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A new research paradigm that deploys aerial robots as
flying platforms for carrying out robotic activities has diver-
sified their areas of application greatly [1]. These applica-
tions include inspection, object manipulation, sample pick-
ing, which may involve active interaction with an external
environment.

To practically realize the wide range of application areas
where aerial robots are aspired to be applied, addressing
both the issue of workspace incompatibility and achiev-
able precision, which have contradictory requirements, is
of an essence. We propose an algorithm that serves as an
effective tool in bridging the gap between rate-based tele-
controllers addressing the workspace incompatibility and
kinematic dissimilarity of master and slave systems and pose-
based tele-controllers that are required for precise operations.
The switching-based variable state mapping and associated
passivity-based controllers are contributions of this work.

The position of the master system is mapped to scaled
velocity or position reference of the slave, when teleoper-
ating in rate and pose modes, respectively. In both modes
the scaling can be varied online. The switching between
the two modes is controlled by the operator and could
happen at any state of the master and the slave. As a
result, it can be applied even in the presence of network
induced imperfections, such as variable time delays and
packet dropouts. However, switching at a nonzero reference
necessitates alternative interpretations of the perceived state
of the slave at the time of switching. Two submodes, namely,
Reset and Normal submodes are introduced that intuitively
describe the interpretations. The proposed state mapping in
the two modes is given in Eq. 1, while the mapping function
is mathematically described by Eq. 2.

{

xsr
(t+ τ) = φ(·), if ρ = 0 (pose-mode)

vsr (t+ τ) = φ(·), if ρ = 1 (rate-mode)
(1)

φ(·) = λ(t)xm(t)+ ρxs(ts − τs)− (1−σ)λ(ts)xm(ts) (2)

wherex and v represent the position and velocity;λ(t)
is the time varying scaling factor andτ denotes an arbitrary
time delay in the communication channel.ts and τs denote
the switching time and the last backward time delay just
before switching of the signal coming from the slave. The
subscriptsm ands denote the master and the slave systems
and sr denotes the reference signal of the slave.σ = 1
indicates the reset andσ = 0 the normal submodes.
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Similar to [3], the control structure of the proposed al-
gorithm is composed of high-level and low-level controller
loops. The high-level is tasked with the teleoperation and
is composed of a master and a virtual slave. It essentially
commands the real aerial robot and haptically renders its
state to the operator. The low-level regulates the dynamics
of the real slave based on the command received from the
high-level. The two control loops interact through a visco-
elastic coupling between the virtual and real slaves.

In the teleoperation loop, both the master and the slave
systems are endowed with local energy tanks that avail the
energetic costs associated with the action of each system
and enable enforcing of passivity. In particular, the slavehas
two tanks, of which, the primary tank only interacts directly
with the virtual slave. The backup tank exchanges energy
with the primary tank such that the energy available in the
primary tank is varied. As such, it is possible to vary the
mapping scale between the master and the slave in an energy
consistent way so as to ensure passivity at the slave end. The
local tank at the master side, on the other hand, stores the
energy injected by the operator and associates it with the
action of the master controller, which generates the force
displayed to the operator to create awareness of the state of
the slave and its environment. To avoid unlimited buildup of
energy that may result in unwanted transitional behaviors,
and even loss of passivity, this tank is saturated from above.

To create situational awareness to the operator about the
dynamic reaction of slave to both the operator’s command
and the external disturbance, we proposed a spring-damper
force feedback presented in Eq. 3.

Fm = k(xm − x̄m)− dẋm (3)

x̄m(t) =

{

φ#(xs(t− τ)) if ρ = 0
φ#(vs(t− τ)) if ρ = 1

(4)

xs and vs are position and velocities of the slave,k and
d are positive definite matrices denoting the proportion and
derivative action of the master controller.φ# maps the state
of the slave to its equivalent master position.

Comprehensive simulation results illustrating the task per-
formance of the proposed algorithm and supporting the claim
made in this paper are provided in [2].
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