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Abstract—Effective control design of flying vehicles requires
a reliable estimation of the propellers’ thrust forces to secure a
successful flight. Direct measurements of thrust forces, however,
are seldom available in practice and on-line thrust estimation
usually follows from the application of fusion algorithms that
process on-board sensor data. This paper proposes a framework
for the estimation of the thrust intensities on flying multibody
systems that are not equipped with sensors for direct thrust
measurement. The key ingredient of the proposed framework
is the so-called centroidal momentum of a multibody system,
which combined with the propeller model. It enables the design
of Extended Kalman Filters (EKF) for on-line thrust estimation.
The presented approach tackles the additional complexity in
thrust estimation due to the possibly large number of degrees of
freedom of the system and uncertainties in the propeller model.
For instance, a covariance scheduling approach based on the
turbines RPM error is proposed to ensure a reliable estimation
even in case of turbine failures. Simulations are presented to
validate the proposed algorithm during robot flight. Moreover,
an experimental setup is designed to evaluate the accuracy of the
estimation algorithm using iRonCub, a jet-powered humanoid
robot, while standing on the ground.

Index Terms—Humanoid Robot Systems, Aerial Systems:
Perception and Autonomy, Dynamics.

[. INTRODUCTION

NMANNED Aerial Vehicles (UAVs) have been employed

in several applications such as surveillance, remote
monitoring and aerial photography, thus increasing the attention
of the robotics community on these vehicles [1]. Many tasks
involve interaction with the environment and thus exchanging
forces with it, so estimating the forces and torques acting on
the UAV can be essential for safe and useful interaction. In this
sense, the estimation of thrust forces is essential for effective
control design. The process of estimating the thrust forces
acting on a flying vehicle becomes even harder when the under-
lying aircraft is composed of several rigid bodies, possibly inter-
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Figure 1. The humanoid robot iRonCub and the setup used for jet experimental
campaigns.

connected by joints of various nature (e.g. rotational/prismatic).
This paper contributes towards the on-line estimation of thrust
forces that power flying multibody vehicles. The manuscript
makes use of reduced models of the underlying multibody
robot, that combined with the propellers’ actuation models,
enables the design of effective Extended Kalman Filters.

Thrust force estimation is typically achieved by exploiting
the relationship between the thrust and the rotational speed
of the propeller [2]. Thrust force estimation plays also a role
for, and may depend upon, the process of estimating the
external forces on the aircraft. The external forces acting on
the UAV can be measured by means of Force/Torque (F/T)
sensors, but they increase the overall cost of the flying system.
Consequently, external forces are typically estimated by a
suitable observer, which often exploits rigid-body dynamics
and on-board proprioceptive sensors.

There is a wide literature on observers for external
force estimation when the flying robot is modeled as a
single rigid body. To cite a few, Lyapunov based nonlinear
observers [3], residual methods [4], [5] — also used to estimate
the generalized torques [6] — and Kalman and Unscented
Kalman Filtering [7], [8] are some of the tools and methods
that proved to be effective when estimating the external force
on a single rigid body flying vehicle. All these methods do
not apply directly, however, to the case where the flying robot
is composed of several interconnected rigid bodies.
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Promising research directions, in fact, are trying to design
UAVs with several degrees of freedom, which is a pivotal step
for providing flying robots with manipulation or terrestrial loco-
motion capabilities [9], [10], [11]. These flying multibody robots
are often exemplified by aerial manipulators, which are com-
posed of a flying vehicle endowed with a robotic arm or gripper
(see, e.g. [12], [9]). Aerial manipulators, however, are not the
only family of multibody flying robots. To cite a few, one may
mention: hexapod-quadrotor designs [13]; hybrid terrestrial
and aerial quadrotors [14]; insect biobots that show aerial and
terrestrial locomotion [15]; robotic structures that change their
shapes to adapt to different modes of locomotion [16], [17];
and humanoid robots with thrusters to enhance bipedal locomo-
tion [10], [11]. Additionally, an attempt to unify manipulation,
aerial, and bipedal terrestrial locomotion on a single robotic
platform is being carried out by the iRonCub project [18], [19],
whose aim is to enable the humanoid robot iCub [20] to fly.
As highlighted in Fig. 1, four jet engines located on the robot
arms and shoulders, are used to lift the robot from the ground.

For multibody flying vehicles such as iRonCub, the process
of estimating thrust forces is further complexified by the multi-
body nature of the underlying robot. Two common approaches
for thrust estimation on flying multibody robots are: i) often
applied to aerial manipulators, one may consider only the
dynamics of the flying platform and account for the wrenches
applied by the manipulator arm as external disturbances; then
the application of single-body estimation methods may lead
to an estimate of the thrust forces [21]; ¢4) one may consider
the full dynamics of the system as well as the interaction
forces between the flying robot and the manipulator arm [22].
It is not straightforward, however, to generalize the above
approaches to more complex flying multibody robots, such as
a jet-powered humanoid robot. For instance, the first approach is
not applicable because there is no distinction between a “flying
part” and a “manipulating part” in jet-powered humanoid robots.
The propellers, in fact, could be mounted at any link of the
multibody system. The second approach seems more favorable,
but its complexity increases considerably since humanoid
robots usually possess much more degrees of freedom (DoF)s
than classical aerial manipulators. It is also worth mentioning
the thrust estimation framework for the multi-link robot
HYDRUS [23]. In that work, the external force, torque and the
position of contact points are estimated by mounting an IMU
for each link to estimate the linear and angular acceleration of
the link’s center of mass (CoM) [24]. However, the approach
may not scale well if the multibody system is as complex as a
humanoid robot and the propellers are jet engines. If jet engines
are used as propellers, in fact, the complexity of their dynamics
— due to also the dependence on the environmental conditions
and the type of fuel being used — limits the application of the
above mentioned estimation strategies. [25].

Another route one may follow for thrust estimation on
flying multibody robots is to extend the methods developed
for external force estimation on humanoid robots. More
precisely, the thrust forces may be treated as external forces
with known directions acting on the robot, considered as a
floating base system [26]. One approach to estimate external
forces for humanoid robots is to use residual methods tailored

for humanoid robots [4], [27]. However, the approach requires
a measurement or estimation of the robot joint torques, which
may not always be available in practice. Furthermore, it
requires to use full robot dynamics in the estimation process,
and this can increase the complexity of the estimator design
for systems with high number of DoFs [28].

To remove the need of torque sensors, the external wrench
acting on a robot can be estimated using an F/T sensor attached
to a robot link combined with Newton-Euler algorithms [29],
[30], possibly framed as Maximum a Posteriori estimation
problems that use Guassian noise models [31]. However, these
methods provide instantaneous estimates of external forces
and therefore they are prone to noise and outliers.

Other state-of-the-art techniques for external wrench
estimation make use of the so-called robot’s centroidal
momentum [32]: a reduced robot model that relates the
external wrenches acting on the robot with its kinematics. One
can use the robot centroidal momentum to estimate a time-
varying external wrench [33], or even the CoM kinematics [34],
[35]. In addition, a simultaneous estimation for floating-based
kinematics and contact force measurements was developed fol-
lowing an Extended Kalman Filtering (EKF) formulation [28].
The aforementioned methods can give inspiration to estimate
thrust intensities of complex flying mutlibody robots.

This paper presents a framework to estimate on-line thrust
forces for flying multibody systems with actuator dynamics.
The estimator combines the robot centroidal momentum
and propellers models in a single EKF formulation in order
to increase the robustness and reliability of the estimated
thrust. We consider the robot iRonCub [18], [19] as a case
study and hence we use the jet engines models identified in
our previous work [25]. Moreover, we further improve the
estimator design by implementing a covariance scheduling
strategy, which changes the filter behavior to account for a
jet engine’s failure in maintaining its own rotational speed.
The proposed estimation framework is validated on the real
iRonCub standing on weighing scales in order to measure the
change of the robot’s weight due to applied thrusts. The error
between the estimated weight and the ground truth did not
exceed 7% of the robot’s total weight.

The reminder of the paper is organized as follows. Section II
reviews some preliminary concepts that will be used in in the
estimator design, section III details the procedure of designing
the estimator. Section IV presents simulation results where
the proposed estimator is used in flight simulations with the
robot iRonCub. In addition, section V illustrates experiments
performed with the robot iRonCub and the validation procedure.
Further, it shows some test results of applying covariance
scheduling to a case where failures in the jets have occurred.
Finally, Section VI presents final remarks and future directions.

II. BACKGROUND
A. Notation and preliminaries

o I, € R" ™ is identity matrix of dimension n.

e 0,5, € R"™™ js the zero matrix of size n X m.
e a € RJ is a vector of dimension 73

e A € RI** is a matrix of size j times k;
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e S(z) € R**3 is the skew symmetric matrix such that
S(x)y =z xy = —yxa, 2 and y € R3, where x
denotes the cross product operator in R3.

e 7 denotes the inertial frame of reference;

e G[Z] is a reference frame with the origin at the robot
center of mass, and the orientation of the inertial frame.

e e5=1[0,0,1,0,0,0"; i€ [1,....1;

« t is the number of thrusters attached to the robot;

o Tog € R? is the center of mass position represented in
the inertial frame;

o Zo; € R? is the position of thruster i represented in the
inertial frame;

o 7, =20,~Tog; S(r;) = [

I
S(ri)|
B. Modeling of flying multibody robots

A flying multibody robot is usually composed of n + 1 rigid
bodies, connected by n one-DoF joints. Following the floating
base formalism, we define the system configuration space as
Q € R? x SO(3) x R™, and an element of Q is given by the
triplet: ¢ = (fog,ZRp, s), where (Zog,ZRp) represents the
position and orientation of the base frame 3 expressed in the
inertial frame Z, while s € R™ are the joint angles.

The velocity of the system is characterized by the set
V € R? x R? x R™. An element of V is given by v = (v, )
where vg = (265,2 wp) is the linear and angular velocity
of the base frame w.r.t. the inertial frame, while § are the
joint velocities. Recall that the base angular velocity satisfies
IRB = S(Iw5>zRB.

III. ESTIMATOR DESIGN

The section details the thrust estimator with a focus on the
process and measurement models for the EKF. In our design,
we make the following assumptions:

1) the thrusters are rigidly attached to the robot links;

2) the direction of the thrust forces with respect to the

associated link is known a-priori.

Assumption 1) implies we do not account for tilting propellers.

However it is straightforward to extend the theoretical
framework to this use case when assumption 2) is satisfied.

A. Centroidal Momentum Dynamics

In the estimation framework proposed in this paper, the
relation between the robot and the jet thrust forces is obtained
by exploiting the properties of the centroidal momentum
dynamics, that is, the robot total momentum expressed w.r.t.
the frame G[Z]. More specifically, the rate of change of the
centroidal momentum equals the summation of all the external
forces and moments acting on the system [32]. In the case under
analysis they are the thrust forces, the gravity force and the feet
contact forces (while balancing on the ground). So, one has:

t
g[I]L = g[I]eret —mge3 + ZS(W)Q{pr (1)
k=1

where g[I]L indicates the rate of change of the robot centroidal
momentum, m is the robot total mass, g is the norm of the

gravitational acceleration and g7 f; € R3 is the force applied
by thruster ¢, from which we can further highlight the thrust
intensity 7;:

o fi ="L(@)T, )

Z1;(q) € R? is the direction of thruster i and T; € Rxg is its

thrust intensity. In addition, gl7] Wieet € RS represents the ef-

fect of left and right foot wrenches in the momentum dynamics:
gy W teer = Q[I]XLJ:IE}'W + g[z]XRfwaa

where g X £F(q) and g X R7(q) are the so called Adjoint

transformation matrices [36]. For the sake of clarity we rewrite

the sum of thrust forces in Eq. (1) as:

Q[I]L = giyWie(q) — mges + A(q)T, 3)

where T = [T1 T} Tt]T is the vector of thrust inten-
sities and A(q) = [S(rl)zll S(ra)*ly S(T’t)zlt]~

B. Thrusters dynamics

Depending on the type of thrusters used to power the flying
robot, it may be necessary to include also the motors dynamics
in the estimator design. More specifically, this is required when
the dynamic response of the thrusters cannot be considered
instantaneous with respect to the thrusters’ inputs that regulate
the generated thrust (e.g. rotor velocity, throttle, etc.). For the
case study considered in this paper, we consider a second order
dynamics for the thurst generation. In particular, we employ a
jet-engines model that was designed to describe the relationship
between the input throttle command (u; for jet engine 7) and
the output thrust intensity (7;) [25]. It was verified that a
second order model can effectively describe the dynamics
of jet engines, and this model encompasses a large class
of existing propellers. Following this consideration, Sparse
Identification method for Nonlinear Dynamics (SINDy) [37]
was used to identify the governing terms in this model. After, a
model structure was selected such that the nonlinear dynamics
are affine with respect to the input u;. For each jet engine ¢,
the 2nd derivative of the thrust intensity is given by:

Ti = fiee(Ti, Tiywi) = dy (T3, Ty) + 9.0(Ty, Ty)v(w;),
where:
d (T, Ti):KTTi“"KTTTiQ"‘KDTi+KDDT1‘2+KTDTiTi+C
95(T3,Ti)=By + BrT; + BpT;

v(u;)=u; + Byyu?,

The values of the parameters:

0= [KT7KTT7KD’KDD7KTD7BUvBTT7BD7C can be
computed by means of an EKF-based identification strategy,
using data series that contain the input command wu; and
the output measurement 7; samples collected during the jet
engines experimental activities [25].

It is important to underline that some jet engines have
their rotor speed measurements available, and this data can
be used for the estimation of the thrust intensities. However,
we decided to use a model that does not take into account the
rotor speed, with the aim of designing a general estimation
framework applicable to each type of flying multi-body robots.

]T
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C. Thrust Estimator Design

The general formulation of the thrust estimator considers
the following non-linear system:

(t) = f(2(t),u(t)) +w(t),
z(t) = h(z(t)) + v(t)

where « € R” is the system state, z € R™ is the measurement
vector, w is the process noise and v is the measurement noise.
The noises are uncorrelated, normally distributed with zero
mean, and the known co-variance matrices: @ € R™*™ and
R € R™*™ describe the process and the measurement noise,
respectively. In our design, the state & consists of the thrust
intensities T, their derivatives T, the centroidal momentum
giz)L and the feet contact wrenches W and W, ie.

w(t) ~N(0,Q(t), ()
v(t),~ N(0,R(t)), (4b)

T
T
z= T, T ,ggqL" . (W', gzW"| €eR¥*. (5
The input u(t), consists of the jets throttle inputs generated
. T
by a dedicated controller, namely w = [u1 2 ]

1) Measurement model: The measurements are obtained
combining the on-board sensors outputs with robot kinematics
and dynamics model. They consist of the centroidal momentum,
and the feet contact wrenches expressed in their corresponding
local frames W and W. Therefore the measurement
vector z(t) can be written as follows:

T T 77 18

z = g[I}L ,C]:W ’R]—'W e R, (6)

The centroidal momentum gz L is computed from the system
kinematics as per [32], using the relationship below:

)

where Jp(q) is the Centroidal Momentum Matrix [32]
that maps the system velocity to the centroidal momentum
expressed in G[Z]. In contrast, the feet contacts wrenches , W
and W are obtained utilizing two 6-axis Force/Torque
(F/T) sensors mounted on the robot.

2) Process model: The process dynamics combine the jets
dynamics and the centroidal dynamics presented in section
II-A. The reason to adding the two dynamical models is to
overcome the limitations of each individual model. On one hand,
the jet dynamics change with environmental conditions as stated
previously. Also, they do not take into account the failure of a
jet engine to deliver the expected thrust [25]. On the other hand,
the centroidal dynamics assume the only contact forces applied
to the robot are those of the thrusters, in addition to the contact
wrenches with the ground. Further, they are affected by the un-
certainties of the robot model, as well as the measurement bias
in the left and right contact wrenches W and 5 W infor-
mation from the F/T sensors. The process model is written as:

gL = Jn(q)v,

T T
T frer(T,T,u)
T = Q[I]L = A(q)T — mges + o] erel(q)
cFW 061

rFW O6x1

The dynamics fjpr(T, T, u) defines the dynamics of all
the four engines attached to the robot and is written as:

fjet(Tth, uy)
fiet(To, T, ug)

frer(T, T u) = : (8)

fjet(TnTt,Ut)

where each element fjet(Ti,ﬂ,ui) is the model of jet
engine 4 described in III-B. The feet contact wrenches , W
and W are added as states in order to provide filtered
values to the centroidal dynamics instead of using direct
measurements. Their dynamics are assumed to be unknown,
and we assume that their change is purely driven by noise.
Thus, their time derivatives are set to zero. The filtering
of contact wrenches can be tuned using the corresponding
elements of the process co-variance matrix @. Furthermore,
the evolution of W and W is assumed to be slow such
that the filtering does not significantly modify their dynamics.

Remark: both the process and the measurement model
depend, nonlinearly, on the robot configuration g, while the
measurement model depends also on the system velocity v.
To keep the filter design simpler, we decided not to add the
robot configuration and velocity as part of the system state
x. We therefore assume that the robot configuration g and
velocity v are ideal, so we treat them as perfect measurements
to be used in the process dynamics and measurements models.

IV. SIMULATION RESULTS

Validation of the estimation strategy proposed in Sec. III is
performed first in Gazebo simulation environment [38], with a
simulated iRonCub robot. The flight controller is implemented
in MATLAB-Simulink and provides to Gazebo reference
throttle and robot joint torques at a frequency of 100 [Hz] [19].
In the testing scenario, the robot starts from a standing position,
balancing on the ground with jet thrusts, then it takes-off, moves
forward, rotates counter-clockwise around its vertical axis, and
finally, it moves forward again. To emulate the jet dynamics,
the simulator also includes the nonlinear jet-engine model
described in Section III. To verify the estimator robustness
w.r.t. model uncertainties, we modify the parameters of the jets
model used by the estimator and jet control by adding to each
parameter a uniformly-distributed random variable on the range
of 5% of the actual parameter value. For better understanding
of the simulated scenario, please refer to the associated video.

Fig. 2 shows the estimated thrusts of all four engines,
compared to their actual values from Gazebo simulator. We
also compared the performances of our estimation framework
with a modified version of the estimator in III-C, which
assumes that the jet dynamics are unknown (substituting the
state T = 04, and assigning it with high uncertainty in the
corresponding part of the co-variance matrix Q). The rest of
the gains in the co-variance matrices @@ and R are the same
for both estimators, and they are tuned to achieve the best fit
possible with the validation data. In both cases, the estimated
thrusts converge to values close to the thrusts from Gazebo.
Also, Fig. 3. shows that the change in the robot’s centroidal
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Figure 2. Thrust intensities values in simulation. The estimated thrust are in
agreement with the values retrieved from Gazebo.

momentum are also being tracked by both estimators. However,
limitations in our current control framework [19] do not allow
to achieve high variations of the angular momentum.

V. EXPERIMENTAL VALIDATION

A. Overview

In this section we describe the experimental setup used to
validate the thrust estimation algorithm presented in Section III.
The experimental setup consists of the robot iCub [39] equipped
with model jet engines: each forearm is equipped with a jet
engine of the model number P100-RX [40], while the chest link
is equipped with a jet-pack that consists of two jet engines of
the model number P220-RXi [41]. The jet fuel is supplied from
a tank placed off-board, and the selected fuel is kerosene Jet-Al.
To protect the legs of the robot from the heat generated from the
exhaust of the jet engines, several layers of a heat and fire re-
sistant material (aerogel) are used to cover the lower part of the
robot as shown in Fig. 1. Concerning the feet contact wrenches
measurements . W and W, two F/T sensors internally
mounted on the hip joints were used to compute the external
wrenches with the algorithm proposed in [30]. The robot has
also F/T sensors mounted at the feet, but they were not used be-
cause they suffered from considerable drift due to the high heat
generated from the engines exhaust. The drift in the hips sensors
was instead negligible for the duration of the experiment.

B. Ground truth and its temperature compensation

To obtain a source of ground truth, the robot is placed on
weighting scales [42] to measure and record the weight of the
robot throughout the experiment. Later, the recorded weight is
compared with the vertical component of the wrench resulting
from all the estimated thrust intensities, defined as:

o Wies(t) = mges — A(q)T (1), 9)

where T(t) is the estimated thrust intensities. The comparison
is performed by computing the error Et(t) as:

ET(t) = (Wscalel(t)+Wscale2(t)) g — g[7) Wjets(t) . eg,

where Wicale1 (t) and Wieaea () are the weights of the scales.
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Figure 3. Centroidal momentum with its estimates using different EKF

estimators during iRonCub simulated flight.

1) Temperature correction of scales data: The recorded
weight from the scales suffered from a drift, that was caused
by the change of their operating temperature due to the heat
produced by the jet engines. It is known that weighting sensors
usually have dependency on the temperature [43].

The F/T sensors placed on the robot feet are also equipped
with temperature sensors. The temperature data have been
recorded during the experiment, and they provide a reasonable
indicator of the temperature of the scales due to their prox-
imity. Fig. 4 shows the collected weight data along with the
temperature data from the left and right foot F/T sensors.

The weight data is corrected exploiting the fact that, when
the jets are turned OFF (in the initial and final part of the
collected dataset), the measured robot weight should be the
same. In addition, the temperature data shows a (approximately)
linear increase. Therefore, a linear correction is applied to the
weight data as shown below:

Wscale(Tscale) =W + Qcale - (Tscale(t) - TscaleO)a

where Wicae(Tscale(t)) is the measured weight, which varies
with the operating temperature, W is the true weight of the
robot, Tyae(t) is any given temperature value, and Tycqe0 1S @
initial temperature taken at the beginning of the test.

Thus, the values of Wcye(Zscale(t)) are recorded at time
instants ¢ = ¢ and ¢t = ¢y, and a correction ageare - (Tscale (t) —
Ticale0) is computed such that the aforementioned values are
the same, in particular using the relation shown below:

Wscale (Tgcale (tf) ) - W%cale (,Z;cale (tO ))
Tscale (tf) - Tscale (tO)

We decided to use external sensors in the validation pro-
cedure rather than the feet F/T sensors, because temperature
compensation of the F/T sensor is usually more complex than
calibrating the weighing scales. In particular, it was hard to
apply the assumption above to the feet F/T sensors because of
nonlinear, temperature-related effects in the F/T measurements.

Qscale =

C. Experimental layout

The thrust intensities estimator is implemented in
MATLAB/Simulink environment. YARP [44] is used to obtain
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the information from the robot sensors as well as the jet
engines’ and to handle the communication between various
software modules. Whole Body Toolbox [45] is used for
integrating YARP into Simulink environment. Moreover,
custom-made YARP-based drivers are used to obtain the
measurements and to send control commands to the actuators.

The validation experiment consists of the robot iRonCub
standing on the scales while the joints are set to a fixed state,
this allowed the robot to be standing on two feet in a take-off
configuration. The jet engines are commanded with input
throttle values shown in Fig. 5. The values of the robot joint
positions commands and the ratios of the throttle commands
are taken from simulations of a take-off maneuver run in
Gazebo simulation environment. The throttle commands,
along with the sensors measurements, are logged and then
applied to the estimator offline. Since the robot is standing
still throughout all the experiment, the floating base pose and
velocity are estimated using legged odometry and assuming
that the feet do not move. A different and more appropriate
method for flight estimation of the robot base kinematics is
a subject of study in our future works.

The identified parameters of the jets model have the
same values reported in [25]. In order to demonstrate the
contribution of the jets dynamics ( III-B), the centroidal
dynamics ( III-A) and the combined dynamics ( III-C2), an
estimator is implemented for each case. For instance, simulated
jets dynamics are implemented to illustrate their response to
the applied throttle input u. The centroidal dynamics only
estimator is implemented with modified co-variances as detailed
in Sec. IV. The estimator with only the centroidal dynamics
uses the sensors from the robot besides its centroidal dynamics,
similar to some state-of-the-art external force estimators for
humanoid robots [28] and [33]. We have stated the limitations
of using each dynamics independently in III-C2. However, the
goal of experiment is to show the validity of all sources of
information (jets dynamics and centroidal dynamics).
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Figure 6. Plot of the thrust intensities estimation using EKF estimators, in
addition to simulated jets dynamics.
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D. Experimental Results

Fig. 6 shows individual thrust intensities estimates for
each estimation version to highlight the effect of using the
centroidal dynamics or the jets dynamics alone, and combining
both in a single estimator (the proposed estimator in III-C).
The latter, despite a similar tuning, seems to provide smoother
results w.r.t. the estimator version that implements only
the centroidal dynamics. This is beneficial for feeding the
estimates to a flight controller.

Fig. 7 compares the estimated quantity g[7] Wies(t) - €3 of
each estimator versions mentioned in V-C compared to the
corrected scales measurement. From Fig. 7, we can see that
for both estimators the estimates resemble the corrected scales
measurement. The absolute error does not exceed 35N for all
estimators. During the ramp in the time period ¢ = 100s—300s,
the estimation error is higher than in other time periods. This
is due to many factors. For instance, the temperature correction
model assumed in V-B1 may not be always adequate to describe
the scales measurements dependency on the temperature, and
there may be un-modeled non-linearities that we are, at the
moment, unable to identify. Another possibility is that the
temperature measurements have some inaccuracies because
the temperature sensors are not directly attached to the load
cells inside the scales. As a result, the error in the period ¢ =
100s—300s seems larger than the differences in errors between
each estimator and the other. However, the relative error with
respect to the full weight of the robot always remains less
than 7%. This can be considered as a general indication of the
goodness of the estimation qualities for the considered use case.
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E. Covariance scheduling experiment

The combination of the robot centroidal dynamics and the
jet dynamics proposed in the thrust estimator design allowed
us to implement a covariance scheduling algorithm, which
changes the covariance of the estimated thrusts according to
the failure of one or more jet engines. In order to detect the
turbine’s failure we computed the rotor speed error, which is
a straightforward information to obtain from the jet engines.

The error indicates how far the jet engine is from the nominal
behaviour, for which the model [25] was identified. When the
error is larger than a chosen threshold, then the corresponding
covariance of the estimated thrust in the matrix Q(¢) is set
to a value high enough for the estimator to disregard the jet
dynamics during the failure period. It is worth mentioning that
any other error indicator can be used to update the covariance
matrices, if a suitable model is available to describe it.

During our experimental campaign, there were few tests
where some of the jet engines failed to deliver the desired

thrust as commanded by some chosen throttle input values.

The failure was due to a defect in the fuel line, and it
appeared in the rotational speed measurements of each jet
engine, as shown in Fig. 8. The thrust estimator then changed
its behaviour based on the error of the rotational speeds as
shown in Fig. 9, where the estimator is tuned to follow the
jet model when the jet engine’s rotational speed error was
smaller than a chosen threshold. In case of a rotational speed
error higher than the threshold value, the estimator follows the
robot centroidal dynamics by assuming high uncertainty in the
corresponding jet engine model. In Fig. 9, even though there is
not real ground truth to be compared with, we can see that the
estimator tries to follow the most reliable source of information
available. In this experiment, the centroidal-based estimation
was affected by disturbances due to the bias in the feet contact
wrenches W and ;W measurements, but still it was

more reliable than jet dynamics-based during engines failures.

VI. CONCLUSIONS

This paper presented a thrust intensities estimation strategy
for flying multibody robots, with a focus on the use case
of a jet-powered humanoid robot. In order to overcome
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Figure 9. Estimated thrust intensities along with the corresponding uncertainty.
The time periods when the uncertainty increases are associated with the
failure of the engine.

the difficulty of achieving direct thrusts measurements on
the humanoid robot, the proposed algorithm implements a
variation of centroidal momentum estimation algorithms used
in humanoid robotics, and combines it with the jet engines
dynamical models. Experimental validation is also presented
using simulation and the real robot iRonCub. The experimental
validation procedure consists of applying thrusts commands
while the robot is standing on scales and logging the measured
weight, then comparing this measurement with the equivalent
weight computed from the estimated thrust intensities. Further,
a covariance scheduling strategy was implemented to account
for the failures in jet engines, Exploiting the combined
dynamics, the estimator shifts its belief towards robot model
in case one or more thrusters exhibits unmodeled phenomena.

The experimental validation procedure did not include the
case of the robot detaching from the ground (flying), this was
due to many reasons. Because of the complexity of the setup
and the higher safety requirements of experiments with jet
engines, limiting the experiment to the robot standing was
necessary at this stage of developing and implementing control
and estimation algorithms. Furthermore, an experimental setup
different from the scales to validate the estimation was not
available at the moment. As demonstrated, we resorted to a
non-invasive way to measure the weight of the robot, which
even if it does not validate the individual estimated thrust
intensities, it can still provide a good indication of the quality
of estimation. Another limitation concerns the floating base
estimation to be used for the proposed thrust estimation: since
the robot was kept fixed on the ground, forward kinematics
was used to estimate the floating base pose. When the
robot detaches from the ground, it will then be essential
to incorporate additional information in the estimator, such
as the IMU or Visual/Lidar Odometry. Addressing all these
requirements and therefore test the estimator while performing
the first flight is certainly our main focus for future activities.

Moreover, would be of particular importance to perform
robustness analysis on the estimator against model and
measurements uncertainties: more specifically, the effect of the
measurements bias and other non-linearities in the F/T sensors
information, as well as the inevitable uncertainties in the robot’s
inertial parameters (that might change during flight) and in the
jet dynamics (that are affected by environmental conditions).
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