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Abstract—This research identifies an eleven degree of freedom
dynamic model of MABEL, a new robot for the study of bipedal
walking and running. Model parameters are identified on the
basis of fourteen angles measured by encoders and the com-
manded torque of the robot’s four independent actuators. Tke
identification process is modular and begins with the cablekiven
transmission mechanism of the robot. By blocking an appropiate
pulley, the springs that are part of the transmission can be .
removed from the initial portion of the identification process. G
Furthermore, by selectively connecting and disconnectingables
in the transmission, experiments are designed for each acated
coordinate in order to determine inertias, friction coefficents,
motor constants, and power amplifier biases of the transmissn
system. With the identified transmission model and estimate
of the inertial parameters of the torso and legs from a CAD
package,a priori estimates of the robot’s overall dynamic model
can be constructed. Thesa priori estimates are initially validated
by comparing predicted response of the combined legs and @ ()

transmission system to experimental data excited by common Fig. 1: (a) MABEL, a bipedal robot for walking and running.

torque commands. At this point, the compliant elements in tie . : :
transmission are brought back into the system and are identied The shin and thigh are each 50 cm long, making the robot one

with a set of static experiments. Specifically, spring stifiess is Meter tall at the hip. The overall mass is 60 kg, excluding the
estimated from the spring torques and deflections. A second boom. The robot’s drivetrain incorporates unilateralisgsifor
unplanned source of compliance is accounted for next. This shock absorption and energy storage.

fomplignqe aritsets ;]’Vheg thﬁ Cab'?s gonq_ehcting th‘ﬁ p“”(‘fyl?aige (b) The robot’s drivetrain uses a set of differentials angring
ransmission stretch under heavy loads. The overall modelfahe . : : -

robot is validated through a hopping experiment that excites all to create a virtual pneumatic leg with compliance.
of the dynamics of the model.

Index Terms—Compliance, Dynamics, Legged Robots, Identi-
fication A secondary objective of this paper is to present a dynamic
model of the robot’s drivetrain. With the drivetrain model
in hand, developing the dynamic model of the overall biped
. INTRODUCTION becomes a standard exercise in Lagrangian mechanics [3], [4

The primary objective of the research reported in this pap&? evaluate the validity of the overall dynamic model of the
is to identify parameters which appear in a dynamic modiqbot, a dynam|c_hopp|ng experiment is performed where the
of MABEL, a new robot for the study of bipedal walking anqmbOt repeatedly jumps off the floor with both legs and lands
running at the University of Michigan's EECS Departmeng sd" @ Stable manner.

Fig. 1. MABEL uses a novel assembly of cable differentials, The problem of parameter identification for robot models
springs, and hard stops to achieve a low-friction, compliahas been well studied in [5], [6], [7], [8], [9], [10]. Most
drivetrain, with the objective of improving the energy effiresults are based on the analysis of the input-output behafi
ciency and robustness of bipedal locomotion, both in steathe robot during a planned motion, with the parameter values
state operation and in responding to disturbances [1], [Zptained by minimizing the difference between a function of
The parameters we seek to identify correspond to inertifle measured robot variables and a mathematical model [7]. A
parameters of the pulleys comprising the differentialsfano very clear illustration of this approach is presented inff&]
rotor inertias, various friction coefficients, spring ctargs, the identification of parameters in industrial manipulatdrhe
and power amplifier biases. standard rigid-body model is rewritten in a parametric form
which is linear in the unknown parameters—= ¢(q, ¢, ¢)0,
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prediction. This approach requires acceleration, whigti-ty sequentially build the model element by element. We use
cally must be estimated numerically from measured positiocommanded motor torques as inputs, and motor and joint
Very careful signal processing is therefore required taiobt position encoders as outputs, and extract model paranwters
accurate parameter estimates. Research in [11] also &eghbpi the basis of those signals. Due to the quantization errdnef t
linear-in-parameter form of the model. First, the grauitadl magnetic encoders, it is difficult to get accurate accealtamat
parameters were estimated on the basis of a static expdrimsignals by differentiating encoder position signals. Henee
and then inertia and friction parameters are obtained st leaeek to extract parameters without calculating acceterati
square fit to experimental data from a dynamic experimerfitom position data.
Other researchers have sought to obtain efficient algosithm The paper is organized as follows: Section Il describes the
for parameter estimation of serial robots by determining rabot being studied. Section Il briefly overviews the syste
minimum set of inertial parameters in a mathematical modielentification process. Section IV, Section V, Section \fida
[12], [13]. Section VIl cover the identification of the transmission imec
An alternative approach has been explored in [8], whicinism, the legs, the torso, and the compliance, respectivel
exploited force and torque sensor measurements to avoid Esrally, Section VIII validates the overall dynamic model
timating acceleration. The model was represented in Newtdhrough a hopping experiment.
Euler form, and a six element wrench at the robot’'s wrist
was expressed in a form linear in the unknown parameters. Il. MECHANISM OVERVIEW
Force and torque at the wrist were obtained directly throughpaBEL, shown in Fig. 1, is a planar bipedal robot com-
force and torque sensors, and parameter estimation was @{sed of five links assembled to form a torso and two legs.
complished from this data without the need for acceleratio novel feature of the robot is that it is constructed from
Another class of methods has been presented in [9], Whigllp monopods joined at the hip. By removing six bolts, half
used an energy-based model that requires velocity and@ositof MABEL's torso and one leg can be removed, yielding a
variables, but does not require acceleration. This methgfgnopod. In fact, the monoped hopping robot “Thumper” at
however, relies on the integration of the input torques d&ed toregon State University is literally the left half of MABEL
joint velocities to compute energy, which is problematiesft 147
timated torque is corrupted by a bias. Reference [10] ptegen |n MABEL, the actuated degrees of freedom of each leg
the idea of designing separate experiments for estimatigg not correspond to the knee and the hip angles (the hip
different types of parameters involving the inertial f®ce angle being the relative angle between the torso and thigh).
centrifugal coupling forces, friction forces, and graviéyces. |nstead, for each leg, a collection of differentials is used
The estimated parameters from each identification proeedgbnnect two motors to the hip and knee joints in such a way
were isolated to one of these four forces at a time. that one motor controls the angle of the virtual leg (denoted
In this paper, we identify the parameters in a dynamigereafter byL.A, where LA stands for Leg Angle) consisting
model of MABEL. Parameter identification for MABEL is of the virtual line connecting the hip to the toe, and the selco
a challenging task for the following reasons: First, MABElmotor is connected, in series with a spring, to the length of
has a limited number of sensors, including only positiofhe virtual leg (denoted hereafter by, where LS stands for
encoders at the motors and joints, and lacks any force |Qig Shape). The conventional bipedal robot coordinates and

torque sensors. Second, actuator characteristics aréypoRIABEL's unique set of actuated coordinates are depicted in
known. The motors used in MABEL are custom made BLD@jqg. 2: they are related by the following equations

(brushless direct current) motors which are only manufactu

on demand. Hence, important motor characteristics such as qLa = % (¢Thigh + GShin)

rotor inertia, torque constant, and mechanical time consta 1)
are not precisely measured and verified by the manufacturer. 1

Identification of those parameters must therefore be iradud s = 5 (¢Thigh — Gshin) -

in the system identification procedure. In combination with Roughly speaking, the rationale for this design is that it
power amplifiers from a different manufacturer, the motors, 1 as the robot a hybrid of RABBIT, a robot that walks
ex.h|b|.ted some d|rect|onal ,b',as' Compllu_:atlng matter.sshﬁalr, extremely well, but never achieved a stable running gait,[15
this bias varies among individual amplifier-motor pairsn€o and a Raibert Hopper, a robot that “runs” remarkably well

sequently, the amplifier bias must be considered in the Sysigy 5] The springs in MABEL serve to isolate the refiected
identification process. Another issue that affects our agagn rotor inertia of the leg-shape motdrsom the impact forces

to parameter identification is that the choice of excitiregete- leg touchdown and to store energy in the compression phase
tory is restricted due to limitations of MABEL's work space ¢ o running gait, when the support leg must decelerate the

Fpr_example_, 2 constant velogity experiment for estimating,,nard motion of the robots center of mass; the energy

friction coefficients is not feasible for MABEL because theyqre in the spring can then be used to redirect the center of
maximum rotation of any joint is less thar80°. Finally, a5 pwards for the subsequent flight phase, when both legs
because MABEL has many degrees of freedom, actuating @iy e off the ground. Both of these properties (shock iioka

of them at once V‘_IOUId lead to a large number of unknowd, energy storage) enhance the energy efficiency of running
parameters. For this reason, we take advantage of the modula

nature of the robot to design experiments that allow us toinertial load of the motor rotor seen from the joint end.
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Fig. 2: Conventional bipedal robot coordinates and MABEL’s
unigue coordinates. Counter clockwise direction is pesiti

and reduce overall actuator power requirements [17], [, [ ®
This is also true for walking on flat ground, but to a lessdrig. 4. (a) Links comprising MABEL. Csp, T, Csh, Th,
extent, due to the lower forces at leg impact and the reducBldl stand forCsy ing, Torso, Csnin, Thigh, and Shin,
vertical travel of the center of mass. The robotics literaturespectively. (b) Transmission mechanism in MABEL and the
strongly suggests that shock isolation and compliancebeill coordinates for the transmission mechanism. The mechanism
very useful for walking on uneven terrain [18], [19], [2021]], consists of spring, thigh, and shin differentials. The ragpri
[22], [23], [24]. differential realizes a serial connection between theslegpe
motor and the spring. The thigh differential realizes mogam
of the thigh link in the leg and the shin differential moves th

shin link. More details on gear ratios are provided in Fig. 6
A. RObOt BOdy and F|g 7.

MABEL consists of five links: a torso, two thighs, and two
shins. The robot is attached to a boom to constrain the ®b
path to the surface of a sphere as shown in Fig. 3. The rob
motion is tangential to the sphere centered in the middle of The transmission mechanism for each half of the robot
the laboratory. With a sufficiently long boom, its motion isonsists of three cable differentials, labeled the sprihigh,
similar to that of a perfectly planar robot walking in a sgii  and shin differentials, respectively, and a spring, as show
line. in Fig. 4b. Two differentials at the hip, the thigh and shin
differentials, serve to translate shin angle and thigheungb
leg length and leg angle. Thus, the electric motors conirel t
leg angle and the leg length. The spring differential serves
to apply spring torques in series between the leg length so
the resulting system behaves approximately like a pogé.stic
Crhign and Cspipn in Fig. 4b are attached to the thigh and
shin links, respectively. Théry,;4, and Bgp,, pulleys are
both connected to the leg-angle motor. They,;q, and Aspin
pulleys are connected to th€g,.in, pulley, which is the
output pulley of the spring differential. The spring on each
side of the robot is implemented via two fiberglass plates
connected in parallel to the differentials via cables; sge E
As explained in more detail in Section VII-A, the springs are
) o ) unilateral (can compress in only one direction).

Fig. 3: Boom constraining MABEL's motion to the surface of caple differentials are used instead of the more standard
a sphere, which approximates 2D planar motion. The centfalay gifferentials depicted in Fig. 5. In part, this choicasw
tower is supported on a slip ring through which power andiaqe in order to achieve low friction and backlash, and
digital communication lines (E-stop line and ethernetsine o, mass in the legs. Although cable differentials and gear
are passed. differentials have different assemblies, they work in thme

g%”s Transmission Mechanism




TABLE I: Notation for MABEL's coordinates and torques.
Subscriptd. andR denote left leg and right leg, respectively.

qLSL R leg shape rotation angle
dmLs, p | Motor leg shape rotation angle
qLAL R leg angle rotation angle
dmLA, | Motor leg angle rotation angld
qLAL R leg angle rotation angle

qmLA | Motor leg angle rotation angleg
GBspy, & Bsp rotation angle
Fig. 5: Two versions of a differential mechanisheft: Gear TmLSp R mLimOtOf torque
Differential, Right: Cable Differential. The A, B, C, and D TmiApg | mLA motor torque

L . TBspL R Bsp torque
pulleys of each mechanism operate in the same manner.

manner. There is a special connection of three components
(labeled A, B, and C), and an internal, unobserved idler
(D). The kinematic equations for a differential are given by
A8 = C and 432 = D, assuming the gear ratios are all
equal. TheA and B components are constrained such that Step-down
the average motion of the two is equal to the motion of thi Binigh
C component. Consequentlyl, and B can move in opposite
directions ifC is held stationary, and the motion 6f will be
half of A if B is held stationary. In MABEL's transmission
mechanism,A and B are used as inputs to the differential,
and C is used as an output. In the following,sn:n, Bshin
and Cgy;,, refer to thed, B and C components of the shin
differential; similar nomenclature is used for the otheiotw
differentials.

Fig. 6 and Fig. 7 describe how this transmission works when (@) qra pulley system (b) gr.a Transmission

qua Or qus is actuated, while the other link is held fixed. Assig. 6: (a) Motor actuation is transmitted @, through one
part of the description, directions and gear ratios areipdc step-down pulley and two differentials (Thigh and Shin). (b

The path from spring torque (displacement) to rotation #yansmission flow ofy,. Gear ratios are indicated.
qus is very similar. Because the transmission is linear, the net

motion in ¢gps from the leg-shape motor and the spring is the
sum of the individual motions.

mLA Motor

Thigh ¥ e P s 2 s

23.53

Aus A

. . . Dspri
C. Notation for naming the parameters and variables Cspring @ spring

For later use, we define following index sets.

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

Motor

where the subscripts andR mean left and rightnLS means
motor leg shape, and.A means motor leg angle; see Fig. 4b.
For the links, we define the index set

L ={T, Csp, Th, Sh, Csh, Boom}, 3)

where, T, Csp, Th, Sh, Csh, and Boom representl’orso,
Cspring, Thigh, Shin, Cspin, and Boom, respectively, as
depicted in Fig. 4a. For the transmission mechanism, we elefil
the index set

T = {Asp, Bsp, Dsp, Ath, Bth, Dth, Ash, 4
Bsh, Dsh, mLSsd, mLAsd, mLS, mLA}, (@) qLs pulley system (b) qrs transmission

where capital letters A, B, and D correspond to the companegig 7. (a) Motor actuation is transmitted égs through one
of the differentials in Fig. 4b, and sp, th, sh, and sd stamd thep-down pulley and three differentials (Spring, Thighd a

spring, thigh, shin, and step down, respectively, as depitt  ghin) (b) Transmission flow afi.s. Gear ratios are indicated.
Fig. 4. Throughout this paper, the notation for coordinates

torques in Table | is used.

Dshin  Cshin




I1l. OVERVIEW OF SYSTEM IDENTIFICATION PROCEDURE ~ TABLE II: Parameters to be identified, whetes 7, £ € L,

Current CAD packages provide excellent estimates of ﬂ?gnsdpte;i\z;;ubscnpti andR denote left leg and right leg,

total mass of links and pulleys, their lengths and radii,teen

of mass, and moments of inertia. If one also accounts for the Differentials and Motors
location and mass of items not normally represented in a CAD fﬂom mg:;’; tgf“i'ﬁee rc(;’tgftam

drawing, such as bearing shape and density, cable length and Ji inertia of the transmission pulleys
density, electrical wiring, on-board power electronicsiua- M friction coefficient

tors and sensors, then goadpriori estimates of total mass, bi m%‘]’ir E'Zf]d A 59

center of mass and moments of inertia can be obtained for the — massgof the Tniké :

overall robot. This was done for MABEL. Consequently, part Jp inertia of the link¢

center of mass in x of the

of our system identification procedure is aimed at validatin merz,e | o .
. . . . link ¢ multiplied by mass of the link

thesea priori estimates by comparing predicted responses to myry. | center of mass in y of the

experimental data. link ¢ multiplied by mass of the link
In addition, there are important parameters for which re- - spfi:r?g;ngilféfl:gses(spnng)

i i i i BL,r

liable estimates are not available from the CAD drgwmgs. Kdp, . | spring damping coefficient

These include motor torque constants, motor rotor inertias Kcsi | cable stretch stiffness

and spring stiffness and pre-load. Even though motor torque Kdg cable stretch damping coefficient

constants and rotor inertias were provided by the manufactu
on the basis of their in-house CAD programs, the motors

were custom wound with very small production numbers, and . . . .
. o Following this experiment, the torso’s inertial paramsizre
hence, these values were not experimentally verified befor,

i : \dentified. Due to the difficulties in experimental idention
shipping. Moreover, because we have different motors fg

mLA andmLS actuation. and we also have differ2niLS 0¥ th_e torso explained in Section VI, we chose tq extract the
inertial parameters from the CAD model and verify some of

motors for left and right legs, the characteristics of the§ : : . . . i
. : : em with static experiments. The compliance is determined
motors would be different in each case. The springs are [rustP . . . .
. o : i . ast. MABEL has two kinds of compliance. One is the unilat-
built as well, and their stiffness must be identified. Fipall . . : . -

o . . eral, fiberglass spring designed into the transmission oftier
friction parameters will probably never be reliably estieth : . . .
by a CAD program and must be determined experimentallfource of compliance is unplanned and arises fr(_)m stregchin

y of the cables between the pulleys. The compliance of the

) o unilateral spring will be obtained from static experiments
A. Steps in the Identification Process and the compliance from cable stretch will be estimated from

The first phase of the experiments focuses on identifyirttynamic experiments.
the actuator parameters and the friction parameters in thénith the parameters obtained above, we can construct an
transmission, as well as validating the pulley inertiareates overall dynamic model of the robot. A dynamic hopping
provided by the CAD program. The motor torque constargxperiment will be executed and the results will be compared
Krp, and rotor inertia,/,o., Of @ach motor are also deter-with simulation results of the dynamic model. The paranseter
mined. This is accomplished by analyzing a chain of rotating be identified are shown in Table II.
symmetric inertias. Because the pulleys are connected by
“rigid” (low stretching) steel cables to form a one-degde- _ _ _
freedom system, various paths in the transmission meanani- Experimental Setup for Motor, Differential, and Leg Pa-
can be modeled simply by the lumped moment of inertia GRMEtErs

the pulleys, and friction. This combined moment of inertfa 0 The first phase of the experiments uses the setup depicted
the pulleys can be calculated by the CAD model and addgflFig. 8. The torso is fixed relative to the world frame and
to the rotor inertia of the motor. The corresponding lumpegle |egs can freely move. The position of thein, pulley
moment of inertia can be obtained also from experimenis. fixed as well, removing compliance from the picture for
From these data, motor torque constants, motor rotor @®rtithe initial identification phase. Desired torque commangs a
viscous friction and motor torque biases can be estimated.sent to the amplifiers and are recorded by the computer. In
Next, the legs are included to validate the actuatiofyrn, the amplifiers regulate the currents in the motor wigsj
transmission model in conjunction with the center of masgereby setting motor torque values. Rotational motionthef
and moments of inertias of the links constituting the thigl & motors are transmitted to the thigh and shin links through th
shin. Each link’s total mass, center of mass, and momentinsmission differentials as shown in Fig. 6, 7, and 8.
inertia can be calculated accurately from the CAD model, SOgncoders are placed on thes andgrs motor angles, the
the primary objective of this step is to validate these valueCThiqh and Dy, pulleys, and the knee joint. The position
For these experiments, the compliance is removed from thethe Bspring pUIIey is also measured, but is not used here
system by blocking theBs,,iny pulley; the torso is fixed as pecause this pulley is locked in a constant position to remov
well. the compliance. With this configuration, thg s and qrs

2The use of motors of different characteristics for the left aight sides MOLOr gngles are rigidly connected to the ang@s, and
was not planned. It was a matter of necessity when one of thermailed. ¢r.s which are related to the motor encoder readings by the



Measure: Output

combinations of Fig. 9 will be used for the leg-angle path
Encoder and the three pulley combinations of Fig. 10 will be used for
Current N o the leg-shape path.

Command MLA Step Down i X
—>  Amplifier 0 Encoder- Encoder Thigh

Measure: Input

A. Lumping the Pulley Inertias

Bspring

Encoder
? Encoder
i I T

Command

/_) Amplifier In the following it is assumed that the position of the

Bgyring pulley is fixed and the cables do not stretch. The
pulleys in the transmission are then rigidly connected and
Link rotate with a gear ratio determined by the ratio of the radii
Fig. 8: Experimental setup for system identification. Motopf consecutive pulleys. Moreover, if the position of the-leg
commands are logged as an input for system identificatishape motor is constant, then the pulleys in the leg-andte pa
and the encoder signals for motor angl€&;y;gn, Drnign  fOrm a one-degree-of-freedom system as depicted in Fig. 11
pulleys, and the knee joint are saved as outputs for systemd can therefore be lumped; a similar analysis holds when
identification. the position of the leg-angle motor is constant.

Measure: Input Measure: Output

. . B. Motor Torque Constant and Inertia Correction Factor
following relations® R .
The q¢r,4-identification experiments are performed succes-

qLa = ;quA, and (5) sively on thegr A -motor in combination with 1, 3 and 5 pulleys
YLA—mLA as shown in Fig. 9. Theg-identification experiments are
1 1 performed successively on tlygsmotor in combination with
s = Gmls 5 amap BSP ©) 1 3 and4 pulleys as shown in Fig. 10. The lumped moments

of inertia of each combination, including the contribusoof

WNETE s s = 3142, Yinmia = —23.53, ANA s oy = the cables can be expressed as

5.18 are the gear ratios frorhS to mLS, from LA to mLA
and fromLS to Bsp. The calculatedy,s andgr,a angles are Jy = Jrotor 4 rulley 4 jeable ;1 9 3 @)
also logged during the experiments.

It is common for power amplifiers to exhibit a small bias iwhere J™*" is inertia of the actuator rotor, denotes ex-
commanded current, which in turn causes a small bias in moRgfiment number, /7'’ is the lumped pulley moment of
torque. Before beginning system identification, these dsiagnertia of experimeni calculated from the CAD model with
were estimated and compensated for each motor following t@nsideration of gear ratios between the pulleys, dfftt'®

procedure described in Appendix A. is the lumped cable moment of inertia calculated from mass
of the cable per unit length and the length of the cable
IV. TRANSMISSION|DENTIFICATION with consideration of gear ratios between the pulleys.ihgtt

Jroter;man denote the nominal rotor inertia supplied by the

Recall that the differentials in the transmission are reali . )
r(’;r\1nufacturer, we introduce a scale factowia

by a series of cables and pulleys; see Figs. 6 and 7. For sys{é1

identification, this is an advantage because we can easdlytse o Jreter )
how many pulleys are actuated by disconnecting cables. For Jrotor,man’

each pulley combination, the lumped moment of inertia caphich we seek to identify; see (11).

be easily obtained by standard calculations. It followd tha

the electrical dynamics of the motor and power amplifiers are
neglected, the lumped pulley system can be modeled as a first-

order system exp,

Jlumpedw + HlumpedW = U, (7)

whereJjumpeq 1S the lumped moment of inertigy,mpeq is the exp,
lumped friction coefficientw is angular velocity of the motor,

andu is commanded motor torque. By identifyiag,,p.qs and

Hiumped TOr three different combinations of pulleys plus motor,

it is possible to determind(r and J"°!", and to validate exp,
the lumped pulley inertia predicted by the CAD model. In

the following, for each side of the robot, the three pulley

3These relations hold under the assumption that the cableststretch,
which is a very good approximation here because relativiglyt lloads are
applied to the robot. In most of the robot's applicationsyéeer, such as
walking and running, the transmission system is heavilgéoband significant Fig. 9: Three different combinations faf,4 transmission
cable stretching is observed. Models described in SectitrBMake into identificati
account cable stretch. ljdentmicaton.




Due to the presence of the amplifier, as shown in Fig. 12, the
transfer function which can be experimentally estimateanfr
commanded motor torque to measured motor angular velocity
is a scalar multiple of (7). Hence, moment of inertia from the

experiments is related to moment of inertia of (8) by, Fig. 11: A rigidly connected series of pulleys can be repace
JEP = Kop(aJroterman 4 gpulley | jeabley ;1 9 3 with a single pulley representing the lumped moment of
! ! v ' (’10) inertia.

whereJ*? is lumped moment of inertia estimated on the basis
of the i-th experiment.

Three different moment of inertia values, denoted ;§y”, Amplifier  pulleys, Cable, and Rotor
exrp exrp H H Sinusoidally 1 1 Motor Pulley
J3 . and J; respe_cuvely, are ob_tamed from gach of the | \iiing Freq, Br | Trewar o otorbuley
gmLs andgy,1.4 €xperiments. Arranging the equations related and Mag.
with those inertias in matrix form gives 1 _ 1
T Kr(Jis+pi)
Kra
V=T { T (11)
Kr
Identify Transfer Functionj-
where
K €T T
Jezp Jrotor,man J{mlley +Jfable 14+Tps J; pJF/‘«: i
1
U= JQzZ ,andl’ = | jrotor,man Jg’“Zy + Jgeble | !
tor, puttey bl
J3 JTO or,man J3 + Jga e

exrp i rotor,man j Jazp = L uemp L
J;*" results from the experiments]” " is from the i K> K

manufacturer's data sheet, and“"“Y and Jc“"* are from Fig. 12: Transfer function from input (amplifier command) to
the CAD model. Estimated values df; and o are then output (motor encoder signal). The motor torque constadt an

obtained by least squares fit: amplifier are lumped as a single parameter. The measured
% ) ) transfer function isl/(Kr(J;s + p;)). The Matlab system
[ KTQ } =TT) 'V, (12) identification toolbox is used to estimate the first-ordansfer
T

function from the experimental measurements.

C. Experimental Results

System inputs were designed as follows. Starting from a [ T iiangt o 3§ 0T e aons
lower frequency of 0.5 Hz, the input frequency was increased & O;: : : ; ; : |
in 17 steps to an upper frequency of 50 Hz. Each frequency: - f AR
was held constant for 10 periods until changing to the next £-os| : : : R : 8
faster frequency so that the system response would reach -, T e 80
steady state. At each frequency increment, the magnitude wa  -ss . S S S
also incremented to keep the measured motor angular velocit g-aof ! : | .
from becoming too small. Fig. 13 displays examples of the Z-ss . AR R N LA
input signal and corresponding system response. The Matlabg_sof f . ! .

System Identification Toolbox was used to identify the tfans 55! S R
function (7). TABLE Ill shows the results obtained from the time ()
experiments. Fig. 13: Example of input and output for system identificatio

The input is a modified chirp signal, that is, a sinusoid with
varying frequency and magnitude.

exp,

TABLE llI: Identified experimental moments of inertia and
friction coefficients for the transmission mechanism.
exp,
i=1 i=2 i=3
mLSy Z”’ (kg:-m?) | 8.819e-04| 1.099e-03| 1.112e-04
*P (N-m-s) | 5.655e-03| 6.518e-03| 7.142e-03
mLAL Z”’ (kg-m?) | 5.514e-4 | 7.223e-4 | 7.436e-4
oxp, “P (N-m-s) | 2.332e-03| 4.365e-03| 3.858e-03
LS 6”’ (kgm?) | 1.104e-3 | 1.360e-3 | 1.431e-3
R ,ﬁ“’ (N-m-s) | 6.545e-03| 9.811e-03| 9.879e-03
LA TP (kgm?) | 5.217e-4 | 6.900e-4 | 7.328e-4
Fig. 10: Three different combinations fafg transmission R | preap (N-m:s) | 1.718e-03| 4.048e-03| 4.703e-03

identification.



On the basis of the values in Table Il and o« were of Q; its elements correspond to the mechanically locked
calculated by (12). Their estimated values are listed in TBB coordinates ofP, referred to as the locked index set. For
IV, along with the motor bias. Note that the respective rot@xample, suppose that only thd.S;, andmLA;, motor angles
inertia scale factors: for the left and right sides of the robotare actuated and the other coordinates are mechanicaligdoc
are very close in value. Also, the leg-angle motor torquéen Q = {mLS;,, mLAp} andP = { mLSg, mLAR}. We

constantsK'r are nearly identical for the left and right sidesalso define the set of coordinatgg = [qql, .
For the leg-shape motors, the estimated motor torque aosstay;, . .
K are different; this is because the motor windings ar@, andg¢p = [qpl,...

) Qan g |» Where
., dng € @, andng is the number of elements in the set
,Gpnp ], Wherepy, ..., pnp € P, and

different on the left and right sides, as noted in Section Ilhp is the number of elements in the et

We also note that motor biases are very small compared withiThe parameters to be validated from the CAD model are
typical torques that one may see in walking experimentgrouped in a vectof = m I ry ry|, wherem,I, r, and
which can easily exceed 2Nm for mLA and 8Nm for mLS [3]r, are mass, inertia, center of mass positionzjnand iny,

respectively (the values from the CAD model are presented in

TABLE IV: Identified o, motor constantr and motor bias Appendix B), and letx = [mLSL, OmLAL, OmLSg, OmLAg)

b. from Table IV. The total kinetic energy for the actuated ixde
= miS, [ i=miAL | 1= miSg [ 1= mhAn setQ is
o 0.934 0.741 0.930 0.763 . Thigh .
Rra 0.995 1.332 1.087 1.069 Kq (9,44 0,0) =K (ag, 4y, 0, @) |gp=q3,
b;(N-m) | -0.1076 -0.04652 | 0.02995 | -0.001672 FESM (g0 G 0, Q) |gp—g- (13)
—H4p

+KCtrans (49:dg, 0, ) |qP:q}5

where, KThigh —CShin - gnd Ktrens are the kinetic energies
V. THIGH AND SHIN IDENTIFICATION . . L .
) ] ) of the thigh, the shin and the transmission, respectively, a
This section focuses on the parameters associated Wi are the locked joint position angles faf. Symbolic
the legs. Thigh and shin identification are performed in tWeypressions for the transmission model are available enlin

steps: SISO (Single Input Single Output) and MIMO (Multh [25]. The total potential energy for the actuated index se
Input Multi Output). In SISO identification, only one degre@ is

of freedom is actuated at a timemrs;, ¢mLAL, gmLSg, OF . Thigh .
dmLAg, and the other ones are mechanically locked. Because Vg (49,49 0, 0) =V """ (a4, 4y, 0, ) |qp:q;;

one degree of freedom is actuated, a reduced number of AV (g4, g, 0, Q) lgp=q;, (14)
parameters appears in the dynamic model, so the system Trans -

. . . . . . +V (QQv(IQa ,Oé) |¢IP:‘1;:'
behavior is simple and easy to identify. Once parameters in
the SISO dynamic model are identified, we proceed to MIMO The Lagrangian is then

i t h bot dgm tuated si-
experiments, where botl,rs, and ¢mra, are actuated si Lo=Kao-Vo. (15)

multaneously or botl,,rs, andgmra, are actuated.

The main purpose of the MIMO experiments isvalidate with the total kinetic energy and potential energy obtained

the parameters obtained in the SISO experiments. Howeugsm (13) and (14), the dynamics can be determined through
friction coefficients may differ from the values from Sect agrange’s equations:

tion IV because more joints are actuated when doing thigh
and shin identification experiments than in the transmissio
identification experiments. Recall that Fig. 4b and 8 show ho

the thigh and shin links are actuated by the torque transehitivhere T', is the vector of generalized forces acting on the

through the transmission. robot, and can be written as:
In this section, the torso continues to be fixed relative & th

world frame and the position of thBg,..», pulley is fixed as
well, removing compllianc.e frqm th.e_ picFure. The mOtortCBrqL\/vhere I, xn, is the identity matrix of sizen,, Kr, =
constants and rotor inertias identified in Section IV aredus%mg[l/K“T ¢ /K I ug = [ray +bay - +l? ]
in the model. i Doanp 1 BQ o fdnp  np 12
and £, = diag[uq, - pq,, ], and whereKr ..., are from

) Table IV. Theb,, ..., b, are the motor biasésThe motor
A. Mathematical Model biases can be obtained from Table IV for the SISO experiment;

Because we assume rigid connections between and for the MIMO experiment, however, they are obtained as part
qmLA, and betweenys and ¢,rs in the leg identification, of the optimization process explained in Section V-C. The
the appropriate set of generalized coordinates for the dyiction coefficients areiqy ;- - -, Han, » and the procedure to
namics of the combined leg and transmission systems aistain them will also be explained in Section V-C.

g = [QmLSL y @mLAL, YmLSR » QmLAR]-

T - 52 =T, (16)

FQ :InqanKTQuQ _F,uq'Qv (17)

In the following, QcZin (2) represents coordinates Bf 4Bec_ause the legs are relatively Iight, small torque biae_sa(_% to significr_:lnt
rs in the modeled effects of gravity. When the robot iadgtual operation

. . . . rro
that are a_Ctuated n a.gl\./en experiment and will be called tsﬁd supporting the heavy torso, the effects of these smaju¢obiases will
actuated index set. Similarly, 162 C Z be the complement be negligible.



The dynamic model in (16) also can be written in the fornfABLE V: Friction coefficient, and motor biash obtained
by minimizing the costs in (19) and (20), respectively.
D(6‘7a7q)q+ C(e7a7q’Q)q+ G(@,a,q) - FQ’ (18) i=mLSy | i=mLAp | i=mLSg | i = mLAg

where D(0, a,q) is the inertia matrix,C(#,,q,¢) is the [#i (Nms)| 9.844e-3 | 4316e-3 | 9.027e-3 | 4.615e-3
o : ) ) b, (N-m) | -8.417e-3 | 2597e-2 | -1.446e-2 | -2.461e-3
Coriolis matrix,G (6, «, q) is the gravity vector.

B. Experiments

Two types of experiment are performed in this sectio%
SISO and MIMO. Each is performed on one leg at a time. |

principle, with the torso position fixed, the legs are dededp inally, the results from simulation are compared with expe

|tn ;t)r:acutche, trl;ere 1S sci?etco?pltlngdo.f V|brtat|or} frct)lm c_m.fjes' ments. The overall simulation and validation procedunes a
o the other because the test stand is not perfectly rigid. de(Picted in Fig. 14,

In the SISO experiments, one degree of freedom is actuate
and logged (eitheg,,1.s or ¢mra), While the other degree of
freedom is mechanically locked. In the MIMO experiment?- Results
both gi,Ls andgmra are actuated and recorded. The objective The comparisons between simulated and experimental re-
of the SISO experiments is to validate the parameter vettokults are presented in Fig. 15 and Fig.51@\ll figures
in (18) obtained from the CAD model, and the motor constaghow ¢;.5 and ¢;,» computed fromgy,rs and gmi.a because
K and biash terms identified in Section V. The objectiveqLS and ¢4 are physically more meaningful and easier to
of the MIMO experiment is to validate the parameters fromnderstand. It is emphasized that all parameters are ditar
the SISO experiment. the transmission identification experiments or the CAD nhode

The input signal is a modified chirp signal plus a constamith the following exceptions: friction is estimated in tB¢SO
offset, similar to the transmission identification expeits. experiments from (19) and used in the MIMO experiments; in
However, there is an additional complication: the magreétudhe MIMO experiments, motor biases are tuned via (20).
and offset must be selected to keep the links within the we can observe that simulation results match very closely

robot's work space. Previously, when the transmission wgge experimental results. The small differences in thesplot
disconnected from the legs, this was not an issue. may arise from several sources:

Simulations are conducted as follows. First, (18) is set up
r a given actuated index s€. Then, the system response
i simulated for the input sequence used in the experiment.

1) A simple viscous friction model is used in the simula-
C. Simulation and Validation tions. This model does not take into account stick-slip

With all the parameters in the mathematical model (18)  behavior in the slow velocity region.
known, the response of the system excited by the input used) Electrical wiring is not included in calculating ineitia
in experiments can be simulated. The paraméter (18) can parameters.
be obtained from the CAD model, and, b, and K was 3) Motor bias changes slightly for each experimental trial.
obtained in Section V. The friction parameterare obtained
by minimizing the following cost function VI. TORSOIDENTIFICATION

_ o Due to the torso being much heavier than the legs, its mass
Tle) \/Z(ym) yaim (1)) (19) and inertia strongly affect the dynamics of the robot. Aater
wherey.., is the vector of experimentally measured data,, identification of the torso’s inertial parameter is therefoery
is the vector of simulated data, apg is the vector of viscous important. The identification of the torso’s inertial propes
friction coefficients given the actuated index €@t The 1o  through experimentation is more difficult than those of the
values obtained in this manner should be larger than theesalu
from Section 1V, but not greatly different from those values °MATLAB fig-files are available online at [25]
and are shown in Table V.
In the MIMO simulations, we observed that very small

. . . . . . . Transmission I.D. CAD Program: Optimization

variations in assumed actuator bias, which can be ignored in e i P
X .. . a Ky 0 b, p
nominal use of the robot, can cause large deviations in the ‘ Sutout
system response, especially in the leg-shape variahles. Input Sequence . ; e
. . . . R} 13
Therefore, for the MIMO simulations, in place of the bias Simulation TRLRLT Y
values obtained from the transmission identification, wedus /' Model LYY
. . . . . v

values which minimize the cost function, v

J(b = Yexp — Ysim b ) (20)
(b0) = /3 Werp = paim (b)) —
wherey..,, is the vector of experimentally measured data,,

is the vector of simulated data, ahd is the bias vector of the _ ) _ o S
actuated index se@. The values obtained fdig are shown Fig. 14: Simtulaion and validation procedures of leg identi
in Table V. caion
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Fig. 15: SISO simulation (solid red line) and experimentaig. 16: MIMO simulation (solid red line) and experimental
(dotted blue line) data in degrees. (dotted blue line) data in degrees.

transmission and legs for the following reasons. First, the fixed, with the legs hanging below the robot and above the
experimental testbed does not alfows to fix the legs and floor. The torso is balanced in the upright position. We then
move only the torso. Second, the workspace of the torsodalculate the center of mass position of the model withoet th
limited” to +30° ~ —40°. boom, and check that the center of mass is aligned over the
Therefore, instead of dynamic identification of the torstip joint.
static balancing experiments are executed for validang \We tried 10 different postures for the first experiment and 7
priori CAD model estimates. First, we set the robot in gifferent postures for the second experiment. Fig. 17aalsp
posture where the right leg is extended more than the lgffe horizontal distance between the center of mass and the
leg. MABEL is then balanced by hahdn the right le§. supporting toe for the first experiment, and Fig. 17b shows
Once the robot is in balanced posture, the joint positiom dahe horizontal distance between the center of mass and the
is recorded. Many different postures are balanced and thggagip for the second experiment. We observe that the maximum
With the logged data, we calculate the center of mass pasitigrror is 6 mm, which is negligible considering that we did the
of the overall robot, and verify that the calculated center @xperiments with manual balancing.
mass is located over the supporting toe.

In a second set of experiments, the position of the hip joint VIl. COMPLIANCE
SAttempts at dc_)ing so resulted in movements of the heavy t@pproxi- MABEL uses springs connected in series betWQﬁll’ﬂ,s
mately 40 kg) being translated to the legs. and to provide energy storage and shock absorption
“The is due to a rotation limiter device installed to prevéw torso from qu . . . N
hitting the floor when the robot falls. A related video is 4able on YouTube. The stiffness of these springs is estimated through static
8The balance of the robot is maintained with very minimal fitige experiments using the calculated spring torques and messur
pressure. _ _ spring deflections. The joint torques used in these expeitisne
The wheel at the toe is removed for better accuracy of thererpat. Due . f th di IKi 3
to compliance of the wheel and its rounded shape, the coptzint would are more repregentauve 0_ the to_rques use . In walking []
vary for each posture. and are approximately 8 times higher than in the dynamic
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o (] TAsp
“““ 00’ TGravity
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exp. No. exp. No. Fig. 18: Experimental setup for measuring spring stiffness
(@) (b) Cspring is locked in place by blocking the toe of the robot.

Fig. 17: Calculated center of mass horizontal distance frohft€réfore, leg-shape motor torque is transmitted to thegpr
the supporting toe (a) and the hip (b) from the identified 1€gSulting in spring defelction.

inertial parameters and the torso inertial parameters fifzan
CAD models. All center of mass horizontal distances st

within 6mm. By TBsp IN Fig. 18) is due to the deflection of the spring and

is given by:
TBsp — KBQBspa (22)

experiments of Section V. During the experiments, it is dotevhere K is the spring stiffness andgg, is the spring

that the cables in the differentials stretch. This commi@is deflection measured by a magnetic encoder installed in the
also modeled. B, pulley. Becauserg,qvity and s, are related via the

differential mechanism, these torques are related by:

A. Spring Stiffness ITGravity| = [2.590617pgp| - (23)

The series compliance in the drivetrain is now identified bgombining (21), (22), and (23), the spring stiffness is oted
static, constant torque experiments, performed by baigncias follows
the robot on one leg at a time. The setup is illustrated in Ko 1 Wrobotsin(qLs)
Fig. 18. In these experiments, the torso is no longer locked i B = 1518043 IBsp :
place relative to the world frame (it is free). The actuatms |y amohasize that the estimate in (24) does not depend
one side of the robot are disabled; the leg on that side igbld P (24) P

on the estimated leg-shape motor torque. The design of the

and tied to the torso. On the other side, a PD-controIIeremluseXIoeriment is completed by varyings over a range of values,

to maintain the leg angle di80°. A second PD-controller is here taken to be from0° to 30°
USEdOtO set the nominal leg shape, which is varied i@ 16 4p0ve experiment was performed on each leg. Fig. 19
to 30°. An experimenter balances the robot in place with thg, s the results of these experiments. It is observed Hiat t

toe resting on a scale placed on the_ fI_oor; the experlmeng%rring behavior is nearly linear, and that the spring corsta
adjusts the angle of the robot so that it is exactly balaneced 8f the left and right springs are consistent

the toe, as in Section VI.
In this position, the scale is measuring the combined weight caple Stretch

of the robot and the boom. At steady state, the torque at tth . . .
. e have observed in walking experiments reported else-
Cspring Pulley is exactly balanced by sum of the torques at the

Aoy and Bsyring pulleys, by the design of the differentiaI.Where [3] that the cables used in the differentials stretch a

The torque at thes i, (denoted byr,ruui, in Fig. 18) is noticeable amount under the application of heavy |&ads

the weight of the robot transmitted through the thigh ana sh-{:hIS compliance breaks the r|g|d_ relations in (5) and (6).
onsequently,g.a and ¢,a are independent degrees of

differentials, and its magnitude is given by: freedom, as arerg, g andg
’ LSs dmLS, Bsp-

L 1W . 21 We take into account the stretching of the cables with a
ITgravity| = |5 Wroborsin(aus)| (21) " simple spring model. First, the rigid relations are expeess

. . he form of a constraint
whereW,..,o; is the weight of the robot measured by the scaI[e

at the bottom of the foot. The absolute value is used because ) (q) = mLA + Yea-mradLA . (25)
spring stiffness is positive. The torque 4t,,i», (denoted by 9mLS ~ Yis—omisqLS ~ Vis—mspTBsp

Tasp IN Fig. 18) is from theg,,1.s motor reflected through the  10gy, e experiments reported in Sections V, the amount decstbetch
stepdown pulley, and the torque at tBg,, i, pulley (denoted was negligible.

(24)
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wheregq is the vector of generalized coordinates for the robét. Dynamic Model
dynamics and\ (¢) = 0 corresponds to zero cable stretch. The model for the dynamic hopping is derived with the

Because the cable stretch torques act on these constraisihod of Lagrange. When deriving the equations of motion,
the corresponding input matrix for cable stretch foré2suw. it is more convenient to consider the spring torques, théecab

follows from the principle of virtual work: stretch torques, the ground reaction forces and the jaatidn
I\ torques as external inputs to the model. The Lagrangian is
Beable = 9 (26) computed as summarized in [3], except that, because of the

additional cable stretch dynamics, 4 additional coordisare
We assume here that the cable stretch torques can be modglethed to parametrize the robot's linkage and transmission
as a linear spring with linear damping. Therefore, for each 0 e generalized coordinates are taken as =
the four actuators, the spring force from the cable stresch (iqL R S N Rt AR S S SUN S
deled as hLA’ mLA» 4LS» mLS7_ Bsp_7 LA> mLA’_ LS» mLS’_ Bsp’ 4Tor;
mo Phip; Phip)s Where as in Fig. 2, and Fig. 4By, is the torso
Teabie (¢,4) = Ko (q) + Kde) (q), (27) angle, andgra, ¢mea, qus, and gmis are the leg angle,
_ ) ) ) o leg-angle motor position, the leg shape, the leg-shape moto
where K¢ is 2 x 2 a diagonal matrix spring coefficients, andposition respectively, a”ﬁ’ﬁip andpy;, are the horizontal and

Kdc is 2 x 2 diagonal matrix with damping coefficients ofyertical positions of the hip in the sagittal plane, resivedy.

the cable stretch. _ o _ The model is then expressed in standard form as
The spring and damping coefficients of the cables will be ) o
obtained in Section VIII-C. Dy (gn) Gn + Ch (qn, dn) gn + G (qn) =Tn (28)

where,I'}, is the vector of generalized forces and torques acting

VIIl. OVERALL MODEL EVALUATION VIA TWO-LEGGED on the robot, which is given by,

HOPPING
This section describes a hopping experiment used to fing h = Bhu/Jr ByricTyric (an: @) + BapTsp (an: Gn) +
tune and subsequently validate the overall dynamic model of af F + BeavieTeabie (n, dn) (29)
MABEL. First, a dynamic model appropriate for two-legged Iqn ’

hopping is presented. The model consists of the integratiplere, f is the position vector of the leg end, is the ground
of the models for the transmission, the legs, the torso, apghction force, the matriceB,, Biric, Besp, and Beap are
the cable stretch from Section IV, Section V, Section Vdlerived from the principle of virtual work and define how the
and Section VII-B, respectively, with a model to computgctuator torques;, the joint friction forcesry,., the spring
ground reaction forces [26], [27]. Next, a simple controte  torquesTg,,, and the cable stretch torques,;. enter the
induce two-legged hopping is summarized, with details @ivenodel, respectively.

in Appendix C. With the simple controller, several hopping The ground reaction forces at the leg ends are based on the
steps were realized, but a stable, steady-state hoppibgasi compliant ground model in [26], [27], using the modification
not achieved. This data was used to determine the remainii@posed in [28]. The model for the unilateral spring is
parameters in the overall dynamic model, corresponding 4agmented with terms to represent the hard stop, yielding
the damper which implements the hard stop in the unilaterg], ,

spring, the coefficients of the cable stretch model, and the

ground contact model. Using this final model, the hopping cor] = —KBpgpsp — Kdpdpsp,  qBsp > 0

troller was refined with event-based correction terms. Wheh= —Kpqpsp — Ka1diy,, — Kva1GBsp,  qBsp < 0 and qpep > 0
applied to the rqbot, this controller yielded successfydging, | = — KB — Kanad,, — Kvardssp

which was terminated after 92 hops. The results of the happi — Ky msign(q}gsp), aBsp < 0 and dpsp < 0

experiment are used to validate the model through compariso (30)

with the simulation model. Excellent agreement is attained yhere i ; corresponds to the experimental values in Fig. 19,
and where the remaining parametek&ip,Kq1,K,q41, and
K42 Will be identified from hopping data in Section VIII-C.

70 70 When the spring is deflectedgs, > 0, this model is a linear
60 60 spring damper. Wheng,, < 0, the pulley is against the hard
50 50 , stop, a very stiff damper. This model captures the unilatera
2540 / 2540 nature of MABEL's built-in compliance.
30 / 30 .
2L iz —— B. Hopping Controller
T g T %0208 04 0508 A simple, heuristic controller is outlined for hopping. It
(a) Left Spring (b) Right Spring is emphasized that we are not interested in hopping per se.

) ) ] A hopping gait is being used as a means of exciting all
Fig. 19: (a) Spring Stiffness=115.1N (7psp, = 115.1¢Bsp.+  the dynamic modes that will be present when running on
2.214) (b) Spring Stiffness=111.7M (7ssp, = 111.7g8sp. +  flat ground or walking on uneven ground. The details of the
5.377) controller are provided in Appendix C.
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TABLE VI: Parameters obtained from dynamic hopping ex-

periment.
| Spring Model
Kdg 15 Koal 1000
K 100 Koao 50
| Cable Stretch Model
i=mLSy, | i=mLAy, | i=mLSg | i=mLAgR
Kcji 2.9565 3.5000 3.8094
Kdc 0.0402 0.0889 0.3556
Y | Ground Model
2 3.0e6 1o 260.0
D 4.5e6 Oh1 2.25
n 1.5 apo 1.71
3 4.38e7 ho 0.54
Xh3 0.9

SHIﬁI\},

Fig. 20: The controller phases and the transitions. Frons&ha
[ll, three possible transitions can occur because which |
comes off ground first cannot be predicted. According to Whi
leg comes off the ground, controller selects PhasgIVy, or;
V as the next phase

© Identification of Parameters for Cable Stretch, Hard Stop
C(Damper), and the Ground Model

The controller outlined in Section VIII-B was tuned on an
approximate simulation model that assumed the cables are
rigid. The controller was coded in C++ and implemented with

The controller consists of 5 different phases as depictedarn1 ms sample time. When _applled on MABEL' ste_ady-st_ate
Fig. 20: (stable) hopping was nqt achleyed, with five hops being glpic

) o . before the robot fell. This experimental result was useditet
1) Phase | (Flight Phase): MABEL is in the air, andpe parameters in the hard stop model, the cable stretchimode
no ground contact occurs. The variabigs,, , ¢mrs., and the compliant ground contact model, using a combination
qLAR, @aNdgmis, are commanded to constant values Vigf hand adjustment and nonlinear least squares fitting. The

a PD controller. resulting parameters are given in TABLE VI.
2) Phase Il (Touchdown Phase): MABEL lands on the

ground?. The leg-angle motors are used to regulate the Hopping E . s for Validati
torso angle and the angle between left and right legs _opplng xperments for validation N
to constant valuesd, . andéy.a, respectively. The leg-  Using the parameters of TABLE VI, the stability of the
shape motor positiong,r.s, andgmis, are commanded nominal hopping controller was evaluated on the simulation
to be constant so that the springs absorb the impdBedel using a Poincaré map, and was found to be unstable.
energy. Event-based updates to the torso angle were added to achieve

3) Phase Il (Kickoff Phase): When the horizontal comstability [4, Ch.4]; see Appendix C. The controller was then
ponent of the center of mass velocity approaches zegpplied to MABEL, resulting in 92 hops before the test
the legs are extend b&IjSL for the left a”d5L_sR for was deliberately terminated. Fig. 21 and 22 compare typical
the right in order to propel the robot off the groundexperimental results against the simulation results ferdhst
From Phase Ill, three possible transitions can occand 32nd of the 92 hops. Fig. 21 depicts joint position angle.
because which leg comes off the ground first cannot gée experimental and simulation data match well; it can be
predicted. According to which leg comes off the groun@bserved that the period of the experimental data is loriger t
first, controller chooses PhaB€,, IV,, or |V as the next that of the simulation results by approximately 30 ms. Fiy. 2
phase. depicts joint torques. The simulation accurately predioitst

4) PhaselV, (Left-liftoff Phase): Only the left leg has torques observed in the experiment. Fig. 23 depicts cable
lifted off the ground, and the right leg is still in contactstretch in the motor coordinates. A significant amount oleab
with the ground. The left leg starts to retract %L to stretch is observed, with the model capturing it quite well.
provide clearance.

5) PhaseVy (Right-liftoff Phase): Only the right leg has IX. CONCLUSIONS

lited off the ground, and the left leg is still in contact gystem identification of a 5-link bipedal robot with a
with the ground. The right leg starts to retract & compliant transmission has been investigated. For eagh sid
to provide clearance. _ of the robot, the transmission is composed of three cable
6) Phase V (Retract Phase): Both legs have lifted dfftferentials that connect two motors to the hip and kneetgi
the ground, and are retracted for 50 msec to provige sych a way that one motor controls the angle of the virtual
clearance. After 50 msec, the controller passes to th&) consisting of the line connecting the hip to the toe, dred t
flight phase. second motor is connected - in series with a spring - in oxler t
control the length of the virtual leg. The springs serve loth

11 anding is declared when both legs touch the ground. isolate the reflected rotor inertia of the leg-shape motasf
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Fig. 22: Validation data from the second hopping experiment
Joint Torque (in Nm): simulation (solid red line) and experi-
ment (dotted blue line).
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Fig. 23: Validation data from the second hopping experiment
Cable stretch (in degrees): simulation (solid red line) and
experiment (dotted blue line).

the impact forces at leg touchdown and to subsequently store
energy when the support leg must decelerate the downward
motion of the robot's center of mass.

The robot is equipped with fourteen encoders to measure
motor, pulley and joint angles, as well as contact switches a
the ends of the legs. Neither force sensors, torque senmsmrs,
accelerometers are available. To get around these lionitsti
the identification procedure took full advantage of the mladu
nature of the robot. By selectively disconnecting cablethe

Fig. 21: Validation data from the second hopping experimenmansmission, various elements could be isolated for sfTidgy
Joint position (in degrees) and hip position (in m): simisiat process began by identifying the actuator parametersr(roto

(solid red line) and experiment (dotted blue line).

inertia and torque constants) and the viscous friction & th
transmission, as well as validating the pulley inertiareates
provided by the CAD model, all with the cables removed
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that connect the legs of the robot to the transmission. Next, 100
the legs were included to validate the actuation-transoniss

model in conjunction with the center of mass and moments
of inertias of the links comprising the thigh and shin. Each
link’s total mass, center of mass, and moment of inertia was
estimated from the CAD model, so the primary objective of
this step was to validate these values along with the idedtifi

actuator parameters. For these experiments, the comelianc
was removed from the system by blocking the appropriate
pulley; the torso was rigidly fixed in an upright position

as well. Following this, the mechanical parameters of the - . . . .
robot’s torso were partially validated through static balag time(s}
experiments.

16 18 20

Fig. 24: The amplifier has an unknown bias. This is evident

fThe clc?mpl|arg:e V\./ash|dent.||f|ed I?S;.'bMAIBEL ha; two k'.nd?rom the fact that an unbiased command input to the amplifier,
of compliance. ne IS the unilateral, fiberglass sprlnggj. s produces an output which slowly drifts with time.
into the transmission. The other source of compliance s

unplanned and arises from stretching of the cables betvireen t
pulleys. The compliance of the unilateral spring was ofg@din o s
through static loading experiments. The compliance frobieca soft 0 fH
stretch was estimated from a set of hopping experimentsaFro
the same data set, the parameters for a compliant ground mode
were roughly estimated.

A complete dynamic model of the robot was constructed NS RARRARSARARAANARARERIQAS
using the parameters identified in the above process. Using cgof
this model, a hopping controller was designed and simulated oo ‘?(ime‘(zsec)” voorx
When implemented on the robot, the controller yielded stabl ] ) .
steady hopping. After 92 hops, the experiment was terminat&ig- 25: _leferentla_lted output. Mean value of the signal
A comparison of the experimental data and the model showtgshed line) are biased.
very good agreement. We are confident that this dynamic
model will allow us to design and successfully implement
controllers for running on a smooth floor and robust walking
on an uneven floor.

dgmlal(rad/sec)

Yk = a1Yg—1 + b1u1 k1 + boug k1. (32)
APPENDIXA Arranging (32) gives,
MOTORBIAS
The motor amplifier bias is estimated by the following Yk = a1Yp—1 + b1(u1 g—1 + b2/b1), (33)

procedure. First, the motor pulley is isolated from all othe
pulleys by simply disconnecting the cable between the motahere,bz/b; is the actuator bias.
and the rest of the transmission, in order to minimize the
effect of friction from the rest of the pulleys. The motor is
actuated with an unbiased sinusoidal torque command. An
unknown amplifier bias will causes the motor position totdrif

slowly as shown in Fig. 24. Differentiating the responsehef t Tables VIl and VIl summarize the robot parameter iden-

motor shown in Fig. 24 gives the angular velocity, which i§ieq in sections IV, V and VI. The data for the compliance
shown in Fig. 25. A first order ARX (Autoregressive modelg given in Table VI of Section VII-B.

with exogenous inputs [29]) model is used to identify the
system, because the transfer function between the input

the angular velocity can be modeled as a simple first orq%
system (as explained in Section Il). To identify the bias, a

APPENDIXB
RoBOT MODEL DATA

qBLE VII: Mass, Center of Mass, and Moment of inertia of
e links from the CAD models

constant sequence dfs is augmented to the original input| |ink "ﬁass Center of Mass "ﬁomg”t of inertia
signal as shown in Fig. 26. Thus, the input sequence used-in— (ko) [re, ry] (M) (kg-m)
timati the bi is defined b Spring (Csp) || 1.8987 | [0.0009406, 0.1181] | 0.04377
estimating the bias 1S defined by, Torso (T) 40.8953 | [0.01229, 0.18337] | 2.3727
Cshin (Csh) || 1.6987 | [0.0004345, 0.08684] 0.03223
g | WLk | T (31) | (Th) [ 32818 [ 0.0003LI0, 0.1978] [ 01986
U1, Us g L...,1 | Shin (Sh) 15007 | [0.0009671, 0.1570] | 0.08813
Boom 7.2575 | [0.0, 1.48494153] | 20.4951

where, 7 is the original input sequence.
The first order ARX model with two inputs is given by,
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— d d — — + + d
Z/{d T {§LA’ hLSL7 hLSR’ 6LSL7 (SLSR’ §LSL7 (SLSR’ hTOr}

(36)
d d — — + + d
wheredpa, hig, , hisys Ons, s Onsys Ons,s Orsyr @ndhg,, €
R*, and
2 x‘li 7 — 0.501,A ; h%or
d
15 d__ |Ta2| _ ’YLS*}mLSh’LSL
¢ = = . 37
g ' : : : : N N N xg ™ + 056LA o h%or ( )
I T T T T
ti d
ime(s) 2
Fig. 26:u, is command input and, is sequence of’s which ref x4
. . - 1 =
is augmented to the input signal. Phase 1 : ad (38)
d
TABLE VIII: Moment of inertia of the transmission pulleys 4
_ _ SI%H : {ptocL = Oaptocn - O}
Pulley Moment of inertia
(kgm?) p
TmLs 9.01446-004 qTor + quAR — Nor — OLA
Tl A 4.4928e-004 , 20
Tath 1.6680e-003 nrel = 2 .,
Tom 2.2181e-003 Phase 11 : qTor + quAr — Moy (39)
Tbth 1.0826e-003 20
JAsh 1.6974e-003 . 4
JBsh 2.2181e-003 St = {|éw| < 0.01}
TDsh 2.0542e-003
Tasp 2.3464e-003 J
TBep 1.8686e-003 qror + quag — Py — OLA
Tbsp 1.9313e-003 ol 5
Tmissd || 2.7117e-003 pref — 2 7 TisomesOLg,
JinLasd || 1.09506-003 qTor + qLAR — Do,
Phase 111 : o YrsmLsOrgy, (40)
S151v, : {Proer, > 0, Proer < 0}
APPENDIXC Sti-1vy, ¢ {Proer, < 0, Proer > 0}
DETAILS OF THEHOPPINGCONTROLLER Sty : {Proer. > 0, Proey, > 0}
This section provides the details of the hopping controller
used in Section VIII-B. For each phase X of Fig. 20, a simple HihLE (b))
PD control scheme is used for tracking of the controlled d s+
variablesh to a reference trajectoryy’ : rof = |2 ThemmisOrs,
X Phase IV, : ! HBhITIGIf (tIIIﬁIV) s (41)
a3 . d —
u=K, (h;“ff . h) T K, (—h) , (34) 2 — YosmusOis,,

SIVaﬁV : {ptocR > O}
whereH; =[1 000}, H3 = [0 0 1 0], andt;;;_,;v is the time

where the controlled variables are

quAL when the transition fromd /1 to IV happens.
b= qqmish , (35)
L re
CImLSRR H, hIIIf (tmﬁlv)
, d_ . ol
K, is a4 x 4 diagonal matrix of tional gaindy, | hpel = |72 TusomsOus,
p IS a4 x lagonal matrix of proportiona gaelfns{f{d is Phase TVy, : 4™ HahTe (b (42)
a 4 x 4 diagonal matrix of derivative gains, arid”’ is the P 5+
desired trajectory calculated from (38)-(43) for phaseof T4+ YusomesOrsy
Fig. 20. In the detailed simulation modélin (34) is quantized Stvy—v i {Proe, > 0}
to the same level as the encoders on the robot, /and
obtained by numerical differentiation. The control inpate Hyh'e! (tisry)
updated with a sampling time of 1ms, which is the same as , 23+ Y 5+
the sampling time used on the robot. Desired trajectoriels an = e omiSTLSL
ping ) Phase V : v H3h1T§f (tIIIaIV) ) (43)

transition conditions presented in (38)-(43) are caladaind P N
checked for corresponding phase, and are inserted into (34) TG+ Vs omsOrgy
The following parameters are used in the trajectory catmra Syt {t =tw_v +0.05}



wheret;,_ is the time when the transition fromV to V' [g]
happens.

In addition to the control structure explained above, weehavg
the following event based update of the desired torso angle f

better stability: [10]
¢]T1[k] = (bh (tIaII) [11]
5¢u[k] = opnlk] — ¢p [k — 1] (44)
5h’%or [k] = KTOY((Sd)h [k] - 6¢ﬁ) [12]
h”dl‘or [k:] = h”dl‘(c))r + 5h”d1‘or[ ]7

where k is the hopping count{;_,; is the time when the (23]

transition from | to Il occurs, andr,, is the gain. Basically,

this controller updated.4, = based on the distance traveled!
horizontally during one hop. If MABEL travels less than
during the previous hop, the torso is leaned back from thus)
center value:4? , and vice versa. Adding new parameters for
the update law to the parameter set, we define a new parameter
set: [16]

Z/ld = {5LA7 thL’ hdLSR7 ESL’ ESR7 52_31_, ) 6I-_4‘_SR’ th?)r’ 6¢g} [17]
(45) (18]

With the control structure explained in this section, siaul
tion study shows that the following parameter set yieldadye

state dynamic hopping motion: [19]

Sra = 30°, hig =12°, hig =12°

Ls, = 5% Ong, = 187 Oy, =57 (46)
5st =5°% K. =8, ¢f =-69° [20]
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