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Dynamic Whole-Body Control of Unstable Wheeled
Humanoid Robots

Grazia Zambella!, Gianluca Lentini!»?, Manolo Garabini!, Giorgio Grioli?, Manuel G. Catalano?,
Alessandro Palleschi®, Lucia Pallottino!, Antonio Bicchi'2, Alessandro Settimi', Danilo Caporale1

Abstract—Control of two-wheeled humanoid robots poses sev-
eral challenges due to the unstable dynamics of their mobile base
and the coupling between upper and lower body dynamics. The
problem is often faced in the literature with methods based on
linearized or simplified models that fail in exploiting the whole
body dynamic capabilities of the platform in use.

In this work we tackle the problem of whole-body dynamic
control for a mobile wheeled unstable humanoid robot.

Compared to existing approaches based on on-line optimiza-
tion to guarantee respect of the constraints, we propose a control
method that takes into account the nominal constrained dynamics
of the robot in the quasi-velocities through an internal model, thus
reducing the computational burden. A computed-torque control
law in the quasi-velocities is used to stabilize the robot around the
upper position. We report on preliminary experimental results
and on the method effectiveness in rejecting unknown external
disturbances.

Index Terms—Wheeled Robots; Underactuated Robots; Hu-
manoid Robots

I. INTRODUCTION

OBOTS able to perform loco-manipulation tasks are
becoming more and more popular. Several solutions have
been implemented featuring different locomotion principles:
see [1]] for a complete survey on two-wheeled robots, [2] for
ballbot robots, and the seminal work [3] for legged robots.
From the control point of view, these platforms can be
classified in statically stable and unstable ones. One of the
most relevant loco-manipulation control approaches suitable
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Fig. 1: ALTER-EGO - an underactuated wheeled humanoid
robot.

for robots of the former type has been presented by Diet-
rich in [4]], where the whole-body control of Rollin’ Justin,
a wheeled humanoid robot, is treated with an impedance
method. Statically stable mobile platforms with large support
base (such as Rollin’ Justin) allow the control designer to focus
on task accomplishment. As soon as the size of the support
base is reduced, the balancing problem should also be taken
into account as one of the primary control objectives. This
is the case of biped robots. In [3]], a quasi-static control tool
for whole-body loco-manipulation is proposed. This method
is used to find the contact force distribution that maximizes
robot stability. In [6], a dynamic control is proposed to achieve
compliant balancing for a humanoid robot utilizing multiple
contacts, while ensuring the passivity of the overall system.

Unstable mobile robot may offer more mobility compared
to the stable ones, at the price of a more complex control
system that should first guarantee balancing and then task
accomplishment.

Notice that several living beings present unstable dynamics.
A prominent and surprising example is the ankle stiffness
in humans that is the 80-90% of the value required for the
stability of the upper equilibrium [7]].

One of the main challenges when dealing with unstable
platforms is the underactuation, which complicates the control
design.

Control of under-actuated systems is often performed via
approximate linearization about an unstable equilibrium, such
as LQR [8]]. Partial feedback linearization can be applied to
achieve a larger region of attraction for a given equilibrium
exploiting the dynamics of the system [9], although in general
only external stability can be guaranteed.

Usually in wheeled humanoid robots the underactuation is
at the pitch joint, it affects the balancing of the robot and



2 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED JUNE, 2019

traditionally is tackled by decoupling the control laws used
to regulate the upper body and the mobile base motion. In
particular, in [8]], a feedback control method is proposed and
applied to [-PENTAR, a wheeled inverse pendulum robot.
The motion equation of this robot is computed considering
the kinematic constraints on the wheeled base and an LQR
balancing control is applied, tacking into account the upper
body movement as a disturbance. In [[10]], the authors adopted
a pole-placement controller to control the mobile base. In
[11] a learning based method has been applied for dexterous
control of a mobile manipulator (uBot-5). In [12], inspired by
[13], the authors proposed a whole-body control framework
for Golem Krang [14]: they applied a hierarchical approach
where a Quadratic Programming low-level controller, taking
as inputs the centre of Mass targets (generated and controlled
by a Model Predictive high-level controller) and the task
references, is used to compute the joint torques ensuring the
robot balancing and locomotion, while performing other tasks
with the upper body.

The contribution of the paper is a novel whole-body control

for a wheeled humanoid robot (see Fig. [T). This approach aims
at making the robot upper body actively cooperate with the
mobile base for balancing. At the same time, our approach
guarantees the respect of kinematic constraints without per-
forming on-line optimization, as done in [12], but designing
the stabilizing control law directly on the constrained dynam-
ics of the robot.
The rest of the paper first presents the derivation of the
constrained dynamics equations of the robot. Later, we show
how the underactuated constrained mechanical system can be
controlled with a computed torque law in the quasi-velocities.
To the best of the authors’ knowledge, this is the first example
of the application of such approach to wheeled humanoid
robots in the literature.

We demonstrate the efficacy of the proposed method with
experimental validations and with simulation comparisons
with state-of-the-art LQR approach on a two-wheeled unstable
robot with a humanoid torso equipped with 5 degrees of
freedom on each arm. The reported experiments are aimed at
assessing the effectiveness of the proposed method in rejecting
static and impulsive disturbances, which might affect the
operation of unsupervised robots located in remote areas, or
in crowded ones. Finally, we apply a task-priority approach to
perform a task with unknown interaction with the environment,
namely to open and close a drawer.

II. ROBOT MODEL

In this section we present the method focusing the discus-
sion on the kinematic and dynamic models of a two wheeled
humanoid, moving on flat plane without rolling around its
sagittal axis. Let n be the actuated degrees of freedom (DoF).

A. Robot kinematics

With reference to Fig. |2, we define an inertial reference
frame attached to the world, {Z}, and a base frame {B}
attached to the robot’s base link. In this way, given the pose

Fig. 2: Generic reference frames for a wheeled humanoid.

of {B} and known the joints configuration, we can define the
robot configuration space.

We indicate with n ¢, the number of independent variables
used to describe the position and orientation of the base frame
with respect to {Z} and we define g, € R™/* the passive free-
body linear and angular DoF of the base link.

Let ¢, € R™™» be the vector which groups the DoF of
the mobile platform and ¢,;, € R™* the vector of the actuated
upper body joint angles (n = 1, + Nyp).

The Lagrangian coordinates needed to describe the robot
configuration and the generalized velocities are given by

s qrb
q= |9mp | > q= ‘jmp , q,q € R™H7s,
qub Qub

In particular, we take the origin of {53} at the centre of the
wheels’ axle, as shown in Fig. [2|
Moreover, we assume that the z-position of {B} does not
change and that the roll angle is equal to zero. Therefore, we
consider nypy =4 and gpp =[xy 0 QS]T € R"7*, where x
and y describe the base link position on the ground, 6 is the
yaw angle and ¢ is the pitch angle of the robot.
Regarding the mobile platform, that is composed by two
wheels, we indicate with 6; and 6, the yaw angles of the
left wheel and the right one. Therefore, n,,, = 2 and
Gmp = [0, 0,]" € Rmo,

B. Robot dynamics

A wheeled robot is characterized by pure rolling, non-
holonomic constraints for each wheel, described by

Je(q) =0

where, considering n. the number of independent equations
of the constraint, J. € Rnrex(ntn0) g the so-called Pfaffian
matrix.
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The dynamic equation in the standard form used for con-
strained systems is then given by

{ M(q)j+ C(q,9)q+ G(q) + JX (@A =Ur + Js(¢)" f

Jeq+JeG =0,
where

o M(q) € Rtrsotn)x(nsotn) jg the inertia matrix;

e C(q,9)d + G(q) = c¢(q,q) € R™*+*™ is the generalized
force vector containing the Coriolis, centrifugal and grav-
ity terms;

e A € R"™ is a vector of Lagrange multipliers;

o 7 € R" is the vector of actuated joints torques and U =
[Onxn;, I,,]7 is the matrix that maps these torques to
the space of generalized forces;

o f € R™ is the vector of external forces and J;(¢q) €
R™ *(ns647) s the kinematic jacobian corresponding to
the point of application of the external forces.

As mentioned above, to find the Pfaffian matrix, we consider
the pure rolling constraint for each wheel. This constraint
requires that the point of the wheel in contact with the ground
is instantaneously at rest. This translates into

wWwx[00 —7rT+v=0

w x[00 =77 +v,.=0, M)

where r is the wheel radius, w; and w, are the angular
velocities of the left and right wheel and v; and v, are the
linear velocities of the centre of the left and right wheel, all
expressed in the inertial frame {Z}. From (I)) six equations are
obtained: the ones relative to the vertical velocity of the contact
point are zero under all conditions, and the four remaining
equations can be written in matrix form as

Alq) [dfy dmpl” =0,

where A(q) € R**(soFmms) and is equal to:

1 0 —acy —rcy —rcy 0

|0 1 —asp —rss —Tse 0
Alg) = 1 0 acy —reg 0 —rco
0 1 asp -—rsp 0 —TSp

with a the semilength of the axle that connects the two wheels,
cop = cos(f) and sy = sin(6). Since the rank of this matrix is
three, n. = 3 and, indicating with A(g) the matrix composed
by the first three rows of A(q), the Pfaffian matrix becomes

Jo= [A(Q) Oncxnub] :

III. WHOLE-BODY DYNAMIC CONTROL

The proposed control law computes the actuation torques
T so that the robot accelerations ¢ are equal to some desired,
constraints-consistent, accelerations .

To achieve this, let v € R™"T"s6~" be the quasi-velocity
vector, i.e. a vector of velocities such that

q=5(q)v, 2

where S(g) € R(*Fnro)x(ndnso=ne) jg g linear operator that
satisfies the relation

Je(q) S(q) = 0. 3)

We  define the quasi-velocity ~ vector

.. T
v=1[v 6 ¢ q{b] , € R
velocity of the base link. Therefore, if we indicate with
Sy(q) € Rsvtnmp)Xne the matrix that verifies the relation

following

where v is the forward

v
[gfb} =Sm(q) 0],
: ¢
the linear operator S(q) can be chosen as
S(q) _ [OSfb(q) O(nfb—s:-[nmp)xnub ) (4)
MNayub XMNe Nub

Considering the definition of forward velocity and the pres-
ence of an axle between the wheels that allows to determine
a relation between the angles of the base link and the yaw
angles of the wheels, the matrix Sy;(g) is equal to

Co 0 0
S 0 0
0 1 0
1/r —a/r -1
1/r a/r -1

Moreover, we indicate with v the desired quasi-velocity
vector and with ©¢ and Ik v? respectively the derivative and
the integral of %, given as inputs to a computed torque control
law.

To find this law, we apply (2)) to the dynamic model equation

M(q)i+C(q.4)i+ Glq) =Ut = JX (@A + Js ()" f

left multiplying it for S(q)7, as in [8], and considering (3) and
ny=0,ie. J f(q)T f = 0, the constrained dynamics becomes

M(q)v + é(q,q,v) = UT, (5)

where:

M(q) = ST (q) M(q)S(q);
é(a.4) = 57 (q) (M<q>s'<q7 Qv+ Cla.)S()w + G<q>);
U=5TqU.

Before designing the control law for the constrained system
(E]), two assumptions have to be done:

e in we discuss the coupling between the pitch ¢ and
the forward displacement gsorw, Which allows the system
to be controlled in its upward position, despite being
underactuated;

o in [VI-B] we show how for this system the integrability
of the quasi-velocities holds, which is not true in general
for constrained mechanichal systems.

Once these two conditions have been verified, we illustrate the
control design idea in the following subsection.
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A. Control design

At this point, the control problem reduces to choose the
generalized torques 7 that satisfy the following relation

t
pd—f/+Kd(yd—u)+Kp/ (v —v) =0, (6)
0

where the desired quasi-velocities and their time integral and
derivatives are chosen to stabilize the system around the
upward position, i.e., ¢ = 0, and any constant qg'f,rw. Equation
(@) can be rewritten as

¢
1):1'/d+Kd(1/d—u)+Kp/(ud—l/),
0

whose dynamics can be made exponentially stable with a
proper choice of the gain matrices K, and K positive definite.

Applying this to (3), we obtain the following computed
torque control law:

t
%U¢M<Dd+Kd(udu)+Kp/ (z/dl/)>+5.
0
@)

Noticg that, with the selected quasi-velocities vector, the
matrix U € R(®so+tn=ne)xn jg fy]l column rank and equal to

> U 0
U= S TU _ fb ncxnub:| ,
(q) |:0nub><nmp Iﬂub
where 0fb € R™=*"m» g given by
3 1/r 1/r
Upp = |—a/r ar
-1 -1

To find the actuated joints torques, since the first and the
third rows of U are linearly dependent, the first row is deleted
and, indicating with U, the resulting submatrix, one has

T = U;l%s,

where 7, € R”™ is the vector obtained neglecting the first
element of 7, corresponding to the generalized forces acting
on the forward velocity.

IV. EXPERIMENTAL RESULTS

In this section we report on experimental results for the
proposed control method applied to the two-wheeled mobile
robot depicted in Fig. 3] namely ALTER-EGO. It is an
underactuated robot with two arms for a total of n,, = 10
DoFs. Each arm is equipped with variable stiffness actuators
[15]. For the purpose of these experiments, the actuators are
controlled with a high level of stiffness and can be considered
rigid without compromising the validity of the results. For a
complete description of the platform see [16]].

All experiments have been performed on a flat, non-slippery,
surface. We assume that the full robot state information is
available, which is obtained thanks to a state estimator which
is beyond the scope of this paper. The control law of the robot
has been implemented in C++ using ROS middleware. The
sample rate for the controller is 7, = 0.0025 s.

(a) (b)

Fig. 3: Experimental setup: the robot ALTER-EGO (a), and
its model reporting relevant reference frames (b).

It is worth noting that no disturbance estimator has been
used, and that the application point of the perturbation in the
different experiments was different.

The disturbances were applied by hand and not in a repeat-
able manner, and in this sense the reported results are to be
considered preliminary yet encouraging.

The gain matrices K4 and K, have been selected with high
diagonal values (between 100 and 320 on all coordinates),
except for the linear displacement which was given a value
of 30. To do this, an experimental tuning has been done: at
first, we tuned the K, and K gain relative to the pitch angle,
increasing them until the robot oscillates in resonance. Then,
once the resonance condition has been reached, we added a
damping contribution by increasing the linear velocity gain
(the first element of K ;) until the robot is in the upward
position without oscillating. In the end, we tuned the others
diagonal values to nullify the errors on the relative Lagrangian
coordinates and generalized velocities. Moreover, to fully
exploit the whole-body capabilities of the proposed method,
extra-diagonal terms were used in the gains to stress the
coupling between shoulder and pitch dynamics.

A. Experiments

1) Static disturbances: first, we tested the control system
by loading the robot with a series of increasing weights to
generate a static disturbance effect. The results are depicted
in Fig. [4a] to [e] The constraint equations (represented by
the value of J.(¢)¢ rows) remain limited during the whole
evolution, while the error on the pitch angle remains limited
and reaches constant values for increasing payloads.

2) Dynamic disturbance (shoulder): to test for dynamic
disturbances, we pushed the robot at the shoulder level and
observed its reaction, see Fig. [5] The effect of the perturbation
is visible in its pitch angle error diagram. The constraint
equations remain limited during the experiment. In particular,
as evident from the attached video, the upper body motion
of the arms contributes visibly to the stabilization of the pitch
angle. Once the pitch angle is stabilized, the robot slowly goes
back to its initial sagittal displacement.
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Fig. 4: Experiment 1 - Static disturbances.
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Fig. 5: Experiment 2 - Dynamic disturbance (shoulder).

3) Dynamic disturbance (arms): we applied disturbances
to the robot by holding one or both of its hands and pushing
them, see Fig. [6] The pitch angle displacement is reported
alongside with the constraint equation.

4) Interaction with the environment (opening/closing of a
drawer): in this experiment the robot references are calcu-
lated with a task-priority approach [17] using a second order
kinematic control law on the quasi-velocities, considering the
following priority hierarchy: base-link, pitch and yaw at the
same priority, upper-body motion at a lower priority. Results
are reported in Fig. [7} In particular, the constraint magnitude
remains limited, slightly increasing during the initial and
middle phase of the task, corresponding to the moments when
the robot has to overcome the static friction force of the

drawer.

In all these preliminary experiments, despite the unmodeled
dynamics in the robot arms, the results were satisfactory.
Further investigations will be conducted with a more precise
stimulus of disturbance of the robot in order to quantify the
entity of the disturbances that can be applied.

B. Methods Comparison

We compared our method with the traditional approach in
which the balancing is ensured by the mobile base only [8].
In the comparison we report the mobile base is commanded
through a LQR control. Simulations have been conducted
applying a disturbance on the shoulders of the robot, as done

in [V-A2L
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Fig. 8: LQR Control vs Dynamic Whole-Body Control (DWBC), simulation results.
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In particular, we apply a force of —50 N for 0.025 s on
each shoulder along the z-axis of the base frame (Fig.
and Fig. . For this reason, we choose to compare the
proposed method with a LQR control, designed on the mobile
base dynamics and where the Q element related to the grorw
variable (4. ) changes. In particular, if we indicate with
T = [Gorw 0 ¢ v 0 qu]T the state vector, the chosen
Q matrix is equal to diag([Qg,., 1 7-10° 10* 1 1J)
and, if we indicate with © = 7,,,,, the R matrix is taken equal
0 0.151,,, .

The difference between the two approaches are already visible
from Fig. 8] The advantages introduced with the new approach
can be shown with the analysis the gsw error, the settling time
and the torques commanded at the wheels.

Therefore, indicating with e, the vector composed by the
Grorw €rror of each simulation step, the Euclidean norm of ey,
obtained with the proposed method, that is equal to 4.0604 m,
is smaller than the one obtained with the LQR, as shown in

Fig. 0

80 : . T ! ]
— ——LQR
E 60 ——— DWBC |
:z40 r
S20 |
0 T T T 1l 1l 1l 1l
le-2 1 lel 1e2 1e3 1l1led 1e5 1le6 1le7

Qajors

Fig. 9: Comparison between ‘eqfomHQ obtained with the
LQR control and the one obtained with DWBC

The settling time of our approach is better than the one
obtained with the LQR control, as we can already see in Fig.
and Fig. in our case t = 3.4281 s that is much lower than
t = 23.7889 s that is the minimum value obtained with the
LQR method.

30
——DWBC
20
=
T 10t
O | | L | | L |
le-2 1 lel 1le2 1e3 1led4 1le5 1le6 1le7
Qo

Fig. 10: Comparison between the settling time ¢ obtained with
the LQR control and the one obtained with DWBC

Z80F
Z 60 |
<3
=40 |

o=
lj‘ ——DWBC
fr— 0 L
le-2 1

lel 1le2 1e3 1led4 1le5 1e6 1le7
Qore

Fig. 11: Comparison between ||Tyheeis|| obtained with the
LQR control and the one obtained with DWBC

However, if we indicate with 7,015 the matrix obtained
stacking at each simulation step the vector [1g, 7p, ], also the
Frobenius norm of 7,,pec1s Obtained with our control approach
(51.0108 Nm) is smaller than the one of the LQR, (Fig. @

Therefore, with this comparison, we can conclude that the
performances of the proposed method, relative to gy error
and the settling time, are superior than the ones reached
with the LQR traditional method. Moreover, since DWBC
requires less wheel torques, it could reject disturbances of
higher magnitude than the ones tolerated by LQR.

In the attached video we also added a qualitative comparison
between LQR and DWBC, where it is evident the whole-
body behavior of the proposed method. Due to the difficulty
of replicating the same disturbance applied to the robot, an
exhaustive experimental comparison will be addressed in the
future.

V. CONCLUSIONS

In this work we proposed a new method for whole-body
nonlinear control of wheeled humanoids. We derive a control
law for the constrained system as a computed torque in the
quasi-velocities. In the derivation, we show how two important
properties hold for this kind of robot, namely strong inertial
coupling between wheeled base and pitch dynamics and the
integrability of quasi-velocities when considering kinematic
unicycle constraints and flat motion. We illustrate the idea
behind the control design and show its effectiveness in several
experiments.

Future work will be devoted to a theoretical investigation of
the stability of the closed loop system and to the application
of the proposed method to several static and dynamic tasks.
Learning of feedback gains and feed-forward references to per-
form complex tasks in daily environments is of interest, as well
as the extension to other robotic platforms such as legged ones.
Moreover, a thorough analysis of the sampling time will be
performed, to correctly estimate the minimum sampling time
requested for the considered applications. Finally, to enable
experimental comparison with other control approaches, we
will consider to exploit benchmarking methods for robotics
applications (e.g. project Disturbance funded under the project
framework EUROBENCH [18]).

VI. APPENDIX
A. Controllability of the underactuated system

When designing a control law for this kind of system a
challenge arises due to the need of controlling two variables
(pitch angle and forward velocity) with a single input (sum of
wheel torques). We can overcome this issue thanks to the fact
that the property of strong inertial coupling [19] holds in an
interval around the upward position. This can be easily seen
considering the planar dynamics of the robot which is similar
to the one of a cart-pole system. In particular, the coupling
term in the inertia matrix is given by

4k2J,,

Mé,i) = MLCOSd)—rhT—

where M is the total mass of the robot, ™ is the wheel
mass, L is the position of the centre of mass, k is the
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inverse of the gear ratio, J,,, is the motor inertia. To guarantee
strong inertial coupling between ¢ and gy it suffices to
have My, # 0, which is true for ¢ € (—p,p), with
p = arccos (]’\4”2 + % that, for the robot described in
Section has a value of around 88°. Therefore, it is possible
to stabilize the robot around the point ¢ = 0, the robot upward
position (Fig. [2), by means of partial feedback linearization
or LQR control, or designing a new control law inspired
by composite feedback for singularly perturbed systems [20],
where the input variable is composed by two components: one
responsible for stabilizing slow dynamics of the system around
a reduced equilibrium manifold, and one responsible for
stabilizing fast dynamics around the slow, reduced manifold.
Composite feedback approach was previously applied to the
control of lightweight flexible manipulators in [21].

B. Integrability of quasi-velocities

The quasi-velocities cannot be integrated unless a one-to-
one correspondence between f v and q exists ([22]) and, if it
does exist, f v is called quasi-coordinates vector. Therefore,
to demonstrate the integrability of quasi-velocities, it must be
proved that it is possible to write | v as an explicit function of
q. In this case of study, to do this, it is necessary to consider
a subset of ¢, that is denoted with g,.q € R™*T" "¢ and is
equal to: '

¢
QWP
(jub

C]Ted = = Ored V, (8)

where S,.q € R(sotn—ne)x(nsptn=—ne) js obtained by remov-
ing the first three rows from S(q) given in @):

Sty 0
S — fbrea Ne XNayb
red Onubch Inub ’
with
0 0 1
Stbreg = |1/r —a/r -1
1/r a/r -1

As it can be seen, S,..q is a square, constant matrix. Its inverse
exists and it is equal to:
-1

1 _ | Sbrea Onoxnas
red — I ’
Myub XNe Nub
with
r r/2 r/2
_blmd =10 —r/(2a) 7r/(2a)
1 0 0

Therefore, it is possible to invert and, as a result, it is
possible to compute [ v as

/V = S;b/‘jred = Sr_eii Qred-

In conclusion, in this case of study it is possible to integrate
the quasi-velocity vector since it can always be expressed as
an explicit function of a subset of the joint variables. It is
worth noting that, thanks to this property, a static feedback on
the measured quasi-coordinates can be applied.
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