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Abstract

We have built a planar one-legged robot (the ARL Monopod) to study ithe design,
control and energetics of autonomous dynamically stable legged machines. Our 15kg
robot is actuated by two low power SO0W” DC clectric motors, yet it operates in a stable
and robust fashion up to a running speed of 4.3km/hr (1.2m/s). Both design and
control of our machine borrow heavily from Raibert’s work whose robots use much
more powerful hydraulic actuators. Despite our comparatively low power available
[or actuation, only the hopping height controller had to be modified to achieve stable
ranning. In order to improve energetic efficiency we introduced a scalar “locomotion
bime” variable, which maps one locomotion cycle onto a fixed interval, independent,
of operating conditions. This locomotion time has allowed the implementation of a
reference trajectory for flight phase leg angle tracking. We have performed a detailed
energetic analysis of robot ruuning for the ARL monopod in order Lo determine how
its elliciency may be improved. A comparative encrgetic analysis reveals our machine
as the most enerpy cflicient powered legged robot having a specific resistance of e = 0.7

at A3km/hor (1.2m/s) running speed.

—



Résumé

On « constrait on robol marcheur a une palle (le Monopod ARL) pour ctudicr le
design, le contvéle et la performance énergelique des robols mareheurs anlonomes of
dynamiguement stables. Nolre robot de 15kg esl actiod par dewr moleurs dleetvigues &
courant continu de faible puissance (SOW ). Malgre ecla, it se déplace d'une maniére
stable cl robuste el alteinl une vilesse de pointe de A 3kmfhr (1.2m/[s). Le design
et le conlréle de base sont emprantés des travaur de Raibert o les robols sont ae-
tivés par des actionneurs hydranliques puissants. Méme. avee une puissanee disponible
trés réduile pour Uaclivation, scul le contrélcur de hauleur o du élve modifié pour ai-
teindre un déplacement stable. Afin d’améliorer encore les performances nergétiques
du robot, on a introduil unc variable de “lemps de déplacement™ qui peraed de fuive
correspondre un cycle de déplaccment @ un inlervalle fize, indépendamment des condi-
tions d’opération. Celte notion nows « permis de calenler une trajectoive de véfeérence
pour la position de la palte pendant la phase de vol. Une analyse comparative de con-
sommation énevgétique du Monopod ARL confirme que notre vobol est le plus efficace
compure ¢ d’aulres robols marcheurs avec son cocfficient de résistance spéeifiyue de

e = 0.7 @ une vilesse de 4.3km/hr (1.2m/s),

—
—
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Chapter 1

Introduction

Goals of Legged Robot Research

Fhere are two important motivations to the study of legged robots. First, basic un-
derstanding of biological locomotion can he greatly incrcased through the process of
reproducing animal walking and running by mechanical means. Perhaps of more prae-
tical interest is the potential performance of legged systems in rough terrains. Raibert
points out, “only about half of the carth’s landmass is accessible to existing wheeled
and tracked vehicles, whereas a much larger fraction can be reached by animals on
foot."[29]

Legged robots which are capable of dynamic operation and active balance promise
to exhibit similar mobility, efficiency and dexterity as their biolegical connterparts,
Such robots would be able to operate in a large range of environments and surface
conditions and promise to be the mobile platform of choice compared to wheeled sys-
tems. However, belore legged robots hecome practical, improved stability properties

and autonomous operation are essential.
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Historical Background

Legeed robots generally fall into one of two classes: those capable of dynamic operation
and those designed for static walking. In static walkers, stability is assured through
kinematies by keeping the eentre of mass of the machine withiu the polygon formed by
the supporting leet. This requires these machines Lo have at least four legs although
they are often built with six legs to improve mobility. Static walkers do not balance
actively and since dynamies ol motion are not considered, speeds are low. Dynamic
operation requires that balance be actively maintained at all times. Dynamic robots,
which can locomole even with a single leg, have a greater potential for speed and
power clficiency.

xperimental research on actively balanced running machines began with Matsuoka
[15) who Dbuilt & planar one-legged hopping machine to study repetitive hopping in
humans. His machine was sliding on a. 10° inclined plane and thrusted by an clectric
solcnoid, The first walking machine with active balance was built by Miura and
Shimoyama [19]. It operated with stifl legs, similar to humans on stilts.

Our work has been inspired by past rescarch of Mare Raibert [29] who has led
the field of dynamically stable legged locomotion during the past decade. He built a
variety of running robots, starting with a planar one-legged machine [28], followed by a
D one-legged, a two-legged planar robot, and a quadruped. His latest robots include
a 31 two-legged robot, where cach leg has four actuated degrees of freedom. Except
for the first one-legged planar hopper, which was pneumalically actuated, his designs
use powerful hydraulic actuators and rely on pneumatics for the leg spring only. By
effectively eliminating power constraints Raibert was able to focus exclusively on robot
design and control issues. This strategy was eminently successful and he built many
different running robots based on an almost standardized set of custom parts. It is
important to realize that all of his robots are controlled by some derivative of the

tri-partitioned decoupled control developed for the original one-legged planar hopper
[29].
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Papantoniou [23. 22} has also built a planar monopod actuated by two electric
motors and 1s using a derivative of Raibert’s controller, He cmplovs o cluteh which
engages the spinning motor at maximum leg compression lo maximize enersy transfoer
to the leg. Thus for his device energy is only added during the second hall ol the
stance phase. To make this approach work, the stance time needed (o be increased
cousiderably to 470ms, resulting in a mode of operation he terms “compliant walk™.
This is different from a running gait in that the flight duration is shorter and the
hopping height is shallower. The lower flight duration limits the amplitude of leg
swinging and thus the running speed. There are many more research labs working
on dynamic locomotion. An extensive review of rescarch in legged locomotion ean he

found in [30].

Progress at McGill

Research into legged robots at McGill began in 1991 at the Ambulatory Roboties
Laboratory (ARL) of McGill's Centre for Intelligent Machines (CIM). Work al ARL
is directed toward understanding the theoretical and practical issnes involved in robot.
locomotion with the final goal of building a fully autonomous, aflordable quadraped
capable of performing in an industrial environment. To this end, ARL's robots cm-
ploy electrical actuation rather than hydraulics, since it is more suitable for indoor
autonomous robots, and is a cleaner, safer and less expensive techuology.

Our current planar monopod represents an important first step towards that final
goal. The process of mechanical design and controller development and implemen-
tation as well as results gathered from experimental runs will prove invaluable to
developing more sophisticated, multi-legged robots, Although the planar monopod
may seem simple and far removed from practicality, its simplicity allows for develop-
ment of analytic results as well as providing new conceptual insights, yet it displays
all the relevant properties of active balance and dynamic operation.

Since autonomous operation is desired, this implies an on-board power source which
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increases the mass of the robot at the expense of pay load. Thus, minimizing energy
consumption becomes an important consideration. Analysis of the encrgetics of the
ARL Monopod shows encouraging rvesults, but we feel further improvements can be
realized by developing controllers aimed at minimizing energy consumption as well as

stabilizing the running gait.

Author’s contributions

[ joined the ARL rescarch team headed by Prof. M. Buchler in Jannary 1993, At
that time, the virtual inotion system was in place [20], the robot leg (Figure 2.1) and
related electronic hardware had been constructed, and preliminary control software
was written [33]). Experimentation had yet to begin. By carly February, after becom-
ing familiar with the system 1 performed stable vertical hopping experiments with
the leg. 1 next performed experiments to evaluate the torque-speed characteristics of
out actuators. These results are given in Section 2.1.3 and led to the development of
an analytlically tractable, exactly implementable open-loop torque controller used to
stabilize the hopping height [27]. This controller is described in Section 3.1.

In the spring and summer design and construction of a body and actuated hip
for the ARL monopod proceeded (Section 2.2). 1 was responsible for this detailed
mechanical design and construction although the analysis involved in sizing the hip
transmission components was done in collaboration with M. Ahmadi. In September,
I used Raibert’s work was the basis for writing control software for the monopod.
On September 20 1 performed the first stable, 2D running experiment with the ARL
monopod on the treadmill. Experiments continued through October and by the be-
ginning of November the robot was running at a top speed of 1.2m/s on the treadmill.
These results, originally reported in [11], are described in Section 4.2.

Through a detailed analysis of the energetics of our robot as well as a survey of
other legged robots [12], 1 established that the ARL Monopod has the lowest specific

resistance in among powered legged vehicles (Section 4.3).
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We developed a scalar “locomotion time” variable as a tool for new contral ideas
and implemented calenlation of this locomotion time online during an experimental
run. [ used this locomotion time as the basis for caleulating a relerence trajectory in
leg angle. Implementing this reference trajectory during an experimental run makes
the leg swinging smoother and minimizes jolting at lilt-ofl and touchdown.

In an attempt to improve the quality of sensor data, | developed, constrneted and
tested a hybrid angle sensor design based on analog sensing and local A/D couversion.
The quality of sensor data has a direct effect on coutroller performance. This sensor
consists of an analog polentiometer coupled to an on hoard A/1) converter cirenil

with active filtering and a scalable input range (Scction 5.2.3).

Organization of the thesis

The thesis is organized as follows. Chapler 2 discusses Lhe experimental hardware and
describes issues related to mechanical design of the ARL Monopod. Control issues
for the robot are discussed in Chapter 3. In Chapter 4 the experimental procedure
and results obtained are described. A detailed energetic analysis of robot. locomotion
as well as a comparison of robot efficiency to that ol other land vehicles is also in-
cluded in Chapter 4. Chapter 5 describes proposed control strategies and mechanical
design modifications aimed at improved energy clliciency. In Chapter 6 nture work

is proposecd.



Chapter 2

Planar Running Robot

2.1 Hardware Description

2.1.1 ARL Monopod

The ARL Monopod may be described as a prismatic, planar, electric monopod. 1t is
composed of a leg with a sliding prismatic knee joint and a mechanical spring. The leg
allaches to a body through an actualed hip joint. Mechanical design considerations
for the leg in Figure 2.1 are discussed in [27).

T'he layout of the monopod is shown in Figure 2.4. The robot has six degrees of
{reedom (DOIM) of which only two are actuated. Actuation comes via two 80W brush
DC motors (Maxon 2260 series) powered by PWM servo amplifiers (Galil MSA-12-
80). The servo amplifiers operate in current feedback mode allowing motor torque to
be specified direetly. The motors each drive a high efficiency NSK ball screw. One ball
screw compresses the leg spring while the other actuates a cable-pulley transmission to
control the hip angle (leg velative to body). The cables can optionally be replaced with
compliant elements. Optical encoders are used to sense motor positions and hip angle.
A potentiometer is used to measure the leg length, All positions are differentiated and
filtered in software using a first order Infinite Impulse Response (IIR) filter to obtain

rates. Filtering is necessary to eliminate sensor noise due to quantization of encoder
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signals and clectromagnetic interference (M) between high-current, high-bandwidih

motor power signals and analog sensors,

2.1.2 Virtual Motion System (VMS)

The Virtual Motion System [20] consists of a treadmill and planarizer that constrain
robot motion to a vertical plane. The planarizer employs horizontal and vertical ball
slides riding on precision ground rods to allow [ree movement in the horizontal and
vertical directions. The body of the robot attaches to the planarizer through a revolnte
joint which uses angular contact ball bearings to allow free body pitehing, All three
DOFs arc instrumented with optical encoders Lo measure the horizontal and vertical
position and the body piteh angle. Treadmill power comes from a LTEW DC motor
controlled by a regenerative DC motor coutroller with manual setpoint adjustment.
The treadmill allows unlimited range for robol running, A wrangle is attached to the

planarizer so the robot may be manually lifted off the treadmill in case of emergeney.

2.1.3 Motor Model

The motors which actuate the leg spring and hip angle behave like ideal “torquers,”
g 51 B I B | 1

“that is, we can control instantaneous current up to the thermal and operational lim-

its imposed by the motor construction and the drive clectronics. Since we operale
intermittently we are able to draw the maxinuun stall torque of 1.78 Nm and atilize
the operational regime for short term operation in Lhe first, quadrant given by the
manufacturer (Figure 2.2).

The servo amplifiers are powered from a 48V unregulated power supply allowing
the motor’s stall torque of 1.8Nm to be reached. The resulting operating regime is
shown in Figure 2.2, which was obtained experimentally by commanding a desired

torque square wave profile between +1.8Nm and —1.8Nm. For this class of fractional
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limited to ¥+ = L.8Nm during all experiments as specified by the manulacturer.

horsepower motors, torque is limited by

4

<71 —=%2) First quadrant
<f Second quadrant
T 1 (2.1)
> —=H1+%) Third quadrant
| > -7 Fourth quadrant

where 7 is the stall torque and & is the no load speed. 11 is therefore evident, Lhat the

traditional actuator limit of the form
Il <+
is not applicable to this class of electric DC motor which is increasingly common for

driving small to medium size robots and mechanisms.

2.1.4 Electronic Hardware

. Figure 2.3 shows how the electronic hardware relates to the monopod. A single

XP/DCS Transputer node [1] is used to recad and process sensor signals, compule
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states and control outputs, log data, and interface with the servo amplifiers. The
standard XP/DCS Transputer board is connected to a custom 1/0 board which links
the robot hardware (sensors and servo amplifiers) to the XP/DCS board. "This custom
[/O board performs analog to digital data conversion for sensors and servo amplifier
feedback signals, quadrature decoding of raw encoder signals, digital to analog con-
version of controller output signals and provides reference voltage for potentiometers
ihrough a DC-DC converter. These devices are housed in a rack next to the VMS

and connect Lo the robot through a series of cables.

f I,
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Figure 2.3: Electronic Hardware Connection Diagram

Software is developed and compiled on a SPARCstation and downloaded through
an Ethernet gateway (IMS B300 T'CPlink) to the XP/DCS board before an experi-

mental run. There is no communication between the XP/DCS and the SPARCstation
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during the run when the Transputer rans the soltware deseribed in Section 205 at @
rate of 1AH . Alter the experiment is completed, logged data s downloaded 1o the
SPARCstation for ollline analysis.

Power for the robot comes from the grid through a single Galil CPS-6-18 uneegn-
lated DC power supply which feeds both servo amplitiers. The servo ampliliers can
handle up to 281 peak thronghput and servo the motor current {and thus the motor

torque) at a 2.55 1 = closed loop bandwidth.

2.1.5 Software

The control algorithms discussed in Chapter 3 are coded as part of a 1300 line
program which controls all robot functions. This software consists ol an initializa-
tion routine, a main loop and a data recovery routine which downloads data [rom the
Transputer memory to the SPARCstation for offline analysis following the experimen-
. . . - . . .
tal run. The main loop is exccuted once every milliseccond and performs the lollowing

functions:

¢ keeping track of real time used to compute time dependent physical quantities

and to synchronize the controller frequency,
o reading raw sensor data through the 1/0 board,

¢ processing raw sensor data into usable form including differentiation and filtering

of position data to obtain rates,

¢ maintaining a watchdog timer signal which acts as a failsafe; Lhe treadmill and

servo amplifiers are disabled when this signal is not present,

¢ controlling an audible alarm which informs ihe operator of the beginning and

end of an experimental run,

e computing the current state of the robot (flight, stance, ete) from sensor signals,
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o running the control algorithing to determine desired torque values,

o sending desired torque values to the servo amplifiers which control and power

the motors, and

o recording sensor and state data into an array for later recovery into the SPARC-
station; these data are typically recorded every 15 milliseconds for a 60 second

run.

This software is developed and compiled on the SPARCstation and is loaded into

the Transputer just prior to an experimental run.

2.2 Design of Body and Actuated Hip

2.2.1 Mechanical Layout

Running in the plane demands the leg be able to swing fore and aft in a controlled
{ashion. This in turn implies an actuated hip joint attaching the leg to the robot
body. The inertia of the body should be high compared to that of the leg in order
to minimize the pitching motion of the body in response to leg swinging. At the
same time, body mass should be keptl low to keep energy requirements for vertical
motion small. Both requirements can be satisfied by having a long body whose mass is
concentrated at the ends. The body of the monopod consists of a standard aluminum
channel section used for structure. Elements of the hip actuation system (hip motor,
ball screw, servo amplifiers) and a 2kg counterweight (to offset the hip motor and ball
serew masses) are housed at either end of the body to increase the body inertia. The
final design shown in Figure 2.4 also keeps the gravity centre of the robot at the same
height as the hip joint. No attempt was made to minimize the weight of the channel
section which alone accounts for 1/4 of the robot’s 15kg mass. In future, reducing

'. the body mass and eliminating the counterweight could allow the XP/DCS board



CHAPTER 2. PLANAR RUNNING ROBOT i

and an electro-chemical battery to he placed on the body for autonomous running,
experiments,

In order to minimize requivements lor spare parts we decided o use the siome
type of motor for hip actuation and leg actuation. The L8N m stall torque of these
S0 motors along with the 55N m hip torque required for forward vununing demand &
30:1 transmission gear ralio. Moreover, the transmission design should allow for the
insertion of a compliance in series with the hip actuation system. FPhis compliance
is required for the experimental study of passive dynamic running currently heing
invesiigated in siimulation.

By using a cable and pulley system to actuate the lip joint, such aseries complianee
can casily be incorporated into the design by ineluding extension springs in Lhe loug
cables. Figure 2.4 shows these cables (4) fixed at one el to the hip pulley (3) which
actuates the leg (12). At the other end, the cables rnn over idlers (9) and attach to
the ball nut of a high efliciency NSK ball screw (6, 5). The ball screw is actuated by
the hip motor (8) through a miniature H'TD timing belt (10) and unity ratio pulleys
and converts motor torque into an axial force delivered at the ball nut. "This ball nut
force, in turn, tensions the cables which actuate the hip palley.

Using the HTD belt to relate the motor to the ball screw results in a compaet,
assembly with the motor placed underneath the ball screw and permits a body length
of only 0.9m. In addition, the HTD belt provides some protection for the motor by
isolating it from shock loads. The hip pulley radius and ball serew lead were selected

as described below in Section 2.2.2 Lo give the required gear ratio of 30:1.

2.2.2 Hip Transmission Design

This section describes an optimization procedure for selecting the parameters of the
hip actuation system. The dynamical equations of the hip transmission system shown
in Figure 2.5 were derived and simulated by M. Ahmadi. ‘This simulation forced the

leg angle to follow a desired trajectory similar to the expected trajectory for robol,
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running.

The free parameters in the hip transmission design are the pulley radins 7, the hall
screw lead ry (equivalently L in non/ree) and the hip compliance stitliess by, Vor
direct actuation, Ay is set to a large value equal to the cable stitlness, The design
requires that the motor stall torque not he exceeded (7, < 7) while the leg swings
during running. A sinusoidal trajectory was used o represent the motion of the leg
during running. Results from vertical hopping experiments perforined with the robot
feg [27] were used to estimate the parameters of Lhis sinusoidal trajectory, A lrequency
of 2H = equal Lo the vertical hopping frequency and an amplitude of 20° corresponding

to a running speed of 0.9:m/s were selected. Body pitching was neglected,

Figure 2.5: Hip Transmission Diagram

The variables involved in the dynamical cquations of the hip actuation system are
given in Table 2.1 and are graphically represented in Figure 2.5. By balancing forces
in the hip actuation system, the dynamical equations may be obtained. Since a unity
ratio transmission connects the hip motor to the ball screw, the hip motor torque, 7.,

is equal to the ball screw torque. This torque goes into acceleration of the ball screw
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hip pulley radius

hip joiat angle

hip joint damping

hip compliance stifiness
hip compliance damping
hip cable tension

hip motor torque

ball screw angle

ball screw lead

ball screw inertia

ball nut position

ball nut mass

ball nut force

ball nut torque

log mass

leg inertia

distance from leg CG to hip joint

gravitational acceleration

(m)
(rad)
(Nfm/s)
(N/m)
(N/m/[s)
(N)
(Nm)
(rad)
(mfrad)
(kgm?)
(m)
(ko)
(N)
(Nm)
(kg)
(kgm?)
(m)
(m/5?)

Table 2.1: Transmission Variables

16
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as well as balancing the ball nut torque. 7,. according to the relation
T = .J’_.,{')._.1 + 7,
where 7, velates to the force in the hall uat, £, through the lead of the ball screw, ry.
T, = I,r,.
The force in the ball nut is used to tension the hip cables for actuation as well as
accelerating the ball nut itsell;
1= Fy A myj,.
The linear acceleration of the ball nut, ji, relates to the angnlar acceleration ol the
ball serew, 0, through the ball screw lead,
fin = 1,0,

Taken together, the above equations reveal the motor torque relation

T =1y Flh + ﬂhﬁu (22)
where

ay = Jy 1y -+ ramy,
accounts for the combined inertia of the ball screw and ball nut.

The tension in the hip cable, I, balances the dynamie load of the hip compliance,
Fyo= 28, (RO — p) + 2e, (RO — py,), (2.3)

and, so, approximating sin(f) = 0 for small angles, the dynamics of the actuated hip
are represented as _

S0 = RFy = Cu0 — mugled. (2.4)

Solving equation (2.4) where the leg angle 8 follows the sinusoidal path ¢ = 0y sin(wt)

gives the motor torque

Tm = Asin{w!) + B cos(w!) (2.5)



(o]

CHAPTER 2. PLANAR RUNNING ROBOT I

where A and 3 are Tunctions ¢f the system design parameters, primarily the lever
avim I, the stilfness Ay, and ball screw lead ry, as well as the parameters ol the leg
trajectory. We ean now evalnate the motor’s torque requirements as a function of leg
speed, 7,,(w). The peak motor torque, T, depends en the design parameters in a

simple fashion,

Tmaar = V A% 4 32, (2.6)

This maximam torque is shown in figure Figure 2.6 for the direct actuation case
with a leg angle trajectory of amplitude 8y = 0.35rad and frequency w = dwradfs.
T'he maximum motor torque, Ty is plotted against the ball screw lead, L, expressed

in mn/frev for three values of pulley radius B = 0.04m, R = 0.08m, and R = 0.1:m.

0.04

D
ih W

0.08
0.14

Tmax(N.m)
TR

—

0 5 10 15 20 25 30 35 40 45
lead(mm/rev)

Figure 2.6: Hip Transmission Design. The ordinate shows the maxinmum hip motor

torgue required to swing the leg through a reference trajectory with a given combi-

nation of ball screw lead and pulley radius. The final design uses lead = 16mm/rev,

ading = 0.08m.

The next step in the design process is to select the optimal combination of ball
screw lead and pulley radius from Figure 2.6. Unfortunately, this problem cannot
be cast as a straightforward numerical minimization problem, since there are many

non-standard constraints. For example, the motor characteristics require that the
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maximum torque be a function of the velocity given by equation (2.1). Furthermore
ball screws are available only in coarsely discrete leads and lengths and their inertial
parameters are only available via lookup tables,

The generated cable tension £, should be kept small sinee it afleets the overall
size and weight of our structures. Since we plan to use clastomeric springs, the
spring stiflness is limited to 58N /m due Lo energy storage fimitatious. F'he ball serew
travel should be less than 0.1 to limit the inertia, mass and lody length. The
design is further complicated by the necessity to meet the constraints for both divect
and compliant actuation. The compliant case is facilitated by large pulley radins
R, resulting in smaller torque requirciments, but this increasing I, when combined
with the optimum lead (Figure 2.6), increases motor velocity, acceeleration, ball serew
travel, and ball screw lead in the direct actuation casc.

The final design paramcters of lead L = 0.16mm/ren, pulley radius 1= 0.08m and
spring constant &y, = 3600N/m are an attempt to satisfy all the constraints concerning
pulley radius, ball screw lead, and maximum motor torque and velocity. Together with
a ball screw travel of 0.13m, this configuration allows a maximum hip angle of £45°,
This set of parameters minimizes the molor torque-speed requirements lor compliant
running by matching the natural frequency of the system with the frequency of the

vertical oscillations of 2H = [27].
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Control

3.1 Three-part Decoupled Control

Running for a single legged system is comprised of a stance phase during which the toe
is in contact with the ground and a ballistic flight phase when the toe is ofl the ground
and the robot behaves as a projectile. These phases ave illustrated in Figure 3.1. A
slep comprises one stance phase between louchdown and Iift-off of the toe, and one
flight phase beginning with lifi-off and ending at the next louchdown.

Raibert developed a control strategy for legged robots which decouples the complex
coordinated running motion into three scparate tasks; hopping height control, forward
speed control, and allitude control. Hopping height is controlled during stance using
the leg actuator while body attitude is simultaneously controlled using the hip actua-
tion system. During flight, the hip actuator controls forward speed. In order to control
the running motion of our robot, we took Raibert’s three part control algorithm [29]

and applied some hardware specific modifications as described below,

3.1.1 Vertical Motion (Hopping height control)

In Raibert’s running experiments he stabilized the vertical motion of his machines by

specifying a constant position step to the leg actuator during stance at the instant of

20
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X Lift-off Touchdown

Stance Flight

Step

Figure 3.1: Phases of Robot Running

maximum leg compression. In response to this step, the actuator lengthens, thrusting
the body upward and injecting energy into the system. The magnitude of this actuator
position step determines the steady hoppiug height.

For the ARL Monopod, the ground force acting against the leg actuator al maxi-
mum compression is approximately 500N, which makes the position step an imprac-
tical strategy with low power electric actuators, Instead we use a different, open loop

controller described in [27],
w

T=T(l—5), (3.1)
which specifies a scaled version of the maximum torque-speed curve of onr motor,
equation (2.1), with 0 < 7 < 7 in the first quadrant (stance), and a high gain PD
controller to return the actuator during flight. This strategy is exactly implementable
and applies thrust continuously during the entire stance phase. For our experiments
we chose 7 = INm where 7 = 1.8Nm. By applying actuator effort throughout the

entire stance phase rather than only at the time of maximum compression, the power
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requirement for actuation is greatly reduced. As in Raibert’s experiments, there is a

stable hopping height which corresponds to cach value of 7.

3.1.2 Foot Placement Algorithm, FPA (Speed control)

When the robot hops with zero forward speed, the toe should obviously be placed
heneath the gravity centre (CG) of the body to keep the robot [rom f{alling over.
lowever, when running with non-zero speed, the body moves forward over the toe
during the stance as seen in Figure 3.1. The CG of the body moves forward a distance
equal to the product of lorward speed and stance duration (&7%). In this case, where
should the toe be placed for stability? Raibert states that for each running specd,

there exists a neutral point given by

&1
;RJ‘O —_——

2

which is the touchdown toe position measured forward {from the body CG that causes
zero net acceleration. When, at the end of a flight phase, the toc touches down at
the neutral point the body moves symmetrically over the toe position through stance
and the next lift-off speed equals the last touchdown speed. If the toe touches down
hehind the neutral point, the body accelerates forward; placing the toe ahead of the
neutral point slows the body down. There is an analog to this behavior in human
runners who lean forward while accelerating and lean back to slow down.

The neatral point is the key to Raibert’s foot placement algorithm (FPA) which
determines the touchdown position of the toc relative to the body CG (shown in
Figure 3.1) by the relation

. r
aT,

rp=—5 + ka(d — 24)
where &; is an empirically tuned gain and &4 is the desired running speed.
Since our robot runs on a treadmill, the treadmill speed py replaces & in Raibert’s

FPA. It was also nccessary to add an “integral” term to keep the robot near the center
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of the treadmill. Without this integral term any steady state speed nismaleh between
the robot and the treadmill would cause the monopod to exceed the travel imits of
the VMS, The FPA implementation for our robot is thus given by

.‘ET'I‘,\{’[ ' . . .
ryp = Ts -+ h‘_,.(.l' - .'l‘,[) -} h‘._,'.(.l"["” — .t‘,,l) (-"._))

where @ is the roboi’s pesition relative to the ceutre of the treadmill, oy and @y ave
the desired position on the treadmill and desired running speed, respectively, and k.
and x; are empirically tuned gains,

Simple geometry converts the desired touchdown toe position &y into o desived log
angle. Taking into account the body pitch, a setpoint is obtained for the hip actuator

which places the toe at the desired position.

3.1.3 Body Attitude (Pitch control)

Since the hip actuator servos the toe position throughout the flight phase, the robot
body pitches freely during this time. Following touchdown, the leg swings hackwards
due to the forward momentum of the robot body. ‘T'hus, the hip actuator can be
used during stance to regulate the pitching imotion of the robot body., Raibert, used a
simple PD controller to compute the torque of the hip actuator, 7, necessary Lo keep

the robot body steady and horizontal,

T = "cp(d)d - (,b) - H‘rl(/)!

where ¢y is the desired hip angle, ¢ and ¢ arc the hip angle and rate, respectively,
and K, is an empirically tuned gain. This controller remained unchanged for our

experiments.

3.2 Low-level Servos

The high level controllers described above are used to determine setpoints for the

actuators. However, to ensure stable running, low level servos are needed which can
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reproduce these desired positions. In the case of back driving the leg actuator during
ight as well as servoing the hip actuator during flight for the 'FPA and during stance
to regulate body pitehing, proportional plus derivative (°D) control laws have been
selected for there simplicity and excellent performance characteristics.

The gains for these controllers are empirically tuned and can be casily set even in
the absence of a good physical model of the system. For the experimental runs, PD
gains were set by demanding a step in position and observing the recorded sensor data.,
The proportional gain was increased up to the limits of system stability dictated by
motor torque limits and sensor signal noise. This reduces the rise time of the system.
Next, the derivative gain was tuned to minimize overshoot. The system was then
tested in response to sinusoidal inputs of differeing {requencies and the gains were fine
tuned in order to ensure accurate tracking of desired positions.

The stringent requirements for tracking performance and response rate force high
controller gains, alimost at the limit of system stability. These necessatily high gains
when combined with noisy sensor data can lead to large amplitude, high bandwidth

torque variations which increase the overall energy requirement for robot running.
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Experimentation and Results

4.1 Experimental Procedure

The experiments discussed in this chapler were performed using the ARL Monopod

and ancillary hardware described in Chapter 2.

4.1.1 Start-up

The running experiments are performed by a single operator. At the heginning of cach
experiment, the operator manually adjusts the body to be perpendicular to the leg and
balances the robot in its unstable equilibrium position as shown in Figure 2.4, "The
robot now supports itself in this position while the operator downloads the exceutable
software (Section 2.1.5) from the SPARCsiation 1o the XP/DCS. The software starts
up and initializes all variables to zero except the body height variable which is set
according to the initial reading from the leg length sensor. This reading accounts for
the unknown compression of the leg spring. Next, the XP/DCS sounds an alarm to
signal the start of the control loop. The state machine is set to START and waits for
the first flight phase. The operator lifts the robot about 50mm ofl the treadmill using
the wrangle to initiate the first flight phase, then drops the robot. The robot now

functions autonomously and the wrangle is only used again at the end of the run,
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4,1.2 Treadmill Control

Vertical hopping s initiated with the treadmill stopped. After a few steps the hopping
height becomes stable and the operator starts the treadmill. Although the treadmill
speced is sensed by the controller, the speed seipoint is adjusted manually by the
operator. ‘This means that no two experiments have the same velocity prolile and
su it is more difficult Lo compare resulls from separate experiments since periods of
stmilar treadmill speed must first be located before data can be compared.

Figure 4.1 shows the treadmill speed recorded over three successive steps during
robot running. The figure clearly shows fluctuations of approximately 5% in the
treadmill speed. The amplitude of these Auctuations is approximately constant with
running speed and appear larger for slower running. At touchdown, the robot translers
its weight to the treadmill which is unloaded during flight. This load on the treadmill is
roughly equal to the force in the leg spring which peaks about halfway through stance
when the spring reaches its maximum compression. The slow down in treadmill speed
corresponds Lo this increased load. Although the 3.7&W treadmill motor should be
able to compensate for the increased friction caused by the 500N load, the indusirial
controller which servos the treadmill speed seems unable to respond to the changing
loads. While the speed shown in the figure is measured using an optical encoder,
the controller uses the sensed armature voltage of the motor to detect motor speed,
This is a much noisier signal which cannot easily be used to detect small-amplitude,
apidly-varying speed fluctuations,

Since the control algorithm for forward speed given in equation (3.2) depends on the
treadmill speed, better control of this speed is desirable. Moreover, having control
over the treadmill speed profile would prove useful for comparing different experi-
ments. These issues have motivated the development of a software based controller
for treadinill speed. G. Petryk constructed a hardware interface for the existing tread-
mill controller which allows the XP/DCS to assign setpoints for treadmill speed or

directly for treadmill motor torque. We hope to improve the frequency response, of

1
i
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Figure 4.1: Fluctuations in treadnnll velocity during robot runuing. The speed is

slowest when the load is greatest aboul hallway through stance.

treadmill control over whal is now available from the industrial controller. Testing
and evaluation of the new controller is not. yet complete and all experimental results
for robot running reported here were obtained using the manually controlled speed

setpoint.

4.2 Experimental Results

Experimental results regarding vertical hopping experiments are reported in [27). This
section reports on planar running experiments performed using the control Taws pre-

sented in Chapter 3. A summary of these vesults has heen published in [11].

4.2.1 Position Tracking

The first planar experiments were performed with zero treadmill speed. The results
shown in Figure 4.2 were obtained using the position sctpoint term x4 of the foot
placement algorithm described by equation {3.2) to generate steps in desired Torward
position. The figure shows the robot position (solid curve) sncecessfully tracking po-

sition steps on the order of one third the leg length (dashed curve). Although the
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dytmies of the system are nonlinear and intermittent, good tracking performance is

realized using a simple proportional control law.,

T T H T T T v T

=
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¥

- - Setpoint
— Robot Position

Horizontal Position [m]
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Time [s]

Figure 4.2: Horizontal position regulation. The ARL Monopod tracks position steps

equal to 1/3 the leg length., The dashed curve shows the setpoint.

In addition to validating the design of the body and hip actuation system (Sec-
tion 2.2) these experiments allowed the empirical position gain &, to be set, This
same setting ensures that the robot is near the treadmill centre when the treadmill

speed is non-zero.

4.2.2 Velocity Tracking

While Figure 4.2 shows that the foot placement algorithm successfully tracks position
steps, the ‘t.r‘uc utility of this control law is for velocity tracking. Figure 4.3 presents
experimental data for robol running on the treadmill using the FPA of equation (3.2)
to control forward speed. Once vertical hopping is achieved, the treadmill speed
is slowly increased to a maximum of 1.05m/s, held steady for about 10s, and then
reduced back to zero. The variations in the upper treadmill speed signal were discussed
in Section 4.1.2,

The lower curve presents the robot position relative to the treadmill centre. The

robot stays within 0.2m of the desired position despite the changing treadmill speed.
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such a position deviation is small compared to the total distance travelied which
is 26m. The position error increases following step changes in the treadmill speed
although even when this speed is constant the robot position oscillates. This unsteady
behaviour may be due to the variations in treadmill speed discussed above sinee the
FPA uses this speed as a setpoint. Alternately, sensor noise could acconnt for some

of the disturbances.
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Figure 4.3: Velocity Tracking. The treadmill speed is manually adjusted from zero,
vertical hopping, to 1.05m/s and back to zero (upper curve). The lower curve shows

the robot staying within 0.2m of the centre of the treadmill.
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4.2.3 Pitch Regulation

The hip actuation system can only affect the relative angle between the body and
leg of the monopod. This means that in order to control the flight phase leg angle
crucial to forward speed control, regulation of body pitching must be given up. Un-
fortunately, due Lo its large inertia, any instability in the body pitching motion can
quickly destabilize the entire running cycle. Thus control of body pitching during the
stance phase is eritical to stable running. Control of this motion is achieved with the
stimple 1) controller described in Section 3.1.3.

The lower curve of Figure 4.4 shows the cyclic oscillations of the robot body (lower
solid curve) as the forward speed (upper curve) increases to 0.97m/s. The forward
speed setpoint equal to the lift-off treadmill speed is plotted here as the robot running
speed since we have shown in Section 4.2.2 that the robot tracks the speed setpoint.
Despite the large variation in spéccl, the pitching oscillation of the robot body is kept
within enly 2;}" of the horizontal throughout the entire run. The pitch angle shows
spikes corresponding 1o step increases in running speed. These perturbations are more
pronounced at lower speeds when the treadmill first starts. As the speed increases,
the pitching motion seems to settle into a rhythm which is less sensitive to this abrupt

speed changes.

4.3 FEnergetics

The use of Jow power electric motors for actuation distinguishes the ARL Monopod
from many other legged machines which use hydraulics. This low-power approach to
actuation motivates a detailed energetic study of the motion of our robot. How much
energy is used for robot locomotion? How is this energy related to running speed? The
answers to these questions should provide insights useful to improving the energetic
performance of the robot. Moreover, much of what is learned here about how this

particular robot uses energy may be more generally applied in the mechanical design
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Figure 4.4: Body pitching during robot running. The cyclic pitching motion of the
robot body about the hip is kept to an amplitude of 2%° (lower curve) while the robot

speed increases to 0.97m/s (upper curve).
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and controller development ol futnre legged machines.

4.3.1 Energy Estimation

This section deals with mechanical power and mechancal energy delivered to the
system by the leg and hip molors. This shalt power is the mechanical output of
the motor and is distinguished from power consumption which measures the input
electrical power necessary to produce the same motion. The two quantities arve related
hy the motor elliciency which is usually not available as a function of torque and speed.
Output power is a conventional measure of vehicle performance but is studied here
instead of input power since it can casily be computed from the available data. 1t
is also useMl to determine the outputl power requirements lor the actuators since
these results are not dependent on any specific fype of actuator. Therefore, our
SO DC electric motors could equivalently be replaced by any other prime mover
with similar torque-speed characteristics and, all other things being equal, the output
power numbers would remain unchanged; this would not be true of the input electrical
energy which depends on actuator efficiency.

During cach experimental run with the monopod, sensor data are logged at a 67H =
rate. These stored data are available for later analysis and can be used to extract
information regarding the energetic performance of our robot. The instantancous

power outpul of the motor is simply given by
P=rw (4.1)

where 7 is the motor torque in Nm and w the motor speed in rad/s.

This instantancous power is positive in the first and third quadrants of the motor
torque speed curve (Figure 2.2). These are known as the moloring quadrants since
motor torque and speed are in the same direction and the motor is accelerating.
Conversely, in quadrants two and four, known as the braking quadrants, the motor

torque opposes rolation and the motor slows down. Equation (4.1) yields a negative
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value of instantancous output power [or operation in the second and {fourth guadeants,
What is the physical significance of negative power output: what does this hraking
power cost?

The Galil servo amplifiers used to control the leg and hip motors feature fone
quadrant, regenerative operation. In addition to eoutrolling the avmature current of
the DC molor in the motoring quadrants the servo amplilier operates Lhe motor as a
generator in quadrants two and lour. In these braking quadrants the motor channels
regenerated power back to the electrical source. I a battery were used Lo power the
robot, some of this power could be stored and reused later. For now, however, the
robot is powered off the grid and the regenerated power is not. recovered.

The magnitude of the “free” braking torque is limited and depends pon motor
speed and cfficiency; any output torque provided in addition to this braking torque
draws on the power source. Since it is impossible to determine from the given data
what quantity of torque is braking torque and what part draws on the power souree,
our calculations will assume no regenerated torgue. Thus the mechanical power output

of the motor is conservatively taken as

)
TW First qnadrant 1

. —(Tw) Seccond quadrant.

P = » = |Tw). (4.2
TW Third quadrant

~(rw) Fourth quadrant

\

Since the state variable as well as time are available in the logged data, the power
given by equation (4.2) can be integraled to give the energy added to the system by
each of the motors. The time history of this encrgy output can also be computed for
a given stance phase, flight phase or step. The mechanical encrgy ontput of the motor

is computed as
Igatuncc,'(']') = j P(’)d’»; T < "'lu. (4:;)
thlt-

for the i** stance phase,

Ertigne, (T') =f P(ydt; T < by, (4.4)

tI'u.

U
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for the #* Mlight. phase, and

"
Fostep, (1) = / Pyt T <y, (4.5)

+ !|l'|

for the i'™ step. Where g, and ly,, are the i touchdown time and the i Tift-ofT time,

]

respectively. The mean mechanical power delivered during the i step can then be

computed as

-1 nl
I") _ Ib.ﬂ'rrp.‘ _ !'J.'llr:;:r.'(tftf,+|)
stepy —

(4.6)

".ﬁr:p. tl’d,.H - !-fd.‘

with £y, (b, ) given by equation (4.5).

4.3.2 Detailed Energetics

Because of the way the control algorithms are decoupled with vertical motion and pitch
control occurring during the stance phase while the fool placement algorithm acts
only when the robot is in flight, the energetic cost of each control action is available
for individual scrutiny. This allows a unique opportunity, not usually available to
experimenters, to examine in detail how energy is used by the robot. Such an analysis
can provide valuable insights into where energy is used most eflectively and where
cnergy saving strategics could be most successful. Equations (4.3), (4.4), and (4.5)
were applied to data obtained during a run with a top speed of 1.2m/s to generate
the energy oulput values indicated in Figure 4.5. The seven steps shown represent
typical data for steady running.

Since the leg motor acts only to power the vertical motion, the energy involved in
controlling the hopping height is given by the dashed curves in Figure 4.5. During
the stance phase (top) the energy delivered to the robot by the leg motor increases
steadily to a peak value near 13J at lift-off. This energy compresses the leg spring to
maintain the vertical hopping motion. The dashed curve in the middle field represents
the cnergy involved in backdriving the leg actuator during flight to prepare for the
next stance phase. As much energy is used here to backdrive the actuator as to

maintain the vertical motion! This is due to the large energy involved in rotating the



CHAPTER 4. EXPERIMENTATION AND RESULTS 35

itertia of the motor plus ball serew at high speed as demanded by Lhe step in actuator
setpoint. The eunergy goes as the square of this inertia, Morcover, the peak power,
indicated by the slope of the energy curve, is higher during light, Prene & 200117,
compared 10 Pyence &= 100W during stance. Although the power output of Lhe leg
motor peaks at a high level during llight, its nominal level is lower, < 5047, during

most of the flight phase.
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Figure 4.5: Mechanical energy output of the hip motor and leg motor for running at

1.2m/[s. (see Section 4.3.2 for details).

This behaviour is consistent with a high gain PD controller responding to a step
in the position setpoint. The power required is initially high since the velocity of the
motor at lift-off is opposite to thal desired. The power then levels off as the actnator

approaches the setpoint and peaks again when the setpoint is reached and the motor



®

CHAPTER 4. EXPERIMENTATION AND RESULTS 36

is abruptly stopped.

The bottom field shows energy output for the entire step. Here we see that the
leg motor (dashed curve) accounts for approximately half the total energy involved in
locomotion at this speed (dotted curve). The energy output of the leg motor during
stance depends only on the value of 7 in equation (3.1) and on the duration of the
stance phase. Alhough the hopping height controller has no explicit speed dependent
term, Lhe stance duration is alfected by inereasing forward speed which increases the
apparent vertical leg spring stiffness [17]. ‘This variation in stance duration links the
energy oulput of the leg actuator to the robol running speed. However, the effect is
smiall compared to the refation hetween hip motor energy and running speed.

‘I'he energy cost of body pitch control is given by the stance phase energy output of
the hip motor shown by the solid curve in the upper ficld of Figure 4.5. Controlling
the body pitch accounts for approximately 5.7 at this running speed of 1.2m/s.

T'he solid curve in the middle field represents the energy cost of the fool placement
algorithm. The energy involved in the FPA is almost twice what is used in backdriving
bthe leg actuator. This is due to the high inertia of the leg which must be driven by the
hip actuator. Moreover, the backdriving motion of the leg actuator is assisted by the
leg spring which reditces the overall energy requirement for the leg motor. The power
output of the hip motor reaches a peak of = 4001¥ in the steepest part of the energy
curve, then decreases in the flat region of as touchdown approaches. This indicates
that most of the actuation happens in the early part of the flight phase.

The lower field shows the equal contribution of each actuator to the total energy
cost of locomotion at this speed. While energy is applied steadily during the stance
phase, the features of the flight phase energy curves indicate large power fluctuations.
Morcover, the contribution of the FPA to overall energy output increases with running
speed; already at 1.2m/s it is larger than the energy involved in maintaining the
hopping height. For this reason, the FPA represents an excellent target for energy

minimization strategies. The controller which backdrives the leg actuator is also an
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appealing candidate for energy reduction since it accounts for such a large portion of
the overall energy consumption yet does not direetly affect the kinetic or potential

energy ol the robot.,

4,3.3 Mechanical Power Output

The mean mechanical power outpul of hoth motors was computed using equation (1.6)
for thirteen different experimental runs; a total of 1306 steps. The resulting valdues of
mean power are plotted against running speed in the upper ficld of Figure 4.6, Fach
point in the figure represents a single step while the solid line shows the least sguares
linear fit to the data. The dashed lines suggest upper and lower bounds lor mean
power outpul and enclose 98% of the data points.

Looking at the data, two things are immediately evident: mean power increases
with running speed, and there is a great deal of scatter to the dati. Why does the
power increase with speed? The foot placement algorithm increases the leg angle
setpoint with increasing running speed. Morcover, a larger setpoint directly alfects
the encrgy output of the hip motor since a greater actuator cffort. is required to track
a larger setpoint. This increase in hip energy is reflected in the overall mean power
output which includes both motors. At zero speed, the hopping height controller is
active and accounts for all the power shown in Figure 4.6. The increase of mean power
from = 581 at zero running speed to = 125W at 1.2m/s is almost entirely due to
the power output of the hip motor.

The large scatter evident in the data comes from three main sonrces. First, al-
though power is plotted against average running speed for a given step, this speed
may not be constant. At any given time the robot responds to a changing desired
speed which is set manually for these experiments. A typical rnning speed profile
shown in Figure 4.4 clearly indicates periods of acceleration (slopes) as well as peri-
ods of constant speed (plateaus). Thus power consumption may not be constant since

running speed is not constant.
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Variations in treadmill speed throughout a given step such as those scen in Iig-
ure 4.1 also contribute to fluctuations in mean power. Since the lift-ofl treadmill speed
is used as the speed setpoint for the FPA, variations in the treadmill speed will cause
Huctuations in the leg angle setpoint even though the running speed may be constant.

Again, this setpoint directly aflects the power consumption.

n
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Mean Power [w]

Specific Resistance

. i . : :

0 0.25 0.5 0.75 1 1.25
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Figure 4.6: Power Output and Specific Resistance. The upper field shows total power

output of the motors at various speeds. liach data point represents one step; the solid

line represents an average and the broken lines enclose 98% of the data points. The

lower field shows specific resistance vs. robot speed computed from the same data.

Third, even at constanl running speed, the robot position fluctuates about the
centre of the treadmill. An integral term is included in the FPA to keep the robot

from moving too far from the treadmill centre. This integral term reflects fluctuations
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in robot position onto the leg angle setpoint thereby alfecting mean power,

4.3.4 Specific Resistance ()

In order to get a [ull evaluation of the energetic performance of the ARL Monopad,
the cost of locomotion for our machine should he compared to that of other similar
machines. However, power output taken in isolation does not tell the eatire story.
A fair comparison must consider not only the cost of locomotion in terms ol oulput
power but also the performance achieved in terms of the mass moved and the velocity
attained.

In 1950 Gabrielli and von Kdarmin suggested thal a non-dimensional parameter,
specific vresistance, €, defined as the ratio of power output, P, to the produet of
maximum speed, Vpqr, and vehicle weight m g;

I)

Mgy

:_

cotlld be used to compare all vehicles regardless of size, speed or confignration. In this
way, the parameter encompasses Lthe cost of locomotion as well as the performance
achieved. By plotting & against speed they successflully compared the energetic per-
formance of land, air and sea vehicles as well as biological systems on Lhe same scale
[10].

Gabrielli and von Kdrman originally defined € using vy, 10 extract a single number
for the specific resistance. This sitnplified the collection and presentation of data and
brought their enormous task of comparing a large number ol different vehicles into
the realm of the possible. When energetic performance data is available as a funelion
of speed as is the case for our robot, one can equivalently compute specific resistance

as a function of velocity
,J
mgv

e(v) =

(17)

S

where € = g(vmqez) by the original definition,

Since no mechanical work is performed by moving a mass horizontally at a constant
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speed, mmany authors use specifie resistance as ameasure of energetic efficiency for ve-
hicles. The name specific resistance comes from an interpretation of £ as measure of
Lhe resistance to motion offered by the medium in which the motion oceurs, Since
the ouiput power of the prime mover is used in defining 2, the resistance referred to
ineludes not only external eflects such as acrodynamic drag or rough terrain condi-
tions, but also considers the resistance to motion caused by transmission losses, Of
course a more uselul measure of encrgetic performance would consider the load car-
rying capacity of the vehicle bul such data is not always available. Moreover, in the
liekl of dynamically stable legged locomotion the goal is still to stabilize the running
motion of the vehicle withoutl any extra cargo.

Using equation (4.7), the power output data in the upper ficld of Figure 4.6 are
presented in the lower field as specific resistance vs. running speed. Even though the
nean power increases with running speed, £ decreases as the speed goes up. Similarly,
the dashed border lines diverge in the mean power plot but seem to converge in the
specific resistance plot indicating that fluctuations in power cost have a smaller cflect
on £ al higher running speed.

The decrease of & with speed suggests that the tobot uses energy more cfficiently
the faster it runs. This trend can be understood by considering the power used to
maintain the vertical motion. This power is insensitive to running speed compared
to the hip motor outpul power and although necessary to the running motion, it can
be considered as a type of “overhead cost” which exists even when the speed is zero.
At zero speed, the performance is zero so any finite power output causes the specific
resistance 1o blow up. As the running speed increases, the power cost also increases
but the change is smatl compared to the overall power output so that € decreases. At
1.2m /s the leg motor power accounts for half the overall power cost and the specific
resistance reaches its lowest value of £ = 0.7. The low-speed value of £ may decrease
by specifying a hopping height setpoine which varies as a function of forward speed;

this would lower the power cost of the leg motor for slower running. The hopping
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height was kept constant in these experiments to maintain a steady step duration.

Figure 4.7 presents the specifie reststance of selected Tand vehicles on a log-log scale.
Some of today’s legged machines (static walkers as well as dynamic walkers) appear
prominently in the upper left hand corner far from the Gabrielli and von Karman
limiting line (GvK Line). The GvK line was proposed as a practical limit to vehicle
performance based on 1950 data. Wheeled vehicles appear just above the Gvk line
and & values for human locomotion appear to the left of wheeled vehicles.

I is important to realize when considering the ligure that while we have taken every
cffort to accumulate the most accurate data possible for cach vehicle, the results are
still notl clear ent. The difficulty arises from the inability of ¢ to account for the
different methaods of computing cutput power for cach different type of vehicle. Tor
antomobiles, the quoted maximuin power does not usually correspond to operation
al maximum speed but rather at maximum acceleration. Some of the other vehicles
hiwve short term power storage devices such as a hydraulic accumulator or a {lywheel
which lower the mean power consumption while supplying peak power requirements.
Morcover. conventional vehicles carry their power sources on board while most legged
machines do notl. There is a great advantage to not having to move the extra mass
of a power source al top speed. Also, the additional mass of this power source is not
included in the vehicle mass and is not revealed by the value of &. Many vehicles have
parasitic power losses which do not contribute directly to locomotion but drain the
available power and increasc €.

All these issues conspire to reduce the quantitative analysis portrayed in Figure 4.7
to something more qualitative. In short, while the values of £ have been computed
from the best available data, & does not tell the cntire cnergetic story; one should
be wary of drawing sweeping conclusions from the data. Having said this, spééiﬁc
resistance remains a standard parameter for comparing energetic performance and is

used by many authors to evaluate the performance of legged vehicles.
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Legged Machines

Beginning in the top left and moving across, the following legged machines are ineluded
in Figure 4.7, Points are used where only maximum speed data are available: curves

represent specific resistance as a function of speed for the given machine,

o PV I huilt by Hirose[13} is a 10kg quadruped whose leg design is based on a

pantograph mechanism which simplifies the kinematies ol locomolion.

o Big Muskie [8] is a 12200000kg coal mining dragline, AL the time of its con-

struction it boasted the world’s longest clectric extension cord,

o The OSU Hexapod [9] is 130kg, six-legged static walker. Power from the grid is
channeled to 13 electric drill motors which actuale cach of the three joints per

leg through a wormgear transmission.

¢ Papantoniou [24] built an electrically actuated monopod which uses a gait
termed “compliant walk” to move in the plane. s externally powered mia-

chine achieved a top speed of 0.3m/s.

¢ The Active Suspension Vehicle (ASV) [26] was built at Ohio State University
after the OSU hexapod. The six-legged ASV is a 2700ky power antonomons
static walker capable of moving over rough terrain and carrying a 230kg pay

load. It carries an operator but is also capable of self-guided locomotion.

o Helios II [3], built by Hirose, is a tracked vehicle with four independently artic-

ulated and controlled tracks.

o The GE Quadruped [21] was built in 1968 by General’ Electric Corporation.
This 1350kg hydraulic mechanism relied entirely on an operator to control cach
of its limbs and used a force feedback system to reflect motions of the operator’s

arms and legs into movement of the machine’s limbs.
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o Raibert’s hydranlic quadriped [32] weighs 25kg and is capable of locomotion us-
ing any of a number of gaits including {rofting, pacing, and bounding. Raibert’s
machines were construcied to investigate design and control issues for robotic
locomotion and not to be power auntonomous. Nevertheless, his quadruped is

included in the figure for the sake of completeness.

o McGeer’s gravity walker [16] appears on the figure as much as three orders
of magnitude below the other legged miachines. This 3.5kg mechanism was
constructed Lo investigate the similarity between the walking motion of legs and
the rolling action of wheels. His unpowered system moves down an inclined
planc using gravity to drive its motion. The similarity between the motion of
the gravity walker and a single wheel explain its specific resistance value which

has more in common with that of wheeled systems than of legged machines.

We have also included the ¢ values for our electric monopod from Figure 4.6 on this
figure (labelled ARL Monopod). Notwithstanding McGeer’s device which is unpow-
ered, our robot currently has the lowest specific resistance among the legged vehicles

surveyed with ¢ = 0.7@1.2m/s.

Human Locomotion

Although legged machines are studied as an alternative to wheeled systems, it is in-
structlive to compare machine locomotion with human locomotion. Figure 4.7 includes
five cirves for human walking, running and cycling. Data are collected for different

subjects. The curves presented here represent an average of the data used.

e The upper curves for walking and running are from Cavagna [6]. Cavagna
used cinematography to record movements of the arms and legs in walking and
running. from the positions of the limbs measured in each frame, velocity and
acceleration data were deduced. Together with estimates of mass and inertial

. _ | properties of the limbs these data were used to derive potential energy and
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kinetic energy for cach limb, These energies, in turn vielded output power for

the locomotion,

o The lower curves for walking and running ave taken from Margaria |14, Mar-
garia used force plate records to obtain {oot itpact force histories lor walking
and running. These forces were used to derive horizontal and vertical compo-
nents of acceleration during contact. These accelerations are integrated Lo give

kinetic and potential energy values.

o The data for human cycling is from Pugh [25]. Pugh used a bieycle ergometer
which measures power at the pedals to compute power output of the muscles

for cycling at various speeds.

It is noteworthy that the cycling data for ¢ relates more closely to that lor cars
than for humans. This confirms that the type of motion is more important than the
power source in determining the specific resistance and implics that for each type of

locomotion there is an optimal performance regardless of the type of prime mover.

Wheeled Machines

Since legged machines are proposed as an alternative to conventional wheeled vehicles,
their performance must be compared against, these vehicles. For wheeled veliicles, lines
correspond to a fit through data for different vehicles of the same class. The points

represent specific resistance values of single vehicles.

¢ The data labelled ‘off-road vehicles’ is taken from Bekker [4] Although the
specific resistance of ofl-road vehicles is more in line with legged systems al
low speeds, it converges with that for automobiles as velocity increases. It is
;important to consider conventional off-road vehicles since rugged terrain, now

the domain of wheeled and tracked systems, represents the most likely proving

ground for practical legged machines.
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o The curve labelled 1950 Cars” is taken from the Gabrielli and von Kdrman study:.
They are included here as the classic data and are compared with contemporary
cars. The high speed section of this curve was labelled ‘race cars’ in the original

study; no distinction is drawn here.

o ‘T'he data points labelled 1994 Cars” were caleulated [rom specifications pub-
lished by selected auto manufacturers. Source data for the individual cars is

given in ‘Table 4.1,

It surprising at first 1o sce such good agreement between today’s high performance,
sophisticated andomobiles and those produced 44 years earlier. However, it is impor-
tant to note that the original curve represents the borderline of best possible perfor-
mance for cars of the day. Almost all the 1994 cars surveyed lie either directly on
or slightly below this curve. Another misleading factor is that the maximum speed
attained does not generally correspond to the maximum power output. This fact was
discussed by Gabrielli and von Karman who also used manufacturer’s data. While
today’s cars have lightweight chassis and engine components compared to 1950 cars,
these lighter engines generally produce more power. Higher power output and lighter
mass conspire Lo increase the value of ¢ for a given top speed.

Legged vehicles generally have a long way to go before they successfully compete
with couventional off-road vehicles or biological systems on the basis of specific re-
sistance, Nevertheless, we have shown that dynamically stable legged locomotion is
possible on a tight energy budget. Work aimed directly at improving energy efficiency

of these machines should continue to narrow the gap.
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N
Manufacturcr  Model M Curb Weight | Fugine Power
[k /hr] [ka] [A1V])
BMW M3 219 1160 214 0,210
32515 206 1100 111 1N
Dodge Viper RT10 257 1581 208 _(i.ili-l
Ford Probe 227 1316 122 0117
Honda Civic del Sol 193 1037 93 0.160
Lexus  GS 300 2410 1665 163 0147
LS 400 240 1780 136 0167
SC 400 240 1615 1306 0. 164
Maclaren FI 362 138 474 0114
Mazda RX-7 254 1270 190 0.211
Pontiac  Firebird 256 1566 205 0,184
Porsche 911 270 - 1390 201 0.193
928 GTS 275 1630 257 0,207
968 251 1470 176 0.173
Toyota MR2 249 1565 248 0,220
Vector W8T Turbo 351 1506 466 0317
Volkswagen Corrado VR6 225 1274 133 0.167
Eurovan 155 2240 81 0.084
Eurovan Diescl 139 2140 57 0.070
Golf Cl 173 1176 GG 0.117
Golf GT'I 195 1143 85 0.137
Jetta GL 193 1217 85 0,130

Table 4.1: Source data for € values of 1994 automobiles




Chapter 5

Energy Conservation Strategies

Notwithstanding the encouraging results already attained with the ARL Monopod,
we are confident the energetic performance of the machine can be further improved.
The experimental results as well as the energetic analysis of Chapter 4 have provided
insights into the detailed operation of the robot which suggest methods for reducing
the overall energy cost. The implementation of new control ideas and appropriate
hardware modifications should go a long way towards reducing the energy require-
ments for stable running. Some of the strategies discussed in this chapter have been
itnplemented to some degree while others have been simulated or studied as theo-
retical exercises, Still, we feel that, once implemented, these ideas could reduce the

energy cost of robot locomotion.

5.1 Novel Control Ideas

The control algovithms discussed in Chapter 3 were designed solely to stabilize the
running motion of the robot without x'cgei‘;(l to the energy expenditure for actuation.
As discussed in Section 4.3.2, the simple PD laws used for flight phase control present
the greatest opportunity for energy conservation. Novel control laws aimed at tracking

the desired touchdown setpoint but sensitive to energy output of the actuators could
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replace the conventional PD controllers whicli are insensitive to energy outpul,

5.1.1 Locomotion Time (¢)

The controllers discussed so far operate in the absence of knowledge regarding the
duration of an upcoming stance or flight phase. This {orces the controllers to he
reactive and depend on stale switching triggers, lilt-oll and touchdown, o initiate
action. For example, if a certain touchdown position is desired, the actuator must
move quickly to that poesition at the onset of the flight phase since the controller
has no knowledge of when touchdown will occur. Thus the control algorithim must
specily a flight phase setpoint and hope the actuator reacts quickly enongh to track
the position belore the rabol touches down.

A better approach would involve metering action depending on the expected time
available to attain the goal. In this way, knowledge of the time available allows allows
a controller to specily not only a sctpoint, but also a desived path that reaches this
setpoint at any desired instant.

Buehler et al. [5] developed a “phase angle” variable which maps the mnknown,
varying time interval involved in ballistic llight onto a known, fixed interval. This
variable proved critical for the stable coordinated control ol the “two-juggle,” a rohotic
juggling task with two pucks. This same measure, given here as the locomotion time,

A 3
- .’
\/237(:: — ) 4 22

c

(5.1)

can be used to map the unknown duration of the flight phase onto a known interval.
For vertical hopping, with the touchdown and lifi-off position at z* the locomotion
time of equation (5.1) maps a flight (or stance) phase onto the interval (=1, 1) hetween
lift-off and touchdown, with ¢ = 0 at apex (max. compression). Morcover, i we
assume zero dissipation during flight phase, its derivative, €, is constant. Essentially,
¢ compresses or expands the {light duration to fit. hetween the limits {—1,1) while

keeping the flow of time constant.
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Fignre 500 Locomotion Time (¢) vs. body height (=) for vertical hopping. The value
of ¢ is calculated online during an experimental run using equation (5.1). Despite
changing hopping height, flight duration is constant in the epsilon domain. Morecover,

the hallistic flight path remains parabolic when plotted against c.

Figure 5.1 shows the locomotion time computed online for an experimental run. Al-
though the flight duration varies with changing hopping height, when plotted against
the locomolion time, the curve clearly shows lift-off at ¢ = =1 and touchdown at
¢ = L. By planning controller action based on the locomotion time, any path can

casily be mapped onto real time.

Trajectory Tracking

The: foot placement algorithm of equation (3.2) specifies a touchdown toe position, x;,
which stabilizes the running motion. Thus, any trajectory for the toe which contains
the point. (a4, 4g) will successfully stabilize robot running. When the flight duration
is unknown, the only implementable trajectory which stabilizes the motion is a step
of amplitude . However, using the locomotion time, ¢, the instant of touchdown is
known and a path can be chosen which additionally matches the lift-off and touchdown
speed of the toe to the running speed, #; = &;, = #ppr. This “ground speed matching”

climinates high accelerations at lift-off and high impact loads at touchdown resulting
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in a redneed peak actuator power, smoother swinging motion of the leg and less wear
on the system.

Figure 5.2 shows experimental leg angle data for two successive steps al 0.7m /s
rnnniug speed. The solid curve shows the actual path followed by leg which swings
al an approximately constant rate during stance and responds to a step in position
setpoint during flight. The fight phase leg angle is tracked using a high gain 1'D

control law.

10

~>, proposed
\\ trajectory ! leg angle

ol Stamee . Flight | Swnce ©  Fligh

Leg Angle [deg]
=}
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Figure 3.2: Actual leg swing and proposed relerence trajectory. 'The solid curve

shows the cyclic swinging motion of the robot leg about the vertical position, zero log

angle, for running at 0.7 m/s. During the flight phase the leg angle is servoed o a

desired touchdown value that will assure stable rumning. The broken line indicates

the proposed reference trajectory. This trajectory implements ground speed matehing

by matching the leg swing rates at lift-off and touchdown to the treadmill speed.

The dashed curve in Figure 5.2 shows a proposed reference trajectory which is
"
computed online using e. This reference trajectory is formed by a parabolic enrve at
lift-off, a tangent line and a sccond parabolic curve at touchdown and is given by
é iy £ ,2
O + e+ D)+ 33(E+2c+ 1) , =120
0= ag+a;c y a<cS e (5.2)

Ou+ 8-+ -2+1) , w<c<l
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where Oy, and Oy, are the actual lilt-ofl leg angle and rate, #,y 1s the touchdown angle
specified by the FPA | and O is the tonchdown swing rate which matches the ground
speed, T addition, the trajectory specilies {1, and G4, which are, respectively, the
lift-olf and touchdown angular aceelerations of the leg and relate to the motor torque,
ay and o in equation (5.2) define the line which is tangent to both parabolic paths
and depend on the initial and target conditions. ¢ and ¢y are the tangency points
between the line and the [irst and second parabolas, respectively. This reference
trajectory matches hift-off and touchdown leg swing rates to the stance phase leg
swinging and corresponds to a constant-magnitude actuitor torque in the parabolic
region il the motion is frictionless. Although both the reference trajectory and the
setpoint include the same touchdown leg angle, the reference trajectory additionally
malches the rates as well as distributing actuator cffort throughout the entire fight
phase in theory lowering overall power requirements.

Equation (41.3) was used to compute the flight phase energy output of the hip motor
for six successive steps at 0.8m/s running speed. The resuits presented in Figure 5.3
are from lwo separate experimental runs, In the upper field, the flight phasc leg
angle is responding to a step in position setpoint. Below, the leg angle is {ollowing
the reference trajectory defined above. Notwithstanding the step-to-step fluctuations
in overall energy output which are discussed in Section 4.3.3 the difference in shape
and magnitnde of the energy output for each run is immediately obvious. When the
setpoint is used, the energy shoots up rapidly as the step is applicd then levels off for
the remainder of the flight, phase while the leg holds position. This behaviour is seen in
the actual leg angle curve of Figure 5.2, The lower field shows that when the reference
Lrajectory ts used, however, the energy generally increases more steadily throughout
the entive flight phase in response to a trajectory that alse changes smoothly. The
difference in overall energy for these two runs is also apparent.

The mean power data from the upper field of Figure 4.6 are shown again in Fig-

ure 5.4, In this figure the data have split; values in the upper field are from experiments
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Figure 5.3: Mip Motor Mechanical Energy. The energy delivered to the system during
flight by the hip motor is shown for six successive steps. The upper curve depicts a run
where the flight phase leg angle tracked the setpoint computed by the ool placement
algorithm. In the lower curve, the leg angle followed o relerence trajectory hased on
the locomotion time variable. This trajectory terminates al the setpoint specified by

the FPA. The running speed was 0.8m/s in cacli case.
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in which the conventional step was nused for flight phase leg angle control. The lower
lield shows mean power when the reference trajectory deseribed above is implemented.
There are 702 steps represented in the upper field, 604 below. As before, the lines
represent. the least sguares lincar (it to the data. Despite the obvious diflerence in
energy consumption for the six steps shown in Figure 5.3, when the data from various
runs are taken together there is no difference in overall power cost! In Tact, despite
the seatter evident in the data, the average power represented by the linear [it for
cach data set varies by less than 1% over the entire speed range.

Why is there no power saving? There are two possible canses. First, the reference
trajectory Lechnique may not be as successful as hoped because it attempts to do oo
much, I addition to matching the touchdown leg angle, the rate is also matched.
This is a tricky thing to do since any error in timing, perhaps due to poor sensitivity
on Lhe state switch, could cause the touchdown position to vary signilicantly from the
desired position which could canse over correction on subsequent steps. This is not
Lhe case with the setpoint controller since the touchdown rate is lixed so variation
in the exact instant of tonchdown does not affect touchdown position. Moreover, in
order to mateh the treadmill speed, the leg is swinging al touchdown rather than
holding a constant. position as it does with a simple step in leg angle setpoint, The
extra energy associated with this non-zero swinging speed could account for extra
energy. The second possible cause for the missing power saving has to do with the
PD controller which is used to track both the setpoint and the reference trajectory.
This is discussed below in Section 5.1.1.

Although the reference trajectory technique was not successful in reducing the ftight
phase hip motor power, the technique could he adapted for ball screw backdriving

where it may prove more successful,
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Figure 5.4: Mean Mechanical Power (hoth motors) vs. Running Speed reprodueed
from Figure 4.6. Iach data point represents a single step, the lines show the least
squares fit to the data. Data in the upper field are taken from six experimental runs
in which the flight phasc leg angle responds to a setpoint. The lower field shows data
from seven experimental runs where the flight phase leg angle tracks to @ reference

trajectory computed using the locomotion time variable.
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PD Controller with Epsilon-Dependent Gains

Fven when a reference trajectory is specified for the desired flight phase leg angle
instead of a step, a PD controller is employved to ensure the actual leg angle tracks
to this reference trajectory. Indeed. sinee rate as well as position are to be matched
at tonchdown, tracking acenracy becomes even more cructal. For this reason, the
PI} gains must be kept high. This drives the hip motor torque to clevated levels
whenever the leg angle diverges from the reference trajectory. Morcover, the high
gains amplily sensor noise which shows up as high frequency, large amplitude spikes
on the motor torque signal. Such disturbance torques add to the energy outpult of the
motor reducing overall efliciency for locomotion.

A closer examination of the problem reveals that tracking of both leg position and
rate are assured at lift-off since the reference trajectory is computed according to
these data. The lincar portion of the trajectory only suggests how the leg angle may
approach the touchdown setpoint and so tracking requirements are not stringent in
this region cither, In fact, tracking accuracy only becomes important in the latter
part of the flight phase as the robot approaches touchdown,

Thus tracking accuracy requirements, which relate to the values of the PD con-
troller gains, vary throughout the flight phase. By specifying controller gains as a
function of the locomotion time, torques could be kept at relatively low levels by hav-
ing lower controller gains at € = —1 while tracking accuracy is assured where needed

by increasing the gains as ¢ approaches the touchdown value of +1i.

5.1.2 Robust Control Theory Approach

In addition to constructing the ARL Monopod, a dynamical model and computer sim-
ulation were developed based on the physical device. This work was primarily carried
out by M. Ahmadi who was able to validate his model and simulation hgai nst experi-
mental data obtained with the physical device. The existence of such a model which
accurately predicts robot behaviour cnables the development of advanced, model-

§

1
L.
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based controllers for locomotion.

A method of synthesis exists in the field of Robust. Control Theory which can he
used to design a stabilizing controller representing the optimal solution to a given
control problemy posed in the frequency domain. For our application the problem
could be posed in terms of a Mired Sensitivity Minimization in which a stabilizing
feedback controller is sought which tracks a reference leg angle in light of sensor noise
and simultancously minimizes the //* norm of the input torque signal. A complete
problem description includes frequency dependent weighting functions which deline
acceptable tracking errors and expected sensor noise spectra, as well as accounting
for the range of angle setpoints and acceptable torque signals.

[nitial attempts have been made to design such a controller hased on a simplilied
model of robot dynamics which would replace the PD controller Tor flight phase leg
angle tracking. The design procedure requires a solid background in frequency re-
sponse techniques as well as a great deal of patience.  Although our attempts did
furnish a controller which proved to be sensitive to input torgne and actuator haned-
width, simulation of this controller also revealed the tracking pecformance to be muach
less than adequate. Further research into this arca counld, however, ultimalely yicld

positive results and work should not he abandoned.

5.1.3 State Space Techniques

The dynamical model described above in Section 5.1.2 can also be nsed as the hasis
for model-baserd controllers designed in the time domain. A techuique for Mindimun:-
Energy Control is described by Chen [7] which could be adapted for flight phase leg an-
gle control. This technique minimizes the L? norm of the input torque, || 7(¢)jl 1.2, while
driving the system from the initial state (t;,,,()l,,,();,,) to the final state (t,,;,(),,;,f),,;),
where { is time, § is the hip angle and 0 the angular rate.

Applying this design method Lo a simplified model of the robol described only

by a leg inertia I and a hip torque 7, we obtain a feedback law which returns the
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minitum-~energy torque as a function of time

21
(fa — 1)?

Notice that equation (5.3) does not explicitly refer to the lifi-ofl state but rather

Tnu'u“) = (:;(Olrl - 0(’)) - (!fﬂ' e f){}fd - 2(!:,{ - 1)0(!)) (-)3)

depends only on the current and final states. Thus the control law is memoryless and

can easily be implemented as a real-time controller.
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Figure 5.5: Minimum Energy Control: Trajectory Iollowed (left) and Torque Re-

yuirement {right)

Simulating this controller for the simplified system we obtain the results shown in
Figure 5.5. The simulated leg angle is shown on the left. There is no concept here of
a r1eference trajectory, rather this is the simulated, “actual” path followed by the leg
in response to the torque generated hy the control law of equation (5.3). On the right
side of Figure 5.5 we show the hip torque which has been scaled down by a factor
of 30, equal to the actual hip transmission ratio. This allows the torque speed curve
of our Maxon motor taken from Figure 2.2 to be plotted on the same field {dashed
curve). Bven though the legs swings through 50° in 0.25s, the required torque lies
well within the motor characteristic curve everywhere except at lift-off.

Although the controller is termed “Minimum Energy” this refers to the spectral

energy of the input torque signal and is not explicitly related to the actuator energy
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output. What is the physical signilicance of minimizing ||7(O[];:7  Cousider the
simplified model for a DC motor given in Figure 5.6 consisting of a constant winding
resistance My, an input vollage V. and a back BMIE F, = I\',.() where A, s the
clectrical constant of the motor and # is the motor speed. Negleeting the effeet of the
winding inductance, the torque output of the motor is given by r = Wi, where K,
is the mechanical constant of the motor, and the current through the rotor winding
is given by 7, = (V' — £}/ R,. The power dissipalion across the rolor winding is now
given by
[)loss = Vlf..iu = itl‘.' Ity

and the corresponding energy loss is

. I . R
Dy = 2 | = ) 2 = —— = — 2.
Llass /Ilossd, / ta nu df I\'?" ‘[T dl I\-;‘:‘ \/“T(’)Hl

Thus the minimum energy controller actually minimizes energy dissipated as heal
through the motor armature. Although minimizing this quantity would not afleet the
specific resistance, it would reduce the electrical power consumption of onr rohot. T'his
is an important goal since at stall torque our SOW motors can dissipate as = 400H
of heat through the armature winding. This power level can only be maintained for

a brief period limited by the thermal time constant of ihe motor.

)
I Ry

\
4
o

Oo—
Figure 5.6: Static Electric Circuit Model of & DC Motor

This type of model-based controller which depends on an acenrate state-space de-

scription of the system is very sensitive to modelling errors and unmodelied dynamics.
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This means that a siimple feedback law such as that given by equation (5.3) may not
exist in a practical, implementable form for the ARL Monopod. Mareover, the con-
troller would not respond to changing system parameters. lven so, such a controller
based on a more complete dynamical model could be simulated Lo yield a “nimimum-
energy reference trajectory” similar to the trajectory shown in Figure 5.5. Such a
trajectory would have Lo be scaled according to the actual lift-off state and the target
tonchdown staie given by the FPA, and the locomotion time would be used instead of
the real time. The resulting trajectory could replace the piecewise reference trajectory

discnssed in Section 5.1.1.

5.2 Hardware Modifications

5.2.1 Compliant Hip Actuation

During flight, the hip motor has to decelerate sharply, accelerate and then decelerate
the leg, which requires peak power of our motors at top running speed. Most of this
return swing motion of the leg could be provided by a properly dimensioned spring
in series with the hip actuator. This has been proposed and experimentally tested in
passive (unstable) mode by Raibert [31].

Our robot has been designed to accommodate such springs as part of the hip actu-
ation system. The equations of Section 2.2.2 were developed taking into account this
compliance. Equation (2.5) gives the motor torque required to swing the leg through
a sinusoidal path. A large value was used for the hip compliance, &y, to simulate
direct actuation for selection of the transmission parameters. The same equation can
also be used to determine the torque speed requirements for compliant actuation of
the hip joint. Figure 5.7 shows the hip motor torque requirements for both types
of motion plotted against motor speed. The dotted curve represents the motor lfmit
while the circular dashed curve shows the requirement for direct actuation. Although

divect actuation of the 25° sinusoidal path is easily accommodated by the motor, the
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Figure 5.7: Active Hip vs. Passive Hip. The figure shows simulated hip motor
torque speed requirements to follow a 25° sinusoidal reference trajectory for leg angle.
The dotted curve shows the motor operating range [rom Figure 2.2, The dashed
curve shows the requirement using direct actuation where the motor alone powers the
motion. The solid curve represents the requirement for a passive hip where the bulk
of the motion is powered by encrgy stored in a hip compliance and the motor merely

makes up for losses.
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recuiirement. is greatly reduced when the compliance is added (narrow, solid curve).
We lave developed a controller which stabilizes the passive dynamic mode of robot
runntng in simulation based on a simplified dynamic model of the physical robot.
T'he next step involves adapting these control concepts to stabilize the more complete
simulation which has heen validated against experimental runs with the vobot. This
work, performed by M. Ahmadi, represents an important first step towards imple-
menting passive dynamics in experiment.. We are currently evaluating the suitability
of commercially available latex tubing which we hope to use for the hip compliance

on the rohot.

Compliant Running and Torsional Spring Design

In conjunction with attempts to implement passive dynamic running on our prismatic,
planar robot, a sccond robot, the Compliant Articulated Robotic Leg (CARL) bas
been constructed at ARL [18]. The design of CARL'’s actuation systems is bascd
on simulation work in which compliant clements are included in series with both the
knee and hip actuation systems. Moreover, CARL contains a passive, revolute ankle
which has a compliance bul no actuator. Since all of CARL’s joints are revolute, we
have been developing high strain torsional springs cast from elastomeric materials to
provide the necessary compliance. The requirements for energy storage capacity with
high torsional stiffness and large strain, T5N¥Nm/red at 0.7rad {or the knee, as well as a
dlesire for low mass, low profile compliant elements precluded the use of conventional
torsional springs. 1 participated in design and manufacturing efforts which yielded

our first prototype springs.

5.2.2 Type II Leg

The basic design of our robot’s leg differs from that of most so-called “hopping robots.”
T'he leg, which was constructed prior to my involvement with the project is what we

term a Type 'leg. Figure 5.8 shows the distinction between our Type I leg and the
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more contmon Type [ design, The type ©eg has [ewer moving parts sinee it lacks o
separate upper leg guide tabe. This climinates one sliding joint which can be a souree
of practical difliculties relating to alignment and sliding friction. However, the Type
[ leg includes a hardstop on the overall leg length whereas in the Type U leg, the
hardstop acts on the spring lengih only.

In order to understand how these diflerences in design alfect the vertical hoppiug,
motion, we must first. consider what occurs during stance. During the liest part of
the stance phase, the lower leg compresses the leg spring storing the kinetie energy
of the robot’s vertical motion as clastic energy in the spring. Duoving the second half
of the stance phase this energy is returned to the system as the robot begins 1o move
up and eventually lifts off. Unfortunately, this transfer involves a loss energy which
translates into a lower lift-ofl speed (Lhis energy loss is discussed in [27]). Thus the
motion of the robot is similar to that of a bouncing ball which decreases in height
with each bounce. In order to maintain a steady hopping height. additional energy
must be added to the system to account, for losses: "Fhe ball screw shown in the fignre
compresses the leg spring during the stance phase and adds energy to Lhe system to
maintain a stable hopping height,

Now, the hardstop of the Type 1 leg constrains the overall leg length and prevents
the spring from fully extending before lift-off. However, the Type 11 leg constrains
ouly the spring length and so the spring expands fully returning all the added energy
before the robot lifts off. How much elastic energy is lost? Assuming a lincar helical

coil spring, the elastic energy contained in the leg spring is given by

§ |

— . 2
Sspring = s't".vpr'iﬂy A

where kypring is the spring rate and A represents the compression of the spring from
its free length. If the spring contains a precompression, Ay, then the clastic energy

lost at lift-off is given by

1
AEI(J = ;kapriny(Afa - A?Jc) (5.’1)
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Figure 5.8: Type II Leg. In a Type I leg the leg length is constrained by a mechanical
hardstop (left). At lift-off, the elastic energy stored in the spring hy actuator compres-
sion is lost since the spring cannot extend to its full length. In a Type Il leg (right)
The hardstop constrains the spring length not the leg length so the spring is free to
extend to its full length before lift-ofl. Currently the ARL Monopod uses a Type [ leg
and loses approximately 3.7.J/step in unrecovered elastic energy accounting for 14%

of overall encrgy cost at zero speed.
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where Ay, is the compression of the spring at lift-ofl. Twa Type T leg, the spring
compression at lift-olf is equal to the precompression so cquation (d.-1) conlivms that
no energy is lost. Ina Type I leg, however, the spring cannot extend fully sinee the
leg lengtly is constrained by a hardstop. Experimental data shows that Ay, = 0.08m
while A, = 0.021m. Thus for our AN/ leg spring, the elastic energy lost per step
is given by equation (5.4) as ALy, = 3.7 which accounts for 11% of the overall energy

cost for hopping at zero running speed (8% @1 .2 [ s).
| g ]|

5.2.3 Hybrid Sensors

Any control algorithm is only as good as the sensor signals it receives as inpul. As
discussed in Section 5.1.1, sensor noise is reflected onto actuator ontpul reducing
tracking performance and increasing the encrgetic cost of control. Currently we are
using Hewlett Packard HIZDS-6000 scries incremental optical encoders for all angu-
lar position measurements. These encoders supply a digital quadrature signal and
interface eastly with the XP/DCS. Morcover, they do not driflt and have a constad
resolution of about &° over an infinite range. While these sensors are ideal for mo-
tors which experience multiple revolutions (15bits for 6 revolutions), they are less well
suited for measuring joint angles with a low range (100ils for 90°). Analog sensors
such as potentiometers can have a much better resolution bul must he calibrated and
are susceptible to electro-magnetic interference.

Since the resolution is limited primarily by noise generaled between the potentiome-
ter and the A/D circuitry, it is essential to minimize this distance. To this end; we
have developed a hybrid sensor hased on an infinite resolution potentiometer coupled
with a local analog to digital converter. In this way, the sensor takes advantage of the
infinite resolution of the analog device but behaves like a digital device from the point,
of view of interfacing and insensitivily to electro-magnetic noise. The cirenit diagram
for this sensor is shown in Figure 5.9. The circuit is based G the MAXIS87 serial

A/D converter chip and features active filtering of the input signal as well as a scal-
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able input range. 'This feature means thai the sensor will give true 12 bit resolution
over any selected measuring range up Lo the potentiometer maximum of 340°. Taking
advantape of surlace mount technology, the entire device fits on a 27mm diameter

cirenil. board attached directly to the potentiometer.
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Figure 5.9: Angle Sensor A/D circuitry

Preliminary experiments arve encouraging especially over small displacements. Fig-
ure 5.10 shows experimental results comparing optical encoder to hybrid sensor sig-
nals. The npper field clearly shows quantization noise on the encoder signal (upper
curve} while the hybrid sensor accurately measures within the A/D converter resolu-
tion of £ 1bil (lower curve).

The improvement is more pronounced when rate signals are compared. The position
signals, ¢, were differentiated and filtered online in software to obtain rates, ¢, through

a 1" order IR filter of the form
(in = ‘3_“’“1‘(21:-1 + (l bt e—wc‘l')(q" = {n- )/T

where w, is the filter cutoff frequency (10Hz) and T is the sampling period (lms).
The resulting rates are given in the lower field. The quantization of the encoder
signal converts to large slow spikes (upper curve) while the hybrid sensor signal has
a much higher signal-to-noisc ratio and the noise contains mostly high bandwidth
components that are more easily processed (lower curve). The encoder signals have

been intentionally offset for clarity and are shown above the hybrid sensor signals.
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Figure 5.10: Hybrid Sensor vs. Optical Eucoder. For both sensors position signals
were diflerentiated and filtered in software Lo obtain rate signals.  Ilncoder signals

have been shifted for clarity and are shown above Hybrid Sensor signals.
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These hybrid sensors will replace the encoders measuring hip angle and piteh angle.
Morcover, CARL, the second gencration revolute jointed robot constructed at ARL

[18] will use these sensors at 5 locations.
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Conclusion

A project of Lhis Lype involves many disciplines and alfords an excellent opportunity 1o
experience [ivst hand the dilliculties and rewards oflfered by the field of experimental,
legged robotics research. Such experimentation when perlormed on a conceplually
simple machine can be a great motivalor for developing new ideas sinee the machine
is simple enough to be approachable by analytical methods yet il encompasses all the
relevant dynamic properties of active balance and legged locomotion. ar from heing
an academic exercise, work on this machine has provided a great. deal of experience
which will doubtless be incorporated into future machines built at. ARL. At Lthe samie
time, our current robot still has much to tell us and there is no lack ol ideas whicls
may be tested on the device.

Experiments with our planar, clectric monopod have shown that eleetric actiuation
for dynamic running robots is feasible despite power limited actuation. We have
successfully adapled traditional control algorithms, original designed for mueh more
powerful actuation systems, to operate with SOW clectric motors, Morcover, a detailed
encrgetic analysis has provided useful insights into ow power is used in the running
cycle as well as how this power cosl may be reduced. Snch insights play a key role
in the design and control algorithm development of Mtare legged robots at ARL and

have already been employed in the design of CARL, our compliant articulated robotie

69
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leg.,

Fven without major efforts towards maximizing performance, our robot has the
best energetic performance, as measured by specific resistance, among all powered
legeed machines. Our experiences with this device give us conlidence that a fully-

autonomons, electrically-actuated, dynamically-balanced quadruped can be constructed.

Future Work

The experiments performed so far with our conceptually simple robot have taught us
a greal deal about dynamic locomotion in general. Although any practical device will
be mnch different from our eurrent monopod, there is still nuch that this machine can
teach us. To this end we propose the following, non-exhaustive list of modifications
to the physical device and its control algorithms which could deepen our practical
understanding ol legged locomotion.

The inherent design of the leg currently implemented on the robot accounts for a
loss of 11% ol all the energy added to vertical motion at zero speed. A new leg based
on a Type I design discussed in Section 5.2.2 would allow some of this lost elastic
energy Lo be recovered. This would further improve the energetic performance of 1he
machine.

A detailed energetic analysis confirmed thal energy output during the flight phase
becomes more hportant as running speed increases. Therefore, efforts towards min-
imizing energy consumption should corcentrate on the flight phase controllers which
hackdrive the leg actuator and servo the leg angle. The locomotion time variable pro-
vides a valuable opportunity for investigating new control strategies. Also controllers
whicl explicitly minimizing energy output of actuators should be investigated. Robust
control theory offers techniques which may be applicable to this type of problem.

Finally, the most promising sff:'-?.teg3' for minimizing energy cost of locomotion in-
volves implementing passive running with a hip compliance in series with the actuator.

Passive dynamics is recognized as a key concept for reducing ~nergv consumption in
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biological systems. Although this type of motion has been investigated for legped
machines, no one has vet been able to control the motion in a stable fashion. We
have developed at ARL a controller which suceessfully stabilizes the passive dyvnamice
running motion of a simiplified version of our robot. This snccess should he followed

by experimental implementation of these wdeas on the physical deviee,
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