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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 | emmp A

posture 8
>

while maintaining the balance. The external wrenches, whit
arise from the physical interaction, must be taken into ac-
count in order to achieve robust and compliant balancing.
This work presents a new control approach for combining
multi-objective hierarchical control based on null space po-
jections with passivity-based multi-contact balancing fo legged
humanoid robots. In order to achieve a proper balancing, all
task forces/torques are first distributed to the end effectcs and
then mapped into joint space considering the task hierarchyThe
control approach is evaluated both in simulation and expetinent

distribute
balancing wrenches

grasp object

maintain posture

Priority Level
B I I I

with the humanoid robot TORO. L 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 find multiple types of approaches for dealing with

H UMANOID robots are predestined for service robotighe problem of multi-contact balancing. A versatile apgitoa
applications, industrial manufacturing or disaster scengs offered by the field of whole-body control considering
ios, as the tasks are often monotonic, physically demandigg 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: first, the robgf [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 cllmblng stairs or ladders, moving in CorﬁHEMass) 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. fbr 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 integrated into a prioritized multitasking controller fahole-
avoidance of Singular Configurations, the observation ef tlﬂ)ody control. In [6], the authors present a ba|ancing app‘roa
environment, and so on. The challenge with such a varigfgsed on momentum control by hierarchically solving the
of tasks is that they might conflict and consequently interfejnverse dynamics. The algorithm is thoroughly analyzedwit
with each other. That problem can be solved by the approaghyide variety of experiments.

of null-space-based multi-objective control. A passivity-based approach for compliant balancing of
humanoid robots was first proposed in [7] by computing
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balancing, the concept of hierarchical multi-task conttah Coriolis/centrifugal matrix byC'(q, ¢) € R™*", while g(q) €

be employed, in which one usually distinguishes between &3 represents the gravity torqu&d.he control input is given
basic approaches: first, an optimization problem is forteala by « € R™ and the influence of external loads by € R™.
and numerically solved such as in [11], [12]. Second, so- Initially, the coordinatese; € R™ of the operational space
called null space projections [13], [14], [15], [16] are dsetasks for all- levels of the hierarchy must be defined, in which
to prioritize the tasks on control level by establishing ricst m; denotes the dimension of thieh task. The corresponding
hierarchy among them. While the optimization is beneficiaklocities are described by the Jacobian matrifgs R *":
due to the easy incorporation of inequality constraintd| nu . . .

. . x, =J;q Vi=1...r. (2)
space approaches have the advantages of being numerically
cheap and confirmed 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 consistent one [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 tlo@m 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¢de) nor dynamically (during the transient). The staddar
iteratively applied until an arbitrarily complex task hraechy formulation of this projector is
is established. Possible subtasks in such a hierarchy are N oI (Jaug>T(Jaug)M+7T 3)
Cartesian impedance and singularity avoidance [19], joinit ¢ i-1 i-1 ’
avoidance [20], or collision avoidance [21], [22], for exalex  wherel is the identity matrix(J:"$ )™+ denotes the dynam-
In the literature, there already exist several well-essalbd ically consistent pseudoinverse 8f" (i.e. using the inertia
frameworks, which are based on these techniques. While mowsitrix as metric for computing the pseudoinverse), aﬁjﬂg
of them have been confirmed in simulations [23], [24], theepresents the so-called augmented Jacobian matrix

availability of modern humanoid robots has given a strong J
impetus to the experimental validation [25], [26], [27]8]2 aug _

This paper extends the work of [17] and [9] by combining Jim=1 ) (4)
torque-based multi-contact balancing with hierarchicaltim J;

task control, see Fig. 1. In [17] a task prioritization isggsted \hich takes all Jacobian matrices down to ley@ito 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 contac ;¢ expressed in a set of local, hierarchy-consistent paites

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

advantage of the presented approach is that we apply a rmimeri —

optimization only for solving the force distribution preoh, U1 Ji

where it is necessary. The hierarchy concerning the serial =1 :1a. (5)
kinematics is implemented using null space projectorsciwvhi v, J,

is numerically cheap and allows us to prove asymptotic ktabi

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

explicitly designed for handling external disturbancetheiit The definition of the new Jacobian matricdg 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 hierarchy is then

and the new approach is synthesized (Sec. II-C). Stabdity i r

discussed in Sec. II-D and the link to the optimization-llase u=g+y u, (6)
balancing algorithm is presented in Sec. II-F. Experimants =1

conducted on the humanoid robot TORO in Sec. Ill, and ttvhere the control actiom; from leveli is

discussion of the results closes the paper in Sec. IV. ovA\T
ui=—N;J] <(—) + D,-:b,-) 7
aﬂ)‘i
Il. THEORY
A. Recapitulation of the Task Hierarchy [17] F;

The dynamics of a robot with DoF can be formulated as for the case of an impedance-based control task with pafenti
. N V; and damping matriXD; creating the task wrench';. Note
M(q)g+C(g.9)qa+9(q) = u+ Text (1) that N, = I since the main task is not constrained.

With_ .the_jOinF angle? given by} € R". The Symmetric and 1For the sake of simplicity, all dependencies will be dropjetthe notations
positive inertia matrix is denoted b¥Z(q) € R"*™ and the for the remainder of this paper.
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Applying the coordinate transformation (5) to (1) leads tcare stacked intdF'py = (FlT, . ,FwT)T. The second task
F comprises the remaining end effectogst1 < i < ¥), which
7 can be used for interaction with the environment, for inséan
ZyJ, Fy oy N :
Ab+ po + _ — T T ren (8) to perform a manipulation task. For this, each end effector
: 1+1to W is subject to virtual Cartesian compliance stabilizing
Z,J'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 matrices; as _defmed. n the and rotational stiffness and damping matrix. The wrenches
Appendix in (22). The transformed inertia matrix is de- : . :

; X . of the interaction end effectors are analogously combimed t
noted by A showing a block-diagonal structure while the

] N ~T ~T T S AriAr . .
transformed Coriolis/centrifugal matrix is given hy. If all glmc_ (Fyi1r--- ’II?\IJ) - The thl'rd ﬁ_rlﬁrlty Is_‘l’_el IS E'Vecr:‘ v
e_xt%rnal wren_chTes are collocated to the task velocitiethen Iy t_arte5|an gclrr?p;]a_mce_co?ttrp d\év |c| fta t”ths the | do
T Treq = J (J™8)T Foy With Feg € Rl mi gng locationz. an e hip orientatiorR,. relative to the wor

j—T(Jiug)T being an upper triangular matrix. In other Wordsframe W. Again, this compliance consists of a translational

the higher the priority level, the larger the influence byckes and rotation stiffness and damping term resulting in théreés

6 ; L
Fo exerted on the robot in the operational spaces (2). Th(|:s? M wrench F. € R’. The task with the lowest priority

is counter-intuitive, because it is in contrast to the actask !SS ;g;)?nocsnfge:?[osézglllI\fv?thﬂr]g dssjgirteki?lgraeticrgzatd IQmJOLIIT;
hierarchy. Nevertheless, this is an inevitable directltexuhe P 9

dynamic decoupling of the kinetic energies on all hierarck@onﬂguraﬂons. The task generates a desired joint torqeg

. : . ased on a compliance defined in joint space.
levels introduced by the dynamic consistency [29]. Applying (6) topthe above task hiJerarchF;/ leads to

B. Dynamic Model w— <0> _ <m90) _
The dynamics of a humanoid robot is usually described by T 0
a floating base model. Often one chooses either the hip or the Fpal
trunk as base since both are central bodies of the structure [ JT, NoJT, N3JT Ny Jﬁfos e] ?nt (10)
of the robot. In [7], the authors suggested to use the CoM c
for legged robots instead, because the location of the CoM _ =, Tpose
is crucial for balancing. Here, we will reuse this concept by == = VF

defining a frameC, which is located at the CoM and which

has the same orientation as the hip of the robot. The framef&h ']_ba" J"“'_ J. and Jpose being the correspondin_g task
determined by the vectar, e R? (translation) and the rotation Jacobian matrices. In order to take the underactuationef th

matrix R, € R®*3 with respect to the world frameV. The base into account, the contact wrencligg, of the balancing

corresponding translational and rotational velocities given end effectors must be chosen such that
by . andw,. € R?. Based on the joint anglgs < R™ for the 0=mg,— E,F (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
o (Ve ~ (Ve mgo) _ (0 then its kinematics can be split into a serial and a para#iet. p
M )+C| )+ = +7 9 . . : :
<0) < 0> ( 0 > (T) e (9) The latter is represented by task 1 in the form of the kinenati
M loop of the balancing end effectors. The remaining tasks
- ~ concern the serial part of the kinematics only. In conseqgeen
- 6+n 6+n 6+n 6+n : A . .
with M € R , ?X( L>.andC € [,R( I ,L) being the he palancing wrencheBhy cannot be directly obtained from
inertia and Caoriolis/centrifugal matrix, respectiveljh&veloc- (11) because (11) offers only 6 equations for the DoF of
ities concerning the fra_m(eare stacked _lntvy_C = (T, w:)". F'va,, Which is also known as the wrench distribution problem
The influence of gravity on the CoM is given by the overa@[S], [9]). In order to deal with this redundanc§na can be
massm of the robot and the vector of gravitational acceleratiofetermined instead via the following optimization problem
go € RS. The control inputu consists of the joint torques

T € R™ taking the underactuation of the base into account. . ( d )T ( d )
; Fpa— F Fpa— F 12
The external loads acting on the robot are represented byrfrli;l bal ba) Q@ Fal ba)  (12)

Text € ROT™. with respect to the constraints (11) and
fiL > fmin Vi=1...1, (13)

The controller presented in this section implements a task ‘ fi H < wifiL Vi=1...9, (14)
hi_erarchy c_onsisting _of_four (_j_ifferent priority levels:ethask p,(F;) €S Vi=1...9, (15)
with the highest priority utilizes a subset of th& end = F| < 7 (16)
effectors, namely the end effectoisto ¢ with v < W, == '
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 wrenched,; from a default wrench distributioFg’a,,

C. New Approach
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which can be provided by an offline planer, for example. THer removingwv, leading to the reduced closed-loop dynamics
weighting matrix@ is symmetric and positive definite. The

: ZoJ L Finy
constraints (13) to (15) represent the contact model by pre- , ., .. . % nt T 7T
venting each balancing end effector from lifting off, slipg AT 4 pto” Z?’ic Fo | =T"J 7ex (19)
and tilting: in here,f; , and f, , denote the components of Z 4J poseT pos

F: perpendicular and parallel to the contact surfa&geThe with A* = TTAT and p* = TTuT. Note that the
unilaterality of the contact is taken into account by (13) bytansformation preserves the block-diagonal structurehef
limiting the minimum contact force tg™" > 0. In order to inertia matrix. The decoupled dynamics (19) has the same
prevent the end effectors from slipping, , is limited via the form as used in [17], [18] to prove asymptotic stability of
friction coefficienty; in (14). The CoP of each end effectorthe equilibrium for the hierarchical multi-objective couit

p;(F;) is restricted taS; 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 L , o
The optimization problem (12) can become infeasible if the

hardware. .
After computing the balancing wrenchdg,,, the control necessary balancing wrendh,; 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
T=-5F (17) the task wrenched iy, F. and Tpose as Soft constraints as
suggested in [9]. By choosing the corresponding weightsimuc
can be obtained from the lower set of equations in (10). higher than@, the soft constraints will only be relaxed My
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 matchifig, F'. andTpose
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 toraeéi
to this choice of task hierarchy as "Int. over CoM”. But onesecond hierarchy for solving the force distribution proibidy
can also think of ordering the tasks in a different way as e.ghoosing the weights of the soft constraints mentioned @pov
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 wrencheBi,, F'. and Tpese fOr generating
This variant is motivated by the fact that the CoM is crucial f F, despite the contact model and the maximum joint torque.
balancing and thereby must not be disturbed by the intemacti

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. lI-A and of the passivity-based balancing

TABLE |
DIFFERENT ORDERS WITHIN THE TASK HIERARCHY

Level i “Int. over CoM” "CoM over Int.” approach [9]. The latter enables the robot to perform an
1 Fou Fou interaction task while balancing on multiple contacts. The
2 Fin F. difference is that the approach in [9] does not offer a dymami
3 Fe Fint decoupling of the tasks or an embedded joint impedanee

4 Tpose T pose

Thus, the new approach can be simplified to [9] by setting
the null space projectors in (10) &, = I, N5 = I and
N4 = 0. The closed-loop dynamics can be derived as

D. Constrained Reduced Dynamics M (2‘) +C (’;‘) + (FOC) =
Let us assume that the optimization (12) to (16) can find — JEFoa — JEFing + Text. (20)

a feasible solutionF'yy, then inserting (10) into (9) leads to

the transformed closed-loop dynamics (8). Furthermotayde N order to deal with kinematically redundant robots and
assume that the balancing end effectors are in rigid cont§#gular configurations, we added a conventional null space
with the environment leading td; = v; = 0 (see Table 1). controller to the torque of the balancer in [9] by

Thus, one can use the transformation T =—EF + NouTpose (21)
V1 0 0O with Ny € R™*™ being a null space projector w.r.t.
vo|l |I 0 O v2 18 [JL, Jift]T. The consequence is that the generated balancing
vs| [0 I O U3 (18) wrenches can violate the contact model or the joint torque
vy 0 0 I|.\™ limits of the hardware since the conventional null space
pe v* controller is added after the optimization Bf,. In contrast to
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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
Tpose IS already considered in the optimization and thereby Iavel-3 task as well as the "HRO-approach” (see Table ). For

the inequality constraints (13) to (16). evaluation, one simulation was conducted in which a vdrtica
jump in the desired CoM position 6£.05 m was commanded
I1l. EVALUATION to the robot. As can be seen from Fig. 3, the hierarchical

The experiments and simulations presented in this sectib%Iancer "Int. over COM" shows, as expected, a significantly
P P aller error in the position as well as in the orientation of

\l;verchF(; n(dgg?ndar\:wre:x glé?aggr'ge?;bit IaO%RSOS e(\:] eOI:Jp e right hand. The performance of the hierarchical colarol
y P ' "CoM over Int.” is worse than the "HRO-approach” but still

counting the hands), a heightbf4 m and a weight o6 4 kg ]pomparable. Furthermore, one experiment was conducted in

[30], [3.1]' In the examined cases, th‘? robot uses th? legs \&ﬁich a continuous trajectory was commanded to the robot
balancing and the arms for performing the interaction tas

: L rotating the CoM frame as shown in Fig. 4. The trajectory
The correspondingb joints are based on the technology of th : ; . i
DLR-KUKA LBR Il (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, et decreased withirbs each. As one can see from Fig. 4, the
in the neck, are locked. The three evaluated controllers

E%ﬁ“ference between the hierarchical balancer "Int. oveMCo
implemented in Matlab/Simulink and executed at a rate i

L . : rate 9hd the "HRO-approach” is not as evident as in simulation.
1kHz. In order to simplify the implementation, the frlctlonBut both perform better than the controller "CoM over Int.".

cone from (~14) s arproximateg with a pyramid governed by The second pair of simulation and experiment was con-
‘f“f‘ < fifiz and|fiy| < fiifi.. The contact surfacé‘i ducted to study the reverse dynamic influence by applying
iIs assumed to be a rectangle due to th% geometric 22}?p%%otion at the hands (interaction task) and evaluating the
the fer(naiE of TORO, COQZL”'”Q the CoP i7" < piw = PIZ°  control error in the CoM framé. Here, it is expected that the
and pil! < piy < piy% Thus, the optimization becomesgonirolier "CoM over Int.” performs best due to the task ier
a constrained quadratic problem, which is solved by USiRGy. For evaluation, a vertical jump 6f1 m was commanded
qpOASES [3_3]- ) . to the desired position of both hands in simulation. As can be
Several simulations and experiments were conducted dfien from Fig. 5, the hierarchical approach "CoM over Int.”
order to compare the new hierarchical approach presentedjihyys a significantly smaller error than the other contrslle
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 th?‘lght 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€Talhe com framec. The corresponding trajectory consists of a
Il while Fig. 2 shows the setup for the simulations and thg§ne with a frequency 06.6 Hz and an amplitude 06.25m
experiments. _ . . which is increased, held constant, and decreased within
_ The first pair of simulation and experiment was conductethch, 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 tolgs o ientation of the CoM framé, all approaches show almost
subjected to a motion of the CoM frandein order to evaluate the same performance as can be seen in Fig. 6. The reason is
the influence on the interaction task represented by theshangat 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 CONeprIained, for example, with modeling errors concerning th

TABLE Il
PARAMETERS FOR THE BALANCING CONTROLLER

CoM:

K. = diag(1500 1500 3000)N/m D, = diag(171102 0)Ns/m
L. = diag(200 100 100)Nm/rad B. = diag(1517 10)Nms/rad
FootR, FootL:

fmn = 50 N fi = 0.4

P’ = —0.07m P =0.13m

Py = —0.045m PP = 0.045 m

Q, = diag(1072107%107%111)
HandR, HandL:

K; = diag(600, 600, 600)N/m D; = diag(10, 10, 10)Ns/m

L; = diag(10, 10, 10)Nm/rad B; = diag(1, 1, 1)Nms/raq Fig. 2. Setup of the simulation (left): jump in the CoM pasiti(red solid) and
Joint Space: jump in the hand positions (green dashed). Setup of the iexeet (right):
T . trajectory of the CoM frame orientation (yellow solid), jeretory of the hand
Kpose= diag(10 ... 10)Nm/rad Dhpose = diag(l . .. 1)Nms/rad positions (blue dashed) and external wrenches (orangedjott
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Fig. 4. Experiment on the responses toa trajectory of theegtesrientation Fig. 6. Experiment on the responses to a trajectory of thératediand
of the CoM frameC, evaluated at the right hand. positions, evaluated at the CoM frarde

inertia matrix or with joint friction causing additional spling  the CoM frameC is 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 tlhehavior. Their steady-state errors are negligible coetpty
static influence of the interaction task onto the CoM fratne the one of the hierarchical approach "CoM over Int.”. In case
For this, additional weights df 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 resultintpsed-loop behavior (20). Considering the static case,caim
transition for the deviation of the position and orientatiof see from the second line of (20) thatx = [ 7% J5 ] (?bi')
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during normal operation. Furthermore, stabilizing the atob

0.03
g% R P in joint space is already embedded into the framework (see
52 ooz N Py s——— hierarchy level 4) and does not require an additional natsp
§8 - = - Hierarchy (CoM over Int) controller (21) as the "HRO-balancer”. On the other hand the
23 oot K Hierarchyy (. over CoM) hierarchical approach requires the determination of thié nu
g ! space projectors (3).
0 === The two examined hierarchies (Table I) are exemplary for
two different kind of scenarios which a humanoid robot can
. 004 . . . . . . . typically encounter. The design for the hierarchy "CoM over
e £ f-e Int.” can be justified by the demand that a manipulation task
5?2 ,'/ ST - should not compromise the CoM location, which is crucial
S 8 o0 / for maintaining the balance in critical situations. On thieey
% Z ,’I hand, it is important that a motion of the CoM, as for example
5% L during walking, does not interfere with the interactionktas
= h o : ’“':_)’c:\ 5 s a2 . such as carryiljg a glags of water. .But the precision required
Time [s] for the interaction task is usually higher than the one fer 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 first line givé&. = 0 leading to a Manipulation tasks. Another reason for choosing this paletr
vanishing error in the pose of the CoM frarfieln 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 first glance because ohé Cexperiment presented in Fig. 7, this feature is only pravide
impedance has a higher priority than the Cartesian impedaty the "HRO-approach” and the hierarchal balancer "Int.rove
of the hands. The reason for that behavior can be found in t6eM”.
mapping of the external forces and torques (8) represented b

the upper triangular matrid * (J297. As described in Sec.

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

the influence by external forces exerted on the robot in theThis work presents a hierarchical whole-body controller
operational spaces (2). While this is counter-intuitivefiest  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 jfpthe presence of external disturbances. All tasks within 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 flow path (i#fe end effectors before being mapped to the joint torques.
velocity) and the effort path (i. e. force/torque). As thedinic  The approach was verified 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
flow path is given by a lower triangular matrix. That, in turncompared to the "HRO-balancer” because it reduces the dy_
inevitably leads to the dual mapping on the effort path,the. namical influence 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@suU the static external loads which arise during the maniporati
exerted on the TCP have an impact on both levels, which yielgg

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.

Fig. 7. Experiment on the influence on the CoM fragealue to external
forces applied at the hands.

V. CONCLUSIONS

V1. APPENDIX

The full row rank null space base matrix of?"S is

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

balancer” is the dynamically decoupled behavior due to the

task prioritization. In fact, the dynamic equations retate

the priority levels (8) are still coupled in terms of veloes#t

via the matrix 4. Nevertheless, it has been shown in [18],

that this coupling is negligible in practice for joint veltes

IV. DISCUSSION

(JlelJlT)_1 JIM™! ifi=1

P =

T r \ !
JY7T, (Y,-_lMY,L-_l) Y, ifl<i<r
Yr,1 ifi=r

(22)
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in which the matrixY,_; € R™ X5=1m)*" gpans the [16] A. Dietrich, C. Ot;, and A. Albu-Schaffer, "An overvie of null
complete null space of ;"; [18]. As detailed in [18], [34],
the Jacobian matriy; is defined as

(17]

Ji=J,; (23)

i i i % <i<r. ( 4)
[18]
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