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Abstract— This paper presents a control design based on o) e p\;,—---\
the method of virtual constraints and hybrid zero dynamics iy E;Hmo
to achieve stable running on MABEL, a planar biped with S U N

compliance. In particular, a time-invariant feedback controller
is designed such that the closed-loop system not only respects N
the natural compliance of the open-loop system, but also enables
active force control within the compliant hybrid zero dynamics
and results in exponentially stable running gaits. The compliant-
hybrid-zero-dynamics-based controller with active force contol A e 7N
is implemented experimentally and shown to realize stable ¢ Compliant Legh "™
running gaits on MABEL at an average speed ofl.95 m/s @.4

mph) and a peak speed 0f3.06 m/s (6.8 mph). The obtained

gait has flight phases upto39% of the gait, and an estimated @) (b)
ground clearance of7.5 — 10 cm.
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Fig. 1. (a) Thevirtual compliant legcreated by the drivetrain through a set
of differentials. The coordinate system used for the lirkkegalso indicated.
I. INTRODUCTION Angles are positive in the counter clockwise direction. (MABEL's

. . . . . drivetrain (same for each leg), all housed in the torso. Twoonsoand
Running is an extremely agile motion, typically charactera spring are connected to the traditional hip and knee joifasthree

ized by the presence of a flight phase with the feet off théifferentials. On the robot, the differentials are realizeia cables and

. . ulleys [7] and not via gears. They are connected such tlaattuated
ground' Early dyn?‘mlca”y stable running rObptS emplo.y.egariables are leg angle and leg shape, so that the springseries with the
the natural dynamics of the system through simple intuitiveg shape motor. The base of the spring is grounded to the &rdahe

controllers, proposed by Raibert [19], to achieve lifeslik other end is connected to thi& ., differential via a cable, which makes
e springunilateral. When the spring reaches its rest length, the pulley

running gaits. Hopplng on a planar monoPOd at S_pee%s a hardstop, formed by a very stiff damper. When this happeesleg
upto 5.9 m/s was demonstrated [10]. The use of Raibert'shape motor is, for all intents and purposes, rigidly coretetd leg shape

controllers to achieve stable running is typically possiblthrough a gear ratio.
on robots with favorable natural dynamics and appropriate
morphology.

On bipedal robots that are not specifically designed m&¥ork on impact to redirect the COM upwards, requiring
chanically for running, the ZMP criterion has been employed5” of the maximum torque of the motors for the nomial
to demonstrate gaits with short flight phases. See results 8ait, leaving very little torque for feedback correctiol) (
running on Sony’s QRIO [14], Honda’'s ASIMO, Toyota’s the controller resulted in bad ground contact forces during
humanoid robot [25] (with running at a top speed 1094 transients [18]. This led to the design of MABEL, a planar
m/s), HRP-2LR [9], HRP-2LT [8], and HUBO [1]. In these biped, which incorporated compliance in the transmissaon f
robots, some form of ZMP regulation is used during théhock absorption and for storing and releasing the impact

stance phase to prevent the foot from rolling. The obtaine@nergy for the purpose of energy efficiency. Figure 1 briefly
running gaits have short f||ght times and low ground C|ear|J|UStrateS the transmission of MABEL; for further details

ance during flight. the mechanical design, see [7].

Around the same time, running was excited on RABBIT, Motivation for Control Design for Runningn the walking
with a significant flight duration and good ground clearanceégxperiments on MABEL reported in [24], good energy effi-
through a controller based on the hybrid zero dynamicgency and robustness due to shock isolation were obtained
framework [13]. However, the running was not sustained. RY creating a compliant hybrid zero dynamics, such that
few reasons for this technical failure were: (a) the actsatothe open-loop compliance was preserved as a dominant
were forced to behave like a Spring’ performing negativgharactensuc of the Closed-loop System. This was acHieve

by a judicious choice of virtual constraints [17] that not

Koushil Sreenath and J. W. Grizzle are with the Control Syste only made the hybrid zero dynamics compliant, but also

Laboratory, Electrical Engineering and Computer Scienceabieent, effectively utilized the compliance by causing the stance
University of Michigan, Ann Arbor, Ml 48109-2122, USAkoushi | s, . . .
gri zzl e}@ni ch. edu spring to compress on impact, storing energy, and subse-

Hae-Won. Park is with the Mechanical Engineering Departmgniver-  quently decompressing to nearly its rest position, to esinj

This work is supported in part by NSF grant ECS-909300 andaim Ipy

DARPA Contract W91CRB-11-1-0002. An extended version o fhaper compress-decompress cycle occurs withifi ms, a property .
with several other experiments and results will be submitgg].[ that is dependent on the mass of the robot and the spring



stiffness. II. MABEL' s MODEL

If the vi.rtual constraints used in the wglking experiment . saction develops the hybrid model appropriate for
were applied to.the stance F’hase of running, the same Smamrunning gait comprised continuous phases representing
springs would yield stance times of arouh@) ms. Further,

! . ) _ » stance and flight phases of running, and discrete transition
since there is no control authonty on the torso in the flighf,een the two. Standard model hypotheses for a running
phas_e, due to the conservation QT angular momentum, a Wit and rigid impact as in [26, pp. 50-51] are assumed. In
tracking error on the torso position has to be correcte articular, the stance phase is a single support phase méth o

during the stance phase, .Fgedback to correct the possi %t assumed pinned to the ground while the flight phase has
large errors for the torso within the short stance phase wouj, i feet apove the ground. The stance to flight transition is

place large torque requirements on the actuators, and wo gually a trivial lift map [26], however for MABEL, due to

potentially be infeasible. Hence, longer stance times atf nijateral spring, this transition models an interngbact

necessary. of the spring with a hardstop (see Figlile 1.) On the other
One solution to obtain longer stance times would be t@and, the flight to stance transition models an instantameou

reduce the spring stiffness by physically replacing thégjsr  rigid impact, representing the impact of the swing toe with

present in MABEL with softer springs. However, as investhe ground. Both impacts models are based on [6].
tigated in Rummel and Seyfarth [20], having compliance in

the joint level with segmented legs results in a nonlineas, MABEL’s Unconstrained Dynamics

relationship between leg compression and leg force. Softer ] ) ] )
springs would lead to the robot collapsing at moderate leg | "€ configuration spad@. of the unconstrained dynamics

i i 2.
compressions owing to the fact that the less-stiff spring i9f MABEL is an open simply-connected subsetS3fx R*:

unable to provide sufficient leg force to hold up the robot(Vé DOF are associated with the links in the robot's body,
This would significantly reduce the range of impact angle&V0 DOF are associated with the springs in series with the
for the knee for which the springs could support the weigHtV© !€9-shape motors, and two DOF are associated with the
of the robot. Thus, there is a need to vary the effectivBorizontal and vertical position of the robot in the sagitta

compliance of the leg in different parts of the stance phaddane A set_of coordinates suitablg for parametrization of
without resorting to softer springs. the robot’s linkage and transmission ig, := ( qra,,;

. . . . . N N )

For inspiration, we take a look at a few biomechanica\f\;#esrsg Z}ZS?F;’F%G;V&E’I f;“LSSrS’ t%]zsp,sgr’sgﬂ’a'r’]gﬁ)gpéfélp )
studies. Ferris et al., [4], [5] carried out experiments on ’ Tor » O SLA
human runners and found that runners adjust their le
stlﬁngss to accommc')dat'e fqr yarlatlon§ in surface'stn‘me swing leg variablesqi.., gmis... and gu.,  are defined
allowing them to maintain similar running mechanics (e.g... . gw A Sew sw

. . Similarly. For each leggrs is uniquely determined by a
peak ground reaction force and ground contact time) on

OIlnear combination of d flecti he f
i . . gmLs and gggp, reflecting the fact
different surfaces. Moreover, they suggest that incofega that the cable differentials place the spring in series with

an adjustable leg stiffness in the design of running robo&fﬁe motor, with the pulleys introducing a gear ratio. The

IS Important i f[hey are 1o match the' agility and. speed .Ocoordinates)ﬁi , b}, are the horizontal and vertical positions
animals on varied terrain. Moreover, in a set of impressivg hip in the sggittal plane

experiments carried out by Daley etal., [3], [2], where gain The equations of motion are obtained using the method

fowl are subjected to large unexpected variations in groun . . o
o ) 4 Lagrange. In computing the Lagrangian, the total kinetic
terrain, it is suggested that the animals can accommodiate t . . .
energy is taken to be the sum of the kinetic energies of the

variation in ground.he|ght by varying their leg stifiness. transmission, the rigid linkage, and the boom. The potkntia
Furthermore, active force control has been suggested aggergy is computed in a similar manner with the difference

way to increase robus_tness to perturbations in ground he'gtgbing that the transmission contributes to the potentietgn

and ground stiffness in [11]. of the system only through its non-elastic energy (the mass)
In summary, there is a need for a control strategy whiclfhis distinction is made since it is more convenient to model

can dynamically vary the effective compliance of the leg. Inhe unilateral spring as an external input to the system. The

this paper, we present a controller based on virtual canséra resulting model of the robot's unconstrained dynamics is

and the framework of hybrid zero dynamics to create a zergetermined as

dynamics that is both compliant and actuated. The actuator

within the compliant hybrid zero dynamics is utilized to De (ge) G + Ce (gey Ge) Ge + Ge (ge) = Te, 1)

implement an active force control strategy so as to have the . ) ) ) ) o

capability of dynamically varying the effective leg stiiss. Where, D is the inertia matrix,C.. contains Coriolis and

With this in mind, Sectiofi]l presents a mathematical modefentrifugal termsGi. is the gravity vector, and’. is the

for MABEL, Section[l presents the technical details forVector of generalized forces acting on the robot, expressed

the control design, Section ]V presents an experiment&f:

validation of the running controller, and Sectioh V present Lo = Bet + Eext (¢e) Fext+

a few concluding remarks. ByricTyric (Ge, de) + BspTsp (ge, Ge)

st ?

Ls..» andggs,_, are the leg angle, leg-shape motor position
d Bypring POSItion respectively for the stance leg. The

)



where the matrices3., Eex, Byric, and B, are derived (3). Mathematically, the transition occurs when the soluti
from the principle of virtual work and define how the actuatoof (3) intersects the co-dimension one switching manifold
torquesu, the external forces.,; at the leg, the joint friction S - T N 5
forces 7¢,;., and the spring torques;, enter the model s—f -= {IS €TQs xU | Fige,, = 0}' ®)
respectively. The dimension of is four, corresponding 10 On transition from the stance to flight phase, the stance
angle. stance phase, the spring on the stance leg is compressed.
B. MABEL's Constrained Dynamics When the stance leg comes off the ground, the spring

. . . rapidly decompresses and impacts the hardstop. The stance
The model[(ll) can be particularized to describe the stange flight transition mapA. . : Se . — TQ; accounts for

and flight dynamics by incorporating proper holonomic cong,is “r\rther details are omitted for the sake of brevity and

straints. . . interested readers are referred to [21, Ch. IlI].

1) Dynamics 9f StanceFor modeling the stance phasg,. 2) Flight to Stance Transition MapThe robot physically
the st.ance toe is assumed to ac_t as a passive pivot JQ{Fﬁnsitions from flight phase to stance phase when the swing
(no slip, no rebound and no actuation). Hence, the Cartesigll, ~ontacts the ground surface. The impact is modeled
position of the hip(plﬁipvpﬁip)a is defined by the coordinates here as an inelastic contact between two rigid bodies. It
of the stance leg and torso. The springs in the transmissigf assumed that there is no rebound or slip at impact.
are appropriately chosen to support the entire weight of th@athematically, the transition occurs when the solution of
robot, and hence are stiff. Consequently, it is assumed th@l) intersects the co-dimension one switching manifold
the spring on the swing leg does not deflect, thagds, =
0. The stance configuration spaa@;, is therefore a co- Sts 1= {mf € TQ¢ | Pioe.,, = 0}' (6)
dimension three submanifold ¢f.. With these assumptions, In addition to modeling the impact of the leg with the
the generalized configuration variables in stance are takenground, and the associated discontinuity in the generhlize

s = (QLAst?quLSsc?QBSPsc}QLASW;QmLSSW?QTm)' Defining  0|ocities of the robot [6], the transition map accounts for
the state vector := (gs;¢s) € TQs, the stance dynamics yhe assumption that the spring on the new swing leg remains
can be expressed in standard form as, at its rest length, and for the relabeling of the robot's
is = fo(xs) + gs(Ts)u. (3) coordinates so that _o_nly one stance model is necessary. In
particular, the transition map consists of three subphases
2) Dynamics of Flight:In the flight phase, both feet are executed in the following order: (a) standard rigid impact
off the ground, and the robot follows a ballistic motionmodel [6]; (b) adjustment of spring velocity in the new swing
under the influence of gravity. Thus the flight dynamicseg: and (c) coordinate relabeling.
can be modeled by the unconstrained dynamics developedthe flight to stance transition mapy_,s : St_s — TQs,
earlier. However an additional assumption can be madg similar to the one developed in [16, Ch. V], [21, Ch. IlI]

to eliminate the stiffness in integrating the differentialang further details are omitted for the sake of brevity.
equations representing the flight model. As mentioned, the

springs must be stiff to support the entire weight of thd. Hybrid model of Running

robot. Further, since neither leg is in contact with the @u  The hybrid model of running is based on the dynamics

during the flight phase, it can be assumed that the springgveloped in Sectiop I[9B and the transition maps presented
on each leg do not deflect during the flight phase. Thereforg, Section1I=C, and is given by

@Bsp,, = 0,qBsp,, = 0. Thus, the configuration space of

the flight dynamics is a co-dimension two submanifold . ] s =/s (zs) + s () u, (25 ,u”) & Sss
Of Qea i.e., Qf = {Qe € Qe ‘ qupSt = 07qupsw = 0} ° ‘T?_ == As—>f (z;;ui) 5 (x;,uf) S Ss—)f
It follows that the generalized configuration @)
variables in the flight phase can be taken as . _
b @ = fr (zr) + gr (we)u, x5 ¢ Sposs

as = qLAst;QmLSm;QLASW;QmLSSw;qTor;phip;phip>' Xy { +_ A _ -cg
Defining the state vector; := (qr;¢r) € T'Q¢, the flight 2 = D (o) Tp € Ofos:
dynamics can be expressed in standard form as, I1l. CONTROL DESIGN FORRUNNING

ir = fr(aze) + g¢(2p)u. (4) This section presents a controller design for inducing

- stable running motions on MABEL. The controller will

C. MABEL's Transitions create an actuated compliant HZD enabling active force

1) Stance to Flight Transition MapPhysically, the robot control within the HZD.
takes off when the normal component of the ground reaction Virtual constraints for the stance phase of running are
force acting on the stance toéﬁest, becomes zero. The chosen in a manner similar to that of walking [24] such that
ground reaction force at the stance toe can be computdte open-loop compliance of the system is preserved as a
as a function of the acceleration of the COM and thuslominant characteristic of the closed-loop system. Howeve

depends on the inputs € U of the system described by by implementing one less virtual constraint in the stance



B. Virtual Constraint Design and Active Force Control

Virtual constraints [26] are holonomic constraints that
are parametrized by a monotonic function of the state and
imposed through feedback control, with the purpose being
to restrict the dynamics to evolve on lower-dimensional
surfaces embedded in the state spaces of the stance and flight
dynamics. This lower-dimensional hybrid system goveres th
existence and the stability of periodic solutions correspo
Fig. 2. Feedback diagram illustrating the running congmolstructure. Ing to runnlng motions. Th_e virtual constraints for running
Continuous lines represent signals in continuous time:eththes represent ¢an be described by a choice of outputs,
signals in discrete time. The controlleF§; andT'p¢ create a compliant

actuated hybrid zero dynamics. The controllét ensures that the periodic Yp = Hg% - hZ (ep(fﬂp)a Qp, 042, 5» ’7) ) (8)
orbit on the resulting zero dynamics manifold is locally expotially stable.

The controllerT™ improves the domain of attraction of the periodic orbit. Wherep cP, hZ is the desired evolution of the virtual con-
straints which is parametrized byéBier polynomials with
coefficientsa,. The other Bzier polynomial coefficientsyZ,

phase than the maximum possible, an actuator is left free a@gj and-~ are zero for the nominal gait and are updated in an

will result in the zero dynamics being actuated. Through thieyent-based manner. In particulaf, parametrize correction
actuator, active force control will be introduced as a meansolynomials that are used to create hybrid invariance, avhil
of varying the effective compliance of the system. The res and » are used by outer-loop event-based controllers to
of the section is organized as follows. SecfionTlI-A presen make step-to-step updates to the virtual constraints.

a high-level overview of the control design. Section 1ll-B oy the stance phasEj is based on the walking controller

presents the virtual constraints. Sectlon 1)I-C presems 0 jniroduced in [24], but with the stance motor leg shape

fixed point representing a periodic running motion. Sectiofariaple omitted. A virtual constraint on the the torso fiosi

[M-Dlpresents the closed-loop design. provides a desired profile for the torso, and two virtual

constraints on the swing leg angle and the swing motor leg

shape describe the evolution of the swing leg. With the @oic

The control objective is to design a periodic runningof these three virtual constraints, the stance zero dyrsamic
gait that is exponentially stable and has a sufficientlydargresults in being both compliant and actuated. Further idetai
domain of attraction so as to accommodate inevitable diffeare given in [21, Ch. VI] and are omitted here for brevity.
ences between the model and the robot. Virtual constraint$ie stance virtual constraints are parametrized as a amcti
are used to synchronize the robot’s links throughout thef 6;, shown in Figurdll.

stance and flight phases. By a judicious choice of variables The stance leg shape motor is the actuator that moves

on which the constraints are to be imposed, the resultirigto the zero dynamics. Due to the transmission in MABEL,

restricted stance dynamics is made compliant and actuatehis actuator is in series with the spring. By imposing a

The input in the zero dynamics for the stance phase is usestque of the formunrs., = —kve(gmrs., — ¢mrs,.) ON

to change the effective compliance of the robot. Discretehis actuator, a virtual compliant element with stiffndss

event-based control is then employed to (a) create hybrahd rest positiom,,s,, is created and placed in series with

invariance, (b) exponentially stabilize the periodic gaitd the physical compliance. This active force control strateg

(c) increase the domain of attraction of the periodic gait. enables changing the effective compliance of the stance leg

To achieve the control objectives, the feedback controllatynamically. However, to keep the controller simple, the
introduces control on three levels. Figuré 2 depicts theirtual compliance parameters are modified only once during
overall structure of the running controller. On the firstdev the stance phase. The stance phase is artificially divided
continuous-time feedback controllef§; with p € P := into stance-compressiosd] and stance-decompressicsa)

{s,f} are employed in the stance and flight phases to creasebphases, and the parameters for the virtual compliaece ar

invariant and attractive surfaces embedded in the statespaipdated only at this transition.

for each of the respective phases. The discrete-time fedba For the flight phaseli} is chosen as follows. On the stance

controllersI')< are employed in the transitions between théeg, the leg angle and motor leg shape variables are chosen,

phases in order to render these surfaces hybrid invariant. and on the swing leg, the absolute leg angle and motor leg

On the second level, an event-based contrdlfeperforms  shape variables are chosen. The absolute leg angle on the
step-to-step parameter updates to render the periodit, orlswing leg enables directly specifying the touchdown angle
representing running and embedded in these surfaces, exgirough a virtual constraint. The flight virtual constraimtre
nentially stable. Finally, on the third level, another even parametrized as a function @k, which is chosen as the

based controllei™ performs step-to-step parameter updatelorizontal position of the hip, as in RABBIT [13].

to increase the domain of attraction of the periodic orbit.  The choice of the desired evolution of the virtual con-

The remaining sections of this chapter will describe thstraints,h’, for the stance and flight phases, and the choice
procedure detailed above in greater detail. of the virtual compliance for the stance-compression and

EEE > Ik

A. Overview of the Control Method
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Fig. 5. Vertical component of the ground reaction force fag ttominal

C. Fixed Point for Running running fixed point. At thesc to sd event transition (indicated by the circle),
the change in the offset for the virtual compliance causessfiteng to
A periodic running gait is designed by selecting thecompress further which increases the ground reaction fooesiderably.

free parameters in the virtual constraints and the virtugfkeoff occurs when the ground reaction force goes to zewdidated by
. . . . .. . e square.

compliance by posing and solving a constrained optiminatio a )

problem (see [26, Ch. 6]). A nominal fixed point representing

running at1.34 m/s was obtained with a step time 625 . .
ms, with 69% spent in stance angll% in flight. Figure<3&y to offer good ground clearance for hard impacts. Dgrlng the
' | stance phase, the COM undergoes an asymmetric motion

illustrate various variables for the nominal fixed point.alih with the lowest point of potential energy being arousayt
of these figures, the squares on the plots indicate the @cati. P P 9y 9 ¢

" . into the stance phase. During the flight phase, the COM
of the transition from stance to flight phase. L : . :
: . . ) . has a ballistic trajectory. Both these motions are dominant
Figure[3 illustrates the nominal evolution of the virtual

constraints for the stance and flight phases along wit%ha,raCte“S“.CS of running. .
Figure[T illustrates the actuator torques used to realize

other configuration variables for one step of running. TheEI it The st d swing | e t d th
instantaneous change in the stance motor leg shape positF ff gail. The stance and swing leg angié torques an €

Swing leg shape torque are small compared to the peak torque
capacities of the actuators: 30Nm. The stance leg shape
&orque is large, initially to support the weight of the rolast

on transition to flight is to reset the stance spring to it$ re
position in the flight phase.

Figure[4 illustrates the evolution of the leg shape an
the stanceBg,.in, Vvariables. The circle in the spring plot
indicates the location of stance-compression to stance:
decompression transition. During the flight phase, thecgtan
leg shape initially unfolds due to the large velocity of push . |
off during the final part of the stance phase as the spring
rapidly decompresses. During the stance-compressiorephas |
the spring compresses, reaches its peak value of almos ** ‘ ‘ ‘ ‘ ‘ ‘
36°, and starts to decompress. On transition to the stance
decompression phase, a change in the virtual compliances 1
parameters causes the motor to inject energy into the systen
causing the spring to rapidly compress to a peak®f At %g o1 02 03 04 os o6 o7
lift-off, when the vertical component of the ground force e
goes to zero (see Figué 5), the spring has decompressed:i0s. Evolution of swing leg height and vertical center ofsmi&COM) of
approximately25°. the robot for the nominal fixed point. The COM trajectory clgaltustrates

Figure(B ilustrates the evolution of the Swing leg heighi’ 24estpnt ol blenia nergy g e starce bt b
and the vertical position of the center of mass of the roboés running. The squares illustrate the location of transitbetween stance
The swing foot is oveil5 cm above the ground at its peakto flight phase.
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running fixed point.

An outer-loop discrete event-based linear controller can b
designed to stabilize the discrete linear system repriespnt
the linearized Poincérmap, as was done for Thumper in
: [17]. We identify certain parameters that can be varied-step
to-step, and which could possibly affect stability of theefix
point. We choose the following parameters to be varied step-
to-step: the stiffness and rest position parameters for the
_ _ : J virtual compliance for the stance-compression and stance-

Time () decompression subphases, the touchdown angle, the torso

Fig. 7. Actuator torques corresponding to the nominal fixethtpd'he Oﬁset. and .fma”y a. pa,rameter_ 0 Chafnge the fllght duration.
squares illustrate the location of transition betweencsia flight phase. 1 e linearized Poincar map is obtained numerically and
The circle on theumLSs; plot illustrates the location of thec to sd  discrete LQR is used to find a feedbadk, that stabilizes

ition. Note that the tor i i i ; ; iNCE i i
o A ho e s iy e hea sy, the fied point of the Poincérmap. On carying out this
sd event transition due to the instantaneous change in treetofor the ~Procedure, we obtain a dominant eigenvalue.8883, which
virtual compliance at this transition. shows that the fixed point is locally exponentially stalgitiz

with this controller.

Next, prior to experimental validation, we study the ro-
the stance knee bends and subsequently to sufficient enefistness of the controller to perturbations. This corgroll
injection in the stance-decompression phase to achieve litan reject an error in torso of up & in both directions,
off. The stance motor leg shape torque is discontinuouseat tiyhich is fairly good robustness to perturbations in torso
stance-compression to stance-decompression transitien tngle. However, the controller is unable to reject an emor i
to an instantaneous change in the parameters for the virtygk form of the stance leg shape being bent by an additional
compliance. All torques are discontinuous on the stance tp. Thus, there is a need for a controller that can improve the
flight transition due to the impact of the spring with the karddomain of attraction of the fixed point. This will be crucial
stop. for experimental validation.

The outer-loopl™ controller is a heuristic nonlinear con-
troller based on insight into simple models. For instance,

The periodic running motion in the previous section wasn landing on a bent knee, the virtual compliance can be
found by studying the restricted hybrid dynamics of thestiffened to prevent the stance leg from collapsing, thereb
system. We now need to design a controller that creates thmproving robustness to perturbations in the impact value
lower-dimensional surfaces and makes them invariant amd the stance leg shape. This outer-most controller is fighl
attractive. In the following, we introduce control action o dependent on the morphology of the system and exists only
three levels with an inner-loop and two outer-loops. On theo improve the robustness to perturbations in an experiahent
first level, a continuous-time controller is presented ftinat setting. The stability of the fixed point under the action of
addition to rendering the zero dynamics invariant also rmaké™™ can once again be studied by the method of Poantgr
it attractive. The hybrid invariance is still achieved thgh  sampling the closed-loop hybrid system with the outer-loop
the correction polynomials on a event to event level [12]I'2 controller on a suitable PoindaSection. Performing this
On the second level, an outer-loop event-based discretarlin numerically, a dominant eigenvalue 6f6072 is obtained
controller is introduced to exponentially stabilize theipéic  ensuring that the closed-loop system is still stable. Furth
orbit representing the running gait. Finally on the thirdele  details can be found in [21, Ch. VI, Ch. VIII], and [23].
an additional outer-loop event-based nonlinear contradle

introduced to enlarge the domain of attraction of the pégiod V- EXPERIMENTAL VALIDATION OF THE RUNNING
orbit. CONTROLLER

D. Closed-loop Design and Stability Analysis

The classic input-output linearizing controller [26, Ch. 5 The running controller of Sectign]ll created stable rumgnin
is used ag™) to render the zero dynamics both invariant andnotions. This section documents experimental implementa-
attractive. The correction polynomials create hybrid fiwva tion of this controller on MABEL.
ance and are updated step-to-stepIlly. The stability of Before proceeding to experimental deployment, the pro-
the fixed point under the above controller can be studied hyosed controller is tried on a detailed model developed in
the method of Poincar We consider the stance-compressiofil5]. The detailed model introduces stretchy cables, cempl
to stance-decompression switching surfadg, ,s;, as a ant ground, and a more realistic model of the boom. This is a
Poincag section, and define the PoineanapP : S¢. .5y —  high DOF model and cannot be used for control design since
Ssc—ssq- Using this Poinca@ map, we can numerically calcu- an optimization process on this model is not computatignall
late the eigenvalues of its linearization about the fixedipoi tractable. An important characteristic of the experimenta
Numerical analysis shows that the obtained running gait haystem not captured by the model of Secfidn Il is highlighted
a dominant eigenvalue af.1928 and is unstable. Thus, an Specifically, MABEL has a cable-driven transmission, and
additional controller needs to be designed to stabilize thibese cables stretch. On running motions, there is severe



Fig. 8. A typical running step for MABEL. Snapshots are at areiival of 100 ms. A video of the running experiment is available on YouTuk#.[2

cable stretch along the leg shape direction, accounting ftlie power to the robot was cut off. & m/s, the average
nearly75% of motion in the stance knee at peak cable stretcstance and flight times &f33 ms and126 ms are obtained,
on certain agressive take-offs. The model of Seclion]l-Aespectively, corresponding to a flight phase thadf% of
assumed no cable stretch and the running controller needsthe gait. At3 m/s, the average stance and flight times of
be modified to account for this discrepancy. 195 ms and123 ms are obtained respectively, corresponding

The cable stretch was identified in [15] and appears 48 a flight phase that i$9% of the gait. An estimated
an additional compliant element in series with the physicajround clearance df.5—10 cm is obtained. Figurigl 8 depicts
compliance. Since the running controller uses active forcgnapshots at00 ms intervals of a typical running step.
control in the stance phase for creating a virtual compliant
element in series with the physical compliance, three ssurc
of compliance (physical springs, cable stretch, virtuaheo A control design based on virtual constraints and the
pliance) occur in series. Thus, the virtual compliance can framework of hybrid zero dynamics has been presented to
modified in such a way such that the effective compliancereate a compliant and actuated hybrid zero dynamics. An
after taking the cable stretch into account, has the stffneactive force control strategy has been implemented within
that was initially designed for in the absence of cablesltret the compliant hybrid zero dynamics. Discrete-event-based

With this modification, the running controller inducedcontrol has been employed to create hybrid invariance,-expo
stable running at an average speed & m/s, and a peak nentially stabilize the periodic gait, and increase the @iom
speed o83.06 m/s. Running speed is measured with respect tof attraction of the periodic gait. The resulting controlle
the center point of the hip between the two legs. A video dfias been successfully validated in experiments on MABEL
the experiment is available on YouTube [22]L3 running achieving running at an average speedldfs m/s, and a
steps were obtained and the experiment terminated wheeak speed 08.06 m/s.

V. CONCLUSION



ACKNOWLEDGMENT

[12]

A. Ramezani assisted with the experiments. Jonathan
Hurst designed MABEL. B. Morris, I. Poulakakis, J. Konscolj; 3]
and G. Buche provided a wide range of contributions to this
project.

(1]

(2]

(3]

(4]

(5]

(6]

(7]
(8]

(9]

[10]

[11]

REFERENCES

B.-K. Cho, S.-S. Park, and J. ho Oh, “Controllers for ringnin the
humanoid robot, HUBO,” inEEE-RAS International Conference on
Humanoid RobotsParis, France, December 2009, pp. 385-390.

M. A. Daley and A. A. Biewener, “Running over rough temai
reveals limb control for intrinsic stabilityProceedings of the National
Academy of Sciences of the United States of Amer@al03, no. 42,
pp. 15681-15686, October 2006.

M. A. Daley, J. R. Usherwood, G. Felix, and A. A. Biewener,
“Running over rough terrain: guinea fowl maintain dynamidogity
despite a large unexpected change in substrate heie,'Journal of
Experimental Biologyvol. 209, pp. 171-187, 2006.

D. P. Ferris and C. T. Farley, “Interaction of leg stifsseand surface
stiffness during human hoppingJournal of applied physiology
vol. 82, pp. 15-22, 1997.

D. P. Ferris, M. Louie, and C. T. Farley, “Running in thearevorld:
adjusting stiffness for different surfaceflfoceedings of The Royal
Society vol. 265, no. 1400, pp. 989-994, June 1998.

Y. Hurmuzli and T. Chang, “Rigid body collisions of a special class
of planar kinematic chainsJEEE Transactions on Systems, Man and
Cyberneticsvol. 22, no. 5, pp. 964-71, 1992.

J. W. Hurst, “The role and implementation of compliance igded
locomotion,” Ph.D. dissertation, Carnegie Mellon Univer,s2008.

S. Kajita, K. Kaneko, and M. Morisawa, “Zmp-based bipedmning
enhanced by toe springs,” IfEEE International Conference on
Robotics and AutomatiorRoma, Italy, April 2007, pp. 3963-3969.
S. Kajita, T. Nagasaki, K. Kaneko, K. Yokoi, and K. Taniti
running controller of humanoid biped hrp-2Ir,” IEEE International
Conference on Robotics and Automatiddarcelona, Spain, April
2005, pp. 616-622.

J. C. Koechling, “The limits of running speed: Experimentith a
legged robot,” Ph.D. dissertation, Carnegie Mellon Ursitgr Pitts-
burgh, PA, July 1989.

D. Koepl, K. Kemper, and J. Hurst, “Force control for sgrimass
walking and running,” inlIEEE/ASME International Conference on
Advanced Intelligent MechatronicMontreal, Canada, July 2010, pp.
639-644.

[14]

[15]

[16]

[17]

18]

[29]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

B. J. Morris and J. W. Grizzle, “Hybrid invariant maniétd in systems
with impulse effects with application to periodic locomotiorbipedal
robots,” IEEE Transactions on Automatic Contralol. 54, no. 8, pp.
1751 — 1764, August 2009.

B. J. Morris, E. R. Westervelt, C. Chevallereau, G. Baicand J. W.
Grizzle, Achieving Bipedal Running with RABBIT: Six Steps Toward
Infinity, ser. Lecture Notes in Control and Information Sciences.
Springer Berlin / Heidelberg, 2006, vol. 340, pp. 277-297.

K. Nagasaka, Y. Kuroki, S. Itoh, and J. Yamaguchci, “greged
motion control for walking, jumping and running on a small bipked
entertainment robot,” iINEEE International Conference on Robotics
and AutomationNew Orleans, LA, April 2004, pp. 3189-3194.
H.-W. Park, K. Sreenath, J. W. Hurst, and J. W. Grizzldettification
of a bipedal robot with a compliant drivetrain: Parameterneation
for control design,”Control Systems Magazineol. 31, no. 2, pp.
63-88, April 2011.

|. Poulakakis, “Stabilizing monopedal robot runningedRiction-by-
feedback and compliant hybrid zero dynamics,” Ph.D. disgenta
The University of Michigan, 2008.

I. Poulakakis and J. W. Grizzle, “Modeling and contrbtioe monope-
dal robot thumper,” iIHEEE International Conference on Robotics and
Automation Kobe, Japan, May 12-17 2009, pp. 3327-3334.

——, “The spring loaded inverted pendulum as the hybritoz
dynamics of an asymmetric hoppelZEE Transactions on Automatic
Control, vol. 54, no. 8, pp. 1779-1793, August 2009.

M. H. Raibert,Legged Robots that Balance Cambridge, MA: MIT
Press, 1986.

J. Rummel and A. Seyfarth, “Stable running with segmentgs,!
The International Journal of Robotics Researstol. 27, no. 8, pp.
919-934, August 2008.

K. Sreenath, “Feedback control of a bipedal walker amaher with
compliance,” Ph.D. dissertation, The University of MichigaAnn
Arbor, MI, August 2011.

K. Sreenath, H.-W. Park, and J. W. Grizzle. (2011, JWMABEL
runs free! [Online]. Available: http://youtu.be/xIOwk&Wa

——, “Embedding active force control within the complialybrid
zero dynamics to achieve stable, fast running on MABETL}ie
International Journal of Robotics Resear@011, to be submitted.

K. Sreenath, H.-W. Park, I. Poulakakis, and J. W. GazZCompliant
hybrid zero dynamics controller for achieving stable, edfiti and
fast bipedal walking on MABEL,International Journal of Robotics
Researchvol. 30, no. 9, pp. 1170-1193, August 2011.

R. Tajima, D. Honda, and K. Suga, “Fast running experimémiolv-
ing a humanoid robot,” ilEEE International Conference on Robotics
and AutomationKobe, Japan, May 2009, pp. 1571-1576.

E. R. Westervelt, J. W. Grizzle, C. Chevallereau, J. HhoiC and
B. Morris, Feedback Control of Dynamic Bipedal Robot Locomation
Boca Raton, FL: Taylor & Francis/CRC Press, 2007.


http://youtu.be/xlOwk6_xpWo

	Introduction
	MABEL's Model
	MABEL's Unconstrained Dynamics
	MABEL's Constrained Dynamics
	Dynamics of Stance
	Dynamics of Flight

	MABEL's Transitions
	Stance to Flight Transition Map
	Flight to Stance Transition Map

	Hybrid model of Running

	Control Design for Running
	Overview of the Control Method
	Virtual Constraint Design and Active Force Control
	Fixed Point for Running
	Closed-loop Design and Stability Analysis

	Experimental Validation of the Running Controller
	Conclusion
	References

