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Abstract—In this paper, a task based whole-body control  Task-based control uses the principle of task as de ned by
strategy is proposed for humanoid robots. Its basic idea lies in Nakamura [10] and Siciliano [11] to track different objeet
the control of (i) the CoM with a ZMP regulation, (ii) the relative in operational space using a joint space control. Applicei

pose of robot's feet and (iii) joint's limit avoidance. Through the . . .
proposed study, it is shown that these tasks allow to produce to humanoid robot can be found in Mansard, Ramos and Sentis

smooth whole-body motions. Real-time experimentation results WOrks [12], [13], [14]. It is worth to note that Montecillo [7
are presented to show the effectiveness of the proposed cmit had based his work on both human capture data and tasks

scheme. hierarchy controls.
In this paper, a whole-body control strategy is proposed.
| INTRODUCTION The basic idea of the proposed control strategy is to use the

Since the early days of the humanoid robotics, most @bsition of the Center of Mass (CoM) and the relative pose
studies has been focused on two eld: (i) the study of bipegf the feet to produce stable motions. By using Siciliano's
walking control and stability issues targeting the lowietds recursive formulation of task formalism [11], we can track
considering the upper-limbs as a dummy mass [1], (i) th@ese two quantities. We added (i) a zero moment point (ZMP)
manipulation of items or other tasks involving upper-limbstabilizer to improve the stability of the robot and (i) anjts'
motions only without making a step [2]. limit avoidance to deal with singularities issue.

This Separation has allowed a Simpler Study of humanoid Every approach proposed in the literature make a decompo-
control but trying to combine upper and lower-limbs motioRjtion of walking motion in different phases. The usual ones
together is not an easy process if these are designed sHparajre simple support, double support and impact phases. Our
since stability is not ensured [3]. To tackle this issue anghproach allows to avoid this phenomenon. We can create a
improve the ef ciency of control, the humanoid robot has t@ontinuous whole-body control without having to switchrfro
be considered as a whole system. phases like double support to single support when a foot is

In the literature, several approaches have been proposegfted. The dynamic stability is ensured by the ZMP regulato
deal with whole-body control; most of them can be classi ed This paper is organized as follows: in next section, our
into three classes: optimization based control, humatse@p demonstrator HOAP-3 is introduced. Section Il is devoted
based control and task-based control. to the proposed control scheme, where its basic principle is

Optimization based control relies on accurate model of thgesented and discussed. Real-time experimental reselts a
robot and his environment to compute off-line the best ®intpresented in section 1V, with a presentation and discussion

trajectories. Several studies [4], [5] use this methodplogyf the obtained results. The paper ends with some concluding
to produce whole-body motions. However, this method hasmarks and future work.

several drawbacks: (i) some optimization can take a verg lon

time to compute [6], (||) accurate model of the environment IIl. DESCRIPTION AND MODELING OF HOAP-3

are dif cult to produce and (iii) this approach is not reaeti

hence dif cult to use in a dynamic environment. In this study, we propose to use the humanoid robot HOAP-
Human capture based control relies in using sensors 3drom Fujitsu company as a testbed for the illustration @f th

record human motion data. Then these last ones are usegneposed control solution (cf. Fig. 1-(a)).

generate human-like motions such as balancing [7], walkingThis robot is a small humanoid of 60 cm tall, 8.8 kg weight,

[8], or dancing [7], [8]. However, despite evident simiteas, and has 28 degrees of freedom (dof) distributed as follows:

the human locomotor system is much more complex th&ach leg is composed of six dof, three dof at the hip, one dof

the humanoid's one. Therefore, a direct mapping from human the knee and two dof at the ankle. The torso is composed

captured motion to humanoid robot will fail in most cases amaf 1 dof and the neck is composed of 3 dof. Both arms are

often lead to instable motions. This implies that data needmposed of 6 dof, 3 dof at the shoulder, one dof at the elbow

to be adapted to take into account the speci ¢ structures aifid two dof at the hand. The spatial distribution of the déffe:

humanoid robots such as joint limits [9]. dofs is illustrated in Fig. 1-(b).



A. First task: Relative feet pose

The relative feet pose task allows to place a foot relatively
to the other one (cf. Fig. 2).

(@) The HOAP-3 robot (b) HOAP-3 kinematics model

Fig. 1: The HOAP-3 humanoid robot used as demonstrator for
real-time experiments.

The robot is equipped with optical incremental encoders I;p 2: lllustration of the tracking error on the relativeefe

all joints, a 3-axis accelerometer and 3-axis gyroscopd fe pose.

posture sensing, four force sensors per foot for groundacont

forces' measurement and two cameras for visual feedback.
The actuators are brushless motors paired with micro- " = [Epos Eqri 1" (1)

controllers, which are controlled by an embedded PC r“n”i%hereEpos 2 R® ! is the position error an&o; 2 R3 1 is

with a real time kernel RT-Linux at a sample frequency of },o orientation error.

kHz.

It is based on the tracking error of the relative feet pose:

The position error is de ned by:
Epos = Pra Pr 2

where Prq = [Xrd Yrd Zd]" expresses the desired feet

As previously mentioned in the introduction, the challengelative position, designed to produce a stable motion and
to perform a whole-body control law is still an open problenP, = Py P is the estimated feet relative position
The use of task formalism to control a robot for trackingvherePy; =[x Vi z¢ |7 and Py =[xy yi z¢]" are
several objectives in the operational space has been mdpasspectively the positions of the right and left foot obéain
by Nakamura in [10] and Siciliano in [11]. The task formalisnusing the forward kinematic modefF KM ;).
has been used on humanoid robots by Sentis and Khatib inThe orientation error is de ned by:
[14] for multi-contact dynamic motions. Recently, Mansard _
[13], [15] has used this approach on humanoid robots and has Eoi = Rit (IN(R¢" R Rra))- (3)
generalized the formalism by using the addition and removghere R,y 2 R® 2 is the desired feet relative orientation
of tasks during the control execution. He has also providengatrix, Ry 2 R® 2 andR; 2 R® 2 are respectively the

1. PROPOSED CONTROL SCHEME

exible C++ implementation of the proposed algorithm.  right and left foot orientation matrix obtained usifdM ..
The actual study is also based on the task formalism. TheThe logarithmic map operatdr = (InR)- is de ned by:
main contributions of this paper is a whole-body control 8 [00 0] fR=
architecture including a ZMP regulation to ensure stabilt 3 2
rst study has been proposed in [16] to deal with whole-body (INR)- = rs2 Iz _ (4)
control, but without any experimental results. ~ 2sin 4riz ru>  ifREI
In the literature, several tasks are needed to produceestabl fa1 12

whole-body motions. However, in this work, the proposedith:
architecture is focused on only three main tasks: the velati r o r133
feet position and orientation tracking, CoM position tiagk R=4r,, r, rm5 and =cos : '11Fr22* T 1
with ZMP regulation and the joints' limits avoidance. a1 F3p a3 2

It is worth to note that additional tasks such as manipufatio (5)
or Human-Robot Interaction (HRI) tasks can easily be addederel 2 R® 2 is the identity matrix. More details on this
within this framework. operator can be found in [17] and [18].




The orientation error is computed form the rotation matrix
(R 2 R® 3) to have a well de ned error without gimbal lock
limitations which appears with Euler angles notation. Ehes
orientation matrix needs only to be de ned in a common refer-
ence coordinates. Here, we take the reference foot orientat
as a common reference coordinates.

The Jacobian of the relative feet pose task is then de ned
as follows:

"r - \]r"q (6)
where"q 2 R?8 1 represents the vector of articular position
errors of the robot]); 2 R® 28 js the Jacobian matrix of the
relative translation between the feet.

B. Second task: Center of mass position

The Center of Mass (CoM) position tracking allows tci:
improve the stability in the static case. This is a commok tas
in the task formalism applied to humanoid robots [7], [19],
[20] since it is a usually used stability indicator. By trawd

a CoM designed to achieve stability, we can produce stalgplied respectively on the right and left soles collected

ig. 3: Graphical illustration of tracking errors on ZMP
osition.

motions. _ by using force sensorSZMP et desrea 2 R? 1 and
The tracking error of the CoM is expressed by: ZMP right desired 2 R? 1 are the desired ZMP positions
"eom = COMyg CoOM @) respectively under the right and left soles. Theses values a
kept constant at the center of each fogt AMP gesired =
whereCoMq = [XCOM ¢ YCoM 4 ZCoM d]T is the desired PO- 0 ; Y_ZMP gesited = 0). ZMP et _measured 2 R? ! and

sition of the center of mass a@bM = [Xcom Ycom Zcom ' ZMP ight meased 2 R? 1 are the actual ZMP position
is the real position of the center of mass obtained from thespectively under the right and left sole measured usieg th
forward kinematic model of center of madsKM com ). force sensors.

Both of these two positions are expressed in the referencdn equation (9), the ZMP position tracking errbap is
foot coordinates. This allows to design a cyclic trajecttwly a weighted distribution of the ZMP error on both feet. The
walking without having to take care about the position of the&eight for this distribution is based on the repartition ofde
robot in the global coordinate system. The position of th&mplitude on both feet as de ned in equation (10). This alow
robot in the global coordinate system can be estimated ustagneglect the error on one foot when it is lifted off for walki
odometry method based on foot position. scenarios (for instance) and reinforce the stabilizatiorthe

The jacobian of the CoM task is then de ned as follows: support foot.

; _ N The tracking error of the ZMPzyp , is then injected in
Com = Jcom g ®)  the coM task using a Proportional Derivative (PD) controlle

whereJcow 2 R® 28 is the CoM Jacobian matrix.

dll
“com &zmp = "com t Kp "awp + Kg é";‘P (13)
C. ZMP regulation he effecti f thi f th ller is d
Now, to improve dynamic stability of the robot, we propose 1he enectiveness o fhis part of the coniroller 15 demon-

. ; ) o . Strated in section IV-A.
to consider a ZMP regulation. This regulation is obtained by

injecting the ZMP error in the CoM tracking task using &. Third task: Joints' limits avoidance

Proportional Derivative (PD) controller. Using only the two de ned previous tasks control can lead
Let us de ned the tracking error on the ZMP positionthe robot to non desired behavior because of drift on joint
"zmp , as follows: positions while tracking perfectly these tasks. If the tdrif
" = AZMP e + (1 ) dZMP rign 9) I_equ the robot joints to a singular pose or to j.oints' aticu
limits, the induced loss of dof can alter the ef ciency ofkas
_ AZMP et (10) tracking. To overcome this problem, it will be necessary to
AZMP ey + AZMP (ignt add some constraints on the control.

AZMP ot = ZMP ieft desred  ZMP ieft _measured (11 The_proposed.solutlon to tackle this problem is based on
attractive potential elds who allow to dened a comfort
dZMP right = ZMP P ight _desired  ZMP right _measured  (12)  position (cf. Fig. 4).

where dZMP ot and dZMP gy are illustrated in Fig. 3. The attractive potential elds are de ned as:

AZMP iy  and AZMP gy are the amplitudes of forces "Joints = w g g it "qzz]T (14)



robot. The control law'y; with this task only is given by
the following:

"ql = Jr+"r (16)

The CoM task with ZMP regulation has the second priority
since small error on the CoM position are tolerable. Indeed,
these errors can often be corrected without a loss of equilib
rium. The control with the two tasks becomé&g given by:

"2= "q1t (Ftom )" ("com  Jcom “q1) (17)

with:

Feom = Jcov Py and P, =(1  J7J,) (18)
Fig. 4: Robot's comfort position is de ned with joints' con-
guration far from their limits. Other tasks like items manipulations and upper body po-
sition and/or orientation can be added now without com-
promising the motion's stability using Siciliano's recives

with: formulation [11].
w _  2(0 Omed) . _ Gmax * Gmin 15 The last task to be considered is the joints' limits avoidanc
7 (Gmax  Gmin )2 Gmed = 2 (15)  pecause it provides a good way to avoid the loss of dof due to

singularity. The main inconvenient is that the control'dlnu

respectively the upper and lower limit on the joink is the space is lled by this task, meaning that no other task can
b y bp 1ot be added after this one. The nal control law becomes the

current jointi position andgmeq is its comfort position. following:
This speci ¢ task must be added after all operational space 9
tasks because it affect all the degrees of freedom. The null "

where 2 R, is a convergence gaimax and gmin are

) . = "0+ (Pioints )* ("30i "
space used to add tasks is lled meaning no other task can be 03 = "a2* (Paoints )™ ("ooims - "q2) (19)
tracked. L
with:
E. Architecture of the control scheme Prons = (Pr £y Fon ) (20)

In order to control the robot, we have designed the control
scheme summarized in Fig. 5. The task computation algorithmThis nal control law allows to create continuous whole-
is based on Siciliano's recursive formulation detailed14][ body motions while ensuring dynamic stability, without hray
to switch between phases like double support and single
support in dynamic walking tasks.

IV. REAL-TIME EXPERIMENTAL RESULTS

The proposed control scheme (cf. Fig. 5) has been developed
and implemented in the HOAP-3 robot (presented in section
II) with reference signals obtained by numerical compotati
These reference signals depends on the two scenarios to be
performed.

In the rst one, the reference signals given for the relative
feet pose are constant, which means that we want the feet to
be static, and the reference CoM position is set to the Initia
robot's CoM position and kept constant which means that the
Fig. 5: Block diagram of the proposed control scheme witipbot should not move excepted for ZMP regulation.
the control of(i) the relative pose of robot's fed(fj) the CoM In the second one, the reference signals given for thevelati
with a ZMP regulation andiii) joint's limits avoidance. feet pose are constant, which means that we want the feet to be

also static, and the reference CoM position to be moved up and

The feet relative pose is the task with the highest prioritgown using a sinus signal to generate a squat-like motioa. Th
since an error in foot placement often lead to fall of th@MP regulation ensure that the produced motions are stable.




y are respectively the frontal and lateral positions of theFZM
relative to the center of each foot.

It can clearly be observed that the robot reaction to pushing
allows it to keep a dynamic stability. When the robot is pushed
it resists to the applied external force and commes back
quickly to the desired ZMP position with little oscillatisn
as soon as the disturbance vanishes.

B. Second scenario: squat-like motions

Fig. 6: Static standing under disturbing forces.

A. First scenario: static standing under disturbing forces

The objective of this scenario is to prove the effectiveness
of the ZMP regulation presented in section I11-C.

We deliberately push the robot while controlling the whole-
body to keep constant feet relative pose and a xed CoM (cf.
Fig. 6).

The only motion from the robot is due to the ZMP regulation
inside CoM task.

The ZMP measurement resulting from this scenario are
displayed in Fig. 7.

Fig. 8: Squat-like motions.

The objective of this scenario is to produce a whole-body
control of the HOAP-3 by moving the CoM position up and

down according to a sinusoidal signal (cf. Fig. 8).
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Fig. 7: ZMP measurements. Fig. 9: Joints trajectories.

In Fig. 7, W left andW right are the amplitudes of the In Fig. 9, the joints' trajectories are displayed. It is wotb
measured forces for respectively the left and right facdtnd note that the trajectories converge to a periodic motiogesin



the desired tasks are periodic, some joints are not salicitg2]
since not all of them are useful for this whole-body motion.
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Fig. 10: ZMP measurements.
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In Fig. 10,W left andW right are the amplitudes of the [10]

measured force for the left and right foot respectivelgndy

frontal and lateral positions of the ZMP relative to the eent [11]

of each foot.

According to the obtained results, one can observe that
the produced motions are continuous and smooth, with yﬁ

switching phases, and the robot produces the desired squat—

like motion (cf. Fig. 8).
V. CONCLUSION AND FUTURE WORK

(23]

This paper deals with a control scheme for humanoid

controlling

that it provides a continuous control framework for wholet6]
body motions. Indeed, the proposed principle don't use any
decomposition of the movement in different phases, which
avoid eventual discontinuities. The obtained results aney v [17]

promising.

In future work, we aim at using different scenarios such agg

walking or following several objectives including for iasice
carrying or manipulating objects while walking.
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