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OMNIDIRECTIONAL WHEELED HUMANOID ROBOT BASED ON A
LINEAR PREDICTIVE POSITION AND VELOCITY CONTROLLER

The present invention relates to the field of robot programming

systems. More specifically, it applies to the controlling of motions of robots
which move around on articulated limbs or use them, notably robots of
human or animal form. A robot can be qualified as humanoid from the
moment when it has certain human appearance attributes: a head, a trunk,
two arms, two hands, etc. A humanoid robot may, however, be more or less
sophisticated. Its limbs may have a greater or lesser number of articulations.
It may control its own balance statically and dynamically and roll over a base.
It may pick up signals from the environment (“hear”, “see”, “touch”, “sense”,
etc.) and react according to more or less sophisticated behaviors, and
interact with other robots or humans, either by speech or by gesture. For a
current generation of humanoid robots, programmers are capable of creating
scenarios, which can be more or less sophisticated, as sequences of
events/actions reacted to/performed by the robot. These actions can be
conditional upon certain behaviors of people who interact with the robot. But
in these humanoid robots of the first generation, application programming is
done in a development toolkit and each application needs to be launched by
a triggering event, the occurrence of which has been included in the
application.
There is therefore a need for a humanoid robot capable of living an
“autonomous life”, as a human being does, who is capable of behaving in a
determined manner, depending on the environment he is evolving in. It is an
object of the present invention to overcome the limitations of the robots of the
prior art by providing a robot which is capable of determining autonomously
sequences of its life adapted to the context it is evolving in, without any
intervention of a programmer.

We consider a robot with a mobile base joined to a body, also called upper
body.
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In standard behavior, the robot is in contact with all of its wheels, and
dynamically stable while the Center of Pressure (CoP) which is the
barycenter of the forces acting between the ground and the robot, is strictly
inside the convex hull defined by its wheel contact points. In absence of
disturbance, this CoP constraint is always respected. However, when
disturbances appear, the CoP can be on the bounds of the support hull. In
that case, the robot can start to tilt, and if nothing is done, it can fall. So our
problem is to control the robot over two dynamic models: when the robot is
not tilting, and when it is.

When the robot is not tilting, we can found some papers about
controlling a mobile robot with dynamic stability constraints, or about
controlling a humanoid two-legged robots.

Some recent works deal with controlling a robot with dynamical
constraints, caused by limbs such as a manipulator arm. K. Mingeuk and al.
have worked on the stabilization of a wheeled platform using dynamic
constraints: “Stabilization of a rapid four-wheeled mobile platform using the
zmp stabilization method”. They use a direct linear quadratic regulator (LQR)
method to control the platform. The inconvenient of this method is that the
submitted dynamic constraints require having the CoP (Center of Pressure)
on the middle of the platform. The CoP is the barycenter of the contact forces
between the robot and the ground. This method involves losing several DoF
(Degree of Freedom): indeed, to prevent a robot from falling, the CoP needs
to be only in the convex polygon defined by the contact points between the
wheels and the ground.

In another paper, Y. Li and al. present a simple controller of a
mobile robot with dynamic constraints: “The dynamic stability criterion on the
wheel-based humanoid robot based on zmp modeling”. The difference with
the K. Mingeuk and Al. publication is that it takes into account the full CoP
constraint, which is a sum of inequality constraints. This controller is a pid-
control iterated on a complete model of the robot to find a torque command
where the CoP is in the support polygon.

Concerning humanoid robotics, P. B. Wieber, H. Diedam and A.
Herdt have described a method to control humanoid two-legged robot with
highly constrained dynamic: “Walking without thinking about it”. This most
recent approach concerns the linear predictive control based on a 3d linear
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inverted pendulum model. Using a simple model of the robot, this control law
predicts the dynamic of its state in the future, in order to ensure that the
current command sent to the robot will not cause an inevitable fall in a few
seconds. Concerning the biped humanoid robot NAO, an implementation of
this control law can be found in a paper written by D. Gouaillier, C. Collette
and K. Kilner: “Omni-directional closed-loop walk for NAO”. But the robot
NAO is small and this method would not give good results notably for a
higher humanoid robot as shown figure 1, for instance with the following
features:

- 20 Degrees of freedom (DoF) (2 DoF on the head 160, 2x6 DoF on the
arms 170, 3 DoF on the leg 180 and 3 DoF in the mobile base 140),

- 1.37m height 110,

- 0.65 m width 130,

-0.40 m depth 120,

- 30kg total mass,

- one leg 180 linked to the omnidirectional base 140 with three wheels 141.
The mobile base has a triangular shape of 0.422m length and is able to move
the robot at a maximum velocity of 1:4m/s™ and acceleration of 1:7m/s™ for a
short time. The nominal velocity and acceleration are 0:5m/s™ and 1:0m/s™.

Concerning the case when the robot is tilting, we can link this
problem with the control of one or two wheeled mobile robot. However, in our
case, we do not want to control the robot around an unstable equilibrium
direction (generally the vertical), like all one or two wheeled mobile robots.
Many papers can be found about controlling these robots. They are based on
different types of control like:

- PID force control as described in the publication by J. K. Ahnand S. J.
Lee, «Force control application to a mobile manipulator with balancing
mechanism," 2010,

- Linear Quadratic Regulator as described in the publication by X. Changkai,
L. Ming, and P. Fangyu, “The system design and Igr control of a two-wheels
self-balancing mobile robot,” 2011.or

- Sliding Mode Control as described in the publication by K. Sho-Tsung, C.
Wan-dung, and H. Ming-Tzu, “Balancing of a spherical inverted pendulum
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with an omni-directional mobile robot,” IEEE Multi-conference on Systems
and Control, 2013.

All of these controllers have for objective to control the robot around an
unstable equilibrium direction, depending on gravity and on external forces.
Concerning humanoid robotic, we can found some papers about push
recovering. The main concepts are to manage over four possibilities of
control:

- move the CoP using the upper bodies,

- create a torque using the ankle of the foot,

- create some angular momentums using the arms, and

- do some steps.

They cannot be applied in our case because they strongly depend on
the bipedal mechanic, which implies that the feet cannot roll or slip on the
ground, and that they can do some step to recover from a push. In our case,
the CoP cannot be displaced because there is no surface of contact on the
tilt direction. Also another difficulty of our problem is to take into account the
discrete switch of the dynamic model (presence or absence of some contact
forces). This implies that some impact can occur. Generally, manage with
impact is a hard question for real-time control.

There is therefore a need for controlling both the mobile base of a
humanoid robot and its body, while taking into account their dynamical
constraints and that the robot can be strongly disturbed and can tilt around its
wheels.

So, instead of proposing a unique controller which will be valid in
the different possible dynamical states, we define two controllers, one when
the robot is not tilting, and one when it is. In order to ensure a correct and
smooth transition between the two controllers, a third controller is defined to
deal with a landing phase and a supervisor is defined to address them
accordingly.

To this effect, the invention provides a humanoid robot with a body
joined to an omnidirectional mobile ground base, equipped with:
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a body position sensor, a base position sensor and an angular
velocity sensor to provide measures,
- actuators comprising joints motors and at least 3 wheels located in
the omnidirectional mobile base,
- extractors for converting sensored measures into useful data,
- a supervisor to calculate position, velocity and acceleration
commands from the useful data,
- means for converting commands into instructions for the actuators.
It is mainly characterized in that the supervisor comprises:
- a no-tilt state controller, a tilt state controller and a landing state
controller, each controller comprising means for calculating from the
useful data, pre-ordered position and velocity references, and a tilt
angle and angular velocity references set to 0, position, velocity and
acceleration commands based on a double point-mass robot model
with tilt motion and on a linear model predictive control law with a
discretized time according to a sampling time period T and a number
N of predicted samples, expressed as a quadratic optimization
formulation with a weighted sum of objectives, and a set of predefined
linear constraints,
- an impact angular velocity and a landing impact time estimator and
- means for choosing a controller according to an estimated impact
angular velocity and useful angular velocity.

The advantage of this robot is to be robust to many types of
disturbances. They can be short, long, fast or multiple, with great dynamic
bandwidth. We make no hypothesis about the disturbances. Moreover, in
case of a very strong disturbance which cannot be recovered from, a fall
manager strategy has been implemented on the robot, to minimize the
impact of the body with the ground.

More precisely, the advantages of this robot are firstly to be able to
recover from a strong disturbance which makes the robot tilt. The second
advantage is to control a non-linear dynamic, with discrete change and
impact in a simple and real-time way. The third advantage is to be able to
define many behaviors of the robot by tuning the parameters of the
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supervisor as choosing to more limit the mechanical impact, or to limit the
travelled distance during the tilt recovery.

According to an embodiment of the invention, the estimated
impact angular velocity is calculated by integration of a constant.

There can be no tilt in the robot model ; the no-tilt controller can be
able for instance to calculate position, velocity and acceleration commands
from the useful data using pre-ordered references, with the following
objectives:

- a base position objective,

- a base velocity objective,

- an objective related to the distance between the CoP and the
base center, CoP being the barycenter of contact forces between the
robot and the ground,
and with the following constraints:

- a maximum velocity and acceleration of the mobile base,

- kinematic limits of the body,

- a CoP limit.

The tilt controller can be able to calculate position, velocity and
acceleration commands from the useful data using pre-ordered references
and a tilt angle and angular velocity references set to 0, and with objectives
that are tilt angle minimization and angular velocity minimization and with
constraints that are kinematic limits of the mobile base, kinematic limits of the
body, a positive tilt angle and a move of the body only on the angular velocity
axis.

A weighted numerical stability objective can be added to the
weighted sum of objectives.

The landing controller can be able to calculate position, velocity
and acceleration commands from the useful data using pre-ordered
references and a tilt angle and angular velocity references set to 0, with
objectives that are an objective related to the distance between the CoP and
the base center, CoP being the barycenter of contact forces between the
robot and the ground, and a numerical stability objective, and with
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constraints that are a maximum velocity and acceleration of the mobile base
and kinematics limits of the body and a CoP limit and a move of the body
only on the angular velocity axis.

A base velocity objective can be added to the weighted sum of
these objectives.

The kinematics limits of the body can be null.

According to an embodiment of the invention, at least a wheel is
omnidirectional.

Advantageously, the ground is planar and horizontal.

The invention also provides a method for controlling a humanoid
robot with a body joined to an omnidirectional mobile ground base,
implemented at pre-defined sampling times and comprising:

- retrieving position measure of the body, position measure of the
base, tilt angle of the robot and angular velocity measure of the
robot,

- converting these measures in useful data,

- using the useful data, and according to a state of the robot,

calculating position, velocity and acceleration commands using a

control law based on a linear model predictive control law with a

discretized time according to a sampling time period and a number of

predicted samples, and expressed as a quadratic optimization
formulation with a weighted sum of objectives with predefined weights
and a set of linear constraints,

- converting these commands into instructions for the robot

actuators.

The state of the robot can be defined according to the following steps:
if one among the tilt angle measure or/and the angular velocity
measure is greater than zero, estimate an estimated impact angular
velocity and an estimated impact time,
initially, the robot is in a no-tilt state,

No-tilt state:

» If there is no estimated impact time, switch to a tilt state;

« If the impact angular velocity is above a pre-defined limit1, switch to
the tilt state;
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» If the measured angular velocity is above a pre-defined limit2,
switch to the tilt state;
* Else, if the tilt angle is not null, switch to a landing state,

if the tilt angle is null stay in the no-tilt state.

Tilt state:

* If the measured angular velocity is above the pre-defined limit2,
stay in tilt state.

» If the estimated impact velocity is under a pre-defined limit1, switch
to the landing state

» Else, stay in tilt state.

Landing state:

» If there is no estimated impact time, switch to the tilt state;

« If the impact angular velocity is above a pre-defined limit1, switch to
the tilt state;

» If the measured angular velocity is above a pre-defined limit2,
switch to the tilt state;

« If the tilt angle falls to 0, and if an angular velocity measured at a
next time is null, switch to the non-tilt state, else, stay in the landing
state.

The invention also provides a computer program comprising
computer code fit for executing when running on a computer the method as
described.

The invention will be better understood and its various features and
advantages will emerge from the following description of a number of
exemplary embodiments and its appended figures in which:

- figure 1 displays a physical architecture of a humanoid robot in a
number of embodiments of the invention;

- figure 2 displays a functional architecture of the software modules of a
humanoid robot in a number of embodiments of the invention;

- figure 3 displays a modelization of the mass repartition of a robot
designed according to the invention,
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- figure 4 displays a modelization of the tilt dynamic of a robot according
to the invention,
- figure 5 illustrates a geometrical representation of a constraint,
- figures 6 schematically represents a functional scheme of a
supervisor.
From a figure to another one, the same elements are tagged with
the same references.

Figure 1 displays a physical architecture of a humanoid robot in a
number of embodiments of the invention.

The specific robot 100 in the figure is taken as an example only of
a humanoid robot in which the invention can be implemented. The lower limb
180 of the robot in the figure is not functional for walking, but can move in
any direction on its base 140 which rolls on the surface on which it lays. By
way of example, this robot has a height 110 which can be around 120 cm, a
depth 120 around 65 cm and a width 130 around 40 cm. In a specific
embodiment, the robot of the invention has a tablet 150 with which it can
communicate messages (audio, video, web pages) to its environment, or
receive entries from users through the tactile interface of the tablet. In
addition to the processor of the tablet, the robot of the invention also uses the
processor of its own motherboard, which can for example be an ATOM ™
Z530 from Intel™. The robot of the invention also advantageously includes a
processor which is dedicated to the handling of the data flows between the
motherboard and actuators which control the motors of the joints in a limb
and the balls that the robot uses as wheels, in a specific embodiment of the
invention. The motors can be of different types, depending on the magnitude
of the maximum torque which is needed for a definite joint. For instance,
brush DC coreless motors from e-minebea™ (SE24P2CTCA for instance)
can be used, or brushless DC motors from Maxon™ (EC45_70W for
instance). The MREs are preferably of a type using the Hall effect, with 12 or
14 bits precision.

In embodiments of the invention, the robot displayed in figure 1
also comprises various kinds of sensors. Some of them are used to control
the position and movements of the robot. This is the case, for instance, of an
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inertial unit, located in the torso of the robot, comprising a 3-axes gyrometer
and a 3-axes accelerometer. The robot can also include two 2D color RGB
cameras on the forehead of the robot (top and bottom) of the System On
Chip (SOC) type, such as those from Shenzen V-Vision Technology Ltd™
(OV5640), with a 5 megapixels resolution at 5 frames per second and a field
of view (FOV) of about 57° horizontal and 44° vertical. One 3D sensor can
also be included behind the eyes of the robot, such as an ASUS XTION™
SOC sensor with a resolution of 0,3 megapixels at 20 frames per second,
with about the same FOV as the 2D cameras. The robot of the invention can
also be equipped with laser lines generators, for instance three in the head
and three in the base, so as to be able to sense its relative position to
objects/beings in its environment. The robot of the invention can also include
microphones to be capable of sensing sounds in its environment. In an
embodiment, four microphones with a sensitivity of 300mV/Pa +/-3dB at
1kHz and a frequency range of 300Hz to 12kHz (-10dB relative to 1kHz) can
be implanted on the head of the robot. The robot of the invention can also
include two sonar sensors, possibly located at the front and the back of its
base, to measure the distance to objects/human beings in its environment.
The robot can also include tactile sensors, on its head and on its hands, to
allow interaction with human beings.

To translate its emotions and communicate with human beings in
its environment, the robot of the invention can also include:

- LEDs, for instance in its eyes, ears and on its shoulders;
- Loudspeakers, for instance two, located in its ears.

The robot of the invention may communicate with a base station or other
robots through an Ethernet RJ45 or a WiFi 802.11 connection.
The robot of the invention can be powered by a Lithium Iron Phosphate
battery with energy of about 400 Wh. The robot can access a charging
station fit for the type of battery included.
Position/movements of the robot are controlled by its motors, using
algorithms which activate the chains defined by each limb and effectors
defined at the end of each limb, in view of the measurements of the sensors.

Figure 2 displays a functional architecture of the software modules
of a humanoid robot in a number of embodiments of the invention.
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The goal of the invention is to provide a method to allow a
humanoid robot to perform activities in an autonomous way, without any
intervention of a programmer to anticipate the conditions that the robot will
face. In the prior art, the robot is capable of executing scenarios which have
been programmed and uploaded to its motherboard. These scenarios can
include reactions to conditions which vary in its environment, but the robot
will not be capable to react to conditions which have not been predicted and
included in the code uploaded to its motherboard or accessed distantly. In
contrast, the goal of the invention is to allow the robot to behave
autonomously, even in view of events/conditions which have not been
predicted by a programmer. This goal is achieved by the functional
architecture which is displayed in figure 2.

This functional architecture comprises in essence four main
software modules.

A Services module 210 includes services of at least three types:

- Extractor Services 211, which receives as input readings from the
robot sensors of the type described in relation with figure 1; these
sensor readings are preprocessed so as to extract relevant data (also
said useful data) in relation to the position of the robot, identification of
objects’human beings in its environment, distance of said
objects’human beings, words pronounced by human beings or
emotions thereof; example of Extractor Services are: People
Perception to perceive the presence of human beings in the vicinity of
the robot, Movement Detection to detect the movements of these
human beings; Sound Localization to locate a sound, Touch Detection
to interpret a touch on a robot tactile sensor, Speech Recognition,
Emotion Recognition, to identify the emotion expressed by a human
being in the vicinity of the robot, through its words or gestures;

- Actuator Services 212, which control physical actions of the robot such
as Motion to activate the motors of the joints or the base, Tracker to
follow motion of a human being in the environment of the robot,
lighting of the robot's LEDs to communicate emotions, Animated
Speech (combinations of speech and gestures), Behaviors; behaviors
are a combination of movements, words, lightings which may express
emotions of the robot and allow it to perform complex actions;
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- System Services 213, which notably include Data Services; Data
Services provide stored data, either transiently or long-term; examples
of Data Services are:

o User Session Service, which stores user data, and their history
of what they have done with the robot;

o Package Manager Service, which provides a scalable storage
of procedures executed by the robot, with their high level
definition, launching conditions and tags.

An Activities module 220 includes behaviors 221 of the robot
which have been preprogrammed. The programming of the Behaviors can be
effected using a graphical integrated development environment
(Choregaphe™) which is the object of a European patent application
published under n° EP2435216, which is assigned to the applicant of this
patent application. Behaviors programmed with Choregaphe™ combine a
time based logic and an event based logic. Each Behavior is tagged with a
Manifest 222, which is a text file including notably the launching conditions of
the Behavior. These launching conditions are based on what the extractors
211 are able to perceive.

A Mind module 230 is in charge of selecting one or several Activities
to launch. To do so, the Mind subscribes to the Extractors and evaluates the
launching conditions of all the installed Activities. The variables of these
conditions are event based. So, efficiently, only the condition statements
containing changed variables need to be reevaluated. Based on the results of
the sorting algorithm, its priorities, and the life cycle (see below), Activities
may be launched, and some Activities possibly stopped.

An executed Activity will rely on APl (acronym of the French expression
“Application Pour Interface”) calls to the Services to perform the task it has
been programmed to do. Whenever an Activity is on stage or stopped, the
Mind collects data about when this happened, the current state of conditions,
and what the user feedback seemed to be to facilitate learning.

If an existing Extractor event is not sufficient for the conditions, developers
can create an additional Extractor to generate a new event, and distribute it
in a package with their application.

To do so, the Mind module 230 ties together the Services and the
Activities modules by controlling the selection of the Activities, and launching
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the Actuators based on the readings of the Extractors and on algorithms
performed in the Mind called Selectors. Examples of Selectors are:

- Autonomous Life 231, which executes Activities; based on the context
of a situation, the Mind can tell Autonomous Life which activity to focus
on (see examples below); any Activity has full access to all call
procedures of the module API; Activities can include a constraint
which will direct Autonomous Life to focus on a definite Activity;

- Basic Awareness 232, which subscribes to Extractor Services such as
People Perception, Movement Detection, and Sound Localization to
tell the Motion Service to move; the Mind configures Basic
Awareness's behavior based on the situation; at other times, Basic
Awareness is either acting on its own, or is being configured by a
running Activity;

- Dialog 233, which subscribes to the Speech Recognition Extractor and
uses Animated Speech Actuator Service to speak; based on the
context of a situation, the Mind can tell the Dialog what topics to focus
on; metadata in manifests tie this information into the mind; Dialog
also has its algorithms for managing a conversation and is usually
acting on its own.

An Execution Engine 240 launches the API calls to invoke the Services.

The goal of the invention is more specifically to control an
omnidirectional wheeled humanoid robot which can be strongly disturbed and
tilt around its wheels. The method is based on two linear model predictive
controllers, depending on the dynamic model of the robot and on a third
controller to ensure a correct and smooth transition between the first two
controllers. An estimator is designed to detect when the robot enters in a tilt
dynamic, or when it returns to its nominal stable dynamic.

Using :
- pre-ordered position and velocity references, and a tilt angle and
angular velocity references set to 0,
- body position, base position and angular velocity data extracted from
sensored measures, and called useful data,
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each controller calculates position, velocity and acceleration commands
based on :

- a double point-mass robot model with tilt motion as shown figures 3
and 4. The first point-mass b represents the mobile base Center of
Mass (CoM), and the second point-mass ¢ represents the upper body
CoM ; the joint between the mobile base 140 and the body (or upper
body) 190 is considered as having no mass. When the robot is not
tilting, the CoM of the upper body and of the mobile base are ¢, and
be. The tilt angle is y ; h is the height of ¢c.. This model is stored as a
system data-service 213.

- alinear model predictive control law with a discretized time according
to a sampling time period T and a number N of predicted samples,
expressed as a quadratic optimization formulation with a weighted
sum of objectives, and a set of predefined linear constraints. In order
to define the dynamic behavior of the controlled body and base (c and
b), we have to choose first the duration of the prediction (horizon) and
the period between each sampling instant. Choosing a horizon as
small as possible and a period as large as possible will reduce the
computational time, but will also reduce the stability and the
robustness of the control, depending on the dynamic class. To
conserve the linearity of the system, we have chosen a polynomial
class of order 3 for the body and base trajectories in order to have a
continuous CoP trajectory, in order to avoid peak of forces in the
robot. Also, in this controller, the time is sampled, with a sampling
period T. The number of predicted sample is N. Another advantage of
this kind of control is that it is simple to manage with many inequalities
constraints, as kinematic limits of the robot, maximum velocity and
acceleration of the mobile base and CoP limits. This control law is
stored as a system data-service 213 which calls for Motion API.

Calculating position, velocity and acceleration commands entails
controlling the tilt angle and the angular velocity of the robot.

The first controller is dedicated to the situation when the robot is
not tilting: then the tilt angle is null.
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In order to have a real-time control, the model of the robot needs
to be as simple as possible. We need to compute a good approximation of
the forces acting by the base on the ground. The repartition of the masses in
the robot cannot be done by a single point-mass model, because around half
of the mass is concentrated in the base, and the rest in the upper body.

We can now write the equations of Newton and Euler for this
system, where the axis z is the vertical axe and, x and y the two horizontal
axes:

m(é+ g) = Fy/e (1)
my(b+g) = Fypp — Fye 2)
Le=(b—¢) x Fy. 3)
Ly=(p-b) xFp (4)

where mc and mb are the masses respectively linked to ¢ and b, L.and L,
the angular momentums for each point-mass. F,j‘/’f corresponds to the forces

acting by the mobile base on the upper body and F;/’;f corresponds to the

forces acting by the ground on the three wheels of the mobile base.
Also, p is the CoP of the forces F;/’;f, which is the barycenter of them. Due to
its definition, p is only defined in the convex polygon represented by the
contact points of the three wheels.

In this model, we consider directly the momentums between ¢ and
b (3)(4). This implies that we neglect the momentum induced by the arms.
We can do that because in our cases of operation, there are not moving fast.
Combining the equations (1)(2)(3)(4), we can write the dynamic equation of

the system:
Le+ Lo =(p—b) x ma(b+g)

+(p—e) x me(é+g) )

We can note in the equation (5) that the dynamic equation of a two
mass model is simply the sum of two single ones.

Now, in order to linearize the equation (5), we formulate some
hypotheses. Firstly, we can neglect the total angular momentum L. + L,
because we have chosen to consider only the momentum between ¢ and b.
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Secondly, because we have a redundant robot, we can move the CoM of ¢
around the axes x and y without modifying its position on the axis z. So we
consider c# constrained at a constant value h; this hypothesis is important to
obtain a linear model but the robot can still roll over its base without this
hypothesis. Moreover to simplify the description, we preferably consider a
planar and horizontal ground, so p’= 0. There is no DoF to control the
position of b%, we can set it to a constant |. Finally, we can note that g* =
g” =0 and g* = g the gravity norm.

Using these hypotheses and notes, we can rewrite the equation
(5) as follows:

meqq { & — pmy} +1Mipg (bmy _ p$y> =M he™ 4 mblg}my 6)

We can now use the equation (6) in order to provide a linear
relation between the CoP and the positions and accelerations of the base
and of the body:

M L™V mchEY 4 b

py ,
‘ M, + My (M. +my)g @)

We can note that this model does not take into account any
possibility of tilting. So, to ensure the validity of the model, a constraint on the
CoP must be added to the controller to ensure that the CoP is strictly inside
the convex polygon defined by the three wheels of the robot : a robustness
criterion is defined. We consider D the convex polygon represented by the
contact point of each wheel with the ground; an example of this D polygon is
shown figure 5. By definition, we always have p* € D. To have a CoP
constraint invariant by rotation, in the frame of the robot centered on b, we
have designed a conservative constraint: p* € D', where D’ is a circle
centered on b of radius r, with the property D’ € D.

Quantifying the robustness of this system is an open question. In
the absence of any modelization of the disturbance forces, we cannot make
any hypothesis about the direction, the amplitude and their dynamics. The
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capacity of the robot to compensate a disturbance can be linked to the CoP
and the CoM position of c. As they are able to move, the robot can react to a
strong disturbance. We can note that, in the absence of any hypothesis on
the disturbance, the CoP and the CoM position of ¢ have the most range to
move in any direction if they are close to b. So we propose a robustness
criteria ¢, which is equal to 0 on the maximum robustness:

C=¢llp=b||+A=¢)| c—b | o

where {, is a factor in the range [0; 1] which determines what type of

robustness we consider most important, to center the CoP, or to center the
CoM of c.

This robot model being defined to address the case when the
robot is not tilting, we can address the corresponding control law.

We can write the relation between each state, using the Euler
explicit method:

Ty Ty | Ty wxy | L eexy o

Cpr1 = C + Te” + 5 Ck + G C (9)
. . T2 .. |

Cpa1 =€ + Te,” + 5 Ch (10)

wEY eIy e Ty 110

Cop1 =6 +TCy (11)

There is an important consequence in the choice of the sampling
period T. The trajectory is allowed to be out of the constraints between two
samples, because we constrain the trajectory only at each sampling time. For
real-time reason, we cannot choose a value forT too small. So it is necessary
to take into account this overflow in each constraint as a security margin.

Consider €* = (¢ - ), and in the same way for the
derivatives of ¢ and for b and p. Also, consider the initial state ¢ =
(X ¢ )", and in the same way for 5.
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Using the equations (9)(10)(11), we can write the relation between
each derivative of the body trajectory (C,C and C) and the command C"

Y — UEGEH + Sﬂémy ”g)
Ejril:y _ Uccmy i Sﬂ&my (13)
C™ =Usl™ + S:6™ (14)
5  With:
( o %
U. =
\{1—31%9'%3?@?31’3 N2p2
\ & -
[z
5 0
U, = :
\(EN—;[)TE
2
/T 0
Us = | , S (15)
\T’

The same way is used to define the dynamic of b. We can note
that U., U: and U; are invertible because they are squared lower triangular
10  matrices with no zero in the diagonal.
Concerning p, using the equation (6), we can write this relation:

Py — Upﬁf’w + Uphﬁmy + SpeC™ + S’?’hgw (16)

With:
15
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_ me(gUe = hUz) . mu(gUs — 1)

S = me(9Se — hSg) S . — my(gS, — 1 5@}

(me+ ms)g ' Eph (me+mg)g

Among different methods that can be used to solve the problem of
determining such a control law fulfilling these position, robustness and
dynamic behavior conditions, we have chosen to address it as an
optimization problem. And to solve this optimization problem we have chosen
to formulate it as a least square minimization under linear constraints or as a
quadratic optimization with objectives and linear constraints. The main
reason is that the solvers for this kind of problem are fast to compute. Adding
non linear constraints or non quadratic minimization objectives increase
significantly the computational time.

The optimization variables correspond to the controlled body and

expressed as a function of X.

1) Control objectives:
The objectives O; will be expressed as a least square minimization and a QP
(Quadratic Problem) formulation: 0; = %XtQiX + piX.

X'is X when transposed.

The first objective is the tracking control. In this control, we have

chosen to do a position/velocity tracking. Let B;). and B,J; the position and

velocity objective over the horizon. Using (13), we can write the velocity
control objective Oy:

Loen ,
B=Y XiQX +piX

0, = -
g 2 (18)

| B2y | =

Bacd | bt
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/0 0 0
0 = i0 0 0 !’
o ] 0 0 [f;(sﬁijm o 5§efx“
\0 0 \U}(Si" — Bl
(19)
Using (12) we can write the position control objective Oz:
)y = — B:ﬂ’iﬁ_B:ﬂy _ _Xt X—i—tX
2= 73 | | 2 ()2 P5 20
/00 0 0
Q,— |00 0 | 0
2710 0 U P27 Ui (Sybt — BE) |
5 \0. 0 0 \U; (St — B.;)/ (21)
The next objective is the robustness maximization. By minimizing ¢ we
maximize the robustness. Let Upey = Upy — Up. Using (8), (12), (16) we can
write the robustness control objective Os:
10

1 1 _ | .
05 = 3¢5 ¢lp—b)+ (1L —¢A)e—b) |

1 ; ‘
ﬁxtQ?‘X +psX
: (23)

Q3 = (rQs3p + (1 — (5)Q3,

(22)
O3 =

(24)
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P3 = Cpap + (1 — (5)Pae
/ UgaUm 0  UlUm O

i U;;ﬁUW | 0 UéEU ot
= UtbbU pe 0 UébbUWh 0
\ 0 Uty Upe 0 Ul Upio

Upe ((Spb — S5)6% + Spe®) \
| W ((Spb — Sp)b¥ + Spet” )

e ( pb _Sb)b + Spet®) |
Ui ((Sps — S5)b¥ + Spet)/
Utu, 0 U, 0
0 UtU, 0 —UU, |
Ye=| g, 0 vy, O
0 —UU. 0 ULU,
(UL(S.6™ — Spb™)\
| | Uﬁ(sﬂay - Sﬁby)
Pie =

Uff (Saﬁy — Sb¥),

(25)

Preferably, we define another objective to avoid peak of jerk on
the robot; so we add a jerk minimization objective O4 to the control:

1 1_.
Ou =3 X || =X QuX +piX (20

Qy=L,py=10 (27)

Concerning this forth objective, we can note that when the robot

falls, the trajectories of ¢ and b grow exponentially. So by minimizing the jerk

10  of these trajectories, we directly increase the avoidance of exponential
divergence of ¢ and b, which contributes to stabilize the robot.



WO 2015/158885 PCT/EP2015/058370
22

2) Control constraints:
In the following the constraints R; will be expressed as a QP linear
inequality constraint formulation: R; : v; < VX < v/.

5 The first constraint R1 is to assure stability, to ensure that the
robot will not tilt by itself:  must be lower or equal to 1. This constraint is not
linear, so we introduce a conservative set of linear constraints to approximate

this. We choose to use an octagonal shape of constraints D" inscribed in the
circle D’ as shown in figure 4: it defines a CoP limit constraint. Let p = —

e

10  This constraint R1 which concerns the CoP bounds is written as follows:

Ry:P™ _ B D (28)
(U 0 Up—Us 0
e | 0 Un 0 Ups — Us
Upe Up Up—Uy Up—Th

\Upe —Upe Up—Up —Up+Us/
—3p — Spo? — (Spp — Sp)b

v, = v s , T o
P | e — Spe(@ + &) — (Spp — Sp) (0% + ) |
\—4p — Spe(6" — &) — (Spp — Sp) (b — bY)
[ 30— Spel™ — (Spo— S
, S oSy o S RY _—
'U;- _ Bp pcC E: pb Sb)b (29)

4p — SpolE® + ) — (Sps — ) (b + ) |
k\‘élﬂ - Spa(&m - éy) - (S'P“ - Sh) (b‘m - by)

The second constraint Rs concerns the kinematic limits of the
15 mobile base. Let b4, and b, the maximum velocity and acceleration of
the mobile base. We can write the constraint R, as follows:
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_biﬂy < B:z:y < 621;3{ (30)

I a

o { ey < B < e

1A

Vo =

o
i
s

The third and last constraint R; concerns the kinematic limits of the body.
Due to its joints, the robot can move the CoM of its upper body in a
rectangular zone H around the CoM of the mobile base. Let k¥ the limits of
the rectangular shape H, the constraint R; is written as follows:

Ry : —k™ < ™Y — b*Y < k™Y (32)

. (U. 0 -, J
Va= ( 0 U, 0 _Ub)

BTk - S Sy ) 0 T kY — 88+ SybY,
(33)
The kinematic limits of the body can be null. Then we have:
c¥ =bY

To solve this optimization problem with these objectives and
constraints, we use a linear quadratic problem solver. Some literature about
solving a QP can be found in the book “Numerical optimization, second
edition” of J. Nocedal and S.J. Wright 2000. This kind of solver finds the
optimal solution of a problem like this:
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mgn{XtQX +ptX)
v < VX <ot

(34)

where Q is symmetric and positive definite. Using the equations
(19), (21), (25), (27), (29), (31), (33), we can fill the values of Q, p, V, v" and
V'

Q= a1Q¢+ 0:Q+ 03Q3 + 04Q4 + 05 Qs (35)

pP= Q1p1+ QP2+ AzP3 + G4P4 + U5Ps5 (36)

(37)

where @; are the weightings associated to each objective. They can be
chosen experimentally.

The choice of the q; values is primordial to define the behavior of
the control law. The relative gap between each q; defines which objective will
be prioritized, and which will be neglected. If a; and a, are greater than the
other weightings, the trajectory tracking will be very efficient, but the
robustness will be less efficient, and the jerk of the body and of the base can
be high. If a; is greater than the other weightings, the robot will be very
robust to strong disturbances. We can note that in this mode of behavior, if
we define a positive velocity as tracking objective, the robot will start
backwards before moving forward, in order to center the CoP. The weighting
04 has a smoothing effect on the trajectories of ¢ and b, if this weighting is
greater than the other, the optimal solution will be not to move. Thereby, this
weighting must be small.

Some other behaviors can be obtained by choosing adequate
weightings. If the relative gap between two objectives is large (several orders
of magnitude), the smaller objective will be computed almost in the null-
space of the larger one. Using this property is useful when we want to have a
pseudo constraint which can be relaxed if it cannot be satisfied. For example,
we can add a high-weighted objective of the CoM of the upper body to center
it to the mobile base position in order to have a nice visual behavior. This will
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have the effect of fixing the CoM at the mobile base position whenever
possible, but, in case this is not possible, this pseudo-constraint will be
relaxed.

The weighting set can be fixed, which means that we have chosen
in advance if we want to have a better trajectory tracking or robustness.

Referring to figure 2, the robot model and the control law are
stored as a behavior 221; they are implemented by the execution engine 240
and by the service module 210 according to a closed-loop scheme
comprising the following steps:
- retrieving position measure of the body and position measure of
the base, from sensors,
- converting these position measures in observed position
measures, using extractors 211,
- calculating in a system service 213, body velocity and base
velocity commands using the previously described control law,
- integrating these body and base velocities, to provide them to the
extractors 211,
- converting these commands (position and velocity for the body and
for the base) as instructions for the robot actuators 212: the wheels
of the base and joints of the robot.

The second controller is dedicated to the situation when the robot
is tilting. If the robot is about to tilt owing to a disturbance for example, the
model defined in the previous section is not sufficient. We need to take into
account the tilt motion in the model as shown figure 4: tilt angle y is not null.
First, we consider that the robot can only tilt on two of its wheels. We do not
consider the tilt only around one wheel because the robot looses too much
DoF to be properly controlled in that case.

When the robot is tilting, the CoP can only vary on the line
between the two contact wheels. In order to minimize the probability to tilt on
one wheel, the CoP is constrained to be in the middle of the two contact
wheels. Moreover, the mechanical structure of the robot has been made to
reduce the risks to tilt on one wheel. During the tilt motion, the robot looses
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one DoF allowed by the in-air wheel. The result is that the robot becomes
non-holonomic. Some constraints in the controller must be added to deal with
that.

Consider vfl?’ the unit vector on the xy-plane and orthogonal to the
tilt axis. p is only able to move on the axis defined by v, . Also, let y the tilt
angle. Due to the ground, we have y = 0. We can split ¢ (and respectively b)
into two components: a controlled part ¢. (and respectively b, ) by the motors
of the robot, and another part depending on the tilt angle by the following
kinematic relations:

™ = ef¥ + vdesin(1) (38)
&Y = ¢ + vl (desin(yh) + dey) cos(1)) (39)
¢ = &Y 4 v (d.sin(y) + 2d.1p cos(y)) (40)
+d,1p cos(yh) — de® sin(4h))

¢ = h+ d,sin(t)) (41)
& = dsin(a)) + d.v cos(v)) (42)
&% = dysin(w) + 2d 1) cos(v)) + deif cos(ip) — daab? sin(q)
(43)

with d, =l ¢ — p* |

In order to simplify these relations, we make two assumptions:
- d. can be considered constant because the motion of ¢}”” — p*¥ relative to y
is negligible during the transitional tilt motion;
- as usual, we neglect the Coriolis effects relative to the centrifugal effects:
P cos(p) »P? sin(y). So, the equations can be rewritten as follows:

¢ = cf¥ +v'd, sin(v) (44)
&Y = &Y 4 07¥d ) cos(y) (45)
&Y =Y 4 I@Ffiﬂw cos(1) (46)



WO 2015/158885 PCT/EP2015/058370

27
& = h 4+ d,sin(y) (47)
i — dcyiz cos(1) (48}
& = d a1 cos()) (49)

Finally, we linearise these equations around y = 0, considering
that the tilt angle will stay close to 0. Also, we can consider that
5 h>>dcsin(y), when ¢ =~ 0. The equations become:

Y =Y 4 wﬂ?dﬂftﬁ} (50)
&Y = ¢ 4 vi¥dap (51)
e df:,gé} (52)
¢ =h (53)
& =10 (54)
& =0 (55)

and in the same way for b, replacing d. by dy, and h by I. Now, using
10 (7)(50)(52)(53)(55), we can rewrite the equation of the dynamic as follows:

_ me(e2¥ +vgldo) + my (b2 + v dy)

Y {55)
p gy (56)
meh(EEY + v da) + mpl (B2Y + v dyi))
(me+mg)g

We notice that when the angular velocity is null (which means that
15  the robot is in a no-ilt state), we obtain the equation (7) of the robot
modelization described in relation with the no-tilt controller.
We have chosen to constraint the position of p in the middle of the
two contact wheels. So, p is entirely defined by the following relation:
p =Dbc+vyde (57)
20
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Using (56)(57), we can now express the link between g and its
derivative with the other variables:

Hidle 4wl
(med, + mydy)vy — D ;mﬁ g (58)

m hé,. + mglh,
g

- mgﬂ(ﬂc o= bc} s

— (e +me)devy

This robot model with tilt being defined, we can address the
corresponding control law.
We use the same formalism as in the previous section. So we can
10  define the trajectories of y:

Yty — UWKII I _'_b%bzéwy (59}
Gy — U@@ﬂ:y " Sﬁ;my )
‘I’my - L’T \I’ _|_ S ;??ery (51)
Wlth lll'm“li — ( HEY o ?‘z},my)t
and o7 — (U U 0E)"

Using these relations and the equation (58), we have:
(Uﬂ@ + Syqu (mede + mydy vy
5. Mehde + meldy

{l; ,‘Ij-é_S {} g‘éi”
g
5 - omhCLmlB v
=m.(C - B)—- —= _ET e (M + mg)d vy
g (62)
15 We can note that we have a direct linear relation between

y andC, ¢ ,BandB using the equations (59) (61):
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B .(L,%{mpdg +mydy)uy — Uy mm\dg;mhm Lu)
m.hC + mpl B

g

mn( B ) — (m - }n{,}dﬂy n

, smhd. +mpldy,
— Syp(mede + mydy)vy + Spp— ““; il L,,g)

And in a synthetic form:

U =Uyg C+UgpB+ Syé+ Sy 64

5 This relation is valid only if the matrix:

mchdc+mpld
(Uw(mcdc +mydp vy — Uij’Tbb

3
Uy, are two lower triangular matrices with constant diagonal of value %and T

”w) is invertible. U, and

the sampling period. So, the invertibility is valid only if:

T3 | il gl
_jﬁ_(mﬁdﬁmdbm_Tm' G £0

10 | g (65)
Solving this system, we have a condition on T to allow the
invertibility of this matrix (we assume that T > 0):

T+, mahd. + mgld,

| g(med. + myds) (66)

15 For the robot according to the invention with the features
described in the preamble in relation with figure 1 we have T # 220 ms.

To solve this problem we use the same formalism as in the
previous section (the robot is not tilting). The optimization variables remain
20 the same because despite adding the new variable W, we have constrained
the CoP p to be at one point. So the number of variables to solve the problem
is unchanged:
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1) Control objectives:

The first objective is to minimize the norm of y, in order to recover
the tilt. We can express the relation between ¥ and X:

U = UyUC + Uyl B+ Uy Sy 6+ Uy Sypb + Sytp
(67)
= U@a(:f + 7 y‘bB + S%{afi + S@,&B =+ Sﬁ?f‘ (68)
With:
Upp = Uy Uf*ffgj
q’gﬂ[“ _ {J’ TiL w i

oy .

Now, we can write this objective O+:

1 TR | |

Oi=<|| ¥ |[|==X"Q1 X +piX

" L=3 H 3] B) Qs P (70)
(U5.Uy ?EI} {@EU@ E]

K'E

osUsie ﬂ Ul bi &b ﬂ
\ 0 ULUs O UtyUys)
(’L ,w(;s rol™ 4+ Sy hb + 8y m;
( w‘,ﬁ;ﬁw + f}‘x{bby + Sw%&f}
g,is* + Sﬁ,ﬁb +@5 qy}
5(S

UL

(71)

The second objective is the tilt velocity minimization. In order to

15 land with the lowest angular velocity, to avoid rebounds as much as possible

and to minimize mechanical impacts, it is important to minimize the angular
velocity during the tilt. We can express the relation between Wand X:
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P

U =UgU; €+ Ul B+ U8y e+ UpSyb+ Sy o))
U=U C+UpB+5,8+Sub+ S0

Now we can write this objective O;:

1 i e

’ (
i Er‘i’ﬁU 0 {fi{f[}r&b 0
i 0 i[,i:?!a[;éyg k 0 {?égﬁrﬁ,&
Q2= UtU, 0 ULU; O
| ) £ 7T ————
0 ULUs; O ﬁ U, Uy,
;k‘LN) (wﬁz;wﬁ& 4 5" ?hb oE 5@‘ s)
o= | G S ol

[’féh ( ﬁﬂh«:é *giﬁrb by + ‘fgw Ww}
| (75)

The third objective is for numerical stability, in a similar way with
the case without tilt:
10

QJ— 7}33—{}

(76)
(77)

2) Control constraints:

15 In the following, the constraints will be expressed as a QP linear
equality constraint formulation: R;: v; < V,.X < v},
The first constraint concerns the kinematic limits of the mobile base. Let b,
and b,,,4, the maximum velocity and acceleration of the mobile base, we can
write the constraint R, as follows:

20
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R, | _bfr%{zax < Bxy = bffﬂ
1 by < B < bry
. FIRax TrLas (78)
00 %
i=lo 0w
\D 0o 0 Ub
(—bmm - Sbb:v: Sbé’m
= b — Sy | _ ;b
Uy = 1 2
bmm{‘ FEU Sbbm

(79)

The second constraint concerns the kinematic limits of the upper

5 body. Due to its joints, the robot can move the CoM of its upper body in a

rectangular zone around the CoM of the mobile base. Let k*¥ the limits of the
rectangular shape H, the constraint R; is written as follows:

Ry i —F*Y < Y — ™ < k%Y

L (U. 0 Uy 0)
2=\o U, 0 )

_~(6W—&ﬁ+&%>_+ Gﬁ_&ﬁ+&%)

(80)

ey = w0 Ry — Y e
2 kY — S.6Y 4 Spby ) 72 kv — 5.9 4 SpbY ) 81)
10
The third constraint corresponds to the presence of the ground,
which imply that the tilt angle is always positive:
Hs @ >
Ry 20 g9
Va=(Ugpe Uype Ugp Uys)
vy = (=gl — Sypb™ — Sypt) ,v3 = (+00) (83)
15 The last constraint means taking into account the DoF loss of the

mobile base. It is only possible to move b on the v, axis. The constraint Ry is
written as follows:

R,ig . ?;‘i) *, b:r”y =0 (84)
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( me& D)
(— Sg(wfm‘ —v})) 85)
v = (= Sy (v§ — %})

ﬁ

The third controller is dedicated to the landing phase. It is the
same as the first controller (no-tilt state), but without the two tracking control
objectives and with the constraint R4 of the tilt controller. More precisely, the
objectives are:

- an objective related to the distance between the CoP and the base center,
CoP being the barycenter of contact forces between the robot and the
ground, and
- a numerical stability objective.
A base velocity objective can be added to these objectives.
The constraints are:

- a maximum velocity and acceleration of the mobile base

- kinematics limits of the body

- a CoP limit

- amove of the body only on the angular velocity axis.

In the lifetime of the robot, we have to choose which controller
(shown in figure 6) to use:
* The first one 501 to control the robot when it is not tilting.
» The second one 502 used when the robot is tilting, in order to recover the
disturbance.
* The third 503 one used when the robot is in landing phase.

According to these controllers we define three states for the robot:
- The non-tilt state, when the first controller 501 is activated.
* The tilt state, when the second controller 502 is activated.
* The landing state, when the third controller 503 is activated.
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We have developed an estimator 504 in order to predict the future
behavior of the robot when it is tilting by estimating the landing impact time
and the impact angular velocity as described further.

As shown on figure 4, at each sampling time a supervisor 500
chooses one of these three states according to the following steps.

Initially, the robot is in non-tilt state.

At each sampling time we measure the tilt angle and the tilt velocity: if one of
them is greater than zero, we use the estimator to estimate the impact
angular velocity and the impact time.

A) When the robot is in non-tilt state.
« If there is no estimated impact time (unstable motion), switch to the tilt state,
because the robot is not able to recover without doing anything.
« If the impact angular velocity is too high for the security of the robot (=the
impact angular velocity is above a pre-defined limit1), switch to the tilt state,
in order to reduce the impact angular velocity.
» If the measured angular velocity is too high (=the measured angular velocity
is above a pre-defined limit2), whatever the estimated impact velocity, switch
to the tilt state. This condition is intended to have less delay to compensate a
strong push. We assume that if a high angular velocity is measured, this is
because someone pushes the robot in order to bring it down.
» Else, there is no need to recover the angle, but if the tilt angle is not null,
switch to the landing state because the robot has lost one DoF due to the in-
air wheel.
» Else if the tilt angle is null stay in this state.

B) When the robot is in tilt state.

In this state, the second controller is activated to minimize the tilt
angle and tilt angular velocity of the robot. In this model, we do not modelize
the ground that will add a force to compensate the tilt motion at the impact.
Controlling the angle at 0 makes the robot acceleration at a too high speed,
in order to compensate the gravity acting on the robot at this angle. So we do
not need to wait until the tilt is finished to stop using this controller.
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» If the measured angular velocity is too high (=the measured angular velocity
is above a pre-defined limit2), whatever the estimated impact velocity, stay in
this state;

» If the estimated impact velocity is behind the limit, switch to landing state;

* Else, stay in this state.

C) When the robot is in landing state.

This state manages a smooth transition between the tilt state and
the non-tilt state, firstly to avoid high base acceleration due to the non
modelized ground in the tilt controller, and secondly in order to let the in-air
wheel fall and the robot recover the lost DoF before reactivating the non-ilt
state.

» If there is no estimated impact time, or if the impact angular velocity is too
high, or if the measured angular velocity is too high, switch in the tilt state;

« If the tilt angle fall to 0, wait a little amount of time, in case of a rebound
appears, then if not, switch to the non-tilt state;

* Else, stay in this state.

We describe now the estimator. We have developed an estimator
in order to know if the robot will fall or not, and if not, which will be the impact
angular velocity. Using the current measured tilt angle ¥, and angular
velocity ), we assume that we have a constant acceleration
Y= —d%cos (1/)0 +atan (d—lb)) When the tilt angle y is 0, the angle between
the CoM of the mobile base and the tilt contact point is atan(dib). This
assumption means that the mobile base will stop to accelerate. As this
estimator is used to know if we can use the landing mode (which control the
acceleration of the mobile base to 0), considering a constant angular
acceleration is valid. We can solve the quadratic associated system, in order
to find the contact time t; and if it exists, to compute the angular velocity at

this moment ;:
gt cos (hp+atan( cgiﬁ )

g (87)
gt? cos (tho-+atan| =) : ,
2ay

(88)
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2gv¢, cos<1p0+atan<d—lb>>
dp
can occur only if ¢0>§—atan(di). Else, the impact time t; can be
b

If A= 2 + < 0, we have no impact. We can note that this

computed:

g (89)
5
Obviously, we choose the solution where t; > 0. And so, the estimated impact
velocity v, is:
;= —‘% + i
K (90)
10 The estimator and the supervisor can also be stored as a system data-

service 213.
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CLAIMS

. A humanoid robot (100) with a body (190) joined to an omnidirectional

mobile ground base (140), equipped with :

- a body position sensor, a base position sensor and an angular
velocity sensor to provide measures,

- actuators (212) comprising joints motors and at least 3 wheels
located in the omnidirectional mobile base, with at least one
omnidirectional wheel,

- extractors (211) for converting sensored measures,

- a supervisor (500) to calculate position, velocity and acceleration
commands from the extracted data,

- means for converting commands into instructions for the actuators,

characterized in that the supervisor comprises:

- a no-tilt state controller (501), a tilt state controller (502) and a

landing state controller (503), each controller comprising means for

calculating from the extracted data, pre-ordered position and velocity

references, and a tilt angle and angular velocity references set to 0,

position, velocity and acceleration commands based on a double

point-mass robot model and on a linear model predictive control law

with a discretized time according to a sampling time period T and a

number N of predicted samples, expressed as a quadratic optimization

formulation with a weighted sum of objectives, and a set of predefined
linear constraints,

- an impact angular velocity and a landing impact time estimator (504)

and

- means for choosing a controller according to an estimated impact

angular velocity and extracted angular velocity.

2. The humanoid robot of claim 1, characterized in that the base has a

constant angular acceleration.

3. The humanoid robot of anyone of preceding claims, characterized in

that the no-tilt controller is based on a no-tilt robot model and is able to
calculate position, velocity and acceleration commands from the
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extracted data using pre-ordered references, and in that the objectives
are:

- a base position objective,

- a base velocity objective,

- an objective related to the distance between the CoP and the
base center, CoP being the barycenter of contact forces between the
robot and the ground,
and the constraints are:

- a maximum velocity and acceleration of the mobile base,

- a CoP limit.

The humanoid robot of anyone of preceding claims, characterized in
that the tilt controller is based on a robot model with tilt motion and is
able to calculate position, velocity and acceleration commands from
the extracted data using pre-ordered references and a tilt angle and
angular velocity references set to 0, and in that the objectives are tilt
angle minimization and angular velocity minimization and the
constraints are kinematic limits of the mobile base, kinematic limits of
the body, a positive tilt angle and a move of the body only on the
angular velocity axis.

The humanoid robot of anyone of claims 3 or 4, characterized in that
a weighted numerical stability objective is added to the weighted sum
of objectives.

The humanoid robot of anyone of preceding claims, characterized in
that the landing controller is based on a no-tilt robot model and is able
to calculate position, velocity and acceleration commands from the
extracted data using pre-ordered references and a tilt angle and
angular velocity references set to 0, and in that the objectives are an
objective related to the distance between the CoP and the base
center, CoP being the barycenter of contact forces between the robot
and the ground, and a numerical stability objective, the constraints
are a maximum velocity and acceleration of the mobile base and
kinematics limits of the body and a CoP limit and a move of the body
only on the angular velocity axis.
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. The humanoid robot of anyone of preceding claims, characterized in

that a base velocity objective is added to the weighted sum of
objectives.

. The humanoid robot of anyone of claims 3 to 7, characterized in that

the constraints comprise kinematics limits of the body.

. A method for controlling a humanoid robot with a body (190) joined to

an omnidirectional mobile ground base (140), with actuators

comprising at least three wheels (141) with at least one

omnidirectional wheel comprising:

- retrieving position measure of the body, position measure of the
base, tilt angle of the robot and angular velocity measure of the
robot, at pre-defined sampling times,

- converting these measures in extracted data,

- using the extracted data, and according to a defined tilt-state, or no-

tilt state or landing state of the robot, state of the robot, calculating

position, velocity and acceleration commands using a tilt-state, or no-
tilt state or landing state control law based on a linear model predictive
control law with a discretized time according to a sampling time period
and a number of predicted samples, and expressed as a quadratic
optimization formulation with a weighted sum of objectives with
predefined weights and a set of linear constraints,

- converting these commands into instructions for the robot

actuators (212).

10.The method of preceding claim, wherein the state of the robot is

defined according to the following steps:

if one among the tilt angle measure or and the angular velocity
measure is greater than zero, estimate an estimated impact angular
velocity and an estimated impact time,

initially, the robot is in a no-tilt state,

No-tilt state:

» If there is no estimated impact time, switch to a tilt state;
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« If the impact angular velocity is above a pre-defined limit1, switch to
the tilt state;
» If the measured angular velocity is above a pre-defined limit2,
switch to the tilt state;
* Else, if the tilt angle is not null, switch to a landing state,

if the tilt angle is null stay in the no-tilt state.

Tilt state:

* If the measured angular velocity is above the pre-defined limit2,
stay in tilt state.

» If the estimated impact velocity is under a pre-defined limit1, switch
to the landing state

» Else, stay in tilt state.

Landing state:

» If there is no estimated impact time, switch to the tilt state;

« If the impact angular velocity is above a pre-defined limit1, switch to
the tilt state;

» If the measured angular velocity is above a pre-defined limit2,
switch to the tilt state;

« If the tilt angle falls to 0, and if an angular velocity measured at a
next time is null, switch to the non-tilt state, else, stay in the landing
state.

11. A computer program linked to actuators of a humanoid robot

comprising computer code fit for executing when running on a
computer the method of claims 9 or 10.
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