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Abstract—This work introduces the so-called Modular Passive [IE,B]. This causes real-world issues such as vibratiohgghw
Tracking Controller (MPTC), a generic passivity-based con- are often addressed using heuristic approadhed [13, 10].

troller, which aims at independently fulfilling several subtask it i Ahiant
objectives. These are combined in a stack of tasks (SoT) that. Furthermore, the weighting based multi-objective coirol

serves as a basis for the synthesis of an overall system controller In [E] and the strigtly hiergrchical passivity-paged cotier
The corresponding analysis and controller design are based on from “E] served as inspiration for this work. Similar fo [BEw
Lyapunov theory. An important contribution of this work is the  use a QP to combine individual control actions from separate

design of a specific optimization weighting matrix that ensures task space controllers. However, In [3] each separate @ontr
passivity of an overdetermined and thus conflicting task setup. 4tion js computed based on ID with the unit matrix as the de-
The proposed framework is validated through simulations and . . . . .
experiments for both fixed-base and free-floating robots. sired inertia (feedback linearization). In contrast, 1rhtda|\ndu_a_l
task controllers presented here use the concept of pgsaiwit
|. INTRODUCTION avoid inertia shaping, i.e. we aim at a PD+ like closed-loop

Simultaneous control of multiple tasks has emerged asfax each task|ﬁ|9]. Compared t0l [6], which also preserves
major research topic in robotic control. While initial workghe natural inertia, we use a weighted QP formulation (soft
considered the simpler case of a single task and its nukspaucioritization), which allows us to blend an arbitrary nuenb
for a kinematically redundant robot, nowadays there exist different tasks and in certain situations (e.g. when glsin
several well established frameworks for handling multipltask becomes singular) behaves less aggressively.
tasks with and without priorities. In the literature one may In this work, we derive a control architecture that is based o
distinguish between works that solve the task coordinatimeminally passive subtask controllers, the so-called Nardu
problem first on &inematic level and works that formulate Passive Tracking Controllers (MPTC). These are combined
the controldirectly for the dynamicsAnother important clas- and traded off via a stack of tasks, which is solved via
sification can be done based on the usstatt task priorities a single weighted pseudo-inverse or QP, respectively. The
via hierarchic controllers as compared to controllers Whiccontrol framework combines the advantages of both Inverse
apply asoft prioritizationvia task weighting. Dynamics controllers and passivity-based controllersyelg:

At the kinematics level hierachical controllers based onease of implementation and use, task space tracking capabil
either successive or augmented nullspace projections hées, passivity and contact robustness, and natural reshayd
been proposed in order to ensure a strict task hierarchgndling. The corresponding stability analysis is based on
[18, [2]. For the handling of task singularities, a singujari Lyapunov theory. For the non-conflicting case, the overall
robust inverse kinematics has been proposed [4]. Howehisr, tcontroller is found to be asymptotically stable and passhre
singularity robust inverse destroys the strict task higmarand important contribution of the presented work is the deidrat
effectively generates a weighting among different tasks.  of a specific optimization weight that additionalpreserves

Other frameworks handle multiple tasks at ttgnamics passivity even in the over-determinéice. conflicting) case
level The operational space approach has been extended-am competing tasks and corresponding inconsistent tdisk re
this direction with applications in humanoid robotits|[2&]. ences, multiple simulations show evidence of MPTC's sitghbil
Other Inverse Dynamics (ID) based controllers use hierarctand robustness even in the tracking case, while a formal
guadratic programs (Q 11, 3]. Most of these works aigtability proof is missing so far.
at a strict task decoupling. The paper is organized as follows: Sectloh Il derives the

The presented work is inspired by the family of Inverse DyModular Passive Tracking Controller (MPTC) at task level,
namics based tracking controllers that softly trade offtao$e while section[Il provides the corresponding overall cibse
tasks (collected in a stack of tasks (SoT)) via a single weifjh loop analysis and controller derivation. Sectiod IV congsar
QP ,EO]. Such controllers are straightforward taevriMPTC to Inverse Dynamics (ID) and PD+ based controllers,
and stand out due to their high flexibility. Yet, compared tand presents the wide range of possible decoupling levels.
passivity-based approaches such ﬂQ:E,L_ﬂZDlG, 6], tiesction Y provides simulation results for both fixed-basé an
are less robust w.r.t. modeling errors and contact uncdigai free-floating robots, while sectidn VI concludes the paper.
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II. DERIVATION OF MODULAR PASSIVE TRACKING and task acceleration error

CoNTROL (MPTC) . " (J M*l< ) Q ) ®)
Ty = Lyref — T — Ty —
This work considers; tasks, each having its own individual “ ket “ ’ «q
objective. To satisfy the single-task objectives, thistisec #

derives Modular Passive Tracking Controllers (MPTC), \hic

. . ) . are of particular interest. Here, . and & denote the task
are combined into different overall controllers in Sed I P kref Licret

reference velocity and acceleration, respectively.

A. General robot model 2) Task space inertia and its derivativaJsing J,, the
The general robot equation of motion can be written as ~ iNértia matrix M’ can be projected into the task space [17]:
M(q)§ + C(q,4)q + 14(q) = T, (1) M, = (J, Mt g7t . 9)

where g € R" denotes the generalized coordinBteds(q), Differentiating [9) yields
C(q,q) and 74(q) are the inertia matrix, Coriolis and cen- . ~~
trifugal matrix, and gravitational torqu&srespectively, and My = — My (JkM*leT —J Mt M MY

c+c’

T = ST (Tj + Tint) + L;rn Wy (2) + JkM_ljJ> M,
——
Text =C+Cl | (10)

denotes thegeneralized forcesThese are composed of joint o ) )

motor torquesr; and internal perturbation torques; acting in With the task space Coriolis and centrifugal matrix

the robot joints (e.g. joint friction), which are both magpe C. = M, Q. TkT _ (11)

T via the joint selection matri$ [ and of external torquesy.

The latter are composed of all wrenches, = [w] ,...,w]|"  The matrix

acting on then, robot links, which are mapped o via the T, = M Jo M (12)

stack of link Jacobiand., = [L],...,LT]". While the single

elements of[(R) will be used in sectibn IMI-E, in the followgin

we will simply user to represent arbitrary generalized forcesc, Modular Passive Tracking Controller (MPTC)
Solving [A) for the generalized acceleratiajiyields

is the dynamically consistent pseudo-inverseJgt

This section derives the proposed Modular Passive Tracking

g = M1 (1- - Cgq— 7—9) ) () Controller (MPTC). It is written in generic form, serving as
N template for arbitrary specific controllers (e.g. Cartesa
B. Task space quantities joint controllers). For each one of the, tasks, we use a
1) Task space velocities and acceleratioms:robotic con- separate Lyapunov functidmased on the task-related relative
trol, for typical task spacsa task velocity vector kinetic energyE,»x and relative potential enerdyq :
&= Jq ) Vi = %57{ My & + %5{ K@ (13)

can be formulated. The indéxindicates that such a mapping
exists for alln; tasks, i.e.k € {1,..,n;}. Here, J, € R™>" Eiink Epork

denotes the corresponding task Jacobian, with the dimensiyhere the positive definite, symmetric mati#i&, denotes the
ality nry of the k-th task. Differentiating[{4) with respect totask stiffness. This Lyapunov function is positive defiriite
time and inserting[{3), we find the task space acceleration the task position erro&, and the task velocity erraky.

. . . a ) Now we differentiate[(113) and inseftl(8), which yields:
& = Jqg+ g = Jle(T_Tg)_qu , (5) IIH) ®) Y
N 2 = M 2 ~
where ) Vi = 90: (Mk T + 7'( T + Ky fl?k) (14)
Qu=JM?'C - J . (6)

For the design of a tracking control law (see Jec.]ll-C), the
corresponding task velocity error

=T _ .
-y (MkaM L(ry—7) + McQcd
—_————
Ti

+ My Eyrer + Ci i:k + K jk) .

{i’k = :i:ktref - qu (7)
e Here, we made use of the equality
y T T
1These are simply the joint coordinates in case of fixed-base robots % = C" +Ci = Ck — G +Cx (15)
(i.e.q= q-L?, while additionally containing the robot base coordisatg (i.e. 2 2 2 ’
q=[z].q]]") in case of free-floating robots (e.g. humanoids). —

’Note: dependencies ap and ¢ will be omitted below. skew-symmetric

3Note: S is a unit matrix for fixed base robots, while for free-floatimfpots . L 2T N =T 3 .
S = [Ongep6: Tnaggnacr]» Wheren, denotes the number of actuated robot jointswhich allows us to rewriter, =* 2y asz, Ci &, since the

“Typical tasks are joint level control, Cartesian end efiecontrol, etc. ~ Skew-symmetric term cancels.



We now define the (actuatask forc fx as: 1. OVERALL CLOSED-LOOP ANALYSIS AND CONTROL

fi = (16) In this section, we derive controllers for the overall syste
‘ ' of subtask controllers, i.e. for the complete set of desiast
By choosing thedesired task for@ fi .. as forces figes from (I7) for ke {1,..,n;}, and analyze their

closed-loop behaviors by applying Lyapunov theory.

dos = Ty + M Qg+ My st + (C+ D) T+ K @ ,
Fuaes k7o «Qcd Buer + (G ) & k(l;) A. Definition of different task force errors

Stacking all desired task forcedyqes from (I7) for

and rewritingZy T as ke {1,..,n:} yields
T T = fic= frdes— (Fuges— Fi) > (18) Frdes
h\f_/ .fdes = . (21)
Sk
. fn,,des
the single task Lyapunov rate frofa{14) becomes o _
Similarly, we stack[(16) fok € {1,..,n;} to obtain
: =T 2 =T =
Vo= EDeE B (19) fi T,
Vides Purely dissipative Vi L o (22)
Note that the controlled system (at task level) is passive wi fo T,
respect to inputfy, output z, and the storage functiol) f T

f . While the desired L | . _ :
rom (I3) lle the desired Lyapunov raqes Is purely This is the mapping from the actual generalized forces the

dissipative for a positive definite damping matiix, the term K of actual task f 2 th di lected
Vi may be non-zero, depending on factors including unknovﬁtiac ot actuaj task orce$ ,Y'axn € corresponding collecte
task mapping matrixl" € R™=*"where the sum over all

perturbations, under-actuation and other actuation dinésk
inconsistencies and prioritization. While the desired bysgpv subtask dimensionalities is denoted by, = Z Nry. Now,
rate Viqes is purely dissipative for a positive definite dampingye define thestack of actual task force erroré !

matrix D,, the termV, may be non-zero, depending on factors 5

including unknown perturbations, under-actuation andeoth J = Joes— F = foes—TT . (23)
actuation limits, task inconsistencies and prioritizatiBinally,

we premultiply [8) byM,, insert [I8) and[(17), simplify and Next, to facilitate discussions abocwmmanded task forces

reorder to obtain a task dynamics of the form and corresponding errors, we evaluétd (22) forabmmanded
. ) _ generalized forcesy,qs from some controll€r, which yields
M, Zy + (Ck+Dk) T + Kz = fic - (20) f
1,cmd
Note that the task related Coriolis term (i€, has not Soma = ' =T Tomg = w Uema >,  (24)
been cancelled, which is a prerequisite for passivity. & th Sonema Tu

desired task force is achieved (i.§, = 0), equation [[2D)
corresponds to a spring-mass-damper dynamics forkals&r
non-conflicting tasks, one can show asymptotic stabilitglbf
Temg May result from the given optimization variableg,g,
trajectories. That can be achieved, for example, by invgkin
which are mapped to corresponding generalized forces ®ia th
the e-method EV], to obtain a strong Lyapunov function W|th
. T L Y actuation mapping matrik/, i.e. Tema = U Uema.

negative definite time derivative, similar td [6]. .

Otherwise, e.g. in case of under-actuation or other actati qully, subtracting [{24) fromL{21), we obtain the corre-
o Y . . . sponding stack of task force command errors:
limits, unexpected external perturbations or task incsiesk
cies, [20) corresponds to acompliaﬂb@havior[[__’V] Forsuch  f.a= fies— fomda = fues— T Tomd = Faes — TuUema - (25)
cases, further analysis may become necessary. In this werk,
focus on the problem of task inconsistencies, which will pR- Definition of overall system Lyapunov function, and its
addressed in the subsequent section. actual and commanded derivatives

In this section, we will analyze the stability and passivfy

5Note: deperr\]ding on the task, the task force may contain life@es, complete sets of modular task space controllgnsd thus the
torques, wrenches, etc. HHA H H

6Note: this desired task forcf s Will be used as task-specific controllerStablllty of the Complete robot SYStem dynamlcs, I.f all robo
objective in sectiofrll. Also note: in SEC.TAB, we provide alternative (et DOF are covered by the collection of task coordinates). To

equivalent) controller formulatiol _(55), which better uitsethe controller’s

similarity to a PD+ formulation. 8possible controllers may, for example, use pseudo-inversedaptimiza-
“Remember: compliance means an impedance behavior with nateréin tion as in [36) for unconstrained control problems or quacifatogramming

(no inertia shaping). (QP) based optimization (see SECTII-E) to handle inequaliinstraints.

with the stack of commanded task forcgs,q. For certain
control problems (including under-actuation, see $eeH)ll



this end, we combine all single task Lyapunov functidng (1&). Overall cost function

to construct the following overall Lyapunov function Based onfimq from (28), we formulate an overall cost function
nr
1 -
V=3 (wv) @) G = 2 W fo 34
K=1
. .. . . . - 1 1
which for positive scalar weigliisyi > 0 is positive definite = ET‘T’“"TT W T Temg— fo WV T Tema+ > X W Faes
(just like its input element¥,). Correspondingly, the overall 1 1
Lyapunov function derivativé/ is obtained by combining the = iuchdTuT W T ttoma— foWV Tithema+ éfc;l;zswfdes .
single task Lyapunov derivativag from (19):

Here, W denotes an arbitrary symmetric and positive-definite

nt nr nt . . . . . . . e
vV — z (wk\'/k) _ Z (Lllk Vieg ) n z (Lllk\7k) . @7) weighting matrix. This cost functio® will be minimized by
&1 & = & the different controllers presented in sectiéns 1lI-D
Vdes v D. Unconstrained and fully actuated case
The termV,e is negative semi-definite if all, > 0, since all 1) Pseudo-inverse based general analytical optimization:

desired task Lyapunov ratd4 s are negative semi-definite. This section considers the fully actuated, unconstrained a

The actual overall Lyapunov rate errov can be written as  Potentially conflicting case. The lack of inequality coastts
facilitates an analytical solution via weighted pseudeeise,

LT LU _ while the full actuation guarantees controllability antbats
V ==z S I A (28) to directly use the commanded generalized foregs as
0 - I optimization variables. In this case, to optimize the cost
N function [34, second line), we differentia@ w.r.t. 7cnq :
dG

=7 TTWT - ff wT . (35)

cmd

whered' — :‘}bI, ,:i: . Note:V is a function off, and thus
also of the actual generalized forces

We will now additionally examine the effect of the stack o
commandedask force errorsf,. Adapting [Z8) correspond-

chmd

Fhe cost function[(34) is minimized by setting135) to zero
and solving for the controller torquesq

ingly, we find thecommandedverall Lyapunov rate error - (TT w T) -1 TTW fi. | (36)
X T ~
Vema = & ¥ foma (29)  which are the optimal torque commands for the given problem
which corresponds to the commanded overall Lyapunov ragatement. Inserting (86) ifi (25)
nr . - -1
y : v T T
Vens = Vees + Y (WhViema) @)  Fai= (I-T(TTWT) TTW) fue . (7)
K=1
— ET
) . Vemd where E; denotes theask force trade-off matrix
whereV gng = 5';3k freme- Finally, we reformulate[{28) as 2) Non-conflicting caself T is square and invertible (i.e.

~ all subtasks are independent from each other and thus non-
N T ,_/fh conflicting), the trade-off matrix fron{(37) becomés =0,
V = 2 ¥ (fdes - f) (31) and the task force command errors becofgg = 0. In this
caseV,mq from (23) is also zero, and thisfrom (32) becomes

fcmd f~real

= &V (Fao— Fora) + 3 ¥ (Foa— 1) V' = Vyes + Ve - (38)
N N 3) Conflicting casellf, in contrast, T" is non-invertible (e.g.

. Vemd Veeal ~in over-determined controller setups), the trade-off iralr
which corresponds to the overalttual Lyapunov derivative s non-zero. Insertind (37) inte (R9), we find the correspogd

V = Viee + Varg + View (32) commandgd overall Lyapunov rate error

that relates to theeal system behavior. Here, Vid = (@5 — ¢ J') ¥ Er foes - (39)
Freal Here,J =[J],...,J]]" is a stack of single task Jacobians.

V. — =T o (ft . _ f 33 Considering theconflicting regulation casdi.e. &,; = 0)

real Y Semd f (33) . . T . .

first, we examine the matrid' ¥ E;, which appears ir (39):

denotes the component of the Lyapunov rate error that corre-

sponds to deviationgﬁem of the commanded task forcefs.q T T T -1 -

from the actual oneg. JYE =J ‘I’(I—T(T WT) T W) (40)
°Note: These positive scalar weighg are equivalent to the optimization —Jw (I—AJ (JT AWAJ) _{]T AW).

weights used in[(34)[131).



E. Handling under-actuation and other actuation consttain

Here, we inserteﬂ‘:AJM*l, whereA is a block-diagonal  The analytical solutions presented in the previous section
matrix with the task space inertia matricd4,..., M, } 8 gre dedicated to control problems that assume fully aafuate
its diagonal submatrices. For an arbitrary choicd®{- @0) ophots, whose actuation limits (or other constraints) ase n
is a non-zero matrix, such theg,q from (39) is non-zero, even rgjevant. This section will treat the cases of under-aiinat

in the regulation case. However, for the choice and actuation constraints, and propose a solution for such
W = Alw (41) control problems in the MPTC context.
1) Under-actuation: In contrast to fixed-base robots, the
equation [(4D) becomes robot base of free-floating robots (e.g. humanoids) is not

1 actuated. Instead, in order to achieve a certain degreemf co
JWE; = JW - JWAJ (JT‘I’AJ) JW =0. (42) trollability, a free-floating robot needs to use its end etifes

to create contact wrenches that compensate for the lack of a
direct base actuation. The corresponding actuation mgppin
This means that (independently from the current genexlizBatrix U from Sec[II[=-0 has the following form:

velocitiesg and desired task forcefey for the choice [(4n) U — [ST T ] . (48)

the commanded Lyapunov ratk., from (33) becomes TUEE

\7cmd =0 (43)

I

The related actuation DOF / optimization variables are

. i . . Uemg = Tj‘cmd (49)
in the regulation casei(; = 0), andV from (32) becomes cm Weeomd|

V' = Vies + Vel - (44) whereT; g denotes the commanded joint torques amg cmq
, , are the commanded end effector wrenches. Equatfiohs (48) and
Looking at the elements of_(#4), we find that the overalirg) are based on elements from equatidn (2). Note however
controlled sLystem 1S paSS|ve_W|th respect to the;'”w‘ﬁfea" that here we replaced the collection of all link Jacobi#ng
the outputz (these two being the elements ®a) and 4nq jink wrenchean,, by a selection that corresponds to the
the positive definite storage function from (28). Thus, we contacting end effectors ("EE”), i.e. hlice and wee omg:
conclude passivity of the overall system in the conflicting 5y contact and actuation constraint&he commanded end
regulation case examined here. For the overall systeml0Sgftector wrenchesuee g just introduced are often subject to
loop dynamics ofover-determined / conflicting task setupyequality constraints (the so-called “contact consteijn As
(_regulat_ion case)[{41) acts Rassivity Warranting Optimiz_a- an example, in walking related applications (see $&c] V-B)
tion Weight(PWOW). Note: [(4B) does not mean that the singlgyese contact constraints are typically expressed in tha fo
task Lyapunov rate errolé..nq are zero (only their sum). ¢ ypjlaterality and friction cone constraints. Omittingc
The overall weighting matrbxdW = A~ from @) is contact constraints may lead to a failure of the robot. Addi-
symmetric and block-diagonal. Its symmetry property r&suljonally, due to the physical limitations of the robot, itterf
from the symmetry of its diagonal sub-matrices makes sense to also constrain the commanded joint torques
Wi = g ML | (45)  Ticme This way, actuator saturation may be avoided.

3) solution via quadratic programming (QP)A popular
method that allows us to handle the mentioned problems of
under-actuation, actuation limits and contact constsaistto
set up a quadratic program (QP) of the fBim

which are a function offy, and the inverse of the (symmetric)
task inertia matrixM,. Looking at [4%), it becomes clear
that each task can still be weighted independently (wihieo
tasks) via its corresponding weighting scalat

Now, we consider theonflicting tracking case~or @ # 0 . I T
N . . " minimize Ggp = = T WT uemg— WT uemg
and still applying [[411),[{39) turns into emd QP = 3 Yemdu ttema — foesW Tittcma
~ . subject to contact and joint torque constraints .
Vema = m;l;f W Er fes , (46) : : a (50)
for which equation[[32) becomes Here, the third line of[(34) was adapted for the formulatién o
) ) . the QP cost functioge. It is well-known, that a QP provides
V = Vies + &y U Br fues + Viea (47) the same solution as a weighted pseudo-inverse based opti-
e mization, as long the constraints are not active. We propmse
Vemd use the exact same Passivity Warranting Optimization Weigh

For inconsistenttask reference velocitied/,s will typically ~(PWOW) that was applied in SeE_TD for the analytical
be non-zero, which renders a formal passivity proof for tHPtimization, i.e.W = A~" ¥. Note however that, as soon

tracking case more difficult (out of the scope of this paper)a@s the constraints become active, passivity can no longer be
guaranteed; even in the regulation case.

10¢ven if it is chosen to be diagonal, as often found in the kw@ynamics
(ID) related literature IMore explicit QP constraint formulations can be found e.q2ih[15[710].



IV. PLACEMENT AMONG RELATED CONTROLLER TYPES Remark: The strong similarity betweeh (b2) arfld[53) may
AND GRANULARITY OF TARGETED DECOUPLING be advantageous with regard to a potential porting of egsti
A. Comparison of Inverse Dynamics (ID) and MPTC ID-based controller frameworks to the MPTC methodology.

In this section, we compare the objectives of Inverse DB, Comparison to PD+ control / passivity-based WBC
namics (ID) based controllers and MPTC-based controllers

SRR 'Reordering those terms in the subtask controller objective
and show major similarities.

(@2) that are related to Coriolis and centrifugal (from here

Inverse Dynamics (ID): abbreviated as "CC") effects, we find the following equality
Inverse Dynamics (ID) based controllers typically implemne
a stable second order dynamics of the form C. % + M, Qug = Cydyrer + M Qx (I — TkT Jk) q
. . S———
Ex = &xret + Dipk (Bxrer — @) + Pok (Tkrer — xx) , (51) N
——
o (54)

which enables the tracking of the reference motien.:, Here, IV, denotes a nullspace projector that cancels out all
Eiret, Tirer fOr positive definite proportional and derivativecomponents ofj that would have an effect on the task-space
gain matricesPpx and Dipx. These two gain matrices arevelocity #,, and the matrixBy collects the corresponding CC
typically designed as diagonal matrices in order to obtainrglated feedback terms. Inserting (54) [@1(17), we find an
fully decoupled, linear dynamics. Oftentimes, pole plaeat ajternative (yet equivalent) subtask controller formiokat

[E] is used to achieve a critically damped transient respons )

Inserting the task space acceleratigrfrom @) into [51), and ~ fides = TkTg+BiG+MicEirer+Ciibicres+ Dy t+ Ky (55)
solving for the term related to the generalized foreegelds:

JMIr =g M1 Ty + Qg (52) As compared to the original subtask controller formulation
. A A LD A from (I1), this formulation enables a more straightforward
* Beret + Dioye Bt Fro B - insight into the CC term cancellation policy of the MPTC
Note that we do not solve far directly here, since, dependingcontroller: MPTC cancels out ation-task-related CC feed-
on the chosen controller setug, may not be invertible. back terms(comparable to off-diagonal terms inl [7]) and
Modular Passive Tracking Control (MPTC): provides a task-related feedforward te@ ;, While not
By replacing fiees in (I7) by fc = T 7 (from (18)), pre- canceling/utilizing task-related CC feedback terms. Tateet
multiplying the result withM, ! and reordering, we find the can also be verified by revisiting the nominal subtask clesed
following desired task control action: loop behavior[(20), in which the task-related CC terms remai
JM 11 — JkM‘lrg +Qu (53) u_nz_;tffected. Ma_in_taining the task-relat_ed CC terms is aeprer
B B . s - uisite for passivity, and leads to a higher robustness atain
+ &rer+ M (CitDi) Bt M K T modeling errors as compared to Inverse Dynamics based
controllers. The latter completeyancel all CC effect¢gbased
on the potentially inaccurate robot model), while MPTCdzhs
When comparing(33) td_(52), we find that the basic structug@ntrollers cancel only the non-task-related CC terms.
of the presented Modular Passive Tracking Controller (MPTC An interesting special case is, when only one task is consid-
and Inverse Dynamics (ID) based controllers is the samey Thered (combining all subtasks into an overall task by stagkin
only differ by the chosen proportional and derivative gaithe corresponding subtask Jacobians) and the task Jacobian
matrices. For ID based controlletﬁ’l,D,k andD,,  are designed Jy is square and invertible. This requires the subtasks to be
to be constant, whereas, in case of MP'lfq;,pTQ,< andDypercx  hon-conflicting. In this particular casé3, = 0 and thus[(5b)
are a function of the current task inertfef,. Additionally, is equivalent to a classic PD+ controll@[lg] (see Elg. 1) or
DMPTQK contains the task Coriolis matri%, such that the task (in case of inequality constraints) to more recently introed
related Coriolis terms are not canceled, which is a presgtgui passivity-based whole-body controllers (WB@[ , 16].
for passivity and increases robustiigss
It is important to note, thaf (52) an@_(53) are denoted ig. Granularity of targeted decoupling
task accelerationspace, where for ID we find constant gain

matrices. which corresoond to constant svstem/task eidreny MPTC is a generic controller design tool, both w.r.t. the
o P y ) g *Mhoice of sub-controller types (e.g. Cartesian vs. joimttiad)
ues, while the local eigenvalues of MPTC are configuratio

Uhd w.rt. the "granularity” of the targeted decouplifig/Vhen

dependent. If, in contras{_{52) aridI53) are transferréd Ins:peaking about subtasks, we never specified their respectiv

task force space by pre'mult|ply|ng them wifbli, we f|n.d dimensions, i.e. the number of DOF that each task covers. Thi
that the perceived damping and stiffness are constant i cas
of MPTC, while being configuration dependent for ID. 3Note: we are talking here about "targeted decoupling”. Irsecaf
consistent tasks, MPTC yields a strictly decoupled erravadyics. However,
12due to the reduced number of feedback channels that may calslerps  in case of inconsistencies, a coupling between the respettisk error
related to sensor noise and modeling errors. dynamics is inevitable (at least for soft task prioritizajio
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similar, fully equivalent if T is invertible

decoupled behavior

Figure 1. MPTC covers the complete range between Inver
Dynamics (ID) and PD+ Control.

means there are many conceivable controller configuratiol
Collecting different control objectives (e.g. a Cartesemd =
effector tracking objective and a joint control one) intaragée 40
stack of tasks (SoT), the question remains open, which pa
of the SoT should be assigned to what MPTC-related subtas
As an example: a six-DOF Cartesian task can be defin 0 0.5 1 15

as two decoupled (linear and angular) controller subtasks, tisl

alternatively as a single six-DOF task. In the first case, thggure 3: Transient response for over-determined (and thus
linear and angular error dynamics would be decoupled frognflicting) task setup.

each other, while in the second case they would be coupled.

One may also decide to combine all control objectives into
a single task (resulting in &ully Coupled Passive Tracking V. SIMULATIONS AND EXPERIMENTS

Con_troIIer (FC-PTC)), which under certain circumstances is |, order to validate the performance of our proposed MPTC
equivalent to a PD+ controller (see Séc. IV-B and K. Ljamework, we performed several simulations: on the onelhan
Alternatively, one may define a set of multiple natural task§npje simulations based on a forward integration[®f (3} tha
(€.g. one task for the left foot, one for the right), which &8 seq the computed controller torques as input, on the other
treated by the standard MPTC framework. Finally, one may,nq simulations of the full-sized humanoid robot TORD [8]

decide to design a maximally granular controller setup, iﬁ%ing OpenHRP|Ii4] as simulation environment.
which each line of the SoT forms a single task. We refer to

this particular type of controller setup by Fully Decoupled. Fixed-base robot simulations

Passive Tracking Controller (FD-PTC). Out of all possible The first presented simulation is designed to examine the
MPTC setups, FD-PTC is the one that is most similar to gagulation case for a fully actuated, fully determined amast
Inverse Dynamics controller; both are based on single-DQfgn-conflicting task setup. To this end, the six joints of a
decoupled task dynamics (see Fiy. 1). However, FD-PTC cfiged-base robot arm (whose kinematics and inertia praggerti
be expected to behave more robustly due to the absencq:&frespond to one of TORO’s legs) were assigned to two
inertia shaping and reduced CC term cancellation. different joint tasks A and B (each covering three joints se
Remember that there is only one single weighting scalar Fig. [d). The corresponding joint task stiffness and damping
per task, that allows for (softly) prioritizing the tasks @ngst gaing]were chosen aK, = 30015, 3, D, = diag([40,20,10)),
each other. This decreases the required tuning effortse Ndz = 40I;.; and Dy = 215,35, respectively. Note that the
however, that to independently increase the priority ofréa@® scalar task weightgy (here all set to 1) are without effect,
task component (e.g. prefer tlzadirection over thex andy since due to the lack of conflicts all tasks were perfectly
components of a Cartesian task), it needs to be assigned tdidfilled anyway. It has to be noted, that the controller did
own taskand an appropriate weight (e.g,). not require any additional tuning. The presented parameter

Ll-’cart : Vcart
Wi, -V,

14Note: for brevity, the units for stiffness (Iinea%, angular: [“a—g‘) and

damping (Iinear:Nms, angular: Y1) are omitted here.

rad
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Figure 4: Humanoid robot TORO walking in OpenHRAigure 5: TORO walking in experiment (single and double
simulation (single and double support time$:s=0.8s, Support timesTss=0.9s, Tos = 0.3s, step length A5m).
Tos = 0.125). After 2.5s, the left foot is perturbed by an

external force of-60N in x-direction for 03s.
force of —60N in x-direction for Q3s, resulting in a maximum

foot position error of 5nm and a maximum DCM error of

were chosen to improve the educational value of figlire 2. ABMM After the perturbation is removed, the foot converges
the beginning of the simulation, all joints rapidly converp fast enough to successfully continue walking.
the initial setpoints. After one second, the joints fromiygo 10 evaluate the real-world performance of MPTC, we
A were subject to a velocity change, resulting in a jump in tHePnducted several experiments using TORO, including push
corresponding task error derivatives. Note that, whileugré.  'ecovery (during stance), human-robot interaction anding|
converges back, group B is completely unaffected due to tffe video can be found hefe https://youtu.be/WdFSUQKBalo).
task decoupling. After two seconds, the setpoints of grodifre, we present a walking experiment during which TORO
B are changed. Again, the corresponding joint coordinat0K six steps forward (see FId. 5 for detailSgparatevPTC-
converge, while now group A is completely unaffected. Not@ased _controlle_rs were used for controlling_ the feet (_s@tFD
the perfect task decoupling observed here was only achiva@rtesian tracking), torso (three-DOF rotational tragkineg
due to the consistency of the two joint tasks. Finally, aftdints, waist joint and upper body joints (the latter three
three seconds a torque offset af, = [20,20,20,5,5,5|Nm Serving as ove_raII pose control and regularization tasks).
is applied first and then removed at 4 s. Again the observid the simulations, a DCM-based controller and an angular
controller behavior is good-natured and fulfills our expect Momentum regularization controller were additionally legp
tions. Using this simulation, we can verify that the overall Ne walking performance was overall robust. However, track
Lyapunov function value/ always decreases, except for thég €rrors can be observed, which we believe are caused by
case of perturbations and setpoint changes (se€Fig. 2)jrigiforaue offsets and joint friction. As compared to ID-based
The second presented simulation evaluates the conteolléentrollers [10], the tuning effort was low, giving evidenc
performance for a conflicting task setup, again for the regulf® MPTC's robustness in real-world settings.
tion case. This time, a six-DOF Cartesian end effector task
with stiffness K., = diag([200Q200Q200Q 100 100,100) VI. CONCLUSION AND FUTURE WORK

and damping D« = diag([500,500,50020,20,20)) was  Thjs work introduced the so-called Modular Passive Track-
added to the previously described joint tasks A and B. Tﬁﬁg Controller (MPTC). This generic controller, at a first
scalar task weightgy, are set to 1. After starting the controller,stage, intends to independently fulfill several subtasleobj
the robot converges to an equilibrium position. Note that thiyes. These primarily independent subtask controllesstiaen
overall Lyapunov function valu¥ decreases monotonically,merged into an overall controller. The controller desigml an
while the weighted subtask Lyapunov function values magy a'%nalysis is based upon Lyapunov theory, which facilitates
grow (as for example;, -V, in Fig.[3). statements about stability and passivity. One of the major
contributions of this paper is the design of an optimization
weighting matrix that, for fully actuated robots, guaras¢he
Finally, we performed walking simulations of the humanoigassivity of a complete set of conflicting subtasks. The pro-
robot TORO (see Fid.]4), which were based on a hybrid WB@sed control framework was validated in several simutatio
setup: Inverse Dynamics based torso orientation and dverahd experiments for fixed-based and free-floating robots.
posture tasks, a task for Divergent Component of Mation In our future research, we intend to extensively compare the
(DCM) [9] control and angular momentum regularization, ancontrol concepts of Inverse Dynamics (ID), the proposed Mod
Cartesian (6-DOF) MPTC-based controllers for foot tragkinular Passive Tracking Control (MPTC) and other passivity-
were mixe. Precise tracking of the foot reference trajechased controllers, such as the PD+ controller. This extensi
tories is achieved. After.3s, the left foot is perturbed by a comparison will be based on theoretical analysis, simurati
and hardware experiments.

B. Humanoid robot simulations and experiments

15Note: due to the modularity of MPTC, ID-based and MPTC-bass#st
may be combined in the same overall control setup.


https://youtu.be/WdF9UQK8aIo
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