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An Approach to Combine Balancing with
Hierarchical Whole-Body Control
for Legged Humanoid Robots

Bernd Henze, Alexander Dietrich, and Christian Ott

Abstract—Legged humanoid robots need to be able to perform

a variety of tasks including interaction with the environment maintain A

. . . posture
while maintaining the balance. The external wrenches, whit T
arise from the physical interaction, must be taken into ac-
count in order to achieve robust and compliant balancing. < aintain

. .. alance i i
This work presents a new control approach for combining -

AR X . A 2 _
multi-objective hierarchical control based on null space po S object grasp object

jections with passivity-based multi-contact balancing fo legged
humanoid robots. In order to achieve a proper balancing, all
task forces/torques are rst distributed to the end effectas and
then mapped into joint space considering the task hierarchyThe
control approach is evaluated both in simulation and expetinent distribute

maintain posture

Priority Level
B I I I

with the humanoid robot TORO. wrenches + +
Index Terms—Compliance and Impedance Control, Force
Control, Humanoid Robots, Redundant Robots Fig. 1. Example for multi-objective control while balangiron multiple
contacts.

I. INTRODUCTION
One can nd multiple types of approaches for dealing with

H UMANOID robots are predestined for service robotighe problem of multi-contact balancing. A versatile apgtoa
applications, industrial manufacturing or disaster scengs offered by the eld of whole-body control considering
ios, as the tasks are often monotonic, physically demandigy pegrees of Freedom (DoFs) of the robot as e.g. by
or too dangerous for humans. To cope with these scenarigsing inverse kinematics or inverse dynamics. For instance
two requirements are of special importance: rst, the robg4 [1], a dynamic balance force controller is presented for
must be capable of moving in unstructured environmenégmputing joint torques based on a desired CoM (Center of
which includes climbing stairs or ladders, moving in conche \ass) trajectory and some task wrenches. In [2] an orthdgona
spaces, or overcoming general obstacles and debris. Im orglécomposition is used in order to obtain a solution for the
to improve the robustness in this terrain, the system céimeiti jnverse dynamics without the need for information on the
multiple end effectors (e. g., the hands in addition to tret)fe contact forces. The decomposition was then reused in [3] to
to gain a wider and more stable support. Second, the robgihimize the constraint forces. In [4] a framework is preisen
must be capable of interacting with the environment by e. br the optimization of the CoP (Center of Pressure) in each
performing a manipulation task such as opening a door ®jot. In [5] the concept of virtual linkage is used to deserib
lifting an object. Usually, that implies several simultans internal forces and the resultant wrench on the CoM which is
objectives to be followed such as self-collision avoidarthe jntegrated into a prioritized multitasking controller fahole-
avoidance of Singular con gurations, the observation of tl"body control. In [6], the authors present a ba|ancing amj‘roa
environment, and so on. The challenge with such a varig§gsed on momentum control by hierarchically solving the
of tasks is that they might con ict and consequently integfe jnverse dynamics. The algorithm is thoroughly analyzedwit
with each other. That problem can be solved by the approagiyide variety of experiments.

of null-space-based multi-objective control. A passivity-based approach for compliant balancing of
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balancing, the concept of hierarchical multi-task conttah Coriolis/centrifugal matrix byC(q;q) 2 R" ", while g(q) 2
be employed, in which one usually distinguishes between tiR3 represents the gravity torqu&d.he control input is given
basic approaches: rst, an optimization problem is fornteda by u 2 R" and the in uence of external loads by 2 R".
and numerically solved such as in [11], [12]. Second, so- Initially, the coordinatex; 2 R™ of the operational space
called null space projections [13], [14], [15], [16] are dsetasks for allr levels of the hierarchy must be de ned, in which
to prioritize the tasks on control level by establishing icst m; denotes the dimension of theh task. The corresponding
hierarchy among them. While the optimization is bene ciavelocities are described by the Jacobian matriceg R™ ":
due to the easy incorporation of inequality constraintd| nu Xz 3 8i=1:r: @
space approaches have the advantages of being numerically - a4 o
cheap and con rmed by formal proofs of stability [17], [18]. The most well known null space projector in force-torque-
Especially the last aspect is of major importance in physiceontrolled robots is thdynamically consisterane [29], which
human-robot-interaction. maps lower-priority control actions onto the dynamically
The task hierarchy is realized by projecting a lower-ptjori consistent null spaces of all higher-priority tasks. Thatyw
control action in the null space of all higher priority tasksdynamic decoupling is achieved such that a control action
This implies that the subordinate tasks may not disturb tlom a lower-priority level does not lead to operational space
more important ones, but the more important ones may sascelerations on the higher levels, neither statically(@teady
pend the subordinate tasks, if necessary. This scheme carsta¢e) nor dynamically (during the transient). The staddar
iteratively applied until an arbitrarily complex task haechy formulation of this projector is
is established. Possible subtasks in such a hierarchy are Ni= | (9T (gaugym+T . 3)
Cartesian impedance and singularity avoidance [19], Joiit ! Pl Pl :
avoidance [20], or collision avoidance [21], [22], for exaln  wherel is the identity matrix(J 2'9)M * denotes the dynam-
In the literature, there already exist several well-essheld ically consistent pseudoinverse &f"S (i. e. using the inertia
frameworks, which are based on these techniques. While mowsitrix as metric for computing the pseudoinverse), aﬁi’f’
of them have been conrmed in simulations [23], [24], theepresents the so-called au%mented Jacobian matrix
availability of modern humanoid robots has given a strong 1

J
impetus to the experimental validation [25], [26], [27]8]2 aug _ % .lg _
This paper extends the work of [17] and [9] by combining JiT = : ' (4)
torque-based multi-contact balancing with hierarchicaltim Jj

task control, see Fig. 1. In [17] a task prioritization isggated \\hich takes all Jacobian matrices down to lgvéito account.
for handling multiple objectives as they occur for the derig, 117] [18], we have introduced a mathematical formulatio
kinematics of a redundant robotic manipulator. The bafenci,,hich represents dynamic consistency [29] in hierarchjcal

controller presented in [9] offers a framework for dealingecoupled equations of motion. These decoupled dynamics
with the force distribution problem for the multiple contsic ;¢ expressed in a set of local, hierarchy-consistent paites

of a branched kinematic chain in a hierarchical way. Or\felocitiesvl to v,, where

advantage of the presented approach is that we apply a rmimeri 0O 1 0.1

optimization only for solving the force distribution preiph, Vi J1

where it is necessary. The hierarchy concerning the serial %D : g = %D : g q: (5)
kinematics is implemented using null space projectorsciwvhi v, J,

is numerically cheap and allows us to prove asymptotic ktabi |{z-} [z}

ity as shown in [17]. Furthermore, the presented approach is v J

explicitly designed for handling external disturbancetheiit The de nition of the new Jacobian matricel; to J, is
the necessity of measuring them. given in the Appendix in (23) to (24) and will not be focused

The paper is organized as follows: in Sec. Il, the originglere. The overall control action for the realization of thekt
null-space-based task hierarchy is recapitulated (Sed) Il hjerarchy is then

and the new approach is synthesized (Sec. II-C). Stabdity i X
discussed in Sec. 1I-D and the link to the optimization-lase u=g+ U, (6)
balancing algorithm is presented in Sec. II-F. Experimangs i=1
conducted on the humanoid robot TORO in Sec. Ill, and ttvhere the control action; from leveli is
discussion of the results closes the paper in Sec. IV. av '
ui= N;J/ & + DiX; (7)
Il. THEORY | L iz )
A. Recapitulation of the Task Hierarchy [17] Fi

The dynamics of a robot with DoF can be formulated as for the case of an impedance-based control task with pafenti
_ V; and damping matriD ; creating the task wrendf;. Note
M (a)g+ C(aq;a)a+ g(d) = U+ ext (1) thatN ; = I since the main task is not constrained.

With_ .the_jOinF angle; given byq 2 R". The Symmetric and 1For the sake of simplicity, all dependencies will be dropjpetthe notations
positive inertia matrix is denoted byl (q) 2 R" " and the for the remainder of this paper.
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Applying the coordinate transformation (5) to (1) leads tcare stacked intd- py = (PlT v F T)T. The second task
0 = 1 comprises the remaining end effectors{l i ), which
7 can be used for interaction with the environment, for inséan
Z3J;,F; . - ,
V+ v+ =] oxt (8) to perform a m_anlpula_tlon task. Fpr this, egch end e_ffe_ctor
+1 to is subject to virtual Cartesian compliance stabilizing
ZJ'F, the pose of the end effector relative to the world frame

W. Each compliance control is determined by a translational

with th? n_uII space base matricas; as .de ned n _the and rotational stiffness and damping matrix. The wrenches
Appendix in (22). The transformed inertia matrix is de- : . ;
; . . of the interaction end effectors are analogously combied t
noted by showing a block-diagonal structure while theF —(ET ETVT The third-priority level is ai
transformed Coriolis/centrifugal matrix is given by. If all b "“C_ ( [ FLaeen i ). The t Ilr 'ﬁ_”ﬁmy l:?'\ll'e IS ﬁ've(? M
external wrenches are collocated to the task yelocitiethen y _arte5|an compw_mce_contr_o whic S.ta lizes the Co
3T L= T(J UTE _ with Feg 2 R L M and locationx . and the hip orientatiolR . relative to the world
T TRUONT i o > ot = frame W. Again, this compliance consists of a translational
J (3;¥)" being an upper triangular matrix. In other words . . . L .
) 2 . and rotation stiffness and damping term resulting in théreés
the higher the priority level, the larger the in uence bydes

5 ; L
F ext €xerted on the robot in the operational spaces (2). Thcl:sowI wrenchF ¢ 2 R'. The task with the lowest priority

is counter-intuitive, because it is in contrast to the dctask !SS ;gg?nozfge:?oséigllIvzvtiethtkr]: dS:j;l:]rf ki?]lcer::‘aeticr;t;cr)]:j IQmJOLIJT;
hierarchy. Nevertheless, this is an inevitable directltexuhe P g

dynamic decoupling of the kinetic energies on all hierarcl*(é/on gurations. The task generates a desired joint torgpge

. . . ased on a compliance de ned in joint space.
levels introduced by the dynamic consistency [29]. Applying (6) topthe above task hJierarcEy leads to

B. Dynamic Model u= 9 - MY
The dynamics of a humanoid robot is usually described by 0 0 1
a oating base model. Often one chooses either the hip or the F bal
trunk as base since both are central bodies of the structure JT N-JT NaJT N7 F int§ (10)
bal 2 int 3Y¢ 4v pos F
of the robot. In [7], the authors suggested to use the CoM | {z 3 c
for legged robots instead, because the location of the CoM B u | {lzose}
is crucial for balancing. Here, we will reuse this concept by B | _F_

de ning a frameC, which is located at the CoM and which . hJ 33 dJ bei h di K
has the same orientation as the hip of the robot. The frame/fin J bal Jint, J¢ @nd Jpose beING the corresponding tas
determined by the vectar, 2 R? (translation) and the rotation Jacobian matrices. In order to take the underactuationef th
matrix R 2 R® 3 with respect to the world fram@/. The base into account, the contact wrenckeg, of the balancing
corresponding translational and rotational velocities given end effectors must be chosen such that

by x. and! ¢ 2 R®. Based on the joint angles2 R" for the 0= mg, JF (11)

n actuated joints, the dynamics of a humanoid robot can

e .
described by olds at all times.

If the robot uses more than one end effector for balancing

M * +C © o+ mg, _ O + oo (9) then its kir_lematics can be split into_a serial and a pargﬂﬂt P
- 0 142} The latter is represented by task 1 in the form of the kinetnati
U loop of the balancing end effectors. The remaining tasks

concern the serial part of the kinematics only. In conseqgeen

H 6 6 6 6 H
with M 2 R®* ™ G0 andC 2 RE* ™ ©*" being the e balancing wrencheBp, cannot be directly obtained from

inertia and Caoriolis/centrifugal matrix, respectiveljh&veloc- (11) because (11) offers only 6 equations for te DoF of

iti 1 i — T T\T
ities concerning the fram@are stacked intoc = (Xc ' ¢)' - F . which is also known as the wrench distribution problem

The in uence of gravity on the CoM is given by the overall([3], [9]). In order to deal with this redundand,ua can be

massm of the robot and the vector of gravitational acceleratiofetermined instead via the following optimization problem
do 2 RP. The control inputu consists of the joint torques

2 R" taking the underactuation of the base into account. . da T d
- min F F F F 12
The external loads acting on the robot are represented byF :a bal b Q Foa b (12)

et 2 R, with respect to the constraints (11) and
e~ . in i = s
C. New Approach i Bi=1:, (13)
The controller presented in this section implements a task ik if7 2 8i=1:, (14)
hierarchy consisting of four different priority levels:ethask pi(F)2S 8i=1::: | (15)

with the highest priority utilizes a subset of the end COE max (16)
effectors, namely the end effectolsto  with , UL )

for generating suitable contact wrenches in order to maintalrhe cost function (12) minimizes the deviation of the end
balance. The contact wrenches of those balancing end@&féeceffector wrencheb ; from a default wrench distributioR ga,,
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which can be provided by an of ine planer, for example. Thér removingv, leading to the reduced closed-loop dynamics
weighting matrixQ is symmetric and positive de nite. The 1

. Z 23 i int
constraints (13) to (15) represent the contact model by pre- int A_TTq T
venting each balancing end effector from lifting off, slipg v v+ @ Z3‘T] cFe M =T7J et (19)
and tilting: in herefi, andf’., denote the components of Z 4J pose pose
"; perpendicular and parallel to the contact surf&eThe with = T'" T and = TT T . Note that the

unilaterality of the contact is taken into account by (13) bytansformation preserves the block-diagonal structurehef
limiting the minimum contact force t6™" 0. In order to inertia matrix. The decoupled dynamics (19) has the same
prevent the end effectors from slippirfg;  is limited via the form as used in [17], [18] to prove asymptotic stability of
friction coefcient  in (14). The CoP of each end effectorthe equilibrium for the hierarchical multi-objective couit

p; (F) is restricted toS; in order to prevent the end effectors

from tilting (see (15)). The constraint (16) ensures that trE_ Feasibility of the Wrench Distribution Problem

resulting joint torques stay within the limitations"® of the . ) o
The optimization problem (12) can become infeasible if the

hardware. )
After computing the balancing wrench&s,,, the control necessary balancing wrenéh,; cannot be generated due to
torque o the contact model or the maximal joint torque. In order to

render the optimization always feasible, one can formulate
= F (17) the task wrenche§ i, F¢ and pose @s soft constraints as
suggested in [9]. By choosing the corresponding weightsimuc
can be obtained from the lower set of equations in (10). higher thanQ, the soft constraints will only be relaxedFf,q
In the task hierarchy presented above, the interaction ecah otherwise not be generated. The consequence is that the
effectors have a higher priority than the CoM task such thatogher task wrenches are no longer matching, F c and pose
motion of the CoM will not dynamically affect the interaatio But if they are only clipped without changing their oriemnbat
task. This can be motivated with a scenario, in which the robib might still be enough to stabilize the system. Note that th
is supposed to locomote while carrying an object as e.g.nall space projectors in (10) implement a hierarchy for the
glass of water. In the remainder of the paper, we will refeserial kinematics of the robot. But is is also possible tordea
to this choice of task hierarchy as "Int. over CoM”. But onesecond hierarchy for solving the force distribution praobidy
can also think of ordering the tasks in a different way as e.ghoosing the weights of the soft constraints mentioned @epov
in Table I. Here, the order "CoM over Int.” suggests to swapne can specify the order in which the optimization should
the priority level of the CoM and the interaction end effesto give up the task wrencheSiy, F ¢ and pose fOr generating
This variant is motivated by the fact that the CoM is crucial f F 5 despite the contact model and the maximum joint torque.
balancing and thereby must not be disturbed by the intenacti

end effectors. F. Link to the Balancing Approach [9]

The balancing controller presented in Sec. II-C is a com-
bination of the hierarchical multi-task control [17] as aec
pitulated in Sec. II-A and of the passivity-based balancing

TABLE |
DIFFERENT ORDERS WITHIN THE TASK HIERARCHY

Leveli “Int. over CoM” "CoM over Int.” approach [9]. The latter enables the robot to perform an
1 F o F oal interaction task while balancing on multiple contacts. The
2 Fint Fe difference is that the approach in [9] does not offer a dymami
2 Fe Fint decoupling of the tasks or an embedded joint impedaneg
pose pose Thus, the new approach can be simplied to [9] by setting
the null space projectors in (10) 6, =1, N3 =1 and

N 4 = 0. The closed-loop dynamics can be derived as

D. Constrained Reduced Dynamics M F +Cc ¢+ FO° =
Let us assume that the optimization (12) to (16) can nd JpaFba JmFintt et (20)

a feasible solutiorF g, then inserting (10) into (9) leads to . ) )

the transformed closed-loop dynamics (8). Furthermotejde In order to deal_ with kinematically redund_ant robots and
assume that the balancing end effectors are in rigid cont&#igular con gurations, we added a conventional null space
with the environment leading te; = v; = 0 (see Table 1). controller to the torque of the balancer in [9] by

Thus, one can use the transformation = 'F + N il pose (21)
Ovll 2 0 030 1 with Ny 2 R " being a null space projector w.r.t.
azg _ gl 0 OZ @szA (18) [31,95.]". The consequence is that the generated balancing

3 O1 O v3 wrenches can violate the contact model or the joint torque
7 0 0 | |_{24_} limits of the hardware since the conventional null space
| —{z—1} "7y controller is added after the optimization®f. In contrast to

T
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that, the balancing approach presented in this work haslta buiask. In contrast to that, the hierarchical balancer "CoMrov
in joint compliance in the form of task 4, whose desired terqunt.” should show a coupling from the level-2 task into the
pose IS already considered in the optimization and thereby Iavel-3 task as well as the "HRO-approach” (see Table I). For

the inequality constraints (13) to (16). evaluation, one simulation was conducted in which a vdrtica
jump in the desired CoM position @05 m was commanded
I1l. EVALUATION to the robot. As can be seen from Fig. 3, the hierarchical

. . . . . balancer "Int. over CoM” shows, as expected, a signi cantl
The experiments and simulations presented in this section P 9 y

Saller error in the position as well as in the orientation of
were conducted with the humanoid robot TORO, develop . . .
by DLR (German Aerospace Center). It hag DoF (not e right hand. The performance of the hierarchical colerol

; ; i "CoM over Int.” is worse than the "HRO-approach” but still
counting the hands), a heighttf74 mand a weight o76:4 kg : .
[30], [31]. In the examined cases, the robot uses the legs ]pomparable. Furthermore, one experiment was conducted in

Oﬁ. . .
. . . . ich a continuous trajectory was commanded to the robot
balancing and the arms for performing the interaction tasw J Y

. - rotating the CoM frameC as shown in Fig. 4. The trajectory
The corresponding5 joints are based on the technology of th : ; . i
DLR-KUKA LBR Ill (lightweight robot arm) and are operated%onSISts of a sine with a frequency@b Hz and an amplitude

: R which is linearly increased td2 , held constant and again
n torque control mode [32]. The two remaining joints, leat decreased withirb s each. As one can see from Fig. 4, the
in the neck, are locked. The three evaluated controllers

. : L eH}ﬁference between the hierarchical balancer "Int. oveMCo
implemented in Matlab/Simulink and executed at a rate ot "\ "HRO-approach” is not as evident as in simulation
1kHz. In order to simplify the implementation, the friction '

. . ) . But both perform better than the controller "CoM over Int.".
cone from (14) is approximated with a pyramid governed by ) . . .
The second pair of simulation and experiment was con-

ix =iz and Ty ~ifiz - The contact surfac& ., g 1o study the reverse dynamic in uence by applying
& %hotion at the hands (interaction task) and evaluating the

is assumed to be a rectangle due to the geometric shap
the feet of TORO, conning the CoP tp{%"  Pix  PX™  control error in the CoM fram&. Here, it is expected that the

and py" Py PR Thus, the optimization becomeseoniroller "CoM over Int.” performs best due to the task hier
a constrained quadratic problem, which is solved by USiRGy. For evaluation, a vertical jump 6f1 m was commanded
qpOASES [33]. to the desired position of both hands in simulation. As can be

Several simulations and experiments were conducted dBen, from Fig. 5, the hierarchical approach "CoM over Int.”
order to compare the new hierarchical approach presentedjiys a signi cantly smaller error than the other contnsile
Sec. II-C with the balancer from [9] (Sec. II-F) with respecfo; the |ocation of the CoM. In the conducted experiment the
to their dynamical and static behavior. We will refer to thﬁght and left hand were complementarily moved up and down
balancer from [9] as "HRO-approach” after the authors. Thes shown in Fig. 2 in order to trigger a rotational motion of
parameterization used for both approaches is listed in€Taihe com frameC. The corresponding trajectory consists of a
Il while Fig. 2 shows the setup for the simulations and thgne with a frequency 00:6 Hz and an amplitude 00:25m
experiments. . _ _ which is increased, held constant, and decreased wilisin
~ The rst pair of simulation and experiment was conductedach, As a result, the hierarchical approach "CoM over Int.”
in order to verify the dynamical decoupling offered by thgerforms best regarding the position error of the CoM. Fer th
hierarchical balancing approach. More precisely, the toles  rientation of the CoM frame, all approaches show almost
subj_ected toa mot|o_n of the_ CoM fran@in order to evaluate ihe same performance as can be seen in Fig. 6. The reason is
the in uence on the interaction task represented by the Sianghat the inertial effect which the hands have on the torso of
According to the theory, the hierarchical approach with thge ropot is relatively small compared to joint friction.
task order "Int. over CoM” should prevent the interactioskis The difference between experiment and simulation can be

(hands) from being disturbed by the motion within the CC)'veprIained, for example, with modeling errors concerning th

TABLE Il

PARAMETERS FOR THE BALANCING CONTROLLER A A A
CoM:
K ¢ = diag(1500 1500 3000) N=m D ¢ = diag(1711020) Ns=m :
L ¢ = diag(200 100 100) Nm =ag B . = diag(1517 10) NmS =raq T v
FootR, FootL:
N = 50N ~i=0:4
pi" = 0:07m pi*=0:13m
ph" = 0:045m P =0:045m
Q; =diag(a0 %10 %10 %111)
HandR, HandL:
K i = diag(600 ; 600; 600)N=m D =diag(10 ;10; 10)Ns=m
L =diag(10 ; 10; 10)Nm =rad B =diag(l ;1;1)Nms =ad Fig. 2. Setup of the simulation (left): jump in the CoM pasiti(red solid) and
Joint Space: jump in the hand positions (g(een qlashed). Setup of the iexpet (right):
e ) trajectory of the CoM frame orientation (yellow solid), jeretory of the hand
K pose = diag(10 ::: 10)NM =rag D pose= diag(l ::: 1)NmS =rad positions (blue dashed) and external wrenches (orangedjott
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Fig. 4. Experiment on the responses to a trajectory of theegtbsrientation Fig. 6. Experiment on the responses to a trajectory of thérateiand
of the CoM frameC, evaluated at the right hand. positions, evaluated at the CoM frar@e

inertia matrix or with joint friction causing additional apling  the CoM frameCis shown in Fig. 7. The "HRO-approach” and
between the CoM and the end effectors. the task hierarchy "Int. over CoM” feature a comparable,djoo
The last experiment was conducted in order to study thehavior. Their steady-state errors are negligible costpty
static in uence of the interaction task onto the CoM fra@e the one of the hierarchical approach "CoM over Int.”. In case
For this, additional weights d kg were manually attached to of the "HRO-balancer”, this observation can be explainetth wi
the right and to the left hand each (see Fig. 2). The resultiopsed-loop behavior (20). Considering the static case,oaim

transition for the deviation of the position and orientatiof see from the second line of (20) thatx = [ 35, I % Ebi'
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during normal operation. Furthermore, stabilizing the atob

0.03
g% Pt~ in joint space is already embedded into the framework (see
&= 002f p—rr— hierarchy level 4) and does not require an additional nudtsp
g 2 - = - Hierarchy (CoM over Int) controller (21) as the "HRO-balancer”. On the other hand the
§§ 001t K rherarchy 00 over Eob) hierarchical approach requires the determination of thié nu
o o 7 space projectors (3).
0 ==

The two examined hierarchies (Table I) are exemplary for
two different kind of scenarios which a humanoid robot can
0.04 . . . . . . . typically encounter. The design for the hierarchy "CoM over
Int.” can be justi ed by the demand that a manipulation task
should not compromise the CoM location, which is crucial
for maintaining the balance in critical situations. On ttibey
‘ hand, it is important that a motion of the CoM, as for example
4 during walking, does not interfere with the interactionktas
such as carrying a glass of water. But the precision required
for the interaction task is usually higher than the one far th
CoM task, since the region in which the CoM must be located
in order to enable a stable balancing is comparatively large
In consequence, it is recommendable to use the hierarchy
"Int. over CoM” in conjunction with humanoid robots in most
holds. Inserting this into the rst line gives . = 0 leading to a Manipulation tasks. Another reason for choosing this paldr
vanishing error in the pose of the CoM frafBeln case of the hierarchy is that the CoM should not be statically affectgd b
hierarchical approach "CoM over Int.” the observed behavigvrenches arising from the manipulation task. Regarding the
appears to be counter-intuitive at rst glance because il C experiment presented in Fig. 7, this feature is only pravide
impedance has a higher priority than the Cartesian impedafy the "HRO-approach” and the hierarchal balancer "Int.rove
of the hands. The reason for that behavior can be found in theM”.
mapping of the external forces and torques (8) represented b
the upper triangular matri T (39T, As described in Sec.

[I-A: the higher the priority level (lower index), the lange

the in uence by external forces exerted on the robot in the This work presents a hierarchical whole-body controller
operational spaces (2). While this is counter-intuitiverat  for legged robots by combining a multi-objective controlle
glance, since it contradicts the imposed task hierarchy, thyith an optimization-based balancing approach capable of
is an inevitable consequence of dynamic decoupling of th@ndling multiple contacts. It allows robust and compliant
priority levels. Due to the fact that the transmitted powagalancing of the robot while it performs a manipulation task
is preserved along the transformation from task space jipthe presence of external disturbances. All tasks withi t
operational space (since it is just a coordinate transfoomp  hjerarchy generate generalized forces, which are dis&ribto

the respective transformers are dual on the ow path (i. e end effectors before being mapped to the joint torques.
velocity) and the effort path (i. e. force/torque). As thedinic  The approach was veri ed in simulation and experiment on
decoupling is hierarchical, meaning that the higher-fi§ior the humanoid robot TORO, studying two representative setup
velocities are not affected by the lower-priority ones @his  for the choice of the task hierarchy. In summary, the new-null
the main goal of the hierarchical design), the mapping on tdgace-based approach "Int. over CoM” has clear advantages
ow path is given by a lower triangular matrix. That, in turn,compared to the "HRO-balancer” because it reduces the dy-
inevitably leads to the dual mapping on the effort path,the. namical in uence of a CoM motion, as in walking, on the
mentioned upper triangular mapping for forces/torquesnds hands. Furthermore, it offers a decent disturbance rejectf

the hierarchy "CoM over Int.”, the external forces and t@su the static external loads which arise during the maniporati
exerted on the TCP have an impact on both levels, which yielgsy.

the large steady-state errors in Fig. 7. On the contraryhén t
hierarchy "TCP over CoM” such external loads only affect the
main priority level but not the subordinate CoM impedance.

QOrientation error of
the CoM frameC [rad]
o
o
N

o

Time [g]

Fig. 7. Experiment on the in uence on the CoM fran@edue to external
forces applied at the hands.

V. CONCLUSIONS

V1. APPENDIX

The full row rank null space base matrix &9 is

represented by
One advantage of the hierarchical approach over the "HRO- 8

IV. DISCUSSION

balancer” is the dynamically decoupled behavior due to the § Jam 1] 1J M1 ifi=1
task prioritization. In fact, the dynamic equations retate Zi= T T 1 . .
the priority levels (8) are still coupled in terms of veldeit §‘] iYi1 YiaMY § o Vi ifl<i<r
via the matrix . Nevertheless, it has been shown in [18], "Y1 ifi=r

that this coupling is negligible in practice for joint veltes (22)
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P
in which the matrixY; 1 2 R™ = ™) " spans the [16]
complete null space o 9 [18]. As detailed in [18], [34],
the Jacobian matrid; is de ned as

Ji=3J1 (23) o

1
Ji= zZiMZ] ZM 8l<i r. (24)

(18]
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