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Abstract— When dealing with the haptic teleoperation of
multi-limbed mobile manipulators, the problem of mitigating
the destabilizing effects arising from the communication link
between the haptic device and the remote robot has not been
properly addressed. In this work, we propose a passive control
architecture to haptically teleoperate a legged mobile manip-
ulator, while remaining stable in the presence of time delays
and frequency mismatches in the master and slave controllers.
At the master side, a discrete-time energy modulation of the
control input is proposed. At the slave side, passivity constraints
are included in an optimization-based whole-body controller to
satisfy the energy limitations. A hybrid teleoperation scheme
allows the human operator to remotely operate the robot’s end-
effector while in stance mode, and its base velocity in locomotion
mode. The resulting control architecture is demonstrated on a
quadrupedal robot with an artificial delay added to the network.

I. INTRODUCTION

Teleoperation offers solutions to extend the sensing and
manipulation capabilities of human operators performing
long-distance tasks. Recent advances of robotic platforms
with loco-manipulation skills represent a promising resource
for enlarging the operational workspace at the remote site.
In particular, legged robots have the ability to locomote
over rough terrains, interact with objects and perceive their
surroundings. Hence, these platforms can be used as avatar
systems to enhance the human’s full immersion in the remote
environment and to safely perform complex operations in
hazardous scenarios.

Among all the feedback information that stimulates the
human senses, haptics has been shown to be of paramount
importance [1]. When signals flow bilaterally between the
device handled by the human operator, named master de-
vice, and the remote robot being teleoperated, named slave,
we refer to bilateral teleoperation. In such an application,
computing control laws with delayed and/or incomplete
information can easily destabilize the system. Besides latency
and packet losses, other components can negatively influence
the stability of the system, such as the grasping force exerted
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Fig. 1: Experimental setup with Omega6 as haptic device at
the master side (left) and the ANYmal C platform equipped
with a robotic arm at the slave side (right).

by the user, haptic feedback gains and environment stiff-
ness. Closed-loop stability in haptics has been investigated
since the late 80s[2]. In this context, passivity theory has
been applied, with many proposed solutions differing in
the way energy flows are monitored and limited [3], [4].
Among these, the Two-Layer architecture from [5] uses
virtual storage elements to observe the energy exchanged
between the master and slave device. Such an approach is
made of two stages: first, the control law is computed, next
energy dissipation is applied to act against a passivity loss
of the bilateral controller. With respect to other methods
such as wave variables [6] or time-domain approaches [7],
passive controllers based on the Two-Layer approach (i.e.,
[5], [8], [9]) do not require any encoding of the power
variables, nor rely on any assumptions on the sampling rate.
Additionally, the transparency of the system can be improved
by optimizing a transparency metric in the passivity layer [9].

For multi-degree of freedom (DOF) floating-base sys-
tems, such as quadrupeds or humanoids, optimization-based
techniques are prominently adopted for whole-body control
(WBC) design [10], [11]. Such control schemes optimize
control objectives for multiple tasks, while handling physical
constraints, such as actuation limits, friction cone constraints,
etc. Passive whole-body controllers have been proposed to
compliantly and safely interact with the environment [12],
[13]. However, in a haptic teleoperation scenario, existing
work has focused on bounding [14] and mapping [15] the
operator commands to ensure safe teleoperation and maintain
balance, rather than designing a controller that is inherently
robust against the effects of time-delays. One way of address-
ing this problem is through an energy dissipation performed
at the output of the whole-body controller, however this could
interfere with the constrained optimal solution and render
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it infeasible. Here, instead of having a control computing
layer (transparency layer) and a dissipation layer (passivity
layer), we directly create an optimal passivity controller that
respects the energy constraints.

Hence, we propose a control framework for the time-
delayed haptic teleoperation of a legged robot, that is in
particular capable of mitigating the destabilizing effects
caused by time delays in the communication link. To this
end, we provide new insights for the formulation of energy
constraints in optimization-based whole-body controllers.
We then validate the effectiveness of our approach with a
set of hardware experiments performed on a quadrupedal
mobile manipulator, where the robot is teleoperated during
end-effector or base control while introducing artificial yet
realistic delays in the network. It is worth noting that the
resulting architecture is not specific for quadrupedal robots,
but is general enough to be applied to any floating-base
system, such as humanoids or wheeled robots.

II. BILATERAL TELEOPERATION PROBLEM

In this section, we first provide some necessary back-
ground on passivity theory. Afterwards, we describe the
considered bilateral teleoperator, and how the passivity re-
quirements can be satisfied with the use of energy tanks.

A. Background on passivity theory

Consider a state-space system given by:

x =f(x,u)
(1
y =h(x,u),
where x e Y CR"™, ueld CR™,y Y C R,
Definition 2.1 ([16]): System (1) is said to be passive
with respect to the input u and output y if there exists a
continuous function, H(-) > 0, called storage function, such
that

H(t) — H(0) < / u”(s)y(s) ds, @

V t > 0, for all input signals v € Y4 C R™, for all initial
states z(0) € X and n, = n,.
Equivalently, we can define system (1) to be passive if
IH(-) > 0 such that H(t) < u” (t)y(¢).

Theorem 2.1 ([17]): Consider the two systems

% = £i(xi, 0

Ei . T z( 7 l) (3)
y; = hi(x;, w;),

where i = 1,2, n, = n,, interconnected with the following

power-preserving feedback interconnection:

u; On Xn w y1:|
= | 4
R A A

where W := diag(wy, ..., wy, ), W = 0. If 3; is passive
with respect to the mapping u; — y, with storage function
Hy,, for i = 1,2, then the interconnected system ¥; A s is
also passive and the overall storage function is such that

B. Control by interconnection

The closed-loop system in Fig. 2 is passive if its interacting
components satisfy (2), and are interconnected according
to (4). Being mechanical systems, the master and slave
are passive, as it can be deduced considering the system
Hamiltonian as a storage function. Therefore, a passive
control unit needs to be designed to convey energy between
the haptic interface and the remote robot. This can be done by
ensuring that the assumptions of Theorem (2.1) are satisfied,
i.e. that the passivity requirement (2) holds for the bilateral
teleoperator and this results passively interconnected to the
master and slave devices. In the next section, we show how
to preserve the passivity requirements using the concept of
virtual energy tanks [18].

C. PFassivity control with energy tanks

Energy tanks are dynamical systems that are connected to
the master and slave systems and exchange energy between
each other. The energy stored inside each tank is equal to the
one transferred from the other tank, and exchanged with the
physical world, and represents the energy budget that can be
used to generate desired active behaviours. We denote these
two storage elements as: X,,¢(Umt, Yme) and Yg (s, Yst)-
The energy tanks are modeled as dynamical systems with
the following dynamics:

. Pt —P
b = s + (B

Emt . { mt mt Tt (63.)
Ymt = axthmt = Tmt
. pPL—P,
€T =Uu + ( st st)

Est . { st st Lot (6b)
Yst = a:vstHst = Tst,

where Hot = 3@mi?, Mo = 3x4° are the tanks storage
functions, and P* > 0 and P~ > 0 indicate the incoming
and outgoing power exchanged between the two tanks. In
this work, energy is exchanged only if present inside the
tank, according to the energy transfer protocol described in
[5]. The systems X,,; and X, are connected to the master
and slave ports, respectively, as follows:

D,
0 Hm 0
Upme wT Tmt Ym
U | | O 0 0 |y |’
Ust 0 0 — ‘;’Z: Yst
D,

where w,, € R"™m and wg, € R" are steer values
computed by the master and slave controllers, based on the
states of the two tanks x,,; and x,;. The matrices D,,, and
D, that interconnect the tanks to the respective systems, are
in the form of Eq. (4). The resulting bilateral teleoperator
energy rate matches the power flowing from master and slave
devices into the master and slave controllers, indeed

Hmt + 7-.[6 + 7'2815 = _urj;tcym - chys' (8)

Hyns, = Hs, + Hs, ) where H. = P,,,— P\, + P, — P is the energy stored in the
ey -0 communication channel. Therefore, the bilateral teleoperator
DEWADIPY .
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Fig. 2: Diagram of main elements interacting, from left to right: the human operator and the haptic device, the bilateral

teleoperator, the slave and the environment.

is passive with respect to input (—u,,., —us.) and output
(¥,n»¥,)- However, if the energy tanks are depleted, there
is no possibility to passively implement the desired action.
Therefore, the only requirement that we need to impose to
preserve the passivity of the system is that the energy level
inside each tank is positive. In the next section, we will show
how we impose this requirement in the master and slave
controllers.

I1II. HYBRID TELEOPERATION CONTROL

In the following sections we provide the implementation
details of the proposed setup. First, we introduce the model
of the slave, which is described by the equations of motion
of a multi-limbed floating-base system:

M., (q)V + bu(q,v) = JL (q)A
M, (q)V + ba(q, v) = I7 (@) + u,,

where q € SE(3) x R and v € RS*"« are the robot
generalized coordinates and velocities, IM is the mass matrix,
b includes the nonlinear effects (i.e. Coriolis, centrifugal,
and gravitational terms), and us. is the vector of actuation
torques. Additionally, J. is a matrix of stacked contact
Jacobians, while X is the vector of contact wrenches. The
subscripts u and a correspond to the unactuated and actuated
parts of the defined quantities, respectively. We formulate
the slave whole-body control problem as in [11], where
a hierarchical QP is solved to determine the vector of
desired generalized accelerations (v*), and desired contact
forces (A*). We denote the vector of optimization variables
with € = (v, \"). A set of equality tasks encode dynamic
consistency, no slipping or separation of stance legs, as well
as tracking of base and limb motion references. Additionally,
a set of inequalities is defined to encode friction cone
constraints, joint torque limits, in addition to the passivity
conditions. The priorities of each task are reported in Table I
and will be discussed later in this section. It is worth
mentioning that the reference commands from the master
device are not directly sent to the whole-body controller,
but are given as inputs to an intermediate motion planner
[19]. Briefly, this planner solves a model predictive control
(MPC) problem to generate optimal motion references for
the robot’s base and limbs. These references are then tracked
by the passivity-preserving QP hierarchical controller. Given
the optimal solution & of the WBC, the joint torques are
computed by inverting the desired dynamics:

Use = [Ma(q) - ']Z; (Q)] €+ ba(qv V)'

©))

(10)

A. End-effector position control

1) Master controller: Since the controller is implemented
on an embedded unit, a discrete-time rule needs to be
computed to update the energy tank level [20]:

kAT + —
P —P
0

mt

kAT kAT
— [ —whiwaodes [P0 - Pl
0 0

k
=Y —wh( = DAXm (i) + AR, () — AM,,,(5)
j=1

Hont(k — 1) — Wi (k — 1) Ax, (k) + AHome(k), (11)

with  Ax,, (k) = xp (k) = xm (k= 1), y,, =Xm, and
AH,,: (k) is the overall exchanged energy at time k. Let
F. be the desired haptic feedback, which is updated based
on feedback information from the slave’s end-effector. We
compute the master-side steer value w,, as a function of
both the state of the tank and the desired haptic feedback:

(k) = {cm(k) if oy (k) > ¢
Tm%;’“)}?c(k) —T %y if 0 < Hpu(k) < ¢
12)

where ¢ > 0 is the minimum energy level in the tank
introduced to avoid singularities in the solution, v = /2 - (,
and I' > 0 is a diagonal matrix whose entries are equal to
a - (C —Hme(k)) with @ > 0. When the value of the tank
decreases below this threshold, F. is modulated according
to the state of the tank and, additionally, a dissipative term
is added to extract energy from the master. The type of
modulation proposed here offers the advantage of being
smooth, and does not strictly require any estimate of the
velocity at the next sample. Generally, up until the next
sample is available, there is no way to act on a loss of
passivity. However, if ( is chosen as the maximum allowable
energy to spend, this problem is avoided.

2) Slave controller: At the slave side, a similar update for
the tank can be obtained as follows:

Hot (k) = Hor(k — 1) — w T (k= 1)Aq, (k) + AH (k).
(13)

At each sample, H; is updated with the previously applied
torques wg(k — 1) = us.(k — 1), the joint displacement
Aq,(k) = q(k)—q(k—1), and the exchange with the master
tank AH (k) = AHL, (k) — AH, (k). The control law (10)
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TABLE I: List of tasks used in the WBC. Each task is
assigned a priority. The tasks introduced in this work are
highlighted, with reference to the corresponding equations.

Priority ~ Task
1 Equations of motion
Torque limits
Friction cone
Zero acceleration at the contact
2 Base motion direction (21)
Arm motion direction (18)
3 Base passivity constraint (20)

Arm passivity constraint (15)
Base motion tracking
Limbs motion tracking

needs to impose that the energy level inside the tank at each
instant of time is larger than zero. Since the energy exchange
with the master tank AH,; at sample k + 1 is unknown, we
impose the following inequality constraint:

Haor(k+1) = Ho (k) — ul (B)q(k)AT > e, (14)

where ’Hst is an estimate of the tank level at time k + 1,
€ > 0 is a threshold for the minimum possible energy level,
and the joint displacements Aq,(k + 1) are estimated from
the current joint velocities.

During teleoperation of the arm end-effector, we tolerate
small variations of the torso, resulting in (14) being mainly
affected by the joints of the arm. Under this consideration,
Eq. (14) can be rewritten taking (10) into account, as:

Hst (k) — €

_ T < — 4% (b, —
;I ]e< AT q, (br —g,)

where the subscript r corresponds to the arm degrees of
freedom, M, includes the last n,. rows of M,, and g,. are the
arm gravitational torques. These can be subtracted from the
energy budget since such a compensation preserves passivity.

Let gF and q be the arm joint references computed by
the MPC planner. A desired acceleration is generated with a
PD control law:

a4 = Ky(qf — q,) + Kald) — 4,).

An equality task is then formulated to track the resulting
desired acceleration

[y M., (15)

(16)

n an} 5 qdes

where n, = n, + 6 —n,. To avoid having the passivity task
invert the direction of the desired accelerations, we impose
an additional constraint on the arm’s motion, given by:

[On,.xnz Qr On,,.xnx} . 5 Z Oa

where Q, € R"™*"r is a diagonal matrix with diagonal
entries equal to the desired joint accelerations as in (16).
A higher priority (see Table I) is assigned to (18) when
compared to the passivity and tracking tasks. In this way
we ensure that the desired joint-space motion direction is
preserved, while jointly optimizing for passivity and trans-
parency (i.e tracking) with a lower priority. One could expect
that the passivity task should be at the highest priority.

a7

[Onr X1y Hnr XNy

(18)

However, as pointed out in [21], since passivity is only
sufficient for stability, strictly enforcing passivity could lead
to an overly conservative behavior. Hence, for our control
architecture, enforcing stability at a lower priority allows to
respect the stability requirements, while still guaranteeing a
good tracking performance.

B. Base velocity control

1) Master controller: The base velocity teleoperation
problem is challenging since the haptic device has a limited
workspace. Ideally, it would be desirable to map mas-
ter positions to slave velocity commands. However, the
master device is passive with respect to the power port
(Wpne, X, ) Tather then (W, X, ). As in [22], we overcome
this issue by rendering the master passive with respect to
the port (W, r.,), Where the output r,, is defined as:
'y = X;m + AX,,, with A > 0; and a local control action
is added to u,,. as —Bx,,, — Kx,,. The matrix B is chosen
such that B > M,, A, with M,,, being the mass matrix of
the haptic device, K >~ 0. As shown in [23], the signal r,,
can be made proportional only to the scaled position if the
contribution of velocity is negligible due to the choice of A.

2) Slave controller: The slave degrees of freedom con-
trolled in velocity mode are the lateral and longitudinal
velocities of the base. No references are sent along the
vertical direction, however we still allow for feedback. In this
way, if the base of the robot is disturbed along this direction,
the operator could still perceive the applied force. Since
the floating-base of a legged robot is driven by generating
contact forces on the environment, we impose the energetic
limitation with respect to the zy (non-vertical) forces exerted
by the stance legs:

Ha(k+1) =Halk) =I5 N"%,, , AT > ¢, (19)
where J;, r oy includes the first two rows of (JT) and x; is
the base veloc:lty Using (9), we can rewrite (19) as:

Hst(k}) — € T

50 My Osy] € < 28D ZC 5T (b,

which can be added as a task in the hierarchical QP. As in
Sec. III-A, the desired linear accelerations calculated by the
motion planner should be preserved. These accelerations are
expressed in a specific frame, named control frame C [11],
which changes according to the slope of the terrain and the
base orientation. To prevent changes in desired references,
we add the following additional inequality constraint to the
stack of tasks:

[QuyJusy,  O2xny] - €+ Qudu,,v>0, 21

where Q,,,, € R**? is a diagonal matrix with entries equal to
the elements of the desired linear acceleration crﬂy , which
is computed as follows:
wd .
Crmzs = cr;y—}—Kd(chB

y_Ci'xy)+Kp(Crzy_Crxy)~ (22)
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Fig. 3: Master and slave end-effector position, force and
energy tanks levels with passivity layer (right), and without
(left), during an experiment of end-effector control.

IV. EXPERIMENTAL RESULTS

We validated our proposed teleoperation framework
through experiments performed on a real robot platform with
an artificial delay introduced in the network. Videos of all
the experiments are available in the attached multimedia
material. The master device used for the experiments is
the Force Dimension Omega.6 haptic device'. The slave
robot is ANYmal — a torque-controlled quadrupedal robot —
equipped with a 4 DOF robotic arm. The control loop runs
at 1 kHz on the haptic device, while the ANYmal whole-
body controller and the state estimator run at 400 Hz on the
robot’s onboard computer (Intel Corei7-8850H CPU@4GHz
hexacore processor). Each experiment is performed without
and with the proposed passivity framework. We provide
results for end-effector position control and base velocity
control, with an end-to-end added delay of 60 ms for the
two scenarios. This delay was observed as the average
communication delay between the University of Twente and
our laboratory in Zurich.

A. End-effector position control

In this experiment, the human operator moves the haptic
device along a predefined trajectory, defined in such a way
to span the whole workspace up to the boundaries of the
haptic device. For this experiment, the local force feedback
used in Eq. (12) was generated from the displacement
error between the master and the slave measured position:
F.(k) = K,(xs(k — kq) — xm(k)) where kg is the time
delay. Results for this experiment are displayed in Fig. 3
where, for the sake of conciseness, only the plots along the
y direction are reported. It can be seen that, without the
passivity layer, the two devices show oscillatory signals that
are out-of-phase. In this condition, to avoid damages to the
hardware, the system is frozen as soon as the oscillations start
to grow. Another indicator of unstable behavior is observed
in the plot of the energy tank level, where a drop to a
negative value occurs. Conversely, with passivity layer, this
behavior is avoided and leads to smoother master and slave
trajectories.

Thttps://www.forcedimension.com/products/omega
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Fig. 4: Master and slave x-y velocity profiles with passivity
layer (right), and without (left) in base velocity control.
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Fig. 5:
(right),

Force and energy tanks levels with passivity layer
and without (left) in base velocity control.

B. Base velocity control

In this experiment, we control the base velocity of
the slave. To avoid hardware damage we limit the max-
imum commanded velocity to 0.2 m/s. For this test,
the local force feedback used in Eq. (12) was gener-
ated from the velocity tracking error at the slave side:
F.(k) = K,(vin(k — kq) — vs(k)), where v,,,, and v de-
note the master velocity, and the slave base velocity, respec-
tively. v,,, is computed from the master position using the
mapping from Section III-B. This haptic feedback allows
to realistically perceive external forces, and to capture their
effect without the need for any haptic sensory feedback.
It can be noted from Fig. 4 that, with passivity layer, the
velocity tracking error increases as the master velocity is
about to reach 0.2 m/s. While the master velocity is about
reaching this peak, the mean absolute percentage tracking
error in velocity is 6.98% without passivity layer, and only
1.1% with passivity layer. The former scenario happens in
order to avoid violating the passivity condition as seen in
the energy level plots of Fig. 5, which in turn leads to
the energetic penalization of the contact forces along the
directions where they create motion. As shown in Fig. 4, if
passivity is not enforced, the force feedback causes the haptic
device to become unstable, and this in turn compromises

5280

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on March 20,2023 at 13:20:54 UTC from IEEE Xplore. Restrictions apply.



—xyz
@ start
end

z [m]

-4 ‘\\\ 0
107 6 S~ s s
8 10 10

z [m]

15

y [m] 0

Fig. 6: 3D position trajectories for the slave end-effector
during two experiments of haptic interaction with a human,
with energy tanks off (left), and on (right).

tracking. Enforcing passivity allows to avoid this problem
and results in a stable teleoperation system.

C. Haptic interaction during end-effector control

In this experiment, we perform a haptic interaction test
with a human at the slave side shaking the robot’s hand.
Haptic feedback was generated as in Sec. IV-A. For the sake
of conciseness, we only present results for the slave response
(Fig. 6). From both the plots and the video attachment,
it can be verified that, with passivity, the trajectories are
smoother and the system remains stable. Gains for the master
controller were tuned in such a way that enables the operator
to perceive low magnitude forces acting on the slave end-
effector. We realized that, if it is desired that the operator
feels the hand-shake, these gains tend to be high, leading to
a more unstable behavior. Indeed, in haptic teleoperation,
instabilities are due not only to time delays, but also to
other sources, such as those deriving from a controller tuning
that aims to enhance transparency. However, it can be noted
from Fig. 6 that our formulation is also effective in handling
this additional source of instability.

V. CONCLUSIONS

In this paper, we presented an approach to ensure the
stability of a haptic teleoperation system for a quadrupedal
mobile manipulator. The crucial point to ensure such a
property is to manage a potential active behavior of the
bilateral teleoperator. We addressed such a problem for the
bilateral teleoperation of a general floating-base system, in
the presence of destabilizing time delays. To this end, energy
tanks were used as energy observers and included in the
formulation of a passive QP controller at the slave side.
We experimentally demonstrated that, in the presence of
time delays, the proposed passivity formulation based on
energy tanks effectively leads to more stable operations.
One interesting direction for future work includes adding
feedback from force sensor measurements, and extending the
proposed method to perform tele-manipulation tasks, such as
remotely turning valves or opening doors.
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