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(57) Abstract: An angular velocity detected by an angular velocity sensor (10) is integrated by a small angle matrix calculator
(12) and a matrix adding calculator (14), and then restored as a posture angle (angular velocity posture angle) by a matrix posture
& angle calculator (16). A posture matrix is calculated by a tilt angle calculator (22) and an acceleration matrix calculator (24) and an
& acceleration detected by an acceleration sensor (20) is restored as a posture angle (acceleration posture angle) by a matrix posture
angle calculator (26). Low pass filters (18, 28) each extract a low range component, the difference between the two is calculated
by a differencer (30), and only the drift amount is extracted. A subtracter (32) removes the drift amount from the angular velocity
posture angle and the result is output from an output device (34). In addition, a posture angle matrix calculator (36) converts the
result to a posture matrix, which it feeds back to the matrix adding calculator (14).
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MOVING BODY POSTURE ANGLE DETECTING APPARATUS
BACKGROUND OF THE INVENTION

1. Field of the Invention
[0001] The invention relates to a moving body posture angle detecting
apparatus, and more particularly, to technology that accurately detects a posture angle of

a moving body such as a robot.

2. Description of the Related Art

[0002] Acceleration sensors and angular velocity sensors are used in posture
control of moving bodies such as robots. When three orthogonal axes are designated as
an x axis, a y axis, and a z axis, the accelerations in the directions of these three axes are
detected by three acceleration sensors and the angular velocities in the directions of the
three axes are detected by three angular velocity sensors. The angles around the axes,
i.e., posture angles, are obtained by time-integrating the outputs from the angular velocity
sensors such that the pitch angle, the roll angle, and the yaw angle can be calculated.

[0003] Japanese Patent Application Publication No. JP-A-2004-268730
describes technology which performs posture control using posture data and acceleration
data output from gyro sensors.

[0004] When the offset and drift of the angular velocity sensors (yaw rate
sensors) are large, however, the offset and drift values accumulate gradually and end up
being extremely large values because the posture angle is obtained by the integration of
the angular velocity. Those values increase with time and ultimately diverge. This
problem can bé avoided by using angular velocity sensors with little offset and drift, but
these kinds of sensors are large, heavy, and expensive.

[0005] On the other hand, it is possible to correct the accumulation of errors
from integration by detecting the gravitational direction with an acceleration sensor and

correcting the posture angle obtained by the angular velocity sensor at an appropriate
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timing using this gravitational direction. Unfortunately, however, this method is unable
to be used when the changes in movement of the moving body are fast and acceleration

other than gravity is frequently generated.

BRIEF DESCRIPTION OF THE INVENTION

[0006] This invention thus provides an apparatus that is capable of detecting
the posture angle of a moving body by preventing the accumulation of integration errors
by means of a simple structure without using expensive, highly accurate angular velocity
SEensors.

[0007] One aspect of the invention relates to a moving body posture angle
detecting apparatus which includes an angular velocity sensor which detects an angular
velocity of a moving body; an acceleration sensor which detects an acceleration of the
moving body; angular velocity posture angle calculating means for calculating, as an
angular velocity posture angle, a posture angle of the moving body from the angular
velocity; acceleration posture angle calculating means for calculating, as an acceleration
posture angle, a posture angle of the moving body from the acceleration; angular velocity
posture angle low range component extracting means for extracting a low range
component of the angular velocity posture angle; acceleration posture angle low range
component extracting means for extracting a low range component of the acceleration
posture angle; difference calculating means for calculating, as error, a difference between
the low range component of the angular velocity posture angie and the low range
component of the acceleration posture angle; error removing means for removing the
error from the angular velocity posture angle; outputting means for outputting, as a
posture angle of the moving body, an angular velocity posture angle from which the error
has been removed by the error removing means; and feedback means for feeding back the
angular velocity posture angle from which the error has been removed by the error
removing means to the angular velocity posture angle calculating means.

[0008] In this aspect of the invention, the angular velocity posture angle low

range component extracting means and the acceleration posture angle low range
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component extracting means may include means for sin converting and cos converting
the angular velocity posture angle; means for extracting a low’range component of a
value obtained by the sin conversion and the cos conversion; and means for performing
an atan2 calculation or an atan calculation on the value of the extracted low component.

[0009] Another aspect of the invention relates to a moving body posture angle
detecting apparatus which includes an angular velocity sensor which detects an angular
velocity of a moving body; an acceleration sensor which detects an acceleration of the
moving body; angular velocity posture angle calculating means for calculating, as an
angular velocity posture angle, a posture angle of the moving body from the angular
velocity; acceleration posture angle calculating means for calculating, as an acceleration
posture angle, a pdsture angle of the moving body from the acceleration; difference
calculating means for calculating a difference between the angular velocity posture angle
and the acceleration posture angle; low range component extracting means for extracting,
as error, a low range component of the difference; error removing means for removing the
error from the angular velocity posture angle; outputting means for 6utputting, as a
posture angle of the moving body, an angular velocity posfure angle from which the error
has been removed by the error removing means; and feedback means for feeding back the
angular velocity posture angle from which the error has been removed by the error
removing means to the angular velocity posture angle calculating means.

[0010] Another aspect of the invention relates to a moving body posture angle
detecting apparatus which includes an angular velocity sensor which detects an angular
velocity of a moving body; an acceleration sensor which detects an acceleration of the
moving body; means for calculating a small angle matrix which defines a small rotation
angle after a small period of time ts has passed from the angular velocity, means for
calculating a new angular velocity system posture matrix from the small angle matrix and
a posture matrix that was fed back; means for calculating a tilt angle from the
acceleration; means for calculating an acceleration system posture matrix from the tilt
angle; angular velocity system low range component extracting means for extracting a

low range component of the angular velocity system posture matrix; acceleration system
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low range component extracting means for extracting a low range component of the
acceleration system posture matrix; difference calculating means for calculating, as error,
a difference between the low range component of the angular velocity system posture
matrix and the low range component of the acceleration system posture matrix; error
removing means for removing the error from the angular velocity system posture matrix;
outputting means for calculating a posture angle from the angular velocity system posture
matrix from which the error has been removed by the error removing means and
outputting the result a posture angle of the moving body; and feedback means for feeding
back the angular velocity system posture matrix from which the error has been removed
by the error removing means to the means for calculating the new angular velocity
system posture matrix.

[0011] Still another aspect of the invention relates to a moving body posture
angle detecting apparatus which includes an angular velocity sensor which detects an
angular velocity of a moving body; an acceleration sensor which detects an acceleration
of the moving body; means for calculating a small angle quaternion which defines a small
rotation angle after a small period of time ts has passed from the angular velocity; means
for calculating a new angular velocity system quaternion from the small angle quaternion
and a quaternion that was fed back; means for calculating a tilt angle from the
acceleration; means for calculating an acceleration system posture matrix from the tilt
angle; angular velocity system low range component extracting means for extracting a
low range component of the angular velocity system quaternion; acceleration system low
range component extracting means for extracting a low range component of the
acceleration system quaternion; difference calculating means for calculating, as error, a
difference between the low range component of the angular velocity system quaternion
and the low range component of the acceleration system quaternion; error removing
means for removing the error from the angular velocity system quaternion; outputting
means for calculating a posture angle from the angular velocity system quaternion from
which the error has been removed by the error removing means and outputting the result

a posture angle of the moving body; and feedback means for feeding back the angular
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velocity system quaternion from which the error has been removed by the error removing
means to the means for calculating the new angular velocity system quaternion.

[0012] In the invention, the angular velocity posture angle, which is the posture
angle calculated based on the angular velocity that was detected by the angular velocity
sensor, is supplied to the low range component extracting means. The angular velocity
posture angle includes a drift amount from the accumulation of integration error. Thus
when the true value of the posture angle is divided into a high range component and a
low range component, the angular velocity posture angle includes (a high range posture
angle true value + a low range posture angle true value + a low range drift amount).
The low range component extracting means removes the high range component and
extracts (the low range posture angle true value + the low range drift amount).
Meanwhile, the acceleration posture angle, which is the posture angle calculated based on
the acceleration that was detected by the acceleration sensor, is also supplied to the low
range component extracting means. The acceleration posture angle includes a high
range noise component and a low range posture angle true value, but does not include a
drift amount from the accumulation of integration error. The low range component
extracting means removes the high range component and extracts the low range posture
angle true value. Therefore, supplying the outputs of these low range component
extracting means to the difference calculating means and calculating (the low range
posture angle true value + the low range drift amount) — (the low range posture angle true
value) enables only the drift amount (i.e., the error) to be extracted. A highly accurate
posture angle can then be detected by removing the extracted drift amount from the
angular velocity posture angle. Also, removing the extracted drift amount from the
angular velocity posture angle and feeding back the result prevents the accumulation of
integration error, improves output responsiveness, and stabilizes the output. The high
range noise amount includes oscillation acceleration noise and electrical noise
components, and an acceleration component other than gravitational force following
movement of a measured body. In particular, noise from the acceleration component

other than gravity following movement of the measured body becomes a large noise
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component in small measured bodies having large amounts of motion, such as robots,
which is a major obstacle in obtaining a posture angle.

[0013] Also in the invention, the angular velocity system posture matrix
calculated based on the angular velocity that was detected by the angular velocity sensor
is supplied to the low range component extracting means. The angular velocity system
posture matrix includes a drift amount from the accumulation of integration error. Thus
when the true value of the posture is divided into a high range component and a low
range component, the angular velocity system posture matrix includes (a high range
posture true value + a low range posture true value + a low range drift amount). The
low range component extracting means removes the high range component and extracts
(the low range posture true value + the low range drift amount). Meanwhile, the
acceleration system posture matrix calculated based on the acceleration that was detected
by the acceleration sensor is also supplied to the low range component extracting means.
The acceleration system posture matrix includes 2 high range ﬂoise component, a high
range posture true value component, and a low range posture true value, but does not
include a drift amount from the accumulation of integration error. The low range
component extracting means removes the high range component and extracts the Jow
range posture true value. Therefore, supplying the outputs of these low range
component extracting means to the difference calculating means and calculating (the Iow
range posture true value + the low range drift amount) — (the low range posture true
value) enables only the drift amount (i.e., the error) to be extracted. A highly accurate
posture angle can then be detected by removing the extracted drift amount from the
angular velocity system posture matrix to obtain an angular velocity system posture
matrix without any error, and then calculating the posture angle from this angular velocity
system posture matrix. Also, removing the extracted drift amount from the angular
velocity system posture matrix and feeding back the result prevents the accumulation of
integration error, improves output responsiveness, and stabilizes the output. Moreover,
the drift amount can similarly be extracted by calculating a quaternion from the angular

velocity system posture matrix and calculating a quaternion from the acceleration system
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posture matrix, extracting the low range components at the quaternion stage and
calculating the difference between the two. The posture matrix and the quaternion are
essentially equivalent, but using the quaternion reduces the number of calculations
thereby shortening the processing time.

[0014] The invention makes it possible to accurately detect the posture angle of
a moving body by preventing the accumulation of integration errors without using

sensors which are large, heavy, and expensive,

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The features, advantages thereof, and technical and indﬁstrial
significance of this invention will be better understood by reading the following detailed
description of preferred embodiments of the invention, when considered in connection
with the accompanying drawings, in which:

FIG. 1 is a block diagram of a first exemplary embodiment of the invention,

FIG. 2 is a block diagram of a second exemplary embodiment of the invention.

FIG. 3 is a block diagram of a third exemplary embodiment of the invention.

FIG. 4 is a block djagram of a fourth exemplary embodiment of the invention.

FIG. 5 is a block diagram of a fifth exemplary embodiment of the invention.

FIG. 6 is a block diagram of a sixth exemplary embodiment of the invention.

FIG. 7 is a view illustrating the relationship between a reference coordinate
system (XYZ) and a sensor coordinate system (xyz).

FIG. 8 is a view illustrating posture angles (roll angle, pitch angle, yaw angle) in
the reference coordinate system,

FIG. 9 is a view illustrating the change over time in a sensor coordinate system

FIG. 10 is a view illustrating a small rotation angle in the sensor coordinate
System.

FIG. 11 is a view illustrating a tilt angle.
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FIG. 12 is a block diagram of a seventh exemplary embodiment of the invention.

FIG. 13 is a block diagram of an eighth exemplary embodiment of the invention.

FIG. 14 is a block diagram of a ninth exemplary embodiment of the invention.

FIG. 15 is a block diagram of a tenth exemplary embodiment of the invention.

FIG. 16 is a block diagram of an eleventh exemplary embodiment of the
invention.

FIG. 17 is a block diagram of a twelfth exemplary embodiment of the invention.

FIG. 18 is a block diagram of a thirteenth exemplary embodiment of the
invention.

FIG. 19 is a block diagram of a fourteenth exemplary embodiment of the
invention.

FIG. 20 is a block diagram of a fifteenth exemplary embodiment of the
invention.

FIG. 21 is a block diagram of a low pass filter in FIG, 20.

FIG. 22 is a block diagram of a sixtegnth exemplary embodiment of the
invention.

FIG. 23 is a block diagram of a seventeenth exemplary embodiment of the
invention.

FIG. 24 is a block diagram of a differencer in FIG. 23.

FIG. 25 is a flowchart according to the seventeenth exemplary embodiment of
the invention.

FIG. 26 is a graph showing the relationship between Z axis rotation and the
posture angle ¢.

FIG. 27 is a graph illustrating a posture angle ¢ at a Z axis rotation of 18020
deg.

FIG. 28 is a graph showing the signals for the SCA processing, the posture angle
¢, and the rotation angle through which an LPF (fc = medium) has passed.

FIG 291isa gréph showing the signals for the SCA processing, the posture angle
¢, and the rotation angle through which an LPF (fc = small) has passed.
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FIG. 30 is a graph showing the relationship between the posture angle 6 and Y
axis rotation.

FIG. 31 is a graph illustrating a posture angle 8 at a Y axis rotation of 90420 deg.

FIG. 32 is a graph showing the signals for the SCA processing, the posture angle
0, and the rotation angle through which the LPF (fc = medium) has passed.

FIG. 33 is a graph showing the signals for thé sin-cos conversions, the posture

angle 0, and the rotation angle throngh which the LPF (fc = small) has passed.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0016] Exemplary embodiments of the invention will be described with
reference to the drawings using, as an example, a robot for the moving body and a sensor
unit for the posture angle detecting apparatus.

[0017] A first exemplary embodiment of the invention will be described.  FIG.
1 is a block view showing the structure of a moving body posture angle detecting
apparatus according to a first exemplary embodiment of the invention. A seasor unit 1
which includes an angular velocity sensor 10 and an acceleration sensor 20 is provided in
a predetermined position on a robot.

[0018] The angular velocity sensor 10 detects the angular velocity on a sensor
coordinate system (i.e., a coordinate system of the sensor unit). The angular velocities
around the axes are designated as oX, oy, and oz. The angular velocity sensor 10
outputs the detected angular velocities to a small angle matrix calculator 12.

[0019] This small angle matrix calculator 12 calculates a coordinate conversion
matrix for calculating a sensor coordinate system xyz as viewed in a reference coordinate
system XYZ. The small angle matrix will be described later. The small angle matrix
calculator 12 outputs the calculated small angle matrix to a matrix adding calculator 14.

[0020] The matrix adding calculator 14 performs an integral calculation by
adding the current small angle matrix detected by the angular velocity sensor 10 that was

input from the small angle matrix calculator 12 to the posture angle matrix that was fed
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back from the output side. The matrix adding calculator 14 then outputs the integrated
matrix to a matrix posture angle calculator 16.

[0021] The matrix posture angle calculator 16 calculates the posture angle
from the integrated matrix that was input, and outputs the result as an angular velocity
posture angle SYA both to a low pass filter LPF 18 and a subtracter 32.

[0022] The low pass filter (i.c., angular velocity system low pass filter) 18
extracts a low range component from the angular velocity posture angle SYA and outputs
it to a differencer 30. The angular velocity posture angle SYA includes a true posture
angle (posture angle true value) and a drift amount from integration error. The low pass
filter 18 removes the high range posture angle true value from the angular velocity
posture angle SYA and extracts the low range posture angle true value and the drift
amount.

[0023] Meanwhile, the acceleration sensor 20 detects the acceleration in the
direction of each axis in the sensor coordinate system xyz. The detected accelerations
are designated as Gx, Gy, and Gz. The acceleration sensor 20 then outputs the detected
accelerations to a tilt angle calculator 22.

[0024] The tilt angle calculator 22 calculates the angles between the Z axis of
the reference coordinate system XYZ and each axis of the sensor coordinate system xyz.
The calculated tilt angles are designated as Ax, Ay, and Az. The tilt angle calculator 22
then outputs the calculated tilt angles to an acceleration matrix calculator 24.

[0025] The acceleration matrix calculator 24 calculates the posture matrix with
respect to the sensor coordinate system when viewed in the reference coordinate system
using the tilt angle that was input, and outputs the calculated posture matrix to a matrix
posture angle calculator 26.

[0026] The matrix posture angle calculator 26 then calculates the posture angle
from the matrix that was input and outputs the calculated posture angle as an acceleration
posture angle SGA to a low pass filter 28, similar to the matrix postare angle calculator

16.

[0027] The low pass filter (i.e., acceleration system low pass filter) 28 is a
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filter in which the cutoff frequency and attenuation factor are set the same as they are in
the low pass filter 18. The low pass filter 28 extracts a low range component from the
acceleration posture angle SGA and outputs it to the differencer 30. The acceleration
posture angle SGA includes a high range posture angle pseudo value in the high range
component and a low range posture angle true value in the low range component. No
drift from integration error occurs in the acceleration posture angle. Because the cutoff
frequency and attenuation factor of the low pass filter 28 are set the same as they are in
the low pass filter 18, the low range posture angle true value of the angular velocity
system is the same as the low range posture angle true value of the acceleration system.
The frequency characteristic of the angular velocity system is also the same as the
frequency characteristié of the acceleration system. Thus, only the drift component is
accurately output by subtraction calculation of both of the low range posture angle true
values. When the responsiveness of the components corresponding to the posture
angles produced by the angular velocity system and the acceleration system are known
beforehand, however, the cutoff frequency and the attenuation factor of the low pass filter
can be adjusted to match their characteristics. This method can be effective when the
adaptive range is narrow but the movement characteristics are known beforehand.

[0028] As described above, (the low range posture angle true value plus the
drift amount) from the low pass filter 18, as well as (the low range posture angle true
value) from the low pass filter 28 are input to the differencer 30. The differencer 30
then calculates the difference between the two and extracts the drift amount (.e., drift
amount = (low range posture angle true value + drift amount) — (low range posture angle
true value)). The differencer 30 then outputs the drift amount obtained through the
difference calculation to the subtracter 32.

[0029] The subtracter 32 calculates the difference between the angular velocity
posture angle SYA that was input from the matrix posture angle calculator 16 and the
drift amount that was input from the differencer 30, and then removes the drift amount
included in the angular velocity posture angle SYA from the matrix posture angle

calculator 16. As described above, the angular velocity posture angle SYA from the
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matrix posture angle calculator 16 includes the posture angle true value (high range
component + low range component) and the drift amount. The subtracter 32 then
extracts the low range posture angle true value through subtraction (i.e., low range
posture angle true value = (low range posture angle true value + drift amount) — (drift
amount)). The subtracter 32 then outputs the posture angle true value that was obtained
through subtraction to an output device 34. The subtracter 32 also outputs the posture
angle true value to a posture angle matrix calculator 36.

[0030] The posture angle matrix calculator 36 calculates a posture angle matrix
from the posture angle that was input and feeds it back to the matrix adding calculator 14.
The posture angle matrix calculator 36 then performs an inverse operation of the matrix
posture angle calculator 16 and creates a posture angle matrix from the posture angle.
The matrix adding calculator 14 then performs an integral calculation by adding the
posture angle matrix that was fed back to the small angle matrix that was calculated
based on an angular velocity that was newly detected by the angular velocity sensor 10,
and then calculates the posture angle from the angular velocity.

[0031] The output device 34 outputs the posture angle from which the drift
amount has been removed by the subtracter 32 to an external component. In the case of
a robot, a main processor (or host processor) inputs the posture angle and the like
detected by the sensor unit and performs feedback control on the posture of the robot.’
The output device 34 outputs the posture angle at a predetermined timing to the main
processor in response to a command from the main processor. The angular velocity
detected by the angular velocity sensor 10 or the acceleration detected by the acceleration
sensor may be supplied to the output device 34, and the output device 34 may output the
angular velocity or the acceleration, in addition to the posture angle, to the main
processor. Which of those is to be output is determined either by a command from the
main processor or set parameters. The output device 34 outputs all of the angular
velocity, the acceleration, and the posture angle at a given timing to the main processor,
and selectively outputs one of those at another timing. Although not shown in the

drawings, the posture matrix obtained by the posture angle matrix calculator 36 can also
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be output to the robot via the output device 34. This is an effective method when
performing the matrix calculation within the robot.

[0032] As described above, an accurate posture angle from which the drift
amount has been removed is thus detected and output. Because the drift amount is
extracted based on the acceleration in the direction of each axis detected by the
acceleration sensor 20, that drift amount then removed from the angular velocity posture
angle and the result fed back, there is no need for the angular velocity sensor 10 to be an
expensive, heavy and extremely accurate sensor.

[0033] Herginafter, the calculations that are performed in the small angle
matrix calculator 12, the matrix posture angle calculator 16, the tilt angle calculator 22,
and the matrix posture angle calculator 26 will be described.

[0034] First, the posture matrix will be described. A posture matrix T(n) in
discrete time n is used to represent the sensor coordinate system in the reference

coordinate system XYZ. The posture matrix T(n) is formed of 4 x 4 elements, as shown
in Expression 1 below.

[Expression 1]
a d g O
e h 0
f i 0
0 0 01

T(n)= b )

C

[0035] In terms of meaning of the matrix T(n), the first column (a, b, ¢), the
second column (d, e, f), and the third column (g, h, i) refer to the direction vectors of the
X axis, y axis, and z axis, respectively, of the sensor coordinate system n when viewed in
the reference coordinate system. The fourth column indicates the point of origin of the
sensor coordinate system n in the reference coordinate system (i.e., typically when there
is a translation, the translation amount is expressed in the fourth column). When the
point of origin is stationary, the elements in the first to the third rows in the fourth column
representing positional conversion are set at 0. As shown in FIG. 7, the point of origin
O of the sensor coordinate system n is positioned at (0, 0, 0) in the reference coordinate

system, the x axis vector has the components (a, b, ¢) on the reference coordinate system,
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the y axis vector has the components (d, ¢, f) on the reference coordinate system, and the
z axis vector has the components (g, h, i) on the reference coordinate system.

{0036] The method for obtaining the posture matrix T(n) from the posture
angle roll, pitch, and yaw angle is described below. This method calculates the posture
matrix by the posture angle matrix calculator 36 based on the posture angle from the
subtracter 32. In order to express the posture matrix T(n), a rotational conversion from
the matrix must take into account the order of the rotating axes. As shown in FIG. 8,
when using the roll, pitch, and yaw angle which are typically used with a robot, these are
defined as three rotations that occur, i.e., first there is rotation ¢ around the z axis, next
there is rotation © around the y axis after that rotation, and finally there is rotation y
around the x axis after that rotation (it is important to note that the order of rotation of the
axes is specified).

[0037] The conversion matrix from the roll, pitch, and yaw angle is designated
as RPY (9, 0, y). RPY (¢, 0, ) is the product of the rotational conversion matrices
multiplied from left to right and is shown in Expression 2 below.

[Expression 2}

RPY (9, 0, y)=Rot(z, p)Rot(y, O)Rot(x, y) 2)

[0038]

Expression 3 shows Expression 2 in more detail.

[Expression 3]
cosg ~sing O O)( cosd O sind 0)(1 O 0 0
RPY(4,0,/) = sing cos¢g 0 O O 1 0 0}j0 c?sy/ —siny 0
0 0 1 0||-sin@ O cos@ 0O||0 siny cosy O
0 0 01 O ¢ o0 1Ji0 0 0 1
3)
[0039] When Expression 3 is written out, it can be expressed as shown in
Expression 4.
[Expression 4]

RPY(¢,0,y) =
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cosgcosd —cosgsindsiny —singcosy cosgsinfcosy +singsiny 0
singcosd singsin@siny +cosgeosy  singsindcosy ~cosgsing 0 @
—sind cosésiny cosfdcosy 0
0 0 0 1
[0040] Eulerian angles may be used as the posture angles instead of the roll,
pitch, and yaw angle. With the Eulerian angles, the conversion matrix when the rotation
¢ first occurs around the z axis, the rotation € then occurs around the y axis after that
5  rotation, and lastly the rotation y occurs around the x axis after that rotation js designated
as Euler (E¢, E6, Ey) and is shown in Expression 5.
[Expression 5]
Euler(Eq),EG,E\yj=Rot(z,Eq))Rot(y,Ee)Rot(z,Exp) (5)
[0041] Expression 5 is shown in detail in Expression 6 below.
10 [Expression 6]
Euler(E¢,EQ,Ey) =

cosE¢ —sinEg O 0Y[ cosE6 O sind 0)(cosEy ~sinEy 0
sinE¢g cosEg O O 0 1 0 Ol|sinEy cosEy O ©
0 0 1 Of|-sinEfd 0 cos@ O 0 0 1
0

0 0 01 0o o o0 i o0 0

-0 O O

[0042] When Expression 6 is written out, it can be expressed as shown in
Expression 7.
15 [Expression 7]
Euler(E¢,EQ,Ey) =

cos Egcos EQcos Eyw ~sin Egsin Ey —cos E¢cos EOsin Ey —sin Egcos Ey  cos E¢sin EQ
sin Eg cos EQcos Ey + cos Egsin Ey  —sin Egcos EGsinEy +cos Egcos Ey  sin E¢sin EG
—sin Efcos E¢ sin E@sinEy cos E@
0 0 0

M
[0043] The reference coordinate system is designated as O-XYZ, and the
90 initial sensor coordinate system is designated as Og-XoyoZo. The reference coordinate
system and the coordinate system Og—Xo¥oZo at time t = 0 are related by the coordinate
conversion A(0). The coordinate system at time t = tn is designated as Ox-Xp¥nza. The

points of origin O, Op, O, of each coordinate system are the same and do not move in
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position. When there is a change from the coordinate system Og.iy—X@-nY-1)Zn-1) 1O
Op—XnYaZn» as shown in FIG. 9, due to a change in the posture of the moving body,
O 15X (- (n-1)Zn-1y @0 Op—Xy¥nzy are related by matrix A(n) obtained from the sensor
output. The sensor coordinate system T(n) when viewed in the reference coordinate
system is obtained in Expression 8 by multiplying the conversion A(n) from the right.
When the point of origin of the sensor coordinate moves over time, the coordinates that
have moved over time are successively input for the first to the third elements in the
fourth column in matrix A. The fourth column in matrix A is not affected by the rotation
of the sensor coordinate system so no particular description of it will be given here.

[Expression 8]

| AM)=AAD)............ A(@-DA®m) 8

[0044] Next, the method for introducing the matrix of the smallv rotation matrix
A(n) from the sensor output will be described. This method calculates a small angle
matrix based on the angular velocity from the angular velocity sensor 10 using the small
angle matrix calculator 12. Three angular velocity sensors are arranged, one on each
axis of the sensor coordinate system. These angular velocity semsors measure the
angular velocities around the axes of sensors X, y, and z, as shown in FIG. 10. When the

rotation angles A9, AB, Ay are sufficiently small in Expression 4, then we have the

following.
[Expression 9]
sinAp = Ad, sSinAB = AD, sinAy = Ay ®

[Expression 10]
cosAd = 1, cosA® = 1, cosAy = 1 (10)
This can therefore be expressed by Expression 11 using the small rotation angle Ay
around the sensor x axis, the small rotation angle A9 around the sensor y axis, and the
small rotation angle A¢ around the sensor z axis. The results of Expression 11 resemble
a case in which the rotation order is not relied upon because each element in the matrix is
expressed independently by a small rotation angle.

[Expression 11]
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I —Ap AG O
Ag I ~Ay O
AG) = 1
O=l_s6 ap 1 o0 (1
o 0 0 1

[0045] The small angle and the sensor output are related as shown in

Expressions 12 and 13 by the small rotation angles Ay, AB, A¢, the angular velocity
sensor outputs oX, oy, oz, and the sampling cycle ts. The sampling cycle ts is

5  sufficiently early with respect to the rotational movement so the rotation within the time

of the sampling cycle ts is sufficiently small and can thus be regarded as a small rotation

angle.
[Expression 12]
A Y=yt (12
10 [Expression 13]
A B=wyty (13)
[Expression 14]
A =15 (14)

[0046] Therefore, the A(n) matrix can be expressed by Expression 15.
15 [Expression 15]

1 -o1 ot 0
.1, [ ~w1 0
A =| ~ (13)
ot ol 1 0
0 0 0 1

[0047] Next, a method for obtaining the posture angle from the posture matrix
will be described.  This method calculates the posture angle based on the posture matrix
from the mairix adding calculator 14 (i.e., the posture mairix after integration) using the

20  matrix posture angle calculator 16. This method also calculates the posture angle based
on the posture matrix from the acceieration matrix calculator 24 using the matrix posture
angle calculator 26.
[0048] The posture matrix T(n) is shown in Expression 16,

[Expression 16]
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g
h

T(n)= (16)

L TS )

i
0 0
[0049] The yaw angle ¢ is

S S 0 =
_—_0 QO

[Expression 17]

p=atan2(b,a) amn

5 and the range of change in the posture angle ¢ is—n <y < 7.

[0050] The pitch angle 0 is
[Expression 18]

O=atan2(-c,cos -a+sin ¢ b) (18)
and the range of change in the posture angle 0 is—n/2<8<mn/2.

10 [0051] The roll angle v is

[Expression 19]

y=atan2(sin¢-g-cos¢-h, -sing-d+cosj-e) (19)
and the range of change in the posture angle y is —n <y < 7.
[0052] If Eulerian angles are used, Expressions 21 to 23 are used.

15 [Expression 20]

a d g 0
e h O
f i o0
0 0 1

T(n) = ’; 20)

0
Edis
[Expression 21}
E ¢=atan2(b,a) 2D
20 EQis
[Expression 22]
E O=atan2(cos ¢ g+sin ¢ h,i) (22)
and By is
[Expression 23}
25 E y=atan2(-sin $ <a+cos ¢ ‘b,-sin § d+cos ¢ ©) (23)
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[0053] Next, normalization of the matrix will be described.

[Expression 24]
a d g 0
b e h 0
T(n) = 24
(m) ¢ f i 0 (24)
0 0 01

[0054] With the posture matrix T(n), after calculation, each column in the
5  posture matrix may not be in unit vectors so normalization is performed by Expression 25
to make the size of each column vector in Expression 24 one. This is a calculation that
is performed by normalizer/orthogonalizers 54 and 56 in FIG. 5, which will be described
later.
[Expression 25]

pa p,d pep,f-pepe O

b ,d—p.a 0
10 Normalized{T] = pb pe piepyd—pap,f 25)
p 214 p.f pap,e— plbp2d 0
0 0 0 1

[0055] Here, p; and p; are provided by Expressions 26 and 27.
[Expression 26]

B= @)

Na?+b%+c?
[Expression 27]

15 B=— @7)

[0056] Then, each element after normalization is reset again to
[Expression 28]
a d g 0
T(n) = b e h 0O
c f i O
0 01

(28)
0

[0057] Furthermore, orthogonalization of the matrix will be described.
20 [Expression 29]
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8
" (29)

[ JA L~ |

i
0

S S~ o R
QOO

0

[0058] With the posture matrix T(n), after calculation, the columns in the

posture matrix may not be orthogonal axes so an orthogonalization process is performed

in which the column vectors in Expression 29 are made orthogonal (in this case, the z

5 axis is used as the reference). a’, b’, and ¢’ are obtained in order to obtain a new x’ axis

that is orthogonal to the z axis and the y axis.

[Expression 30]
a’=ei-fh B0
[Expression 31}
10 b’=fg-di (3
[Expression 32]
¢’=dh-eg (32)

[0059] Next, d’, ¢’, and {” are obtained in order to obtain a new y* axis which is

orthogonal to the z axis and the x’ axis.

15 [Expression 33}
d’=hc’-ib’ (33)
[Expression 34]
e’=ia’-gc’ (34)
[Expression 35]
20 f’=gb’-ha’ (35)

[0060] A posture matrix T(n) that has been orthogonalized is then obtained

from the obtained a’ to f°.

[Expfession 36]
a d g
b ¢ h
¢ f'i
0 0 O

T(h) = (36)

-0 O O

25 [0061] Here, atan2 will be described. atan2 (y, X) is a calculator function
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which has two variables x and y. The application range of atan2 is wider than the atan
functfon that is normally used.

[Expression 37]

?=atan2(y,x) 37
— <& < mis such that when x > O and y > 0,
[Expression 38]
?=tan” (y/x) (38)
and when x>0 and y <0,
[Expression 39]
?=tan” (y/x) (39)
In the same way,
whenx<Qandy>0,thenf =1 + tan™! (y/x),
when x <Oand y <0, then & =— 7 + tan” (y/X),
whenx=0andy>0,thenf =n/2,
whenx=0andy<0,thenf=-mn/2,
and whenx =0andy =0, then& = 0.

[0062] Next, the calculation for the tilt angle will be described. This method
calculates the tilt angle using the tilt angle calculator 22 based on the acceleration
obtained by the acceleration sensor 20. The tilt angle refers to angles Ax, Ay, Az
between the sensor x, y, z axes and the reference Z axis. That is, Ax is the angle
between the x axis and the Z axis, Ay is the angle between the y axis and the Z axis, and
Az is the angle between the z axis and the Z axis. The range of Ax, Ay, and Az is 0 < (Ax,
Ay, Az) <m. FIG. 11 shows the tilt angles and the gravity vectors.

[0063] The tilt angles are obtained as shown below from the acceleration
sensors arranged on the sensor coordinates. The accelerations Gx, Gy, and Gz are
normalized using Expressions 40 to 42, and accelerations Gx°, Gy’, and Gz’ after
normalization are obtained.

[Expression 40]
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T S— (40)
\/ze +Gy? +GZ°
[Expression 41}
Gy = )
JGx* + Gy? + G2?
[Expression 42]
Gr' = -t )
\/ze +Gy* + G2

[0064] The tilt angles Ax, Ay, and Az are obtained from the accelerations Gx’,

Gy’, and Gz’ using Expressions 43 to 45.

[Expression 43}

A x=acos(-Gx’) (43)
[Expression 44]

A y=acos(-Gy’) (44)
[Expression 45]

A z=acos(-Gz’) 45)

[0065] Next, the procedure for obtaining the posture matrix T(n) from the tilt
angles Ax, Ay, and Az will be described. This is a calculation obtains the posture matrix
based on the tilt angles from the tilt angle calculator 22 using the acceleration matrix
calculator 24.

[Expression 46}

c=cos( A X) (46)

[Expression 47]

a=+.J1-c2) 47)

[Expression 48]

b

0 (43)
[Expression 49]

f=cos(Ay) 49
[Expression 50}
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d=-cf/a (50)
[Expression 51]
e=+m when0<iz<m/2 (51)
[Expression 52]
5  e=-.(-f2-d2) whenn/2<Az<n (52)
[Expression 53]}
e=0 whenAz=mn/2 (583)
[Expression 54]
g=-ce (54)
10 [Expression 55]
h=cd-af (55)
[Expression 56]
i=ae (56)

The posture matrix T(n) is then obtained from the above results.
15 [0066] Next, the procedure for obtaining the tilt angles Ax, Ay, and Az from the
posture matrix T(n) will be described.

[Expression 57]
a d g 0

Tn) = .b e h 0 57
e c f i O
0 0 0 1

[Expression 58]
20 A x=acos(c) (58)
[Expression 59]
A y=acos(f) (59)
[Expression 60]
A z=acos(i) (60)
25 [0067] Continuing on, a second exemplary embodiment will be described.
FIG. 2 is a block diagram of the second exemplary embodiment of the invention. This

exemplary embodiment differs from the first exemplary embodiment in that the
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differencer 30 calculates the difference between the output of the low pass filter 18 and
the 'output of the low pass filter 28 and outputs it to a multiplier 38, an integrator 40, and
a differencer 42. The multiplier 38, the integrator 40, and the differencer 42 perform
PID (i.e. Proportional Integral Differential) control. That is, the multiplier 38 performs
a calculation of multiplying the drift amount from the differencer 30 by a coefficient that
was set in advance and outputs the calculated value (proportional term) to the subtracter
32. The integrator 40 performs a calculation of multiplying the value of the drift
amount from the differencer 30 accumulated over time by a coefficient that was set in
advance and outputs the calculated value (integral term) to the subtracter 32. The
differencer 42 performs a calculation of multiplying a value which is the difference over
time in the drift amount from the differencer 30 by a coefficient that was set in advance
and outputs the calculated value (differential term) to the subtracter 32.  The coefficients
may be fixed or they may be variable as will be described later. The subtracter 32
subtracts the sum of these terms (i.e., the proportional term + the integral term + the
differential term) from the angular velocity posture angle that was input by the matrix
posture angle calculator 16, and outputs the result as a posture angle of the moving body
minus the drift amount to the output device 34 and the posture angle mairix calculator 36.
The output from the subtracter 32 is converted to a posture matrix by the posture angle
matrix calculator 36 and then fed back. The multiplier 38 mainly determines the degree
of feedback, the integrator 40 accumulates the amount of long term deviation and
determines the amount of feedback, and the differencer 42 determines the amount of
feedback with respect to short term changes. Using this kind of PID control improves
both short and long term characteristics.

t0068] Continuing on, a third exemplary embodiment will be described. FIG.
3 is a block diagram of the third exemplary embodiment of the invention. This
exemplary embodiment differs from the second exemplary embodiment in that the
posture angle around the Z axis, i.e., the yaw angle, from an external posture angle 44 is
supplied to the matrix posture angle calculator 26. ;T‘he accelerator sensor 20 detects the

accelerations in the directions of the axes x, y, and z.  When a G sensor is used, however,
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the yaw angle ¢, i.e., the posture angle around the Z axis, is unclear so it is necessary to
fix the yaw angle ¢ at a constant value. In this exemplary embodiment, the yaw angle is
detected separately and supplied to the matrix posture angle calculator 26, thus enabling
the yaw angle ¢ to also be accurately calculated. More specifically, the matrix posture
angle calculator 26 calculates the yaw angle ¢, the pitch angle 0, and the roll angle y as
posture angles from the posture matrix T(n) according to the calculation described above.
Of these, however, the yaw angle ¢ is replaced with a yaw angle ¢ input from an external
component, which prevents the yaw angle ¢ from diverging.

[0069] Continuing on, a fourth exemplary embodiment will be described.
FIG. 4 is a block diagram of the fourth exemplary embodiment of the invention. In each
of the foregoing exemplary embodiments, the angular velocity posture angle from the
rﬁatrix posture angle calculator 16 is output to the low pass filter 18 and the acceleration
posture angle from the matrix posture angle calculator 26 is output to the low pass filter
28. In the fourth exemplary embodiment, however, the posture matrix from the matrix
adding calculator 14 is output to a low pass filter (ALPF) 46 and the posture matrix from
the accelerator matrix calculator 24 is output to a low pass filter (ALPF) 48, and the low
range components are extracted in the matrix stage without being extrécted in the posture
angle stage. The low pass filters 46 and 48 are adapted to each matrix component in the
4 x 4 posture matrix and extract the respective low range components. The cutoff
frequencies of the low pass filters 46 and 48 are set the same, as are the attenuation
factors. After extracting the low range component from the posture matrix, the low pass
filter (angular velocity system) 46 outputs the posture matrix to a matrix posture angle
calculator 50. Similar to the matrix posture angle calculator 16, the matrix posture angle
calculator 50 calculates the angular velocity posture angle from the posture matrix and
outputs it to the differencer 30. The low pass filters 46 and 48 are applied to the first
column (a, b, ¢), the second column (d, e, f), and the third colummn (g, h, i) of components
indicating rotation, i.e., 3 x 3 matrix components, in the 4 x 4 posture matrix, thus
making it easier to extract the respective low range components. Also, the low pass

filter can be applied to a total of six components, i.e., three opposite angle components on
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one side and three off-diagonal components on the other side, from among the 3 x 3
matrix components, and an equivalent matrix filter can be created.

[0070] Also, after extracting the low range component from the posture matrix,
the low pass filter (acceleration system) 48 outputs the posture matrix to the matrix
posture angle calculator 26. Similar to the third exemplary embodiment, the posture
angle around the Z axis, i.e., the yaw angle, from the external posture angle 44 may be
supplied to the acceleration system. In the third exemplary embodiment, however, the
yaw angle ¢ detected by an external sensor is supplied to the matrix posture angle
calculator 26, but in the fourth exemplary embodiment, that yaw angle ¢ is supplied to
the acceleration matrix calculator 24. This of course is done to extract the low range
component of the posture matrix using the low pass filter 48 and because it is necessary
to include the yaw angle ¢ detected by the external sensor as a component of the posture
matrix.

[0071] Continuing on, a fifth exemplary embodiment will be described. FIG.
5 is a block diagram of the fifth exemplary embodiment of the invention. The fifth
exemplary embodiment differs from the fourth exemplary embodiment in that the
normalizer/orthogonalizers 54 and 56 are added after the low pass filters 46 and 48.
When thellow range components are extracted from the posture matrix by the low pass
filters 46 and 48, the posture matrix becomes distorted such that normality and
orthogonality are no longer able to be guaranteed. This distortion is therefore corrected
by normalizing and orthogonalizing using the normalizer/orthogonalizers 54 and S6.
The method of normalizing and orthogonalizing is as described above.

[0072] Continuing on, a sixth exemplary embodiment will be described. FIG.
6 is a block diagram of the sixth exemplary embodiment of the invention. This
exemplary embodiment differs from the fourth exemplary embodiment in that a motion
frequency sensor 52 is provided which inputs the angular velocity from the angular
velocity sensor 10 and the acceleration from the acceleration sensor 20, and detects a
particular frequency in the movement of the robot, i.e., the moving body. The motion

frequency sensor 52 extracts a frequency component that appears frequently from the
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angular velocity and the acceleration and oufputs it to the low pass filters 46 and 48.
One example is the specific frequency in bipedal locomotion when the robot, i.e., moving
body, is walking on two legs. The low pass filters 46 and 48 adaptively adjust the cutoff
frequency according to the frequency input from the motion frequency sensor 52. The
low pass filters 46 and 48 increase the cutoff frequency the greater the motion frequency.
Also, the motion frequency sensor 52 outputs the motion frequency to the multiplier 38,
the integrator 40, and the differencer 42 which execute PID control. The multiplier 38,

the integrator 40, and the differencer 42 adjust the multiplier coefficients according to the

- motion frequency that was input. Adaptively adjusting the cutoff frequency and the

coefficients of PID control according to a particular frequency in a motion in this way
improves responsiveness, as well as the abilities to follow and adapt.

[0073] Continuing on, a seventh exemplary embodiment will be described.
FIG. 12 is a block diagram of a moving body posture angle detecting apparatus according
to the seventh exemplary embodiment.

[0074] The angular velocity sensor 10 detects the angular velocity in the sensor
coordinate system (i.e., the coordinate system of the sensor unit). The angular velocities
around the axes are designated as ®X, oy, and ®©Z. The angular velocity sensor 10
outputs the detected angular velocities to the small angle matrix calculator 12.

[0075] The small angle matrix calculator 12 calculates a coordinate conversion
matrix for calculating the sensor coordinate system xyz when viewed in the reference
coordinate system XYZ. The small angle matrix will be described later. The small
angle matrix calculator 12 outputs the calculated small angle matrix to the matrix adding
calculator 14. |

[0076] The matrix adding calculator 14 performs an integral calculation by
adding the current small angle matrix detected by the angular velocity sensor 10 that was
input from the small angle matrix calculator 12 to a posture matrix that was fed back
from the output side. The matrix adding calculator 14 then outputs the integrated matrix
(i.e., the angular velocity system posture matrix) to the low pass filter (ALPF) 46. The

matrix adding calculator 14 also outputs the integrated matrix to the subtracter 32.
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[0077] The low pass filter (i.e., the angular velocity system low pass filter) 46
extracts the low range component from the components of the angular velocity system
posture matrix and outputs it to the differencer 30. The angular velocity system posture
matrix includes the true posture (i.e., the posture true value) and a drift amount from
integration error. The low pass filter 46 removes the high range posture true value from
the angular velocity system posture matrix and extracts the low range posture true value
and the drift amount.

[0078] Meanwhile, the acceleration sensor 20 detects the acceleration in the
direction of each axis in the sensor coordinate system xyz. The detected accelerations
are designated as Gx, Gy, and Gz. The acceleration sensor 20 outputs the detected
accelerations to the tilt angle calculator 22.

[0079] The tlt angle calculator 22 calculates the angle between each axis in the
sensor coordinate system xyz and the Z axis in the reference coordinate system XYZ.
The calculated tilt angles are designated as Ax, Ay, and Az. The tilt angle calculator 22
then outputs the calculated tilt angles to the acceleration matrix calculator 24.

[0080] The acceleration matrix calculator 24 calculates the posture matrix with
respect to the sensor coordinate system when viewed in the reference coordinate system
using the tilt angles that were input, and outputs the result as an acceleration system
posture matrix to the low pass filter (ALPF) 48.

[0081] The low pass filter (i.e., the acceleration system low pass filter) 48 is a
filter in which the cutoff frequency aﬁd the attenuation factor are set the same as they are
in the low pass filter 46. The low pass filter 48 extracts the low range component from
the acceleration system posture matrix and outputs it to the differencer 30. The
acceleration system posture matxix includes noise produced in the high range, a high
range posture true value, and a low range posture true value. No drift from integration
error occurs in the acceleration system posture matrix. Because the cutoff frequency
and attenuation factor of the low pass filter 48 are set the same as they are in the low pass
filter 46, the low range posture angle true value of the angular velocity system is the same

as the low range posture angle true value of the acceleration system. The frequency
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characteristic of the angular velocity system is also the same as the frequency
characteristic of the acceleration system. Thus, only the drift component is accurately
outputA by subtraction calculation of both of the low range posture angle true values.
When the responsiveness of the components corresponding to the postures produced by
the angular velocity system and the acceleration system are known beforehand, however,
the cutoff frequency and the attenuation factor of the low pass filter can be adjusted to
match their characteristics. This method can be effective when the adaptive range is
narrow but the movement characteristics are known beforehand.

[0082] As described above, (the low range posture true value plus the drift
component) from the low pass filter 46, as well as (the low range posture true value) from
the low pass filter 48 are input to the differencer 30. The differencer 30 then calculates
the difference between the two and extracts the drift amount (i.e., drift amount = (low
range posture true value + drift amount) — (low range posture true value)). The
differencer 30 then outputs the drift amount obtained through the difference calculation to
the subtracter 32.

[0083] The subtracter 32 calculates the difference between the angular velocity
system posture that was input from the matrix adding calculator 14 and the drift amount
that was input from the differencer 30 (i.e., the matrix difference), and then removes the
drift amount included in the angular velocity system posture matrix from the matrix
adding calculator 14. As described above, the angular velocity system posture matrix
from the matrix adding calculator 14 includes the posture true value and the drift amount.
The subtracter 32 then extracts the posture true value through subtraction (i.e., posture
true value = (posture true value + drift amount) — (drift amount)). The subtracter 32
then outputs the angular velocity system posture matrix of the posture true value that was
obtained through subtraction to a matrix posture angle calculator 37. The matrix posture
angle calculator 37 calculates the posture angle from the posture matrix and outputs it as
a posture angle of the moving body to the output device 34. The subtracter 32 also
feeds back the posture matrix minus the drift amount to the matrix adding calculator 14.

The matrix adding calculator 14 then performs an imtegral calculation by adding the
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posture matrix that was fed back to the small angle matrix that was calculated based on
the angular velocity that was newly detected by the angular velocity sensor 10, and
calculates a new angular velocity system posture matrix from the angular velocity.

[0084] The output device 34 outputs the posture angle minus the drift amount
from the matrix posture angle calculator 37 to an external component. In the case of a
robot, a main processor (or host processor) inputs the posture angle and the like detected
by the sensor unit and performs feedback control on the posture of the robot. The
output device 34 outputs the posture angle at a predetermined timing to the main

processor in response to a command from the main processor. The angular velocity

“detected by the angular velocity sensor 10 or the acceleration detected by the acceleration

sensor may be supplied to the output device 34, and the output device 34 may output the
angular velocity or the acceleration, in addition to the posture angle, to the main
processor. Which of those is to i)e output is determined either by a command from the
main processor or set parameters. The output device 34 outputs all of the angular
velocity, the acceleration, and the posture angle at a given timing to the main processor,
and selectively outputs one of those at another timing.

[0085] As described above, an accurate posture angle from which the drift
amount has been removed is thus detected and output. Because the drift amount is
extracted based on the acceleration in the direction of each axis detected by the
acceleration sensor 20, that drift amount then removed from the angular velocity posture
and the result fed back, there is no need for the angular velocity sensor 10 to be an
expensive, heavy and extremely accurate sensor.

[0086] Continuing on, an eighth second exemplary embodiment will be
described. FIG. 13 is a block diagram of the eighth exemplary embodiment of the
invention.  This exemplary embodiment differs from the seventh exemplary
embodiment in that the differencer 30 calculates the difference between the output of the
low pass filter 46 and the output of the low pass filter 48 and outputs the result to the
multiplier 38, the integrator 40, and the differencer 42. The multiplier 38, the integrator

40, and the differencer 42 perform.PID control. That is, the multiplier 38 performs a
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calculation of multiplying the drift amount from the differencer 30 by a coefficient that
was set in advance and outputs the calculated value (proportional term) to the subtracter
32. The integrator 40 performs a calculation of multiplying the value of the drift
amount from the differencer 30 accumulated over time by a coefficient that was set in
advance and outputs the calculated value (integral term) to the subtracter 32. The
differencer 42 performs a calculation of multiplying a value which is the difference over
time in the drift amount from the differencer 30 by a coefficient that was set in advance
and outputs the calculated value (differential term) to the subtracter 32. The
multiplication operation, integral calculation, and difference operation are performed for
each component of the matrix of the drift amount. The coefficients may be fixed or they
may be variable as will be described later. The subtracter 32 subiracts the sum of these
terms (i.e., the proportional term + the integral term + the differential term) from the
angular velocity system posture matrix that was input by the matrix adding calculator 14,
calculates the angular velocity system posture matrix minus the drift amount, and outputs
it to the matrix posture angle calculator 37. The output from the subtracter 32 is fed
back to the matrix adding calculator 14. The multiplier 38 mainly determines the degree
of feedback, the integrator 40 accumulates the amount of long term deviation and
determines the amount of feedback, and the differencer 42 determines the amount of
feedback with respect to short term changes. Using this kind of PID control improves
both short and long term characteristics.

[0087] Also, in FIG. 13 the posture angle around the Z axis, i.e., the yaw angle
¢, from the external posture angle 44 is supplied to the acceleration matrix calcﬁlator 24.
The acceleration sensor 20 detects the acceleration in the direction of each axis x, y, and z.
When a G sensor is used, however, the yaw angle ¢, i.e., the posture angle around the Z
axis, is unclear so it is necessary to fix the yaw angle ¢ at'a constant value (such as 0).
In this exemplary embodiment, the yaw angle is detected separately and supplied to the
acceleration matrix calculator 24, which also prevents the yaw angle ¢ from diverging.

[0088] Continuing on, a ninth exemplary embodiment will be described. FIG.

14 is a block diagram showing the ninth exemplary embodiment of the invention. The
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ninth exemplary embodiment differs from the eighth exemplary embodiment in that the
normalizer/orthogonalizers 54 and 56 are added after the low pass filters 46 and 48.
When the low range components are extracted from the posture matrix by the low pass
filters 46 and 48, the posture matrix becomes distorted such that normality and
orthogonality are no longer able to be guaranteed. This distortion is therefore corrected
by normalizing and orthogonalizing using the normalizer/orthogonalizers 54 and 56.
The method of normalizing and orthogonalizing is as described above. The low pass
filters 46 and 48 are applied to the first column (a, b, ), the second column (d, e, f), and
the third column (g, h, i) of components indicating rotation, i.e., 3 x 3 matrix components,
in the 4 x 4 posture matrix, thus making it easier to extract the respective low range
components. Also, the low pass filters can be applied to a total of six components, ie.,
three opposite angle components on one side and three off-diagonal components on the
other side, from among the 3 x 3 matrix components, and an equivalent matrix filter can
be created.

[0089] Continuing om, a tenth exemplary embodiment will be described. FIG.
15 is a block diagram of the tenth exemplary embodiment of the inventioﬁ. This
exemplary embodiment differs from the eighth exemplary embodiment in that a motion
frequency sensor 52 is provided which inputs the angular velocity from the angular
velocity sensor 10 and the acceleration from the acceleration sensor 20, and detects a
particular frequency in the movement of the robot, i.e., the moving body. The motion
frequency sensor 52 extracts a frequency component that appears frequently from the
angular velocity and the acceleration and outputs it to the low pass filters 46 and 48.
One example is tﬁe specific frequency in bipedal locomotion when the robot, i.e., moving
body, is walking on two Legs. The low pass filters 46 and 48 adaptively adjust the cutoff
frequency according to the frequency input from the motion frequency sensor 52. The
low pass filters 46 and 48 increase the cutoff frequency the greater the motion frequency.
Also, the motion frequency sensor 52 ontputs the motion frequency to the multiplier 38,
the integrator 40, and the differencer 42 which execute PID control. The multiplier 38,

the integrator 40, and the differencer 42 adjust the multiplier coefficients according to the
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motion frequency that was input. Adaptively adjusting the cutoff frequency and the
coefficients of PID control according to a particular frequency in a motion in this way
improves responsiveness, as well as the abilities to follow and adapt.

[0090] Continuing on, an eleventh exemplary embodiment will be described.

FIG. 16 is a block diagram showing the eleventh exemplary embodiment of the
invention. Bach of the foregoing exemplary embodiments uses a posture matrix. This
exemplary embodiment, however, uses a quaternion instead of a posture matrix. A
small angle quaternion calculator 13 is used to create a small angle quaternion using a
small angle obtained from the angular velocity sensor 10. Using this small angle
quaternion, small rotation is applied to the quaternion that was fed back and a quaternion
after that rotation is obtained by a quaternion integrating calculator 15. This integrated
quaternion is then output to the subtracter 32. The same output that is output to the
subtracter 32 is also input to a quaternion low pass filter 63. This quaternion low pass
filter 63 extracts a low range component of the posture.  After the tilt angle calculator 22
obtains the tilt angle, an acceleration quaternion calculator 25 uses the output from the
acceleration sensor 20 to obtain an acceleration quaternion. This acceleration
quaternion is then input to a quaternion low pass filter 67. The quaternion low pass
filter 67 extracts a low range component of the posture. The differencer 30 calculates
the difference between the low range compoment of the angular velocity system
quaternion and the low range component of the acceleration system quaternion, and
extracts the drift amount included in the angular velocity quaternion. The differencer 30
then outputs that drift amount to the subtracter 32.

[0091] The subtracter 32 calculates the difference between the angular velocity
system quaternion input from the quaternion integrating calculator 15 and the drift
amount from the differencer 30, and removes the drift amount from the angular velocity
system quaternion. The subtracter 32 then outputs the angular velocity system
quaternion from which the drift amount has been removed to the quaternion integrating
calculator 15 as well as to a quaternion posture angle calculator 70.

[0092] The accumulation of integration error can be prevented because the
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quaternion that is fed back is a quaternion from which the drift amount has been removed.
The quaternion posture angle calculator 70 calculates the posture angle from the
quaternion that was input and outputs the result to the output device 34.

[0093] Hereinafter, a method for calculating the quaternion as well as a method
for calculating the posture angle from the quaternion will be described.

[0094] First, the quaternion will be described. The quaternion is such that a
plurality of prime numbers having degrees of freedom in two dimensions is expanded to
have degrees of freedom in four dimensions. The quaternion is typically expressed as:
q=a+bi+cj+dk
Here, a, b, ¢, and d are real numbers and i, j, and k are bases (size = 1). The products of
the bases have the following relationships.

ixl=1lx1i=1i

Cixl=lxj=j
kxl=Ixk=k
ixj=—jxi=k
jxk=-kxj=1
kxi=-ixk=j

[0095] Also, with respect to the two quaternions ql = al + bli + c¢l1j + d1k and
q2 =a2 + b2i + c2j + d2k, the sums and differences are:
qgil+g2=al+a2+({dl1+b2)i+(cl+c2)j+(dl+d2)k
gl-g2=al—-a2+ (bl1-b2)i+ (cl—-c)j+([dl-d2)k
and the product is: |
qlg2 = (al + bli + clj + d1k) x (a2 + b2i + c2j + d2k) = (ala2 —bl1b2 — c.:102—— did2) +
(alb2 + bla2 + c1d2 — d1c2) i + (alc2 —bld2 + cla2 + d1b2) j + (ald2 + blc2 —clb2 +
dla2) k

[0096] The quaternion is represented as follows using imaginary number units
i,j, and k.

P = (a; xi, yj, zk)

[0097] Using a quaternion Q, the relationship, i.e., posture, of the sensor
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coordinate system xyz when viewed in the reference coordinate system XYZ is

Q = (cosn / 2; asinm / 2, Bsinn / 2, ysinn / 2)

This shows a coordinate system (sensor coordinate system) in which the reference

coordinate system rotated at an angle 1 around rotating axes (x, B, y) expressed by the

reference coordinate system, and expresses the posture of the sensor coordinate system.
[0098] Next, a representation by the quaternion of the angular velocity sensor

output will be described. The relationship between the rotation angle and the sensor

output is as follows from the small rotation angles Ay, A0, and A¢, the angular velocity

sensor outputs ox, oy, and 0z, and the sampling cycle ts.

Ay = @X x ts
AD = wy x ts
A = 0z x ts

When the rotatidnal conversion at this time is expressed by the quaternion, we get
gx = (cosAy / 2; sinAy / 2i, 0j, 0k)
qy = (cosAB / 2; 0i, sinA® / 2j, Ok)
qz = (cosAd / 2; 0i, 0j, sinAd / 2k)
The rotational conversions around the x axis, the y axis, and the z axis are represented
together. When the rotation angle o is sufficiently small, we get the following.
qxqyqz = (1 + AYABAG / 8; (Ay / 2—ABAY / 4) i, (AB/ 2 + AyAY / 4) ], (A9 /2 — AyAB /
4 k)

[0099] Next, the integration of the rotational conversion from the quaternion
will be described. When the rotational conversion q1 is
ql = (cosny 1/2; asinn 1/2, Bsinn 1/2, ysinn 1/ 2), then the rotational conversion q2 is
q2 = (cosn 2/ 2; asinm 2/ 2, Bsinn 2/ 2, ysinn 2/ 2) |
First, the rotation conversion ql is performed for the reference coordinate system, and
then the rotational conversion q2 is performed for the coordinate system after that
rotation. A conversion g3 from two rotational conversions is
g3 =qlxg2

= (cosn 1/ 2; asinm 1/ 2, Bsinn 1/ 2, ysinm 1/ 2) x (cosn 2/ 2; asinn 2/ 2,
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Bsinn 2/ 2, ysinn 2/ 2)

[0100] Next, normalization of the quaternion will be described. With the
quaternion that expresses rotation, after calculation, normalization is performed to make
the size (norm) of the conversion q equal to 1. When the quaternion that expresses
rotation is expressed by g, the size of q is obtained and then normalization is performed
by dividing q by the size, thereby obtaining q’.

q = (e0; €1, €2, €3)

lg| = (0% + £1? + g22 + €39 *°

q =q/lq|

The quaternion is a representational method that maintains the orthogonal condition so
further orthogonalization is not necessary.

[0101] Next, the conversion from the quaternion to the posture angle will be
described. When
a=g02+gl%-g2?—g3°
b =2 (cle2 + &0g3)
c=2(ele3 —e0e2)

d =2 (ele2 — 0e3)
e=g0?—gl%+¢e2%—e3°
=2 (g2e3 + e0¢cl)
g=2(le3 + 8082)
h =2 (g2¢3 — €0el)
i=g0%—gl®—g2%+¢3°
in the conversion q = (0; €1, €2, £3) expressed by the quaternion, the posture angle is
obtained by the following expressions.
yaw angle ¢ = atan2 (b, a)
pitch angle 8 = atan2 (—c, cos$ - a + sing - b)
roll angle y = atan2 (sing - g—cos ¢ * h, —sind - d + cos¢ -€)
[0102] Next, the conversion from the posture angle (roll angle, pitch angle,

yaw angle) to the quaternion will be described. The rotational conversions from the
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posture angles (y, 0,9) are expressed with the quaternion.
The rotation around the x axis is

R (y; i) = cosy /2 + isimy / 2

The rotation around the y axis is

R (6;]) =cos® /2 + jsin® /2

The rotation around the z axis is

R (§; k) = cos¢p /2 + ksing / 2

When these are multiplied together, we get
S=R($; k) xR (8; ) x R (y; i)

= (cos / 2 + ksind / 2) x cosO / 2 + jsin® / 2) x (cosy / 2 + isiny / 2)

[0103] If the conversion q expressed by the quaternion is expressed as q = (g0;
el, €2, €3) at this time, then the rotation angle becomes the real part in the calculation
result of S and the rotation axis becomes the imaginary part of S.
e0=cos¢/2:cosB/2:cosy/2+sing/2xsind/2-siny/2
gl=—sing/2-sin@/2-cosy/2+coshp/2-cosO/2-simy/2
82=sin¢/2-0056/2-sin\p/2+cos¢/2-sin9/2;cosq;/2
g3 =sing/2-cos@/2-cosy/2—cosp/2-sinb/2 - siny/2

[0104] At this time, the rotation angle o is obtained from coso. /2 =€0. Also,
the rotation angles are (g1, €2, €3). Also, the rotation angles are (g1, €2, £3).

[0105] Continuing on, a twelfth exemplary embodiment will be described.
FIG, 17 is a block diagram of the twelfth exemplary embodiment of the invention. This
exemplary embodiment differs from the eleve;nth exemplary embodiment in that the
multiplier 38, the integrator 40, and the differencer 42 are provided for executing PID
control, and the yaw angle detected by the external posture angle 44 is supplied to the
acceleration quaternion calculator 25. The structure corresponds to that shown in FIG.
13. The multiplier 38 performs a calculation in which it multiplies the drift amount
(quaternion) from the differencer 30 by a coefficient that was set in advance and outputs
the calculated value (proportional term) to the subtracter 32. The integrator 40 performs

a calculation in which it multiplies the value of the drift amount (quaternion) from the
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differencer 30 accumulated over time by a coefficient that was set in advance and outputs
the calculated value (integral term) to the subtracter 32. The differencer 42 performs a
calculation in which it multiplies a value which is the difference over time in the drift
amount (quaternion) from the differencer 30 by a coefficient that was set in advance and
outputs the calculated value (differential term) to the subtracter 32. The coefficients
may be fixed or they may be variable. The subtracter 32 calculates the difference
between the angular velocity system quaternion that was input and.the sum of these terms
(i.e., the proportional term + the integral term + the differential term), calculates an
angular velocity systerh guaternion from which the drift amount has been removed, and
outputs the result to the quaternion posture angle calculator 70,

[0106] Continuing on, a thirteenth exemplary embodiment will be described.
FIG. 18 is a block diagram of the thirteenth exemplary embodiment of the invention.
This exemplary embodiment differs from the twelfth exemplary embodiment in that
normalizers 72 and 74 are provided after the low pass filters 63 and 67. This structure
corresponds to that shown in FIG. 14. The angular velocity system quaternion and the
acceleration system quaternion are processed by the low pass filters 63 and 67,
respectively. This processing, however, causes distortion such that they may become
denormalized. Detection accuracy of the posture angle can therefore be maintained by
correcting that distortion using the normalizers 72 and 74.

[0107] Continuing on, a fourteenth exemplary embodiment will be described.
FIG. 19 is a block diagram of the fourteenth exémplary embodiment of the invention.

This exemplary embodiment differs from the twelfth exemplary embodiment in that a

* motion frequency sensor 52 is provided which inputs the angular velocity from the

angular velocity sensor 10 and the acceleration from the acceleration semsor 20, and
detects a particular frequency in the movement of the robot, i.e., the moving body. This
structure corresponds to that shown in FIG. 15. The motion frequency sensor 52
extracts frequency components that frequently appear from the angular velocity and the
acceleration and outputs them to the low pass filters 63 and 67. The low pass filters 63

and 67 adaptively adjust the cutoff frequency according to the frequency input from the
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motion frequency sensor 52. The low pass filters 63 and 67 increase the cutoff
frequency the greater the motion frequency. Also, the motion frequency sensor 52
outputs the motion frequency to the multiplier 38, the integrator 40, and the differencer
42 which execute PID control. The multiplier 38, the integrator 40, and the differencer
42 adjust the multiplier coefficients according to the motion frequency that was input.
Adaptively adjusting the cutoff frequency and the coefficients of PID control according to
a particular frequency in a motion in this way improves responsiveness, as well as the
abilities to follow and adapt.

[0108] Continuing on, a fifteenth exemplary embodiment will be described.
FIG. 20 is a block diagram of a moving body posture angle detecting apparatus according
to the fifteenth exemplary embodiment of the invention. This exemplary embodiment
differs from the first exemplary embodiment in that the low pass filters 18 and 28
perform a sin conversion, a cos conversion, and an atan2 conversion (i.e., they both
perform SCA conversion).

[0109] The angular velocity sensor 10 detects the angular velocity in the sensor
coordinate system (i.., the coordinate system of the sensor unit). The angular velocities
around the axes are designated as wx, oy, and wz. The angular velocity sensor 10
outputs the detected angular velocities to the small angle matrix calculator 12.

[0110] The small angle matrix calculator 12 calculates a coordinate conversion
matrix for calculating the sensor coordinate system Xyz when viewed in the reference
coordinate system XYZ. The small angle matrix will be described later. The small
angle matrix calculator 12 outputs the calculated small angle matrix to the matrix adding
calculator 14.

[0111] The matrix addiﬁg calculator 14 performs an integral calculation by
adding the current small angle matrix detected by the angular velocity sensor 10 that was
input from the small angle matrix calculator 12 to a posture angle matrix that was fed
back from the output side. The matrix adding calculator 14 then outputs the integrated
matrix to the matrix position angle calculator 16.

[0112] The matrix posture angle calculator 16 calculates the posture angle



10

15

20

25

WO 2007/015134 PCT/IB2006/002084

40

from the integrated matrix that was input and outputs the result as an angular velocity
posture angle SYA to both the low pass filter LPF 18 and the subtracter 32.

[0113] The low pass filter (i.c., angular velocity system low pass filter) 18
extracts a low range component from the angular velocity posture angle SYA and outputs
it to the differencer 30. The angular velocity posture angle SYA includes a true posture
angle (posture angle true value) and a drift amount from integration error. The low pass
filter 18 removes the high range posture angle true value from the angular velocity
posture angle SYA and extracts the low range posture angle true value and the drift
amount.

[0114] Meanwhile, the acceleration sensor 20 detects the acceleration in the
direction of each axis in the sensor coordinate system xyz. The detected accelerations
are designated as Gx, Gy, and Gz. The acceleration sensor 20 then outputs the detected
accelerations to the tilt angle calculator 22.

[0115] The tilt angle calculator 22 calculates the angles between the Z axis of
the reference coordinate system XYZ and each axis of the sensor coordinate system Xyz.
The calculated tilt angles are designated as Ax, Ay, and Az. The tilt angle calculator 22
then outputs the calculated tilt angles to the acceleration matrix calculator 24.

[0116] The acceleration matrix calculator 24 calculates the sensor coordinate
system when viewed in the reference coordinate system using the tilt angle that was input,
and outputs the result to the matrix posture angle calculator 26.

[0117] Similar to the matrix posture angle calculator 16, the matrix posture
angle calculator 26 then calculates the posture angle from the matrix that was input and
outputs the calculated posture angle as the acceleration posture angle SGA to the low pass
filter 28.

[0118] The low pass filter (ie., acceleration‘system low pass filter) 28 is a
filter in which the cutoff frequency and attenuation factor are set the same as they are in
the low pass filter 18. The low pass filter 28 exiracts a low range component from the
acceleration posture angle SGA and outputs it to the differencer 30. The acceleration

posture angle SGA includes a high range posture angle pseudo value in the high range
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component and a low range posture angle true value in the low range component. No
drift from integration error occurs in the acceleration posture angle. Because the cutoff
frequency and attenuation factor in the low pass filter 28 are set the same as they are in
the low pass filter 18, the low range posture angle true value of the angular velocity
system is the same as the low range posture angle true value of the acceleration system.
The frequency characteristic of the angular velocity system is also the same as the
frequency characteristic of the acceleration system. Thus, only the drift component is
accurately output by subtraction calculation of both of the low range posture angle true
values. When the responsiveness of the components corresponding to the posture
angles produced by the angular velocity system and the acceleration system are known
beforehand, however, the cutoff frequency and the attenuation factor of the low pass filter
can be adjusted to match their characteristics. This method can be effective when the
adaptive range is narrow but the movement characteristics are known beforehand.

[0119] As described above, (the low range posture angle true value plus the
drift component) from the low pass filter 18, as well as (the low range posture angle true
value) from the low pass filter 28 are input to the differencer 30. The differencer 30
then calculates the difference between the two and extracts the drift amount (i.e., drift
amount = (Jow range posture angle true value + drift amount) — (low range posture angle
true value)). The differencer 30 then outputs the drift amount obtained through the
difference calculation to the subtracter 32,

[0120] The subtracter 32 calculates the difference between the angular velocity
posture angle SYA that was input from the matrix posture angle calculator 16 and the
drift amount that was input from the differencer 30, and then removes the drift amount
included in the angular velocity posture angle SYA from the matrix posture angle

calculator 16. As described above, the angular velocity posture angle SYA from the

' matrix posture angle calculator 16 includes the posture angle true value (high range

component + low range component) and the drift amount. The subtracter 32 then
extracts the low range posture angle true value through subtraction (i.e., low range

posture angle true value = (low range posture angle true value + drift amount) — (drift
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amount)). The subtracter 32 then outputs the posture angle true value that was obtained
through subtraction to the output device 34. The subtracter 32 also outputs the posture
angle true value to the posture angle matrix calculator 36.

[0121] The posture angle matrix calculator 36 calculates a posture angle matrix
from the posture angle that was input and feeds it back to the matrix adding calculator 14.
The posture angle matrix calculator 36 then performs an inverse operation of the matrix
posture angle calculator 16 and creates a posture angle matrix from the posture angle.
The matrix adding calculator 14 then performs an integral calculation by adding the
posture angle matrix that was fed back to the small angle matrix that was calculated
based on an angular velocity that was newly detected by the angular velocity sensor 10,
and then calculates the posture angle from the angular velocity.

[0122] The output device 34 outputs the posture angle from which the drift
amount has been removed by the subtracter 32 to an external component. In the case of
a robot, a main processor (or host processor) inputs the posture angle and the like
detected by the sensor unit and performs feedback control on the posture of the robot.
The output device 34 outputs the posture angle at a predetermined timing to the main
processor in response to a command from the main processor. The angular velocity
detected by the angular velocity sensor 10 or the acceleration detected by the acceleration
sensor may be supplied to the output device 34, and the output device 34 may output the
angular velocity or the acceleration, in addition to the posture angle, to the main
processor. Which of those is to be output is determined either by a command from the
main processor Or set parameters. " The output device 34 outputs all of the angular
velocity, the acceleration, and the posture angle at a given timing to the main processor,
and selectively outputs one of those at another timing.

[0123] As described above, an accurate posture angle from which the drift
amount has been removed is thus detected and output. Because the drift amount is
extracted based on the acceleration in the direction of each axis detected by the
acceleration sensor 20, that drift amount then removed from the angular velocity posture

angle and the result fed back, there is no need for the angular velocity sensor 10 to be an
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expensive, heavy and extremely accurate sensor.

[0124] Meanwhile, when the matrix posture angle calculators 16 and 26
calculate the pdsture angle from the posture matrix, they perform that calculation using
the function atan2. As a result, despite the fact that the original posture angle is
continuously changing, the posture angle may not change continuously in the calculation.
This is discontinuity in the posture angle expression. Therefore; the posture angles from
the matrix posture angle calculators 16 and 26 are used as they are without the low range
component being extracted bS/ the low pass filters. Instead, the low range components
are extracted after conversion to a continuous posture angle.

[0125] FIG. 21 is a block diagram of the low pass filter 18. The low pass
filter 18 has a converter that sin converts and cos converts the posture angle, and an atan2
calculator or an atan calculator. The low pass filter 28 has the same structure as the low
pass filter 18 so a description thereof will be omitted.

[0126] The sin-cos converters 18a, 18b, and 18c perform sin and cos
conversions on the posture angles of each of the three axes and output the results. For
example, if the angular velocity posture angles are Sly, S16, and S1¢, the sin-cos
converter 18a calculates the sin (S1y) and cos (S1w) for the S1y and outputs the result.
The sin and cos converted values are then output to the low pass filters 18d and 18e,
respectively. The low pass filters 18d and 18e then extract the low range components
from the sin and cos converted values and output the results to an atan2 calculator 13j.
The atan? calculator 18j calculates an atan2 using the sin and cos converted values and
outputs the result as a posture angle S2y. Also, the sin-cos converter 18b calculates the
sin (S16) and cos (S10) for the S10 and outputs the result. The sin and cos converted
values are then output to the low pass filters 18f and 18g, respectively. The low pass
filters 18f and 18g then extract low range components from the sin and cos converted
values and output the results to an atan calculator 18k. The atan calculator 18k then
calculates an atan using the sin and cos converted values and outputs the result as a
posture angle S20. Moreover, the sin-cos converter 18c calculates the sin (S1¢) and the

cos (S1¢) for the S1¢ and outputs the result. The sin and cos converted values are
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output to the low pass filters 18h and 18i, respectively. The low pass filters 18h and 18i
then extract the low range components from the sin and cos converted values and output
the result to an atan2 calculator 18m. The atan2 calculator 18m calculates an atan2
using the sin and cos converted values and outputs the result as a posture angle S2¢.

[0127] Combining the sin-cos cqnversion and the atan2 calculation or atan
calculation in this way makes it possible to eliminate poor operation of the low pass
filters due to discontinuity in the posture angle, and thus stably extract the low range
components. The values after the sin and cos conversions change continuously and
smoothly within a range of * 1 so no dispersion or abnormal values are produced in the
filter process. By performing the atan 2 calculation process using the sin and cos
converted values after the filter process, the values are reconverted to posture angle
components so the filter process of the posture angle components can be realized without
the values exceeding the posture angle expression range.

[0128] Continuing on, a sixteenth exemplary embodiment will be described.
FIG. 22 is a block diagram of the sixteenth exemplary embodiment of the invention.
This exemplary embodiment differs from the fifteenth exemplary embodiment in that the
differencer 30 calculates the difference between the output of the low pass filter 18 and
the output of the low pass filter 28 and outputs the result to the multiplier 38, the
integrator 40, and the differencer 42. The multiplier 38, the integrator 40, and the
differencer 42 perform PID control. That is, the multiplier 38 performs a calculation of
multiplying the drift amount from the differencer 30 by a coefficient that was set in
advance and outputs the calculated value (proportional term) to the subtracter 32. The
integrator 40 performs a calculation of multiplying the value of the drift amount from the
differencer 30 accumulated over time by a coefficient that was set in advance and outputs
the calculated value (integral term) to the subtracter 32. The differencer 42 performs a
calculation of multiplying a value which is the difference over time in the drift amount
from the differencer 30 by a coefficient that was set in advance and outputs the calculated
value (differential term) to the subtracter 32. = The coefficients may be fixed or they may

be variable as will be described later. The subtracter 32 subtracts the sum of these terms
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(i.e., the proportional term + the integral term + the differential term) from the angular
velocity posture angle that was input by the matrix posture angle calculator 16, and
outputs the result as a posture angle of the moving body minus the drift amount to the
output device 34 and the posture angle matrix calculator 36. The output from the
subtracter 32 is converted to a posture matrix by the posture angle matrix calculator 36
and the result is fed Back. The multiplier 38 mainly determines the degree of feedback,
the integrator 40 accumulates the amount of long term deviation and determines the
amount of feedback, and the differencer 42 determines the amount of feedback with
respect to short term changes. Using this kind of PID control improves both short and
long term characteristics.

[0129] Continuing on, a seventeenth exemplary embodiment will be described.
FIGC. 23 is a block diagram of the seventeenth exemplary embodiment of the invention.
This exemplary embodiment differs from the sixteenth exemplary embodiment in that the
posture angle around the Z axis, i.e., the yaw angle, from the external posture angle 44 is
supplied to the matrix posture angle calculator 26. The accelerator sensor 20 detects the
acceleration in the direction of each axis X, y, and z.  When a G sensor is used, however,
the yaw angle ¢, i.e., the posture angle around the Z axis, is unclear so it is necessary to

fix the yaw angle ¢ at a constant value. In this exemplary embodiment, the yaw angle is

. detected separately and supplied to the matrix posture angle calculator 26, thus enabling

the yaw angle ¢ to also be accurately calculated. More specifically, the matrix posture
angle calculator 26 calculates the yaw angle ¢, the roll angle 6, and the pitch angle y as
posture angles from the posture matrix T(n) according to the calculation described above.
Of these, however, the yaw angle ¢ is replaced with a yaw angle ¢ input from an external
component, which prevents the yaw angle ¢ from diverging.

[0130] Also, in this exemplary embodiment, a differencer 31 is provided
instead of the differencer 30. This differencer 31 includes a sin-cos converter and an
atan2 calculator or an atan calculator, just like the low pass filters 18 and 28.

[0131] FIG. 24 is a block diagram of the differencer 31. The angular velocity

posture angle from the low pass filter 18 and the acceleration posture angle from the low
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pass filter 28 are both supplied to the differencer 31. The angular velocity posture
angles of the three axes are designated as EnOy, &n00, and £n0¢, respectively, and the
acceleration posture angles of the three axes are designated as EmOy, Em00, and EmO¢,
respectively.

[0132] A sin-cos converter 31a performs sin and cos conversions oﬁ the EnOwy
and outputs the respective values to an atan2 calculator 31g. The atan2 calculator 31g
performs an atan2 calculation using the sin and cos converted values and outputs the
result to a differencer 31n. Meanwhile, a sin-cos converter 31b performs sin and cos
conversions on the EmOy and outputs the respective values to an atan2 calculator 31h.
The atan? calculator 31h performs an atan2 calculation using the sin and cos converted

values and outputs the result to the differencer 31n. The differencer 31n calculates the

_ difference between the two and extracts the drift amount, which it then outputs to a

sin-cos converter 31r. The sin-cos converter 31r and an atan2 calculator 31u perform
the same calculation and output Edly as the drift amount. A sin-cos converter 31c
performs sin and cos conversions on the £n08 and outputs the respective values to an atan
calculator 31i. The atan calculator 31i performs an atan calculation using the sin and
cos converted values and outputs the result to a differencer 31p. Meanwhile, a sin-cos

converter 31d performs sin and cos conversions on the Em08 and outputs the respective

. values to an atan calculator 31j. The atan calculator 31j performs an atan calculation

~ using the sin and cos converted values and outputs the result to the differencer 31p. The

differencer 31p calculates the difference between the two and extracts a drift amount,
which it outputs to a sin-cos converter 31s. The sin-cos converter 31s and an atan
calculator 31v perfoﬁn the same operation and output £d16 as the drift amount. A
sin-cos converter 31e performs sin and cos conversions on’ the ghOd; and outputs the
respective values to an atan2 calculator 31k. The atan2 calculator 31k performs an
atan? calculation using the sin and cos converted values and outputs the result to a
differencer 31q. Meanwhile, a sin-cos converter 31f performs sin and cos conversions
on the £EmO0¢ and outputs the respective values to an atan2 calculator 31m. The atan2

calculator 31m performs an atan2 calculation using the sin and cos converted values and
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outputs the result to the differencer 31q. The differencer 31q calculates the difference
between the two and extracts the drift amount. The differencer 31q then outputs the
drift amount to a sin-cos converter 31t. The sin-cos converter 31t and an atan2
calculator 31w perform the same operation and output £d1¢ as the drift amount.

[0133] In this way an abnormal calculation due to discontinuity in the angular
velocity posture angle and the acceleration posture angle is prevented from occurring.
Also, an abnormal calculation due to discontinuity in the posture angle when the posture
angle difference is calculated is prevented from occurring. Moreover, discontinuity in
the posture angle of the drift amount is also eliminated so poor operation of PID control
can be prevented.

[0134] FIG. 25 is a flowchart according to this exemplary embodiment. First,
sin and cos conversions are performed on an angular velocity posture angle €nl and an
acceleration posture angle £m1l, and an atan2 or atan calculation is performed (S101).
Next, the difference in the values after the calculation is calculated (§102). The value
obtained through that calculation, i.e., £d0 = £€ml — &nl, is the drift amount. Sin-cos
conversions and an atan2 or atan calculation are then performed to obtain £d1 (S103).
After the drift amount £d1 is calculated, PID control is performed on that drift amount.

That is, the proportional term, integral term, and differential term are calculated

Edlp = P x £d1
£dli = I x Ed1
£dld =D x £d1

and then added together to obtain £s0 (i.e., £sO = Ed1p + £dli + £Ed1d) (S104 and S105).
[0135] Then, the difference between the .angular velocity posture angle £nl and
EsO m'ay be calculated. However, the postﬁre angles are defined with y and ¢ being
values between £m = —x and Ep = +m, and 0 being a value between Em = —n /2 and Ep =
+1t / 2 so control becomes unstable with v and ¢ if the value of £sO exceeds a value
between —x and +m. Therefore, if £s0 exceeds this range, it is necessary to replace it
with the closest value within that range. Thus, it is first determined whether £s0O is less

than £ém = —mt (8106). If £s0 is less than ém = —x, then &s0 is replaced with Em = —m and
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made £s1 (S108). Also, if £sO is greater than Ep = = (S107), then &sO is replaced with
Ep = 7 and made £s1 (S109). No problems arise when £s0 is between Em = —r and Ep =
7 so that value is made £s1 and the difference between it and €nl is calculated (S111).
On the other hand, control becomes unstable with 0 if the value of £s0 exceeds a value
between Em = —n /2 and Ep =1t/ 2. Therefore, if £s0 exceeds this range, it is necessary
to replace it with the closest value within that range. Thus, it is first determined whether
Es0 is less than Em = -m /2 (S106).  If EsO is less than Em = —x / 2, then Es0 is replaced
with £m = - / 2 + § and made £s1 (S108).  Also, if &sO is greater than p =n /2 (S107),
then EsO is replaced with Ep = n /2 — § and made £s1 (S109). Here, 8 is a real number
and expresses the smallest effective number with the calculation. No problems arise
when EsO is between Em = —n / 2 and ép = ¢ / 2 so that value is made &s1 and the
difference between it and Enl is calculated (S111). However, when £s0 becomes —n / 2,
it is made —xt / 2 + & and when £s0 becomes ©t / 2, it is made n / 2 — &. 'The routine
described above enables a stable posture angle to be output.

[0136] In this way, according to this exemplary embodiment, discontinuity in
the parameters is eliminated by performing the sin, cos, and atan2 conversions (i.., SCA
conversion). A supplementary explanation of the discontinuity of the posture angles and
the operation of the differencer 31 is as follows.

[0137] Next, a discontinuity of the posture angles is explained. The posture
angles are expressed by (v, 0, ¢) using the y around the X axis, the 8 around the Y axis,
and the ¢ around the Z axis. The respective ranges are
—m <y <7 (rad) or 180 < y < 180 (deg)

—n/2<0<n/2 ad) or—90 <6 < 90 (deg)
_7 < § <7 (rad) or —180 < ¢ < 180 (deg)

[0138] FIG. 26 shows the relationship between the posture angle ¢ and the
rotation angle when there is rotation around the Z axis. When the Z axis rotation
changes from —720 to 720 deg, ¢ oscillates in a range of 180 deg. When the ¢ reaches
180 deg, it abruptly switches and starts to approach —180 deg. This is the mechanism

that produces discontinuity. Although the moving body is rotating continuously over
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time (as illustrated by the Z axis rotation in the drawing), the posture angle ¢ is
discontinuous.

[0139] FIG. 27 shows more specifically when a sin wave type continuous
rotation oscillation of £20 deg is applied near ¢ = 180 deg. In the drawing, the Z axis
rotation changes continuously with a +20 deg sin wave type oscillation at 180 deg, but ¢
changes discontinuously between 1180 deg.

[0140] FIGS. 28 and 29 simultancously show the results from the invention as
SCA processing. According to the results, the wave shape from SCA processing is
similar the ¢ shown in FIG. 27. It is evident from the drawing that the problem in which
the wave shape is distorted or altogether different like the wave shape M ¢ in the related
art has been solved. The same is also true for y. As a result, the posture angle over a
wide operation range can be accurately detected.

[0141] FIG. 30 shows the relationship between 6 and the rotation angle when
there is rotation around the Y axis. When the Y axis rotation changes from —720 to 720
deg, O oscillates in a range of 290 deg. 'When the 0 reaches 90 deg, it abruptly switches
and starts to approach —90 deg. This is the mechanism that produces discontinuity.
Although the moving body is rotating continuously over time, the posture angle © is
discontinuous.

[0142] FIG 31 shows more specifically when a sin wave type continuous
rotation oscillation of +20 deg is applied near 6 = 90 deg. The Y axis rotation is
changing continuously but & changes discontinuously between 90 deg.

[0143] FIGS. 32 and 33 simultaneously show the results of the invention with
SCA processing. According to the results, the wave shape from SCA processing is
similar to the 6 shown in FIG. 31. It is evident from the drawing that the problem in
which the wave shape is distorted or altogether different like the wave shape M 0 in the
related art has been solved. As a result, the posture angle over a wide operation range
can be accurately detected.

[0144] Next, a SCA differencer is explained. The differencer 31 calculates

the difference with respect to each component of the posture angles (y, 6, ¢). For
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example, with respect to ¢, let us say that in FIG. 26 the angular velocity posture angle
Enod is 175 deg and the acceleration posture angle £mo is -25 deg. When a difference
calculation is performed, £no — Emo = 200 deg. Because this exceeds the +180 deg
defined range for ¢, an absurdity occurs. In this way, the calculétion operation results in
the ¢ tending to exceed the defined range. Therefore, the differencer 31 performs an
operation to bring the ¢ into the defined range. This operation is the sin, cos, and atan2
conversion (i.e., SCA conversion). More speciﬁcally, the sin value and the cos value of
Enod — Emo¢ are obtained. Then £d1¢ is obtained through an atan2 calculation using
the sin and cos values. Ed1¢ falls within the defined range at this time. Depending on
the conditions, a method for making 200 — 360 = —160 deg may also be used. However,
many cases are possible in which it would largely exceed %180 deg, such as £360 deg,
+540 deg, £720 deg. etc. Depending on the conditions, it would be necessary to
describe an extremely large, essentially infinite number of combinations. Also,
depending on the conditions, the numerical values may change drastically in the
calculation thus resulting in discontinuity, which would make it extremely difficult to
manage. In actuality, the object is a signal on which noise is superimposed. Therefore,
when noise is superimposed near +180 deg, extremely.large, discontinuous oscillation is
produced. As a result, it easily becomes unstable in the calculation due to its
relationship with calculation accuracy such that a highly accurate and stable output is no
longer able to be obtained. The SCA conversion process is a method for arithmetically
performing this smoothly. It is a process which fits the data that exceeds the defined
range into that defined range by a computing process, and which thus resembles
normalization.

[0145] &nod itself may also exceed the defined range in one of the calculations
in the process. Therefore, by expressing £no¢ with sin and cos and calculating the atan2,
Eno¢ is first made to fit within the £180 deg range. &mo¢ is similarly normalized to
within the defined range. Next, the differencer 31 performs the calculation of Enog —
E&mo¢. Depending on the state, the output of this differencer may exceed the defined

range of the ¢. Therefore, normalization is performed by fitting the output back into the
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defined range by the sin-cos-atan2 conversion. Of the posture angles v, 0, and ¢, the
defined region of \y and ¢ is —x to 7w, which is the same as the output range of the atan2
processing 5o the atan2 calculation is performed. Meanwhile, the defined region of © is
—n /2 to /2, which is half of the output range of the atan2 processing. Therefore, the
atan calculation is used with 6. The output range of atan matches 8 at—n /2 tom/ 2.
atan (y, x) = tan ~! (x, y) is such that in the small x region, the denominator tan (y/x) is
small so the error becomes large. Therefore, when x is small compared with y, cot ™! (y,
X) is used.

[0146] Although exemplary embodiments of the invention have heretofore
been described, the invention is not limited to these exemplary embodiments. To the
contrary, various modifications are possible.

[0147] For example, with the structure illustrated in FIG. 6, the muotion
frequency sensor 52 detects a specific frequency in the movement of the robot such as
bipedal locomotion, and outputs it to the low pass filters 46 and 48. Alternatively,
however, the motion frequency sensor 52 may output that specific frequency to the low
pass filters 18 and 28 with the strﬁctures in FIGS. 1 to 3, and the cutoff frequency of the
low pass filters 18 and 28 may be set to change adaptively.

[0148] Also, with the structure in FIG. 1, the angulér velocity system posture
angle from the matrix posture angle calculator (angular velocity system) 16 is output to
the low pass filter 18 and the accelgration posture angle from the matrix posture angle
calculator (acceleration system) 26 is output to the low pass filter 28. Alternatively,
however, the angular velocity system posture angle from the matrix posture angle
calculator 16 and the acceleration posture angle from the matrix posture angle calculator
26 may both be output directly to the differencer 30, the difference from the differencer
30 then input to a single low pass filter, and the low range component output as the drift
amount to the subtracter 32. This is beneficjal for reducing the number of LPFs. The
same is also true for the structures in FIGS. 2 and 3.

[0149] Also, either an énalog filter or a digital filter may be used as the Jow

pass filter in FIGS. 1 to 6. The digital filter may be a FIR (Finite-duration Impulse
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Response) filter or an IIR (Infinite-duration Impulse Response) filter.

[0150] Moreover, in each of the structures, at least one of the posture angle, the
angular velocity, and the acceleration is output from the output device 34 to the main
processor of the robot.  In addition, however, the posture matrix calculated by the matrix
adding calculator 14, the posture matrix calculated by the acceleration matrix calculator
24, the drift amount calculated by the differencer 30, and the quaternions extracted by the
quaternion LPFs 63 and 67 and the like may be output to the output device 34 and then
output from the output device 34 to the main processor.

[0151] Also, the structures illustrated in FIGS. 20, 22, and 23 may also be
provided with a motion frequency sensor 52 which inputs the angular velocity from the
angular velocity sensor 10 and the acceleration from the acceleration sensor 20, and
detects a particular frequency in the movement of the robot, i.e., the moving body. The
motion frequency sensor extracts a frequency component that appears frequently from the
angular velocity and the acceleration and outputs it to the low pass filters 18 and 28.
One example is the specific frequency in bipedal locomotion when the robot, i.e., moving
body, is walking on two legs. The low pass filters 18 and 28 adaptively adjust the cutoff
frequency according to the frequency input from the motion frequency sensor. The low
pass filters 18 and 26 increase the cutoff frequency the greater the motion frequency.
Also, the motion frequency sensor outputs the motion frequency to the multiplier 38, the
integrator 40, and the differencer 42 which execute PID control. The multiplier 38, the
integrator 40, and the differencer 42 adjust the multiplier coefficients according to the
motion frequency that was input.

[0152] Exemplary embodiments of the invention have heretofore been
described. The form of each of these exemplary embodiments displays the following
unique effects. That is, according to the form using the posture angle, the output isa
posture angle used in control and the like related to robots, vehicles, marine vessels, and
aircraft. The posture angle itself is the object of control of a correction loop in the
apparatus éo a stable output appropriate for the actual phenomenon is able to be obtained.

Also, when optimizing the control parameters in the apparatus by suitable measurements
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and control, the various parameters can be effectively optimized with good compatibility
with the posture angle from the actual movement. Therefore, less time and work are
required for optimization and characteristics suitable for application can be obtained.

[0153] Accordingly, this form is suitable for measurement and control that
utilize the posture angle as the primary subject, and enables posture measurements and
control of a vehicle or robot that was either not possible or insufficient in the past. Also,
with the form that uses the posture matrix, the output is the posture angle used for
measurement and control and the like relating to robots, vehicles, marine vessels, and
aircraft. ‘With internal calculations, the posture matrix is the object of a correction loop.
Therefore, special processing to avoid particularities and the like is not performed in
internal calculations, which makes it easier to understand. Further, the posture matrix
itself can also be output to an external component. Accordingly, this form is suitable for
measurement and control using a posture matrix. With a posture matrix, the number of
elements is greater than the number of posture angles so there is a large amount of data.
This unfortunately means that it takes time for communication and the data processing is
troublesome and complicated. Despite this drawback, however, the large amount of
data enables problems with particularities to be avoided, as well as enables compatibility
with expanded, contracted, and modified coordinate systems, and thus offers a large
degree of freedom. This form is easy to use when there is sufficient communication
speed, sufficient caléulation speed of measurements and control, and a large area for
memory necessary to perform the calculations. Therefore, this form is particularly
effective when there is a fast communication network and the form is applied to a high
performance measurement/control processing system having a fast calculation speed, for
example, in equipfnent to be used in space and high level measurement/control
equipment such as nuclear energy piants and industrial equipment.

[0154] Moreover, with the form using a quaternion, the output is a posture
angle used in measurements and control and the like related to robots, vehicles, marine
vessels, and aircraft. With internal calculations, the quatermion is the object of a

correction loop.  Using the quaternion is beneficial in that it reduces the amount of data
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necessary for the calculations as well as reduces the number of calculation steps.
Accordingly, this function can be realized using a processor having moderate calculation
speed and little memory in an apparatus, thereby enabling costs to be reduced. However,
because the quaternion is a representational method in which the behavior in real space is
difficult to understand, it is used after being converted to a posture angle. Therefore,
this is a form in which the characteristics for measurement and control are clear and is
thus suitable for when there are a lot of similar movements. Accordingly, this form is
suitable for measurements and control of small-sized industrial equipment, multipurpose

robots, and mass-produced vehicles.
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CLAIMS:

1. A moving body posture angle detecting apparatus characterized by comprising:

an angular velocity sensor which detects an angular velocity of moving body;

an acceleration sensor which detects an acceleration of the moving body;

angular velocity posture angle calculating means for calculating, as an angular
velocity posture angle, a posture angle of the moving body from the angular velocity;

acceleration posture angle calculating means for calculating, as an acceleration
posture angle, a posture angle of the moving body from the acceleration;

angular velocity posture angle low range component extracting means for
extracting a low range component of the angular velocity posture angle;

acceleration posture angle low range component extracting means for extracting
a low range component of the acceleration posture angle;

difference calculating means for calculating, as error, a difference between the
Jow range component of the angular velocity posture angle and the low range component
of the acceleration posture angle;

error removing means for removing the error from the angular velocity posture
angle;

outputting means for outputting, as a posture angle of the moving body, an
angular velocity posture angle from which the error has been removed by the error
removing means; and

feedback means for feeding back the angular velocity posture angle from which
the error has been removed by the error removing means to the angular velocity posture

angle calculating means.

2. The apparatus according to claim 1, characterised in that:
the error removing means includes
a multiplier which proportionally calculates the value of the error from
the difference from the difference calculating means,
an integrator which performs an integral calculation on the value of the

error from the difference from the difference calculating means, and
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a differencer which performs a differential calculation on the value of
the error from the difference from the difference calculating means;
and removes the error by subtracting the sum of the calculated values from the

multiplier, the integrator, and the differencer from the angular velocity posture angle.

3. The apparatus according to claim 1 or 2, characterised by further comprising:
means for detecting, independent from the acceleration sensor, a posture angle
around a vertical axis of the moving body and outputting the result to the acceleration
posture angle calculating means.
10
4. The apparatus according to any one of claims 1 to 3, characterised in that:
the angular velocity posture angle calculating means includes
means for calculating a small angle matrix that defines a small rotation
angle after a small period of time At has passed from the angular velocity;
15 means for calculating a new angular velocity system posture matrix
from the small angle matrix and a posture matrix that corresponds to the angular velocity
- posture angle that was fed back from the feedback means; and
means for calculating the angular velocity posture angle from the new
angular velocity system posture matrix;
20 and the acceleration posture angle calculating means includes
means for calculating a tilt angle from the acceleration,
means for calculating an acceleration system posture matrix from the
tilt angle; and
means for calculating the acceleration posture angle from the

25  acceleration system posture matrix.

5. The apparatus according to claim 4, characterised in that:
the angular velocity posture angle low range component extracting means has an

angular velocity system low pass filter which extracts the low range component of the
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angular velocity posture angle from the means for calculating the angular velocity posture
angle;

the acceleration posture angle low range component extracting means has an
acceleration system low pass filter which extracts the low range component of the
acceleration posture angle from the means for calculating the acceleration posture angle;
and

the angular velocity system low pass filter and the acceleration system low pass

filter have the same cutoff frequency and the same attenuation factor.

6. The apparatus according to claim 4, characterised in that:

the angular velocity posture angle low range component extracting means has an
angular velocity system low pass filter which extracts the low range component of the
new angular velocity system posture matrix from the means for calculating the new
angular velocity system posture matrix;

the acceleration posture angle low range component extracting means has an
acceleration system low pass filter which extracts the low range component of the
acceleration system posture matrix from the means for calculating the acceleration
system posture matrix; and

the angular velocity system low pass filter and the acceleration system low pass

filter have the same cutoff frequency and the same attenuation factor.

7. The apparatus according to claim 6, characterised by further comprising:

means for normalizing and é)rthogonalizing the angular velocity system posture
matrix from the angular velocity system low pass filter; and

means for normalizing and orthogonalizing the acceleration system posture

matrix from the acceleration system low pass filter.

8. The apparatus according to any one of claims 5 to 7, characterised by further

cormprising:
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means for detecting a motion frequency specific to the moving body from the
angular velocity and the acceleration,
wherein the cutoff frequencies of the angular velocity system low pass filter and

the acceleration system low pass filter are variably set according to the motion frequency.

9. The apparatus according to claim 2, characterised by further comprising:

means for detecting a motion frequency specific to the moving body from the
angular velocity and the acceleration,

wherein coefficients of the multiplier, the integrator, and the differencer are

10  variably set according to the motion frequency.

10. A moving body posture angle detecting apparatus characterized by comprising:
an angular velocity sensor which detects an angular velocity of a moving body;
an acceleration sensor which detects an acceleration of the moving body;

156 angular velocity posture angle calculating means for calculating, as an angular
velocity posture angle, a posture angle of the moving body from the angular velocity;

acceleration posture angle calculating means for calculating, as an acceleration
posture angle, a posture angle of the moving body from the acceleration;

difference calculating means for calculating a difference between the angular

20  velocity posture angle and the acceleration posture angle;

low range component. extracting means for extracting, as error, a low range
component of the difference;

error removing means for removing the error from the angular velocity posture
angle;

25 outputting means for outpuiting, as a posture angle of the moving body, an
angular velocity posture angie from which the error has been removed by the error
removing means; and

feedback means for feeding back the angular velocity posture angle from which

the error has been removed by the error removing means to the angular velocity posture
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angle calculating means.

11. A moving body posture angle detecting apparatus characterized by comprising:

an angular velocity sensor which detects an angular velocity of a moving body;

an acceleration sensor which detects an acceleration of the moving body;

means for calculating a small angle matrix which defines a small rotation angle
after a small period of time ts has passed from the angular velocity;

means for calculating a new angular velocity system posture matrix from the
small angle matrix and a posture matrix that was fed back;

means for calculating a tilt angle from the acceleration;

means for calculating an acceleration system posture matrix from the tilt angle;

angular velocity system low range component extracting means for extracting a
low range component of the angular velocity system posture matrix;

acceleration system low range component extracting means for extracting a low
range component of the acceleration system posture matrix;

difference calculating means for calculating, as error, a difference between the
low range component of the angular velocity system posture matrix and the low range
component of the acceleration system posture matrix;

error removing means for removing the error from the angular velocity system
posture matrix;

outputting means for calculating a posture angle from the angular velocity
system posture matrix from which the error has been removed by the error removing
means and outputting the result a posture angle of the moving body; and

feedback means for feeding back the angular velocity system posture matrix
from which the error has been removed by the error removing means to the means for

calculating the new angular velocity system posture matrix.

12. The apparatus according to claim 11, characterised in that the error removing means

includes
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a multiplier which proportionally calculates the value of the error from
the difference from the difference calculating means,
an integrator which performs an integral calculation on the value of the
error from the difference from the difference calculating means, and
5 a differencer which performs a differential calculation on the value of
the error from the difference from the difference calculating means;
and removes the error by subtracting a matrix obtained by adding the calculated
values from the multiplier, the integrator, and the differencer from the angular velocity
system posture matrix.
10
13. A moving body posture angle detecting apparatus characterized by comprising:
an angular velocity sensor which detects an angular velocity of a moving body;
an acceleration sensor which detects an acceleration of the moving body;
means for calculating a small angle quaternion which defines a small rotation
15  angle after a small period of time ts has passed from the angular velocity;
means for calculating a new angular velocity system quaternion from the small
angle quaternion and a quaternion that was fed back;
means for calculating a tilt angle from the acceleration;
means for calculating an acceleration system quaternion from the tilt angle;
20 angular velocity system low range component extracting means for extracting a
low range component of the angular velocity system quaternion;
acceleration system low range component extracting means for extracting a low
range component of the acceleration system quaternion;
difference calculating means for calculating, as error, a difference between the
25  low range component of the angular velocity system quaternion and the low range
component of the acceleration system quaternion;
error removing means for removing the error from the angular .velocity system
quaternion;

outputting means for calculating a posture angle from the angular velocity
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system quaternion from which the error has been removed by the error removing means
and outputting the result a posture angle of the moving body; and

feedback means for feeding back the angular velocity system quaternion from
which the error has been removed by the error removing means to the means for

calculating the new angular velocity system quaternion.

14, The apparatus according to claim 13, characterised in that the error removing means
includes

a multiplier which proportionally calculates the value of error from the
difference from the difference calculating means,

an integrator which performs an integral calculation on the value of the
error from the difference from the difference calculating means, and

a differencer which performs a differential calculation on the value of
the error from the difference from the difference calculating means;

and removes the error by subtracting a quaternion obtained by adding the

calculated values from the multiplier, the integrator, and the differencer together from the

angular velocity system quaternion.

15. The apparatus according to any one of claims 11 to 14, characterised by further
comprising:

means for detecting, independent from the acceleration sensor, a tilt angle
around a vertical axis of the moving body and outputting the result to the means for

calculating the acceleration system posture matrix.

16. The apparatus according to any one of claims 11 to 15, characterised in that:

the angular velocity system low range componeni extracting means has an
angular velocity system low pass filter;

the acceleration system low range component extracting means has an

acceleration system low pass filter; and
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the angular velocity system low pass filter and the acceleration system low pass

filter have the same cutoff frequency and the same attenuation factor.

17. The apparatus according to claim 16, characterised by further comprising:
means for normalizing output of the angular velocity system low pass filter; and

means for normalizing output of the acceleration system low pass filter,

18. The apparatus according to claim 16 or 17, characterised by further comprising:
means for detecting a motion frequency specific to the moving body from the
angular velocity and the acceleration,
wherein the cutoff frequencies of the angular velocity system low pass filter and

the acceleration system low pass filter are variably set according to the motion frequency.

19. The apparatus according to claim 12 or 14, characterised by further comprising:
~means for detecting a motion frequency specific to the moving body from the
angular velocity and the acceleration,
wherein coefficients of the multiplier, the integrator, and the differencer are

variably set according to the motion frequency.

20. The apparatus according to claim 1, characterised in that:
the angular velocity posture angle low range component extracting means and

the acceleration posture angle low range component extracting means include |

means for sin converting and cos converting the angular velocity
posture angle;

means for extracting a low range component of a value obtained by the
sin conversion and the cos conversion; and

means for performing an atan2 calculation or an atan calculation on the

value of the extracted low component.
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21. The apparatus according to claim 20, characterised in that the error removing means
includes

a multiplier which proportionally calculates the value of error from the
difference from the difference calculating means,

an integrator which performs an integral calculation on the value of the
error from the difference from the difference calculating means, and

a differencer which performs a differential calculation on the value of
the error from the difference from the difference calculating means;

and removes the error by subtracting the sum of the calculated values from the

multiplier, the integrator, and the differencer from the angular velocity posture an gle.

22. The apparatus according to claim 20 or 21, characterised by further comprising:
means for detecting, independent from the acceleration sensor, a tilt angle
around a vertical axis of the moving body and outputting the result to the acceleration

posture angle calculating means.

23. The apparatus according to any one of claims 20 to 22, characterised in that:
the angular velocity postufe angle calculating means includes
means for calculating a small angle matrix that defines a small rotation
angle after a small period of time ts has passed from the angular velocity;
means for calculating a new angular velocity system posture matrix
from the small angle matrix and a posture matrix that corresponds to the angular velocity
posture angle that was fed back from the feedback means; and
means for calculating the angular velocity posture angle from the new
angular velocity system posture matrix;
and the acceleration posture angle calculating means includes
means for calculating a tilt angle from the acceleration;
means for calculating an acceleration system posture matrix from the

tilt angle; and
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means for calculating the acceleration posture angle from the

acceleration system posture matrix.

24, The apparatus according to any one of claims 20 to 23, characterised in that:

the angular velocity posture angle low range component extracting means has an
angular velocity system low pass filter which extracts the low range component of the sin
converted and cos converted values;

the acceleration posture angle low range component extracting means has an
acceleration system low pass filter which extracts the low range component of the sin
converted and cos converted values; and

the angular velocity system low pass filter and the acceleration system low pass

filter have the same cutoff frequency and the same attenuation factor.

25. The apparatus according to any one of claims 20 to 24, characterised in that:

the difference calculating means includes means for calculating the difference
between a value which is the result of the low range component of the angular velocity
posture angle after being sin converted and cos converted and then that result being atan2
calculated or atan calculated, and a value which is the result of the low range component
of the acceleration posture angle after being sin converted and cos converted and then

that result being atan 2 calculated or atan calculated.

26. The apparatus according to claim 25, characterised by further comprising means for
sin converting and cos converting the value obtained by calculating the difference and

atan2 calculating or atan calculating the result.

27. The apparatus according to any one of claims 20 to 26, characterised in that:
ay or a ¢ of the angular velocity posture angle and the acceleration posture
angle are defined as angles between —r and 7, inclusive;

the error removing means removes the error from the angular velocity posture
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angle by replacing the error with - when the error is less than - and replacing the error
with 7t when the error is greater than 7;

a 0 of the angular velocity posture angle and the acceleration posture angle is
defined as an angle between —7t / 2 and =t / 2, inclusive; and

the error removing means removes the error from the angular velocity posture
angle by replacing the error with —/ 2 + 8 (8 is a real number) when the error is less than

—m/ 2 and replacing the error with « / 2 — 8 when the error is greater than /2.

28. The apparatus according to claim 24, characterised by further comprising:

means for detecting a motion frequency specific to the moving body from the
angular velocity and the acceleration,

wherein the cutoff frequencies of the angular velocity system low pass filter and

the acceleration system low pass filter are variably set according to the motion frequency.

29. The apparatus according to claim 21, characterised by further comprising:

means for detecting a motion frequency specific to the moving body from the
angular velocity and the acceleration,

wherein coefficients of the multiplier, the integrator, and the differencer are

variably set according to the motion frequency.
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