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(7) ABSTRACT

Systems and methods are presented that use the rate of
change of a legged robot’s centroidal angular momentum
(H,) in order to maintain or improve the robot’s balance. In
one embodiment, a control system determines the current
value of Hg, compares this value to a threshold value, and
determines an instruction to send to the robot. Executing the
instruction causes the robot to remain stable or become more
stable. Systems and methods are also presented that use a
value derived from Hg, in order to maintain or improve the
robot’s balance. In one embodiment, a control system deter-
mines the location of the Zero Rate of change of Angular
Momentum (ZRAM) point (A), determines the distance
between A and the location of the center of pressure of the
resultant ground force, compares this value to a threshold
value, and determines an instruction to send to the robot.
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SYSTEMS AND METHODS FOR CONTROLLING A
LEGGED ROBOT BASED ON RATE OF CHANGE
OF ANGULAR MOMENTUM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority from the following
U.S. provisional patent application, which is hereby incor-
porated by reference: Ser. No. 60/558,367, filed on Mar. 31,
2004, entitled “Rate of Change of Angular Momentum and
Balance Maintenance of Biped Robots.”

BACKGROUND OF THE INVENTION
[0002] 1. Field of the Invention

[0003] The present invention relates to controlling a
legged robot so that the robot does not fall. More particu-
larly, the present invention relates to controlling the robot
based on the rate of change of the robot’s angular momen-
tum.

[0004] 2. Description of Background Art

[0005] In order to engage in useful activities, a legged
robot should be able to maintain its balance. The term
“balance” generally refers to the preservation of overall
rotational stability or equilibrium. If a robot’s overall rota-
tional equilibrium is lost, the robot can fall.

[0006] Control systems have been developed that instruct
robots to take certain actions in an attempt to maintain or
improve the robots’ balance. A control system is usually
based on a “stability criterion,” which is a physical quantity
that represents a robot’s rotational equilibrium (or lack
thereof). The value of the stability criterion varies based on
the robot’s state, and there is usually a range of values that
indicate stability. If a robot’s stability criterion does not fall
within this goal range, the control system instructs the robot
to take certain actions. These actions are meant to change the
robot’s state such that the value of the stability criterion
approaches (or reaches) the goal range. By continuously
monitoring the stability criterion, the controller can cause
the robot to maintain or improve its stability over time.

[0007] One type of stability criterion is a point on the
support surface (e.g., the ground) on which the robot is
standing. One such point is the center of pressure (CoP). The
CoP is the point of application of the resultant ground
reaction force (GRF) underneath the robot’s feet. Thus, the
CoP exists as long as the robot is not airborne, since at least
one of its feet is touching the ground at all times. The
location of the CoP can be experimentally measured. In
order for the robot to be stable, the CoP should be located
within the robot’s support polygon and, ideally, at the most
central location within the polygon.

[0008] Inrobotics literature, the CoP is sometimes referred
to as the zero moment point (ZMP). This literature provides
a means to analytically compute (rather than experimentally
measure) the location of the CoP/ZMP. The location of the
CoP/ZMP is not well-defined when the support surface is
non-planar. Although the location of the CoP/ZMP can
quantify the stability of a relatively stable robot, it cannot do
so for an unstable robot. This is because, in certain cases, the
same CoP/ZMP location can correspond to several different
states of a robot, and these states can have varying effects on
the robot’s stability.
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[0009] Another such point is the foot-rotation indicator
(FRI) point. The FRI point is related to the phenomenon of
foot rotation and is applicable only during the single support
phase of a biped. While, by definition, the CoP cannot leave
the support polygon, the FRI point can. When the FRI point
is located outside the support polygon, the distance between
the FRI point and the support polygon is proportional to the
amount of instability. The location of the FRI point is
undefined when more than one foot is touching the ground.

[0010] What is needed are a stability criterion that over-
comes the disadvantages of the previous criteria and a
control technique that uses the criterion to maintain or
improve a robot’s balance.

SUMMARY OF THE INVENTION

[0011] Systems and methods are presented that use the rate
of change of a legged robot’s centroidal angular momentum
(Hg) in order to maintain or improve the robot’s balance. In
one embodiment, a control system determines the current
value of H, compares this value to a threshold value, and
determines an instruction to send to the robot. Executing the
instruction causes the robot to remain stable or become more
stable.

[0012] In one embodiment, the current value of H is
determined based on the expression GPxR, where G repre-
sents the location of the center of mass of the robot, R
represents the resultant ground reaction force (GRF) acting
upon the robot, P represents the location of the center of
pressure of the resultant GRF, GP represents the vector from
G to P, and x represents the vector product operation.

[0013] In another embodiment, the robot contains a plu-
rality of segments, and the current value of Hg is determined
based on the expression

n
ZHGia
1

[0014] where Hg; represents the rate of change of cent-
roidal angular momentum of segment i, and n represents the
number of segments contained in the robot.

[0015] Several different types of instructions can be sent to
the robot. Generally, these instructions cause the robot to
change its body position by activating one or more motors.
These motors control, for example, the angles of joints
between two adjoining segments. A robot can maintain or
improve its balance using various strategies. In one embodi-
ment, each strategy attempts to make H equal zero in a
different way. One strategy is to modify the robot’s support
polygon so that it encompasses the Zero Rate of change of
Angular Momentum (ZRAM) point. Another strategy is to
move G with respect to P so that R passes through G in its
new location G'. Yet another strategy is to change the GRF
direction by changing the translational acceleration of the
centroid from a to a'.

[0016] Systems and methods are also presented that use a
value derived from H, in order to maintain or improve the
robot’s balance. In one embodiment, a control system deter-
mines the location of the ZRAM point (A), determines the
distance between A and P, compares this value to a threshold



US 2005/0234593 A1l

value, and determines an instruction to send to the robot.
Executing the instruction causes the robot to remain stable
or become more stable.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The invention is illustrated by way of example, and
not by way of limitation, in the figures of the accompanying
drawings in which like reference numerals refer to similar
elements.

[0018] FIG. 1A illustrates a diagram of a robot that
possesses rotational equilibrium, according to one embodi-
ment of the invention.

[0019] FIG. 1B illustrates a diagram of a robot that does
not possess rotational equilibrium, according to one embodi-
ment of the invention.

[0020] FIG. 2A illustrates a diagram of a robot that
schematically depicts the location of the ZRAM point for a
level ground geometry.

[0021] FIG. 2B illustrates a diagram of a robot that
schematically depicts the location of the ZRAM point for an
inclined ground geometry.

[0022] FIG. 2C illustrates a diagram of a robot that
schematically depicts the location of the ZRAM point for a
stairstep ground geometry.

[0023] FIG. 2D illustrates a diagram of a robot that
schematically depicts the location of the ZRAM point for an
uneven ground geometry.

[0024] FIG. 3 illustrates a diagram of a robot being acted
upon by forces and moments caused by the ground and the
environment, according to one embodiment of the invention.

[0025] FIG. 4 illustrates a flowchart of a method for
controlling a legged robot based on rate of change of angular
momentum, according to one embodiment of the invention.

[0026] FIG. 5 illustrates an aerial view of a support
polygon and a ZRAM point, according to one embodiment
of the invention.

[0027] FIG. 6 illustrates a block diagram of an apparatus
for controlling a legged robot based on rate of change of
angular momentum, according to one embodiment of the
invention.

[0028] FIG. 7 illustrates a more detailed block diagram of
the contents of the memory unit in FIG. 6.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0029] In the following description, for purposes of expla-
nation, numerous specific details are set forth in order to
provide a thorough understanding of the invention. It will be
apparent, however, to one skilled in the art that the invention
can be practiced without these specific details. In other
instances, structures and devices are shown in block diagram
form in order to avoid obscuring the invention.

[0030] Reference in the specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described in connection with the
embodiment is included in at least one embodiment of the
invention. The appearances of the phrase “in one embodi-
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ment” in various places in the specification are not neces-
sarily all referring to the same embodiment.

[0031] Some portions of the detailed descriptions that
follow are presented in terms of algorithms and symbolic
representations of operations on data bits within a computer
memory. These algorithmic descriptions and representations
are the means used by those skilled in the data processing
arts to most effectively convey the substance of their work
to others skilled in the art. An algorithm is here, and
generally, conceived to be a self-consistent sequence of steps
leading to a desired result. The steps are those requiring
physical manipulations of physical quantities. Usually,
though not necessarily, these quantities take the form of
electrical or magnetic signals capable of being stored, trans-
ferred, combined, compared, and otherwise manipulated. It
has proven convenient at times, principally for reasons of
common usage, to refer to these signals as bits, values,
elements, symbols, characters, terms, numbers, or the like.

[0032] It should be borne in mind, however, that all of
these and similar terms are to be associated with the appro-
priate physical quantities and are merely convenient labels
applied to these quantities. Unless specifically stated other-
wise, as apparent from the following discussion, it is appre-
ciated that throughout the description, discussions utilizing
terms such as “processing” or “computing” or “calculating”
or “determining” or “displaying” or the like, refer to the
action and processes of a computer system, or similar
electronic computing device, that manipulates and trans-
forms data represented as physical (electronic) quantities
within the computer system’s registers and memories into
other data similarly represented as physical quantities within
the computer system memories or registers or other such
information storage, transmission, or display devices.

[0033] The present invention also relates to an apparatus
for performing the operations herein. This apparatus is
specially constructed for the required purposes, or it com-
prises a general-purpose computer selectively activated or
reconfigured by a computer program stored in the computer.
Such a computer program is stored in a computer readable
storage medium, such as, but not limited to, any type of disk
including floppy disks, optical disks, CD-ROMs, and mag-
netic-optical disks, read-only memories (ROMs), random
access memories (RAMs), EPROMs, EEPROMs, magnetic
or optical cards, or any type of media suitable for storing
electronic instructions, and each coupled to a computer
system bus.

[0034] The algorithms and displays presented herein are
not inherently related to any particular computer or other
apparatus. Various general-purpose systems are used with
programs in accordance with the teachings herein, or more
specialized apparatus are constructed to perform the
required method steps. The required structure for a variety of
these systems will appear from the description below. In
addition, the present invention is not described with refer-
ence to any particular programming language. It will be
appreciated that a variety of programming languages may be
used to implement the teachings of the invention as
described herein.

1. Rate of Change of Angular Momentum

[0035] As discussed above, the term “balance” generally
refers to the preservation of overall rotational equilibrium.
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One way to measure a body’s rotation (such as a robot’s
rotation) is to determine its overall angular position over
time. If the angular position changes over time (i.e., if the
robot has an angular velocity), then the robot is rotating.
While the angular position can be measured relative to any
line, in one embodiment, it is measured relative to the
gravity line passing through the robot’s center of mass
(CoM).

[0036] When a body (such as a robot) has an overall
angular speed, it is tipping over, which causes either spin-
ning (such as in gymnastics, figure skating, or diving) or
falling. A body with any non-zero angular speed or angular
momentum can fall, even if the body’s current angular speed
or angular momentum is constant. What causes a fall is a
change in angular speed or angular momentum. Hence, a
rate of change of angular speed or angular momentum
corresponds to a loss of rotational equilibrium.

[0037] Newton’s second law of motion states that a body’s
translational (linear) acceleration is determined by the sum
of the forces acting upon the body. Similarly, the Newton-
Euler equation states that a body’s rotational acceleration is
determined by the sum of the torques (also called
“moments”) acting upon the body. This sum is also known
as the “resultant external torque” or “resultant external
moment.” If the resultant external moment on the body
(measured relative to the body’s CoM) equals zero, then
overall rate of change of angular momentum equals zero,
and overall rotational stability or equilibrium has been
achieved. A moment can arise from any force, such as
gravity, contact or interaction with an object (such as, e.g.,
the ground or an object that is being held), or an unexpected
disturbance (such as, e.g., a slippery surface like a floor or
an immovable object like a wall). The force can be either a
“pure” rotational force or a force with a linear component.

[0038] The resultant external moment on a body equals the
rate of change of the body’s angular momentum. If the
resultant external moment is defined relative to the body’s
CoM (also known as its centroid), then the angular momen-
tum is known as the centroidal angular momentum. If G
denotes the body’s centroid (CoM), and Hg denotes the
body’s centroidal angular momentum, then H, denotes the
rate of change of the body’s centroidal angular momentum.
Thus, if H, equals zero, then overall rotational stability or
equilibrium has been achieved.

[0039] FIGS. 1A and 1B illustrate diagrams of robots,
according to two embodiments of the invention. In each
illustrated embodiment, the following conditions are
present: 1) the feet of the robot are posed on the same
horizontal plane; 2) the robot is interacting with its envi-
ronment only through its feet (in other words, forces and
moments are applied to the robot only at its feet); and 3) the
vertical components of these moments do not contribute to
rotational instability. These conditions cause the resultant
external moment on the robot (measured relative to its CoM)
to manifest itself as the resultant ground reaction force
(denoted by vector R), which acts at the center of pressure
(denoted by point P). Due to the unilaterality of the ground
reaction force (GRF), P is always located within the convex
hull of the foot support area. In the illustrated embodiments,
point G denotes the location of the robot’s centroid or center
of mass, m denotes the mass of the robot, and vector g
denotes the gravity acceleration vector.
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[0040]
then

If moments are taken about the robot’s CoM (G),

Hg=GPxR, ®
[0041] where GP denotes a vector from point G to point P
and x denotes the vector product operation. Thus, Equation
1 provides a way to determine H, given the values of G, P,
and R when the previously-mentioned conditions are present
and when moments are taken about G. Other equations that
can be used to determine H, will be discussed below. These
equations can be useful when, for example, the previously-
mentioned conditions are not present and/or moments are
not taken about G.

[0042] Recall that G denotes the robot’s center of mass
(CoM), also known as its centroid. One way to determine G
is to “decompose” the robot into n segments. The mass of
each segment, along with the location of its center of mass,
can be used to determine G as follows. If m; represents the
mass of segment i, and r; is a vector that represents the
location of segment i’s center of mass, then

z @

[0043] where G is a vector that represents location G.

[0044] For each segment i, m; and r; can be determined as
follows: m;, which is one of the robot’s design parameters,
is provided by the robot’s manufacturer, usually in the form
of a computer-aided design (CAD) model. r; is based on the
location of the segment’s center of mass relative to the
segment’s coordinate system and the location of the segment
relative to the global coordinate system. The robot’s manu-
facturer provides the location of the segment’s center of
mass relative to the segment’s coordinate system. The initial
location of a segment relative to the global coordinate
system is measured or determined based on locations of
segments proximate to the segment.

[0045] A robot made of segments can exist in many
different positions based on the angles between adjoining
segments. These angles can be determined, for example, by
using a position encoder at the joint to measure the angle
between each pair of adjoining segments. If the size of each
segment is known, then the location of any segment can be
determined based on joint angles and the location of one
point of the robot body (for example, a point on the robot’s
foot or pelvis). The robot manufacturer provides the size of
each segment. The location of the point is determined, for
example, by physically measuring the robot relative to an
inertial reference point O. O represents the origin of the
coordinate system and can be selected at will.

[0046] Recall that R denotes the resultant ground reaction
force (GRF), and P denotes the center of pressure (CoP), or
point of action, of the GRF. One way to determine the GRF
is by using a force-plate, such as is available from Advanced
Mechanical Technology, Inc. (AMTI) of Watertown, Mass.
The interaction between a legged robot and the ground is
through the robot’s foot (or feet). A force-plate usually has
multiple force sensors embedded in it (e.g., one sensor at





















