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Internal Report: Parameter ldentification and Dynamic Model of
MABEL

Hae-Won Park, Koushil Sreenath, Jonathan W. Hurst and Jri&zI&

Abstract

This research identifies an eleven degree of freedom dynaoéel of MABEL, a new robot for the study of bipedal walking
and running. Model parameters are identified on the basiswtden angles measured by encoders and the commanded torqu
of the robot’s four independent actuators. The identifazagprocess is modular and begins with the cable-driven rmasson
mechanism of the robot. By blocking an appropriate pullbg, $prings that are part of the transmission can be remowved thie
initial portion of the identification process. Furthermoby selectively connecting and disconnecting cables intridnesmission,
experiments are designed for each actuated coordinateder to determine inertias, friction coefficients, motor stamts, and
power amplifier biases of the transmission system. With deatified transmission model and estimates of the inertiedmpeters
of the torso and legs from a CAD packagepriori estimates of the robot’s overall dynamic model can be coottd. These
a priori estimates are initially validated by comparing predictedponse of the combined legs and transmission system to
experimental data excited by common torque commands. Atgbint, the compliant elements in the transmission aredirou
back into the system and are identified with a set of statieements. Specifically, spring stiffness is estimated fitim spring
torques and deflections. A second unplanned source of canggliis accounted for next. This compliance arises whenables
connecting the pulleys in the transmission stretch undavhads. The overall model of the robot is validated thtoadopping
experiment that excites all of the dynamics of the model.

I. INTRODUCTION

The primary objective of the research reported in this papdo identify parameters which appear in a dynamic model
of MABEL, a new robot for the study of bipedal walking and rimm at the University of Michigan's EECS Department;
see Fig[l. MABEL uses a novel assembly of cable differemtigbrings, and hard stops to achieve a low-friction, coampli
drivetrain, with the objective of improving the energy dfficcy and robustness of bipedal locomotion, both in stedalte s
operation and in responding to disturbances [14], [9]. Tammeters we seek to identify correspond to inertial pararsef
the pulleys comprising the differentials, motor rotor iiees, various friction coefficients, spring constants, podier amplifier
biases.

A secondary objective of this paper is to present a dynamidehof the robot’s drivetrain. With the drivetrain model in
hand, developing the dynamic model of the overall biped bea standard exercise in Lagrangian mechahics [23], T29].
evaluate the validity of the overall dynamic model of theala dynamic hopping experiment is performed where thetrobo
repeatedly jumps off the floor with both legs and lands in alstananner.

The problem of parameter identification for robot models leesn well studied if [25][124]116],11][6][128]. Most sealts
are based on the analysis of the input-output behavior ofdbet during a planned motion, with the parameter valueainbt
by minimizing the difference between a function of the meaduobot variables and a mathematical model [16]. A verarcle
illustration of this approach is presented in1[25] for thentfication of parameters in industrial manipulators. Btendard
rigid-body model is rewritten in a parametric form which igdar in the unknown parameters= ¢(q, ¢, )¢, whereg, ¢, ¢
are the position, velocities, and accelerations of thetgpinis the vector of joint torqued) is the unknown parameter vector,
and ¢ is the regressor matrix. Optimization is used to define ¢tajges that enhance the condition numbergofand these
trajectories are then executed on the robot. Weighted-tepsires estimation is applied next to extract paramedeis,the
parameters are in turn validated by torque prediction. &pigroach requires acceleration, which typically must lienased
numerically from measured position. Very careful signalgassing is therefore required to obtain accurate paramstienates.
Research in[[26] also exploited a linear-in-parameter fofrthe model. First, the gravitational parameters weravestgd on
the basis of a static experiment, and then inertia and drictiarameters are obtained by least square fit to experihuata
from a dynamic experiment. Other researchers have sougbbtain efficient algorithms for parameter estimation ofiader
robots by determining a minimum set of inertial parametara mathematical modell[7], [10].

An alternative approach has been exploredin [1], which@ted force and torque sensor measurements to avoid estgnat
acceleration. The model was represented in Newton-Euten,fand a six element wrench at the robot’s wrist was exptesse
in a form linear in the unknown parameters. Force and torqueeawrist were obtained directly through force and torque
sensors, and parameter estimation was accomplished fieméta without the need for acceleration. Another class ethods
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Fig. 1: a: MABEL, a bipedal robot for walking and running. Thlein and thigh are each 50 cm long, making the robot one
meter tall at the hip. The overall mass is 60 Kg, excludinglitbem. The robot’s drivetrain incorporates unilateral isgsi for
shock absorption and energy storage.

b: The robot’s drivetrain uses a set of differentials and rngpto create a virtual pneumatic leg with compliance.

has been presented [ [6], which used an energy-based niadebtjuires velocity and position variables, but does eqtire
acceleration. This method, however, relies on the integraif the input torques and the joint velocities to computergy,
which is problematic if estimated torque is corrupted by asbiReference [28] presented the idea of designing separate
experiments for estimating different types of parametem®lving the inertial forces, centrifugal coupling for¢esiction
forces, and gravity forces. The estimated parameters frach éentification procedure were isolated to one of these fo
forces at a time.

In this paper, we identify the parameters in a dynamic motiIABEL. Parameter identification for MABEL is a challenging
task for the following reasons: First, MABEL has a limitednmioer of sensors, including only position encoders at theorsot
and joints, and lacks any force or torque sensors. Secotulitac characteristics are poorly known. The motors usédABEL
are custom made BLDC (brushless direct current) motors lwaie only manufactured on demand. Hence, important motor
characteristics such as rotor inertia, torque constart, mechanical time constants are not precisely measured exifies
by the manufacturer. Identification of those parameterstriesefore be included in the system identification procedin
combination with power amplifiers from a different manutaet, the motors exhibited some directional bias. Comptiga
matters further, this bias varies among individual amptifimtor pairs. Consequently, the amplifier bias must be idensd in
the system identification process. Another issue that &ffear approach to parameter identification is that the ehoi@xciting
trajectory is restricted due to limitations of MABEL's wodpace. For example, a constant velocity experiment fomasitg
friction coefficients is not feasible for MABEL because theximum rotation of any joint is less thas0°. Finally, because
MABEL has many degrees of freedom, actuating all of them atamould lead to a large number of unknown parameters. For
this reason, we take advantage of the modular nature of that to design experiments that allow us to sequentiallydothie
model element by element. We use commanded motor torquepeats,i and motor and joint position encoders as outputs, and
extract model parameters on the basis of those signals. @tletquantization error of the magnetic encoders, it isadilfi
to get accurate acceleration signals by differentiatingoepr position signals. Hence, we seek to extract paramefignout
calculating acceleration from position data.

The paper is organized as follows: Sectioh Il describes t®trbeing studied. Sectidnllll briefly overviews the system
identification process. SectibnllV, Sectloh V, Secfioh Wid&ectioh VIl cover the identification of the transmissioeamanism,
the legs, the torso, and the compliance, respectivelylliZirgection V1T validates the overall dynamic model thgiua hopping
experiment.

Il. MECHANISM OVERVIEW

MABEL, shown in Fig[1, is a planar bipedal robot comprisedieé links assembled to form a torso and two legs. A novel
feature of the robot is that it is constructed from two morspined at the hip. By removing six bolts, half of MABEL'srso
and one leg can be removed, yielding a monopod. In fact, theoped hopping robot “Thumper” at Oregon State University
is literally the left half of MABEL [13].

In MABEL, the actuated degrees of freedom of each leg do noespond to the knee and the hip angles (the hip angle
being the relative angle between the torso and thigh). &dstéor each leg, a collection of differentials is used to resut
two motors to the hip and knee joints in such a way that one matatrols the angle of the virtual leg (denoted hereafter



DRAFT COPY. LAST EDITED BY HWP MARCH 16, 2010 3

by LA, where LA stands for Leg Angle) consisting of the virtualdinonnecting the hip to the toe, and the second motor is
connected, in series with a spring, to the length of the alrteg (denoted hereafter HyS, where LS stands for Leg Shape).
The conventional bipedal robot coordinates and MABEL'squiei set of actuated coordinates are depicted in[Fig. 2; they a
related by the following equations

1
quA = B (¢Thigh + GShin)

(1)
1
qrs = B (thigh - CIShin)-

Roughly speaking, the rationale for this design is that ikesathe robot a hybrid of RABBIT, a robot that walks extremely
well, but never achieved a stable running gait [3], and a &aiHopper, a robot that “runs” remarkably weéll [21]. Theisgs
in MABEL serve to isolate the reflected rotor inertia of thg-Ehape motofisfrom the impact forces at leg touchdown and
to store energy in the compression phase of a running gagnwhe support leg must decelerate the downward motion of
the robot's center of mass; the energy stored in the sprimgtlven be used to redirect the center of mass upwards for the
subsequent flight phase, when both legs will be off the grouth of these properties (shock isolation and energy g&ra
enhance the energy efficiency of running and reduce overalbtor power requirements [15[.] [9], [14]. This is alsoetrior
walking on flat ground, but to a lesser extent, due to the Iofeeres at leg impact and the reduced vertical travel of the
center of mass. The robotics literature strongly suggéstsghock isolation and compliance will be very useful forkivay

on uneven terrair [4]/15]112]/111]/119]122][27].

Fig. 2: Conventional bipedal robot coordinates and MABHIrsque coordinates. Counter clockwise direction is positi

A. Robot Body

MABEL consists of five links: a torso, two thighs, and two shiffhe robot is attached to a boom to constrain the robot’s
path to the surface of a sphere as shown in Fiflire 3. The sotyattion is tangential to the sphere centered in the middle of
the laboratory. With a sufficiently long boom, its motion imgar to that of a perfectly planar robot walking in a straidine.

B. Transmission Mechanism

The transmission mechanism for each half of the robot ctnefghree cable differentials, labeled the spring, thayid shin
differentials, respectively, and a spring, as shown in BigTwo differentials at the hip, the thigh and shin diffeiels, serve
to translate shin angle and thigh angle into leg length agdtele. Thus, the electric motors control the leg angle hededg
length. The spring differential serves to apply spring tasjin series between the leg length so the resulting sysééravbs
approximately like a pogo stickCrp,;4, andCspy, in Fig.[4 are attached to the thigh and shin links, respegtiiéie Bry,gp,
and B, pulleys are both connected to the leg-angle motor. Bhg;,, and Agy;, pulleys are connected to th€sy,, i,

Linertial load of the motor rotor seen from the joint end.
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Fig. 3: Boom constraining MABEL'S motion to the surface of ghere, which approximates 2D planar motion. The central
tower is supported on a slip ring through which power andtdigiommunication lines (E-stop line and ethernet lineg) ar

passed.
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Fig. 4: Transmission mechanism in MABEL and the coordinédeghe transmission mechanism. The mechanism consists of
spring, thigh, and shin differentials. The spring diffeiehrealizes a serial connection between the leg-shapemaotd the
spring. The thigh differential realizes movement of thethiink in the leg and the shin differential moves the shirkliNore

details on gear ratios are provided in Aig. 6 and Elg. 7.
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pulley, which is the output pulley of the spring differemtidhe spring on each side of the robot is implemented via two
fiberglass plates connected in parallel to the differemtidd cables; see Fifj] 1. As explained in more detail in Sef#id-A]
the springs are unilateral (can compress in only one doBkti

Fig. 5: Two versions of a differential mechanisireft: Gear Differential,Right: Cable Differential. The A, B, C, and D
pulleys of each mechanism operate in the same manner.

Cable differentials are used instead of the more standaad djfferentials depicted in Fi@l 5. In part, this choice waade
in order to achieve low friction and backlash, and low masth@legs. Although cable differentials and gear differ@sthave
different assemblies, they work in the same manner. Theeespecial connection of three components (labeled3, and
(), and an internal, unobserved idléP), The kinematic equations for a differential are given%i‘i;'E =C and A*TB =D,
assuming the gear ratios are all equal. Th@nd B components are constrained such that the average motidre dfvo is
equal to the motion of thé’ component. Consequently, and B can move in opposite directionsdf is held stationary, and
the motion ofC' will be half of A if B is held stationary. In MABEL'S transmission mechanistnand B are used as inputs
to the differential, and” is used as an output. In the followings;,, Bsrin andCgy;,, refer to theAd, B andC components
of the shin differential; similar nomenclature is used floe bther two differentials.

Fig.[d and Fig[l7 describe how this transmission works wixen or qrs is actuated, while the other link is held fixed. As
part of the description, directions and gear ratios areifpdc

As illustrated in Fig[h, leg-angle actuation is transndittie the following way. If thegr, o motor rotates with angular velocity
w, the speed is reduced tew/11.77 by a step-down pulley and transmitted to tBey,;,, and B, pulleys, which are inputs
of the thigh and shin differentials, respectively. Théy,;,, andCsyiy, Which are the outputs of the differentials, rotate with
speed—w/23.53 because thelr,;,, and Agyi, pulleys are stationary. Therefore, the thigh and shin linkth move in the
same direction, and this movement results in a speed ofiontato/23.53 in gra.

Leg shape is actuated through a different path as shown if7-iff the leg-shape motor rotates with a speedovpft is
then decreased t0/9.647 by a step-down pulley. This rotation goes into they,;,, and Asyi, pulleys of the thigh and shin
differentials, but in opposite directions. Hence, the thand shin links move in opposite directions to one anothed, this
movement results in the speed of rotationgg§ of w/31.42.

The path from spring torque (displacement) to rotationyig is very similar. Because the transmission is linear, the net
motion in ¢r.s from the leg-shape motor and the spring is the sum of the iishgial motions.

C. Notation for naming the parameters and variables
For later use, we define following index sets.

7= {mLSL, mLAL, mLSR, mLAR}, (2)

where the subscripte andR mean left and rightmL.S means motor leg shape, and.A means motor leg angle; see Hig. 4.
For the links, we define the index set
L ={T, Csp, Th, Sh, Csh, Boom}, 3)

where, T, Csp, Th, Sh, Csh, andBoom represent’orso, Cspring, Thigh, Shin, Csnn, and Boom, respectively, as depicted
in Fig.[8a. For the transmission mechanism, we define thexisde

T = {Asp, Bsp, Dsp, Ath, Bth, Dth, Ash,
Bsh, Dsh, mLSsd, mLAsd, mLS, mLA},

where capital letters A, B, C, and D correspond to the comptsnef the differentials in Fid.]5, and sp, th, sh, and sd stand
for spring, thigh, shin, and step down, respectively, asadeg in Fig.[8b. Throughout this paper, the notation forrdiates
and torques in Tablg | is used.

(4)
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TABLE I: Notation for MABEL's coordinates and torques. Sehipts . andR denote left leg and right leg, respectively.

qLSL, R leg shape rotation angle
GmLSy, ) motor leg shape rotation anglg
qLAL R leg angle rotation angle
gdmLA; g | Motor leg angle rotation angle
qLAL R leg angle rotation angle

dmLA;, ;| Motor leg angle rotation anglg
GBspy, & Bsp rotation angle

TmLsp, g | mLS motor torque
TmLAp g | mLA motor torque

TBspr, ) Bsp torque
mLA Motor
Step-down mLA StepDown

(a) qr.a pulley system (b) g1, Transmission

Fig. 6: (a) Motor actuation is transmitted tg,n through one step-down pulley and two differentials (Thigtd &hin). (b)
Transmission flow ofy;, 4. Gear ratios are indicated.

Ill. OVERVIEW OF SYSTEM IDENTIFICATION PROCEDURE

Current CAD packages provide excellent estimates of the toiss of links and pulleys, their lengths and radii, cenfer
mass, and moments of inertia. If one also accounts for thatitot and mass of items not normally represented in a CAD
drawing, such as bearing shape and density, cable lengtllemsity, electrical wiring, on-board power electroniostuators
and sensors, then goadpriori estimates of total mass, center of mass and moments ofarcanti be obtained for the overall
robot. This was done for MABEL. Consequently, part of ourteys identification procedure is aimed at validating thase
priori estimates by comparing predicted responses to experihdatta

In addition, there are important parameters for which bddisestimates are not available from the CAD drawings. These
include motor torque constants, motor rotor inertias, grihg stiffness and pre-load. Even though motor torque teoiis and
rotor inertias were provided by the manufacturer on thesbafstheir in-house CAD programs, the motors were custom woun
with very small production numbers, and hence, these vakere not experimentally verified before shipping. Moreover
because we have different motors fof.A andmLS actuation, and we also have diffetg¢nil.S motors for left and right legs,
the characteristics of these motors would be different ichezase. The springs are custom built as well, and theines
must be identified. Finally, friction parameters will prdiha never be reliably estimated by a CAD program and must be
determined experimentally.

2The use of motors of different characteristics for the leftl aight sides was not planned. It was a matter of necessignvame of the motors failed.
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Fig. 7: (a) Motor actuation is transmitted ¢gs through one step-down pulley and three differentials (8prThigh, and Shin).
(b) Transmission flow ofy,s. Gear ratios are indicated.

A. Steps in the Identification Process

The first phase of the experiments focuses on identifying @bteiator parameters and the friction parameters in the
transmission, as well as validating the pulley inertiareates provided by the CAD program. The motor torque constant
K, and rotor inertia,l, .-, Of each motor are also determined. This is accomplishednayaing a chain of rotating,
symmetric inertias. Because the pulleys are connectedigig™r(low stretching) steel cables to form a one-degredreédom
system, various paths in the transmission mechanism canodeled simply by the lumped moment of inertia of the pulleys,
and friction. This combined moment of inertia of the pullesan be calculated by the CAD model and added to the rotor
inertia of the motor. The corresponding lumped moment oftiaecan be obtained also from experiments. From these data,
motor torque constants, motor rotor inertias, viscoudifncand motor torque biases can be estimated.

Next, the legs are included to validate the actuation-trassion model in conjunction with the center of mass and nime
of inertias of the links constituting the thigh and shin. Edink’s total mass, center of mass, and moment of inertia can
be calculated accurately from the CAD model, so the priméijedive of this step is to validate these values. For these
experiments, the compliance is removed from the system tgkbig the Bg,,,..n4 pulley; the torso is fixed as well.

Following this experiment, the torso’s inertial paramstare identified. Due to the difficulties in experimental itifgcation
of the torso explained in Sectidn1VI, we chose to extract tiertial parameters from the CAD model and verify some of
them with static experiments. The compliance is determlasd MABEL has two kinds of compliance. One is the unilatera
fiberglass spring designed into the transmission. The atberce of compliance is unplanned and arises from stregobin
the cables between the pulleys. The compliance of the endhspring will be obtained from static experiments, ane th
compliance from cable stretch will be estimated from dyraexperiments.

With the parameters obtained above, we can construct aalbdgnamic model of the robot. A dynamic hopping experiment
will be executed and the results will be compared with simaifaresults of the dynamic model. The parameters to beiiiksht
are shown in Tablg]ll.
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TABLE II: Parameters to be identified, whetec Z, ¢ € £, andt € T. SubscriptsL. and R denote left leg and right leg,
respectively.

Differentials and Motors

K; motor torque constant
Jrotor inertia of the rotor
Jt inertia of the transmission pulleys
i friction coefficient
b; motor bias
Thigh and Shin (Leg)
my mass of the link?
Jy inertia of the link¢

mMery o center of mass in x of the

link ¢ multiplied by mass of the link

Mery. ¢ center of mass in y of the

link ¢ multiplied by mass of the link
Compliance (Spring)

KBy & spring stiffness

KdBL,R spring damping coefficient

Kc cable stretch stiffness

Kdc i cable stretch damping coefficient

mLS motor
J s K,

| JnLSsd I

Ky, Kdy
AR -
mLAmotor
Jegp,
Mry e My Gy Jna, K10
A J, mLAsd
) W

awz

Z N

Jesn, Jmn
My Csh M1y Csh mry, mMry,
| Shin I
Fat
- +[+
Csp: Cspring 0O
T: Torso I+
Csh: Cshin
Th: Thigh
Sh: Shin ais qia
(a) Parameters in the link (b) Parameters in the transmission mechanism

Fig. 8: Parameters to be identified
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B. Experimental Setup for Motor, Differential, and Leg Raeters

Measure: Output
Measure: Input

Encoder

Current
Command
—>  Amplifier —' @

MLA Step Down
wwgnsp’ gl Encoder

Encoder  Bspring

N
Encoder H
Command " » g Encoder
—>  Amplifier @
R ]
H

Measure: Input Measure: Output

Fig. 9: Experimental setup for system identification. Matommands are logged as an input for system identificatiorttzend
encoder signals for motor angleSyyign, Drnign Pulleys, and the knee joint are saved as outputs for systentifitation.

The first phase of the experiments uses the setup depictedyif@FThe torso is fixed relative to the world frame and
the legs can freely move. The position of thg,,..,, pulley is fixed as well, removing compliance from the pictiwe the
initial identification phase. Desired torque commands arg © the amplifiers and are recorded by the computer. In then
amplifiers regulate the currents in the motor windings, @ébgrsetting motor torque values. Rotational motions of thodons
are transmitted to the thigh and shin links through the trdssion differentials as shown in Figl[@, 7, ddd 9.

Encoders are placed on thes andgr,s motor angles, th€'ryi,, and Dryiqn pulleys, and the knee joint. The position of
the Bg,ring pulley is also measured, but is not used here because they psillocked in a constant position to remove the
compliance. With this configuration, thg o andqps motor angles are rigidly connected to the angjgsandqrs which are
related to the motor encoder readings by the following ieted

1
qLA = ————(qmLA, and (5)
VLA mLA
1
qus = —(mLs + QBsp, (6)
YLs—mLs YLs—Bsp

wherevyis s = 31.42, Ypa omra = —23.53, andy.s_ 5., = 5.18 are the gear ratios fromS to mLS, from LA to mLA and
from LS to Bsp. The calculated s andqr,a angles are also logged during the experiments.

It is common for power amplifiers to exhibit a small bias in goanded current, which in turn causes a small bias in motor
torque. Before beginning system identification, thesedsasere estimated and compensated for each motor followiag t
procedure described in Appendi¥ A.

IV. TRANSMISSIONIDENTIFICATION

Recall that the differentials in the transmission are realiby a series of cables and pulleys; see [Eigs. . hnd 7. Rensys
identification, this is an advantage because we can eaddgtdgow many pulleys are actuated by disconnecting cabies.
each pulley combination, the lumped moment of inertia cardly obtained by standard calculations. It follows ttidhé
electrical dynamics of the motor and power amplifiers ardewtgd, the lumped pulley system can be modeled as a first-ord
system

Jlumpedw + HlumpedW = U, (7)

where Jiymped is the lumped moment of inertiay...p.q IS the lumped friction coefficienty is angular velocity of the motor,
andwu is commanded motor torque. By identifyinf,peq @Nd pumpeq for three different combinations of pulleys plus motor,
it is possible to determind(r and J"°t", and to validate the lumped pulley inertia predicted by th&DOmodel. In the
following, for each side of the robot, the three pulley conations of Fig[”ID will be used for the leg-angle path and ke
pulley combinations of Fig.11 will be used for the leg-shapgh.

A. Lumping the Pulley Inertias

In the following it is assumed that the position of tBg,,i,, pulley is fixed and the cables do not stretch. The pulleysén th
transmission are then rigidly connected and rotate witha cgtio determined by the ratio of the radii of consecutiuégys.
Moreover, if the position of the leg-shape motor is constdmen the pulleys in the leg-angle path form a one-degrefecefiom
system as depicted in Fig.]12 and can therefore be lumpeditsianalysis holds when the position of the leg-angle moto
is constant.

3These relations hold under the assumption that the cablesotistretch, which is a very good approximation here becaekgively light loads are

applied to the robot. In most of the robot's applicationswéeer, such as walking and running, the transmission syseheavily loaded and significant
cable stretching is observed. Models described in SeEfidBMake into account cable stretch.



DRAFT COPY. LAST EDITED BY HWP MARCH 16, 2010 10

B. Motor Torque Constant and Inertia Correction Factor

The qp, o -identification experiments are performed successivelyheny, ,-motor in combination with 1, 3 and 5 pulleys as
shown in Fig[ID. Theys-identification experiments are performed successivelyhen smotor in combination with 1, 3,
and 4 pulleys as shown in Fig]11. The lumped moments of m@ftieach combination, including the contributions of the
cables, can be obtained by usihgl(39) dnd (40) of AppentixH& imped inertia is expressed as

Ji _ J7‘oto7‘+Jipulley +Jicable’ i = 172’3 (8)

where.J™!" is inertia of the actuator rotof,denotes experiment numbef’“/**V is the lumped pulley moment of inertia of
experimenti from the CAD model and/fe%¢ is the lumped cable moment of inertia. Lettifgoe™a" denote the nominal
rotor inertia supplied by the manufacturer, we introduceaesfactora via

Jrotor
0= 9)

- Jrotor,man’

which we seek to identify; se€_(111).

Due to the presence of the amplifier, as shown in [Eig. 13, thesfer function which can be experimentally estimated from
commanded motor torque to measured motor angular velaiyscalar multiple of{7). Hence, moment of inertia from the
experiments is related to moment of inertia [df (8) by,

JEP = Kyp(aJgretermen 4 gpulley g jeobley - =1,2,3 (10)
3 K3 Y K I

K2

where J7*? is lumped moment of inertia estimated on the basis ofittleexperiment.
Three different moment of inertia values, denoted{¥”, J5**, and J5;*? respectively, are obtained from each of tha.s
and g, 1.a experiments. Arranging the equations related with thosetias in matrix form gives

Kra
v :F[ KTT } (11)
where
Jlezp Jrotor,man J{mlley_Fchable
U= | J" |, and = | jrotorman Jg’“”ey + Jgable 1 P results from the experiments) ™" is from the
J?f””p Jrotor,man J§7Ull€y+J§able

manufacturer’s data sheet, adﬁ“”ey and Jeebe are from the CAD model. Estimated values g and o are then obtained
by least squares fit:

} = ('T)7'r'w. (12)

exp,

exp,

Gleie

Fig. 10: Three different combinations fgf,» transmission identification.
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C. Experimental Results

System inputs were designed as follows. Starting from a ddnexjuency of 0.5 Hz, the input frequency was increased
in 17 steps to an upper frequency of 50 Hz. Each frequency s donstant for 10 periods until changing to the next
faster frequency so that the system response would reaatlysgtate. At each frequency increment, the magnitude veas al
incremented to keep the measured motor angular velocity ftsecoming too small. Fig. 14 displays examples of the input
signal and corresponding system response. The Matlabr8ydentification Toolbox was used to identify the transfardtion
(7). TABLE [[IIshows the results obtained from the experirtsen

TABLE ll1I: Identified experimental moments of inertia andcfion coefficients for the transmission mechanism.

=1 =2 i=3
LS. | Ji7(kg-m?) | 8.819e-04 1099e-03| 1.112¢-04
L | peP(Nm-s) | 5.655e-03| 6.518¢-03| 7.142e-03
LA, | Ji7(kg-m?) | 55l4e-4 | 7.223e-4 | 7.436e-4
L peP(Nm-s) | 2.332e-03| 4.365¢-03| 3.858e-03
LS. | 4 7(kg-m?) [ 1104e-3 | 1.360e-3 | 1.431e-3
RO uSP(Nm-s) | 6.545e-03| 9.811e-03| 9.879¢-03
LA~ | /iT(kg-m?) | 5.217e-4 | 6.900e-4 | 7.328e-4
R | fiewp(Nm-s) | 1.718e-03| 4.048e-03| 4.703e-03

On the basis of the values in Talfle] Ik, and o were calculated by {12). Their estimated values are listeBABLE [V]
along with the motor bias. Note that the respective rotortiaescale factorsy for the left and right sides of the robot are
very close in value. Also, the leg-angle motor torque carmist&’r are nearly identical for the left and right sides. For the
leg-shape motors, the estimated motor torque consfaptaire different; this is because the motor windings are difieon
the left and right sides, as noted in Section Ill. We also rib& motor biases are very small compared with typical tesqu
that one may see in walking experiments, which can easilgek@Nm for mLA and 8Nm for mLS[[23].

TABLE 1V: ldentified o, motor constanf{ and motor bia$.

i=mLSy, | i=mLAy | i=mLSr | i=mLAR
Qj 0.934 0.741 0.930 0.763
Kt 0.995 1.332 1.287 1.269
b; (Nm) -0.1076 -0.04652 0.02995 -0.001672

V. THIGH AND SHIN IDENTIFICATION

This section focuses on the parameters associated witte¢fse Thigh and shin identification are performed in two steps
SISO and MIMO. In SISO identification, only one degree of ffem is actuated at a timeé;,rs, , ¢gmLA;» ¢mLSk»> OF GmLAg
and the other ones are mechanically locked. Because onealefrfreedom is actuated, a reduced number of parameters
appears in the dynamic model, so the system behavior is siand easy to identify. Once parameters in the SISO dynamic
model are identified, we proceed to MIMO experiments, wheyth lg,,,;.s, and ¢4, are actuated simultaneously or both
gmLsy andgmia, are actuated.

The main purpose of the MIMO experiments is \talidate the parameters obtained in the SISO experiments. However,
friction coefficients may differ from the values from Sect[B/] because more joints are actuated when doing thigh amd shi
identification experiments than in the transmission idiatiion experiments. Recall that FId. 4 ddd 9 show how thethigh
and shin links are actuated by the torque transmitted thrdlig transmission.

v @
Step-down

Clcie

e

Fig. 11: Three different combinations fgr,s transmission identification.

exp,

)
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Fig. 12: A rigidly connected series of pulleys can be repdaséh a single pulley representing the lumped moment oftiaer

Amplifier  Pulleys, Cable, and Rotor

Sinusoidally 1 1 Motor Pulle
" — —_ N Y
Varying Freq. > Kr 7 Tistu; Encoder Signal
and Mag.

1 _ 1
I TPl = Kr(Jist) I

Identify Transfer Function j—

K _ 1
Tt |~ T
exp _ Tp  exp _ 1

JiT =Rk TR

Fig. 13: Transfer function from input (amplifier command)dotput (motor encoder signal). The motor torque constadt an
amplifier are lumped as a single paramel&r. The measured transfer function ig(Kr(J;s + p;)). The Matlab system
identification toolbox is used to estimate the first-ordangfer function from the experimental measurements.

In this section, the torso continues to be fixed relative towlorld frame and the position of thBg,,,..,, pulley is fixed as
well, removing compliance from the picture. The motor taquonstants and rotor inertias identified in Secfioh 1V aredus
in the model.

A. Mathematical Model

Because we assume rigid connections betwggnandgq,,r,», and betweerrs andq,,1.s in the leg identification, the appro-
priate set of generalized coordinates for the dynamicseftmbined leg and transmission systemg, iS: [¢mrs; s ¢mLAL > ¢mLSk s dmLAg -

In the following, @ C Z in (@) represents coordinates @f that are actuated in a given experiment and will be called
the actuated index set. Similarly, 18t C Z be the complement o®; its elements correspond to the mechanically locked
coordinates ofP, referred to as the locked index set. For example, suppedeotily themLS;, andmLA;, motor angles are
actuated and the other coordinates are mechanically lo¢ked Q = {mLSy,, mLA,} andP = { mLSg, mLAR}. We also
define the set of coordinateg = [qql, . ,qqng}, whereqy, ..., qng € @, andng is the number of elements in the s8¢
andgp = [gp,,-- -+ dp., | Wherepy, ..., pap € P, andnp is the number of elements in the set

The parameters to be validated from the CAD model are groupedvectord = m I rx ry], see Fig[8a, where
m, I, ry andr, are mass, inertia, center of mass positioncjrand iny, respectively (the values from the CAD model are
presented in Appendix]C), and let = [amLs,, OmLAL; OmLSg, @mLAg) from Table[IM. The total kinetic energy for the

actuated index sef is .
Kq (ng Gg 0, a) =K=" (ng dg- 0, @) |¢IP:q}S
ISR (qgv dg, 0, @) |qP:q} (13)
+ctrans (49, dg,0, ) |qP:q};

where, CThigh | [CShin - and KCtrens are the kinetic energies of the thigh, the shin and the tr&ssom, respectively, ang;
are the locked joint position angles fop. Symbolic expressions for the transmission model are aviailonline at[[B]. The
total potential energy for the actuated index gets
Vo (qg’ g9, a) =pThigh (q97 dg, 0, @) |QP:q}S
+VS}”" (Qg, (jgv 97 a) |¢1P:q}§ (14)
yTrans (q!]’ dg; 0, a) |QP:¢1}S'
The Lagrangian is then
Lo=Kg—Vg. (15)
With the total kinetic energy and potential energy obtaifiean (I3) and [(I¥), the dynamics can be determined through
Lagrange’s equations:
=2 - =2 —1q, (16)
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Fig. 14: Example of input and output for system identificati@he input is a modified chirp signal, that is, a sinusoichwit
varying frequency and magnitude.

whereT'g is the vector of generalized forces acting on the robot, @mle written as:
FQ = InqanKTQuQ - Fuq.Qv (17)

where I,, xx, is the identity matrix of sizeng, Kr, = diag[l/Kr.q, -+ 1/Krq, ], uq = [7q, + bg, " Tq,, + bq, ], and
Fy, = diag[pq, - - p1q,, ], and whereKr ..., are from Tablé V. The, ..., by, are the motor biasBsThe motor biases
can be obtained from Tab[elV for the SISO experiment; forMH#O experiment, however, they are obtained as part of the
optimization process explained in Sectlon V-C. The fristmefficients arg., , . .. : Hq,,» and the procedure to obtain them
will also be explained in Sectidn ViC.

The dynamic model in{16) also can be written in the form

where D(6, a, q) is the inertia matrix(C'(6, «, ¢, ¢) is the Coriolis matrixG(6, «, q) is the gravity vector.

B. Experiments

Two types of experiment are performed in this section: SI®@ ®IMO. Each is performed on one leg at a time. In
principle, with the torso position fixed, the legs are dededpin practice, there is some coupling of vibration froneaide
to the other because the test stand is not perfectly rigid.

In the SISO experiments, one degree of freedom is actuatgédoaged (either,1.s Or gmr.a), While the other degree of
freedom is mechanically locked. In the MIMO experiment,tbat, s andg,,1.4 are actuated and recorded. The objective of
the SISO experiments is to validate the parameter vettor(I8) obtained from the CAD model, and the motor consfamt
and biash terms identified in Sectiof_IV. The objective of the MIMO exipeent is to validate the parameters from the SISO
experiment.

The input signal is a modified chirp signal plus a constansetff similar to the transmission identification experirsent
However, there is an additional complication: the magrétadd offset must be selected to keep the links within theti®bo
work space. Previously, when the transmission was disa@ieddrom the legs, this was not an issue.

C. Simulation and Validation

With all the parameters in the exp {18) known, the respongbefystem excited by the input used in experiments can be
simulated. The parametérin (I8) can be obtained from the CAD model, amdh, and K+ was obtained in Sectiof_]V. The
friction parameterg, are obtained by minimizing the following cost function

J(/LQ) = \/Z(yemp - ysim(MQ))a (19)

wherey.,, is the vector of experimentally measured data,, is the vector of simulated data, apg is the vector of viscous
friction coefficients given the actuated index €&t The uo values obtained in this manner should be larger than theesalu
from Section [1V, but not greatly different from those valuasd are shown in TablelV.

In the MIMO simulations, we observed that very small vadga$ in assumed actuator bias, which can be ignored in nominal
use of the robot, can cause large deviations in the systepomss, especially in the leg-shape variahjggss. Therefore,

4Because the legs are relatively light, small torque biased to significant errors in the modeled effects of gravitheW the robot is in actual operation
and supporting the heavy torso, the effects of these sngjuiéobiases will be negligible.
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for the MIMO simulations, in place of the bias values obtdirfeom the transmission identification, we used values which

J(bg) = \/Z(yemp - ysim(bQ))7

wherey.,, is the vector of experimentally measured data,, is the vector of simulated data, ahg is the bias vector of
the actuated index s&®. The values obtained fdrg are shown in Tablg V.

minimize the cost function,

TABLE V: Friction coefficient, and motor biag obtained by minimizing the costs ih{19) add](20), respetyiv

i=mLSy, | i=mLAL, | i=mLSg | i =mLAR
i (Nm-s) 9.844e-3 4.316e-3 9.027e-3 4.615e-3
b; (Nm) -8.417e-3 2.597e-2 -1.446e-2 -2.461e-3

(20)

Simulations are conducted as follows. Firgf,]1(18) is setampaf given actuated index s€}; the parameters needed in the
equations for each experiment are shown in Téble VI. Thea,sistem response is simulated for the input sequence used
in the experiment. Finally, the results from simulation acenpared with experiments. The overall simulation anddeion

procedures are depicted in Figl]15.

D. Results

The comparisons between simulated and experimental seatét presented in Fif. 16 through Fﬁﬁ.’mll figures show
qLs and g computed fromy,,r.s and g, becausey s andgpa are physically more meaningful and easier to understand.
It is emphasized that all parameters are either from thestnégsion identification experiments or the CAD model, wtie t
following exceptions: friction is estimated in the SISO erments from[(I9) and used in the MIMO experiments; in the

MIMO experiments, motor biases are tuned Vial (20).
The comparison of the MIMO experimental and simulation ltssis made further in Fid—18 and Fig.119, where the phase

portraits ofgr,a versusgrs with respect to each frequency component are plotted, fcin sale of the robot. We can observe
that simulation results closely match the experimentalltesThe small differences in the plots may arise from sav&vurces:

1) A simple viscous friction model is used in the simulatiombis model does not take into account stick-slip behavior i

the slow velocity region.
2) Electrical wiring is not included in calculating ineftiparameters.
3) Motor bias changes slightly for each experimental trial.

SMATLAB fig-files are available online af 8]

TABLE VI: Parameters in the dynamic models.

Parameters obtained from...

Experiment | Transmission Identification Optimization CAD models
gmLs SISO | b, K7, « M Msy Jth Jpth JBsh JDsh JmLAsd JmLAa JCsh

JTh Jsh MTe Ssh My Sh MTy Csh MTy,Csh MTz, Th MTy Th
dmLA SISO b, KTra 14 MSh JAth JDth JAsh JDsh JAsp JDsp JmLSsd JmLS JCsh JCsp

JTh JSh Mry sh MTy sh MTgy Csh My Csh MTx Th MTy Th MTg Csp MTy Csp
MIMO Krp, a b, p(from SISO) | Mgy Josh JTh JBsh JBth Jsh JDth JDsh Jash Jaem Jpsp Jasp

JCsp JmLs JmLssd Jsh MTz Csh MTy Csh MV Csp MTy Csp ™MTx Th M™MTy Th
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Fig. 16: SISO simulation (solid red line) and experimenthdt{ed blue line) data in degrees.

Due to the torso being much heavier than the legs, its massnaentin strongly affect the dynamics of the robot. Accurate

VI. TORSOIDENTIFICATION

15

identification of the torso’s inertial parameter is therefeery important. The identification of the torso’s indriimoperties
through experimentation is more difficult than those of ta@$mission and legs for the following reasons. First, kpeamental
testbed does not allws to fix the legs and move only the torso. Second, the worlespfithe torso is limitddito +40° ~

—30°.

Therefore, instead of dynamic identification of the tordatis balancing experiments are executed for validagngyiori

CAD model estimates. First, we set the robot in a posture svitiee right leg is extended more than the left leg. MABEL

is then balanced by haidn the right Ie. Once the robot is in balanced posture, the joint positicla é&recorded. Many

different postures are balanced and logged. With the logigea, we calculate the center of mass position of the oveniadit,

and verify that the calculated center of mass is located thesisupporting toe.

In a second set of experiments, the position of the hip jairfixed, with the legs hanging below the robot and above the
floor. The torso is balanced in the upright position. We thaltuate the center of mass position of the model without the

boom, and check that the center of mass is aligned over th@imip
We tried 10 different postures for the first experiment andffei@nt postures for the second experiment. Eigl] 20a displ

the horizontal distance between the center of mass and fhmosring toe for the first experiment, and Fig. POb shows the
horizontal distance between the center of mass and the hifhdosecond experiment. We observe that the maximum error is

6 mm, which is negligible considering that we did the expermts with manual balancing.

6Attempts at doing so resulted in movements of the heavy ttapproximately 40 kg) being translated to the legs.
“The is due to a rotation limiter device installed to prevere torso from hitting the floor when the robot falls. A relatédeo is available on YouTube.
8The balance of the robot is maintained with very minimal fitigepressure.
9The wheel at the toe is removed for better accuracy of therawmpat. Due to compliance of the wheel and its rounded shég@econtact point would

vary for each posture.
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VII. COMPLIANCE

MABEL uses springs connected in series betwggrs andqrs to provide energy storage and shock absorption. The stgfne
of these springs is estimated though static experimentgjubie calculated spring torques and measured spring defisct
The joint torques used in these experiments are more reyegse of the torques used in walking [23] and are approtéiga
8 times higher than in the dynamic experiments of Sediibn Wrimy the experiments, it is noted that the cables in the
differentials stretch. This compliance is also modeled.

A. Spring Stiffness

The series compliance in the drivetrain is now identified tafis, constant torque experiments, performed by balanitie
robot on one leg at a time. The setup is illustrated in Eig.|1Blthese experiments, the torso is no longer locked in place
relative to the world frame (it is free). The actuators on sitee of the robot are disabled; the leg on that side is foldetl a
tied to the torso. On the other side, a PD-controller is useghdintain the leg angle d80°. A second PD-controller is used
to set the nominal leg shape, which is varied frodi to 30°. An experimenter balances the robot in place with the togénges
on a scale placed on the floor; the experimenter adjusts thie af the robot so that it is exactly balanced on the toe, as in
Section[V].

In this position, the scale is measuring the combined wedghhe robot and the boom. At steady state, the torque at the
Cspring PUlley is exactly balanced by sum of the torques atAhg, .., and Bs,ring pulleys, by the design of the differential.
The torque at th&’s,,;», (denoted byrg,q.it, in Fig.[21) is the weight of the robot transmitted through thigh and shin
differentials, and its magnitude is given by:

1

|Tg7‘avity| - §W'r‘obot5in(qLS) ) (21)

whereW,.p0: IS the weight of the robot measured by the scale at the bottotinecfoot. The absolute value is used because
spring stiffness is positive. The torque Ak, in, (denoted byras, in Fig.[21) is from theg,,1.s motor reflected through the
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stepdown pulley, and the torque at the,,», pulley (denoted by, in Fig.[21) is due to the deflection of the spring and
is given by:
TBsp — KBQBspa (22)

where K p is the spring stiffness angks,, is the spring deflection measured by a magnetic encodetlétsia the B, pulley.
Becausergqvity @and s, are related via the differential mechanism, these torquesedated by:

|TGravity] = 2.59061754p| - (23)
Combining [21), [[2PR), and(23), the spring stiffness is ot#d as follows

_ 1 WrobotSin(qLS)
518043 gpep '

We emphasize that the estimatelinl(24) does not depend ostthwated leg-shape motor torque. The design of the expatime
is completed by varyingrs over a range of values, here taken to be frodfi to 30°.

The above experiment was performed on each leg.[Elg. 22 stmveesults of these experiments. It is observed that the
spring behavior is nearly linear, and that the spring caristaf the left and right springs are consistent.

Kg (24)

B. Cable Stretch

We have observed in walking experiments reported elsewjB8tehat the cables used in the differentials stretch aceatble
amount under the application of heavy |ddbisThis compliance breaks the rigid relations [ih (5) and (6n&equentlygra
andgmia are independent degrees of freedom, as¢age gmrs, andgpsp.

We take into account the stretching of the cables with a snspking model. First, the rigid relations are expressedhén t

form of a constraint
A ( ) dmLA + YA —-mLAGLA (25)

GmLS — Yis—»mLsqLS — VLs—BspdBsp ’

wheregq is the vector of generalized coordinates for the robot dyinsiand) (¢) = 0 corresponds to zero cable stretch. Because
the cable stretch torques act on these constraints, thespamding input matrix for cable stretch forcBs,;;. follows from
the principle of virtual work:

’

12D
Bcable - a_q . (26)

We assume here that the cable stretch torques can be modetetngar spring with linear damping. Therefore, for each of
the four actuators, the spring force from the cable stretamadeled as

Teable (Qa Q) = KC)\ (Q) + ch)\ (Q) P (27)

10For the experiments reported in Sectifrls V, the amount decstioetch was negligible.
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where K¢ is 2 x 2 a diagonal matrix spring coefficients, afdi- is 2 x 2 diagonal matrix with damping coefficients of the
cable stretch.
The spring and damping coefficients of the cables will be iobthin Section VIII-C.

VIIl. OVERALL MODEL EVALUATION VIA TWO-LEGGEDHOPPING

This section describes a hopping experiment used to fine amdesubsequently validate the overall dynamic model of
MABEL. First, a dynamic model appropriate for two-leggeping is presented. The model consists of the integratiadhef
models for the transmission, the legs, the torso, and thie sttetch from Sectior_1V, Sectiof ]V, Sectidn]VI and Section
VII-B] respectively, with a model to compute ground reactforces [18], [[2]. Next, a simple controller to induce tvweged
hopping is summarized, with details given in Apperldix D. Wtihe simple controller, several hopping steps were redlizst
a stable, steady-state hopping gait was not achieved. Htégswias used to determine the remaining parameters in thallove
dynamic model, corresponding to the damper which implem#rg hard stop in the unilateral spring, the coefficientshef t
cable stretch model, and the ground contact model. Usirgdfitial model, the hopping controller was refined with evesddal
correction terms. When applied to the robot, this controfielded successful hopping, which was terminated afteh@gs.
The results of the hopping experiment are used to validaenthdel through comparison with the simulation model. Heog¢l
agreement is attained.

A. Dynamic Model

The model for the dynamic hopping is derived with the methbéd.agrange. When deriving the equations of motion, it
is more convenient to consider the spring torques, the csthdéch torques, the ground reaction forces and the joictidn



DRAFT COPY. LAST EDITED BY HWP MARCH 16, 2010 21

torques as external inputs to the model. The Lagrangian nspoted as summarized in_[23], except that, because of the
additional cable stretch dynamics, 4 additional coordisare needed to parametrize the robot’s linkage and trasismi

The generalized coordinates are takengas= (fs; dinras df'si Gmrsi GBsp’ A a3 Impas 4185 Gts’ Aispi ATors Pliip’ Phip):
where as in Figurd]2, and Figufd ., is the torso angle, angt,a, ¢mra, qLs, andg,rs are the leg angle, leg-angle motor
position, the leg shape, the leg-shape motor position otispdy, andp{;ip andpy;,, are the horizontal and vertical positions
of the hip in the sagittal plane, respectively. The modehentexpressed in standard form as

Dy (gn) Gn + Ch (qn, 4n) gn + Gn (qn) =T (28)
where,I'}, is the vector of generalized forces and torques acting omahet, which is given by,

1—‘lh = Bhu + Bfm'chric (Qh, qh) + BspTBsp (qh7 qh) +
!
g—f F + BcableTcable (Qh, qh) . (29)
ah
Here, f is the position vector of the leg end; is the ground reaction force, the matricBg, By, ic, Bpsp, and Begpie are
derived from the principle of virtual work and define how theiustor torques-, the joint friction forcesry,;., the spring
torquesrg,, and the cable stretch torques,,.. enter the model, respectively.

The ground reaction forces at the leg ends are based on thgliaamground model in[[18],[]2], using the modifications
proposed in[[20]. The model for the unilateral spring is aegted with terms to represent the hard stop, yielding
TBsp .

- _KBqup - KquBsp (qup > O)
- _KBqup - Kdlq}g?,sp - dequsp (qup < 07 qup > O)
= _KBqup - Kdlq%Sp - K’Udqusp

— Byd2y/ |gBsplsign(desp)  (gBsp < 0, gmsp < 0)

where K 3 corresponds to the experimental values in Eig. 22, and wihereemaining parametef§dz, K 41,K q1, and K42
will be identified from hopping data in Sectign VIIIFC. Whehet spring is deflectedss, > 0, this model is a linear spring
damper. Whenygs, < 0, the pulley is against the hard stop, a very stiff dampersThodel captures the unilateral nature of
MABEL's built-in compliance.

(30)

B. Hopping Controller

A simple, heuristic controller is outlined for hopping. B emphasized that we are not interested in hopping per se. A
hopping gait is being used as a means of exciting all the disyarodes that will be present when running on flat ground or
walking on uneven ground. The details of the controller avided in AppendiD.

The controller consists of 5 different phases as depicteeign23:

1) Phase | (Flight Phase): MABEL is in the air, and no grounctact occurs. The variablega, , ¢mLs., qrLag,» aNAGmLsy

are commanded to constant values via a PD controller.

2) Phase Il (Touchdown Phase): MABEL lands on the grEﬂm’Ehe leg-angle motors are used to regulate the torso angle
and the angle between left and right legs to constant valggsand éy,a, respectively. The leg-shape motor positions
gmrs, andgmrs, are commanded to be constant so that the springs absorb plaetimnergy.

3) Phase Il (Kickoff Phase): When the horizontal comporaithe center of mass velocity approaches zero, the legs are
extend byd; g for the left andd; g for the right in order to propel the robot off the ground. Fréhase I, three
possible transitions can occur because which leg comes®ffitound first cannot be predicted. According to which leg
comes off the ground first, controller chooses Phasg 1V}, or ,V as the next phase.

4) PhasdV, (Left-liftoff Phase): Only the left leg has lifted off the gqund, and the right leg is still in contact with the
ground. The left leg starts to retract by*SL to provide clearance.

5) PhasdV, (Right-liftoff Phase): Only the right leg has lifted off trggound, and the left leg is still in contact with the
ground. The right leg starts to retract BySR to provide clearance.

6) Phase V (Retract Phase): Both legs have lifted off thempipand are retracted for 50 msec to provide clearance. After
50 msec, the controller passes to the flight phase.

C. ldentification of Parameters for Cable Stretch, Hard S{bamper), and the Ground Model

The controller outlined in Sectidn VII[IB was tuned on an appmate simulation model that assumed the cables are. rigid
The controller was coded in C++ and implemented with a 1 msptatime. When applied on MABEL, steady-state (stable)
hopping was not achieved, with five hops being typical betbeerobot fell. This experimental result was used to tune the

11l anding is declared when both legs touch the ground.
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SII—)III

SIVb—>

Right-liftoff

StI-1v,

Fig. 23: The controller phases and the transitions. Frons®Hhg three possible transitions can occur because wegltdmes
off ground first cannot be predicted. According to which legnes off the ground, controller selects Ph&gg,IVy, or; V as
the next phase

TABLE VII: Parameters obtained from dynamic hopping expemmt.

| Spring Model |
Kdg 15 Koal 1000
K1 100 Koao 50

| Cable Stretch Model |

t=mLSy, | :=mLA, | ¢ =mLSg | ¢ = mLAR

Kci 2.9565 3.5000 2.9565 3.8094
Kdg ; 0.0402 0.0889 0.0804 0.3556

| Ground Model |
2 3.0e6 1o 260.0
2 4.5e6 oh1 2.25
n 1.5 apo 1.71
% 4.38e7 ana 0.54

aps3 0.9

parameters in the hard stop model, the cable stretch maulthe compliant ground contact model, using a combination o
hand adjustment and nonlinear least squares fitting. Thetires parameters are given in TABLUE VII. Figurgs]24,] 25, and
compare the result of the experiment (dotted blue lingl) tae simulation model (solid red line) using the parameiters
the TABLE[VIIl Excellent agreement was obtained.

D. Hopping Experiments for Validation

Using the parameters of TABLEE VII, the stability of the nomlopping controller was evaluated on the simulation model
using a Poincaré map, and was found to be unstable. Evertihmdates to the torso angle were added to achieve st§Pdit
Ch. 04]; see AppendikID. The controller was then applied toBEA, resulting in 92 hops before the test was deliberately
terminated. Figure 27,28, arld 129 compare typical expetiaieesults against the simulation results for the 31st f2nt>f
the 92 hops. Figure 27 depicts joint position angle. The erpntal and simulation data match well; it can be obserbed t
the period of the experimental data is longer than that ofsihmulation results by approximately 30 ms. Figliré 27 depict
joint torques. The simulation accurately predicts joingtees observed in the experiment. Figliré 27 depicts catdecistin
the motor coordinates. A significant amount of cable strézabbserved, with the model capturing it quite well.

IX. CONCLUSIONS

System identification of a 5-link bipedal robot with a conapli transmission has been investigated. For each side of the
robot, the transmission is composed of three cable diffexisnthat connect two motors to the hip and knee joints irhsac
way that one motor controls the angle of the virtual leg cstits of the line connecting the hip to the toe, and the second



DRAFT COPY. LAST EDITED BY HWP MARCH 16, 2010 23

190"
<

= : : 3
SVagsf i

180

1.4 15 1.6 1.7 18 1.9 2 21 22 23
time (Sec)

Fig. 24: Identification data from the intimal hopping expeeint. Joint position (in degrees) and hip position (in nwdation
(solid red line) and experiment (dotted blue line).
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Fig. 25: Identification data from the intimal hopping expeent. Joint torque (in Nm): simulation (solid red line) angberiment
(dotted blue line).

mLA;},

50T T T T T T T T T T

-150

200,

100!

mLSg

—100f F RS

-200

—300 b -
14 15 16 17 18 1.9 2 2.1 2.2 2.3

time (Sec)

Fig. 26: Identification data from the intimal hopping expeent. Cable stretch (in degrees): simulation (solid red)liand
experiment (dotted blue line).
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Fig. 27: Validation data from the second hopping experiméaint position (in degrees) and hip position (in m): sintioka
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(solid red line) and experiment (dotted blue line).
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Fig. 28: Validation data from the
(dotted blue line).
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Fig. 29: Validation data from the second hopping experim@able stretch (in degrees): simulation (solid red linejl an

experiment (dotted blue line).
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motor is connected - in series with a spring - in order to adritre length of the virtual leg. The springs serve both tdaiteo
the reflected rotor inertia of the leg-shape motors from thpact forces at leg touchdown and to subsequently storegner
when the support leg must decelerate the downward motioheofdbot's center of mass.

The robot is equipped with fourteen encoders to measure rmpadley and joint angles, as well as contact switches at
the ends of the legs. Neither force sensors, torque sensarsccelerometers are available. To get around theseationis,
the identification procedure took full advantage of the madunature of the robot. By selectively disconnecting calitethe
transmission, various elements could be isolated for stliig process began by identifying the actuator parametetsr (
inertia and torque constants) and the viscous friction & tifansmission, as well as validating the pulley inertidanestes
provided by the CAD model, all with the cables removed thatnaet the legs of the robot to the transmission. Next, the leg
were included to validate the actuation-transmission rhimdeonjunction with the center of mass and moments of iaertf
the links comprising the thigh and shin. Each link’s totalssiacenter of mass, and moment of inertia was estimated fiem t
CAD model, so the primary objective of this step was to vaédhese values along with the identified actuator parameter
For these experiments, the compliance was removed fromyitera by blocking the appropriate pulley; the torso wasdlhgi
fixed in an upright position as well. Following this, the manital parameters of the robot's torso were partially \zbd
through static balancing experiments.

The compliance was identified last. MABEL has two kinds of pliance. One is the unilateral, fiberglass spring designed
into the transmission. The other source of compliance isammed and arises from stretching of the cables betweenutleyp.

The compliance of the unilateral spring was obtained thinostgtic loading experiments. The compliance from cabletcr
was estimated from a set of hopping experiments. From the shata set, the parameters for a compliant ground model were
roughly estimated.

A complete dynamic model of the robot was constructed udiegparameters identified in the above process. Using this
model, a hopping controller was designed and simulated.n/ifinplemented on the robot, the controller yielded stakiEgdy
hopping. After 92 hops, the experiment was terminated. Apamison of the experimental data and the model showed very
good agreement. We are confident that this dynamic modelalidiv us to design and successfully implement controllers f
running on a smooth floor and robust walking on an uneven floor.
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APPENDIXA
MOTORBIAS

The motor amplifier bias is estimated by the following praged First, the motor pulley is isolated from all other pyfidoy
simply disconnecting the cable between the motor and theofetbe transmission, in order to minimize the effect of tioa
from the rest of the pulleys. The motor is actuated with aniasdd sinusoidal torque command. An unknown amplifier bias
will causes the motor position to drift slowly as shown in f2g. Differentiating the response of the motor shown in B@.
gives the angular velocity, which is shown in Figl] 31. A firster ARX (Autoregressive model with exogenous inplts [17])
model is used to identify the system, because the transfietiin between the input and the angular velocity can be hadde
as a simple first order system (as explained in Seéfion Il)d&atify the bias, a constant sequencel sfis augmented to the
original input signal as shown in Fif.132. Thus, the inputisetce used in estimating the bias is defined by,

o U1y, UL o T
u_|:U2’1,...,U2’k:|_|:1,...,1:|’ (31)
where, 7 is the original input sequence.
The first order ARX model with two inputs is given by,

Yk = G1Yk—1 + brut p—1 + baug 1. (32)
Arranging [32) gives,

Yk = a1Yp—1 + b1 (w1, k-1 + ba/b1), (33)

where, b, /b, is the actuator bias.
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Fig. 30: The amplifier has an unknown bias. This is evideninftbe fact that an unbiased command input to the amplifier,
produces an output which slowly drifts with time.
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Fig. 31: Differentiated output. Mean value of the signalgfaed line) are biased.
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Fig. 32:u; is command input ands is sequence of’s which is augmented to the input signal.

-

(a) Standard Pulley (b) Step-down Pulley

Fig. 33: (a) Standard pulley: input radius and output radigsidentical. (b) Step-down pulley: input radius and otifdlius
are different, and the ratio of the radii is the gear ratio.
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APPENDIXB
INERTIA LUMPING

Consider thé:'" pulley in a serial connection of the pulleys shown in Eig. BBe input and output radius of thié" pulley
are denoted by, ; andry ,, respectively, as shown in Fig]33. While the input and outadius of a standard pulley are
identical, the input and output radius of a step-down pudey different.

The moment of inertia of thé'” pulley seen from thé: — 1! pulley is obtained by

r2_
E—1 _
Jp =

S/ (34)
k )

where J, is the k' pulley’s moment of inertia. Thé'" cable inertia seen from thie— 1t cable can also be derived:

2
Tk—1,0

Jfa_blle,k = TJcable,k (35)
K
Jcable,k = r]iyipklk, (36)

wherepy, is the density of thei*” cable, and),, is the length of the:*" cable. By applying[(34) and(B5) consecutively from
k" to 0t", the k*" pulley and cable inertia as seen from fé pulley (the motor pulley) can be obtained as follows:

2 2 2
T T T
0,0 k—2,0 "k—1,0
Jo=-=2.= JE, (37)
T Thk—1,i e i
T(Q) o Tk 2,0 Tk 1,0
Jcable k= —3 - Jcable k- (38)
1 rkfl,i rk J

The lumped moment of inertia of the pulley combination isaiixd by summing up all of the pulley and cable moments
of inertia as viewed from thé*" pulley:

N 2
T ’f' ’f'
j : 2 : 0,0 k—2,0 " k— 1 o
1 'L Tk—l,i k i
N—-1 2 2 2
T T
0,0 k—2,0 —1,0
cable - E Jcable k= E 2 9o Jcable k> (40)
1 i Th—14 Tk i

where N is the total number of the puIIeys. This lumped moment oftinesf the pulley combination is substituted infd (7),
which gives the transfer function from the motor torque te thotor angle.

APPENDIXC
RoBOT MODEL DATA

Tabled VIl and[TX summarize the robot parameter identifie@ectiod IV and’'MI. The data for the compliance is given
in Table[VI] of Sectio"VII-B.

TABLE VIII: Mass, Center of Mass, and Moment of inertia of theks from the CAD models

Link Mass Center of Mass Moment of inertia
(kg) [rz, Ty] (M) (kg - m?)

Spring (Csp) || 1.8987 0.0009406, 0.1181] | 0.04377

Torso (T) 40.8953 | [0.01229, 0.18337] 2.3727

Cshin (Csh) || 1.6987 | [0.0004345, 0.08684] 0.03223
Thigh (Thy || 3.2818 | [0.0003110, 0.1978] | 0.1986

Shin (Sh) 1.5007 | [0.0009671, 0.1570] | 0.08813
Boom 7.2575 | [0.0, 1.48494153] | 20.4951
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TABLE IX: Moment of inertia of the transmission pulleys

Moment of inertia
(kg - m?)

JmLs 9.0144e-004
JmLA 4.4928e-004

Pulley

Tam 1.6680-003
Tein 2.2181e-003
Tbih 1.0826-003
JAsh 1.6974e-003
Toen 2.2181e-003
Tbeh 2.0542¢-003
Tacp 234646003
JBsp 1.8686e-003
TDep 1.93136-003

JmLSsd 2.7117e-003
JmLAsd 1.0950e-003

APPENDIXD
DETAILS OF THEHOPPINGCONTROLLER

This section provides the details of the hopping contraileed in Sectiof VIII-B. For each phase X of Figliré 23, a simple
PD control scheme is used for tracking of the controlledaldesh to a reference trajector/y;ef :

w= 15, (W = n) + Ky (), (41)
where the controlled variables are
qL A+,
ho= |TLSel (42)
qLAR
dmLSg

K, is a4 x 4 diagonal matrix of proportional gaing, is a4 x 4 diagonal matrix of derivative gains, am@ff is the desired

trajectory calculated froni_(45)-(b0) for phaXeof Figure[23. In the detailed simulation modeljn (41) is quantized to the
same level as the encoders on the robot, /sl obtained by numerical differentiation. The control itpare updated with a
sampling time of 1ms, which is the same as the sampling tired os the robot. Desired trajectories and transition canit

presented in(45)-(%0) are calculated and checked for sporeding phase, and are inserted ihid (41). The followingmpaters

are used in the trajectory calculation.

Z/{d = {(SLA’ thL’ thR’ (SESL’ (SESR’ 5{3]_,7 (SEFSR’ h%or} (43)

d d - - + oo d 1
wheredra, his, . his., Ors,s Orsns Orsy» Ors,» @andhf,, € R, and

xd T —0.501,A — hflror
d d
d_ |T2| _ WLSHmLShLSL 44
T ad T+ 0.500a — hdo |- (44)
xi VLSﬁtnLSthR
zf
ref _ ‘Tg
Phase T:{ xd (45)
w{

SI%II : {ptocL = Oaptocn - O}

qTor + quay, — M, — OrA
d
ref Tg
m =
dTor + qLAR — h%or (46)
d
Ty

St ¢ {|éy| < 0.01}

Phase 11 :
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qTor + quay — h, — LA

href o Ig - VLSHUILS(SESL
=
qTor + qLAR — h%‘or
Phase 111 : xd — Vs mrsOrg, (47)

SIH~>IV~d : {ptocL > O;ptocR S O}
SIH%IVb : {ptocL S OaptocR > O}
SIH—>V : {ptoeL > OaptoeR > 0}

Hl h;ﬁf (tIIIaIV)

xf _ 5551 + /YLS'amLS(SE_SL
Phase 1V, : H3hf§j (tIIIHIV) ) (48)

IZ - FYLSHU]LS(SESR
S1v, v : {Proer > 0}

whereH; =[1 00 0], H3 = [0 0 1 0], andt;,_,v is the time when the transition frof/ I to IV happens.

Hihi ()
ref _ xg - FYLSHmLS(SL_JSL
b th:ﬁf (tHIHIV) (49)
ZCZ + WLSﬁtllLséﬁSR
S1v, -V {Proer, > 0}

Phase 1V, :

thlrlelf (tIIIﬁIV)
d 5+
ref _ To + YossmrsOLs,,
Phase V : v H3h;ﬂ1?f (tIIIHIV) ) (50)
xi + WLSHmLS(Si":SR
Sv_1: {t =tvov + 005}
wheret,,_ is the time when the transition frofl/ to V' happens.

In addition to the control structure explained above, weehthe following event based update of the desired torso angle
for better stability:

k] - ¢h (tIHII)

= ¢plk] — Pplk — 1
} onlk] — onl J (51)

h%or [k] = h%%r + (Sh‘%or [k]7
wherek is the hopping countt,_,; is the time when the transition from | to Il occurs, ahtr,, is the gain. Basically, this
controller updates%, . based on the distance traveled horizontally during one HoABEL travels less thans¢{ during
the previous hop, the torso is leaned back from the centerevel , and vice versa. Adding new parameters for the update
law to the parameter set, we define a new parameter set:
Z;[Vd = {§LA7 hﬁSL’ hﬁSR’ 51_431_,7 (SESR’ (SE_SL ) 6I-_4‘_SR’ h%?)r’ 6¢g} (52)

With the control structure explained in this section, siation study shows that the following parameter set yieléscy
state dynamic hopping motion:
Sra = 30°, hig =12°, h{y =12°,
Opg, =5°% Opg, =13°% &fy =5 (53)

ofs, =5°, hi, =8, ¢f=-6.9°
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