This can be realized by reducing the Ctrl stiffness
Kges to Ky, to influence the energy output of a spring from
the beginning of the spring release phase. Thereby, the energy
reference is observed at port 4 and 5 of Ctrl (see Fig. 2) over
time.

Here, DDPA is applied to reduce Artifact A2 by reducing
the stiffness maximally to a threshold K™ during the release
phase of a spring deflection in a predictive manner. The
concept is marked as an encircled I in Fig. 2. The working
principle of DDPA is described in Fig. 8 in more detail.
In this work, we assume a constant impedance controller
stiffness K4.s = K.. Via DDPA, a polynomial stiffness
function Kj;,, is designed according to the available energy
FE,ps which limits the controller stiffness from the beginning
of the spring release phase (maximum spring deflection) if
Eops < Eqn = 05K (x!(k — Ty) — 2%(k))?. This leads to a
continuous energy dissipation during the spring release phase.

2) Implementation: Here, due to the reflection of energy
EY¥, the reference energy E,,s of the DDPA equals E,
from (7). From here, d(k) = |29 (k) — xf'(k)| describes
the absolute value of the spring deflection, with the delayed
input device pose 2% (integral of v!:9¢!) on the robot side.
Omaq describes the time-varying maximal deflection and K,



the applied attenuated stiffness. Analogous to the equations
of [20], a nonlinear limiting function Kﬁ‘:fl is calculated in
each time step during a deflection phase which ensures that
Eobs(k) > 0:

- _ 3Bobs (k1) | 3Kzero
Klpol (5) _ Kkl Kze'ro 5231 + 3 6d
im 5t (1— 75) o
Eobs((gk:l) — Lég-i-? — @5%
di;:a : 2 M6+ Keero,
37kl

Ky — c — 2Eetglom) 4 3¢

with a= b ) (10)
o (1 - 75)
a sd+2 c
b Eobs(0k1) = 355001~ — 501 an

143 ’

3%:1
and ¢ = K,.,,. Here, k1 is the instant of calculation of
KP°" and thus, the instant in which Kyy = K, Eops(dx1) =
Eops(kl) and 6y = 0(k1l) are measured. Here, the ex-
ponent d of the polynomial limiting function was set to
d = 2 throughout the experiments and K..,, equals K..
The applied stiffness K. is limited as follows: K, =
min(max(Kim, Kmin), K¢). If this stiffness K, is insuf-
ficient to ensure passivity, PC'1 will dissipate energy through
attenuation of the force at port 4. The reader is referred to
[20] for more details on the implementation of the DDPA.
Note that while the force resulting from K, is applied to the
robot, here, the force-feedback is still computed from K.

C. PFassivity Discussion

Passivity is  guaranteed if less energy  ex-
its than was introduced into the 2-port:
Elop(k) + Epor (k) > Efyp (k) + Efyp(k). The passivity
discussion of the enhanced TDPA-ER can be split in
three parts. Still, it has to be mentioned that the passivity
controllers of the conventional TDPA-ER are sufficient to
ensure passivity.

o TDPA-ER: The energy distribution in the energy mon-
itoring unit Equ. (3)-(7) ensures that not more en-
ergy than has entered the 2-port is distributed to
the left and right side output FE{$5, and B4 :
By (k) + B (k) < Ebyp(k) + By (k).

The passivity controllers PC2 and PC1 ensure that
not more energy than E%% (k) and FE9%5(k) leave
at port 1 and port 6: Ehy; < E%S (k—T,) and
Efyn < B (k).

These equations ensure passivity since the respective
energies are monotonously increasing.

o Control strategy I: The v-reflection approach varies the
energy distribution of the energy monitoring unit while
the overall distributed energy is not varied. The energy
vE},p(k) is reflected directly back to the left side.
Therefore, the energy that may be distributed to both sides
by the energy monitoring unit with energy storage (3) is
reduced by vE} .5 (k) in (7).

e Control strategy II: The variation of Ctrl stiffness K
through the DDPA has no influence on passivity since it

Force [N]

200

Stiffness [N /m)]

—
T

e
=

Energy [J]

o

Fig. 9: TDPA-ER with OBG and Control Strategies I and II
at 100ms RTD: Only the force F® sent to the robot is altered
through DDPA. F9: 19.3%, 7.8%, 25.1%, 10.2%, F9: 12.9%,
3.4%, 10.4%, 5.6%.

serves as a preceding dissipation of energy before PC'1.
In case the DDPA does not dissipate sufficient energy,
more energy is dissipated by PC'1 alternatively.

V. EXPERIMENTAL EVALUATION

All experiments were performed with the input device
lambda.7 of Force Dimension (compare Fig. 4) and a DLR
light-weight robot (LWR, see Fig. 5). The control software
was implemented with Matlab/Simulink and executed on a
rtLinux system at 1kHz sampling rate. The presented control
approach was implemented only in z-direction such that only
1-degree of freedom (DoF) plots are presented.

The experiments in Fig. 9 and Fig. 10 present the combina-
tion of TDPA-ER, OBG and the proposed Control Strategies
I and II for 100ms and 400ms RTD. The last experiment (see
Fig. 11) evaluates the robustness against active environments
among others. For the experiments, the deadzone of the DDPA,
in which energies and stiffness are reset, was set to 1mm.
Since the DDPA performs better with increasing stiffness, the
stiffness was set to K. = 400N/m (as for the preceding
experiments).

The experiment with 100ms RTD (compare Fig. 9) presents
free motion and wall contacts with slow velocities at ¢ &
[2s,17s] and fast velocities at ¢ € [17s,26s] (dark shaded
area). During the second wall contact, the robot is moved
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Fig. 10: TDPA-ER with OBG and Control Strategies I and II
at 400ms RTD. F?: 19.5%, 5.7%, F3: 23.8%, 3.9%.

in x-direction such that the robot drops into a hole in z-
direction (compare light shaded area t € [14.1s,14.9s]). This
procedure serves a robustness test of the proposed approach
since the robot might get stuck in motion when not enough
energy is available on the robot side due to Control Strategy
1. The drop is repeated during the last wall contact. It can be
observed that throughout the motion at varying velocities, the
position tracking is of adequate quality regarding the delay.
Both passivity controllers dissipate only very little energy.
During all wall contacts, the dissipation by DDPA is sufficient
such that PC1 does not need to further alter F°.

During the experiments with 400ms RTD (see Fig. 10),
the velocity command was reduced to velocities adequate to
the delay range. The dissipation of the passivity controllers
is not increased when compared to the preceding experiment
at 100ms RTD. The effect of the DDPA is well visible in the
plots of F° and K,.;. Without DDPA, PC'1 would have led to
a long phase of full force attenuation during wall contacts. As
before, during ¢ € [33.5s, 34.8s], the robot drops into a hole
due to a motion in x-direction (light shaded area). Since the
position convergence is satisfactory throughout the experiment,
the robustness of the proposed control strategies is confirmed.

The final experiment presented in Fig. 11 serves as a
robustness test at 400ms RTD. The light shaded area (see t €
[6.1s,9.65]) presents a phase with an active environment where
the robot is moved by a human and the input device follows.
Note that the asymmetric PF architecture is not optimal for this
reversed setup. Since, in this phase, the coupling controller is
located on the leading agent’s side, step-wise motions result.
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Fig. 11: Performance of TDPA-ER with OBG, Strategies I and
IT at 400ms RTD with active environment (light-shaded area)
and complex interactions during contact (dark-shaded area).
F9: 17.3%, Fj: 22.3%.

The DDPA adapts the stiffness only slightly. During the wall
contact of the robot, the operator repetitively reduces and
increases the deflection at ¢ € [21.6, 23.2s] (dark shaded area).
During this variation of deflection, the DDPA correctly varies
the stiffness according to the polynomial function. Thus, also
robustness in complex interactions is confirmed.

VI. DISCUSSION

The experiments showed that the phases of intense force
attenuation were efficiently reduced through the proposed
control methods. This is especially obvious for the operator
side (compare metrics F?). The metric F shows that the
attenuation on the robot side depends on the delay as well as
on the behavior of the operator. Future work should investigate
the optimal choice of v in this regard.

Here, we proposed discrete changes of v depending on the
spring deflection and the robot velocity. Too high v values may
lead to energy gaps on the robot side, while too low values may
not sufficiently reduce Artifact Al. In case of hard contacts,
v can be chosen high while lower values are recommended if
movable objects are applied. In such environments, adaptive v
designs adapting to the robot velocity, for instance, can prove
favourable. Furthermore, the effect of v-reflection is reduced
if the devices are moved too fast with respect to the delay
size. These variables need to be considered when analyzing
optimal v designs in future work.

Although also filters might reduce the force jitter at the
cost of slightly active behavior (low-pass filters) or additional



masses and dampers [23], they can neither prevent the force
drop on the operator side nor act in a predictive manner as the
DDPA. It has to be noted that also the proposed methods can
only lead to high performance in case of motion demands at
velocities adequate to the delay value.

Here, the robustness in case of complex environments was
shown in case of suddenly disappearing contacts. In this
extreme case, the convergence to the reference pose was
ensured through adaptive design of the v-reflection (compare
Fig. 9 and Fig. 10). Analogously, the control strategies I and
II promise a high coupling performance in case of interactions
with real world objects. Furthermore, the robustness in case of
active environments was evaluated in the experiment of Fig.
11. The experimental validation has shown that the adaptation
of v depending on the robot velocity (to differ more precisely
between free motion and wall contacts) improves the system
performance.

The results promise that the proposed methods can robustly
handle more complex dynamic environments e.g. when lifting
weights or when pushing objects such as doors with nonlinear
resistance characteristics.

VII. CONCLUSION AND FUTURE WORK

In this work, two control strategies were proposed to
enhance the force transparency of the TDPA-ER through
prescient energy reflection and deflection-domain passivity
control. Control Strategy I reduced the attenuation of the force-
feedback through the TDPA-ER passivity controller substan-
tially, while Control Strategy Il rendered the force command
to the robot more continuous. The experiments confirmed the
robustness against active environments and repetitive pressing
phases during wall contacts among others. In future work,
the applicability of the proposed methods to the position-
position architecture of TDPA-ER [6], the compatibility with
the haptic data reduction approach of [18] and the effects of
actuator limitations [24] should be investigated. Furthermore,
the optimal parametrization of the proposed Control Strategies
I and II should be identified for a variety of scenarios and
delay values.
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