DESCRIPTION

Title of Invention
MOVING BODY CONTROL DEVICE, MOVING BODY, MOVING BODY

CONTROL METHOD, AND PROGRAM

[Technical Field]

[0001]

The present disclosure relates to a moving body
control device, a moving body, a moving body control
method, and a program.

Priority is claimed on Japanese Patent Application
No. 2019-028642, filed February 20, 2019, the content of
which is incorporated herein by reference.

[Background Art]

[0002]

Patent Document 1 discloses an automatic steering
mechanism that enables fine-tuned steering control in a
track-based transportation system. Specifically, the
controller described in Patent Document 1 <creates a
pattern steering angle table showing the pattern steering
angles of the front and rear wheels for each change point
of the track, from the track conditions, traveling
conditions, and vehicle conditions from the starting point

to the destination point before departure, and calculates



a steering angle command based on the pattern steering
angle from the distance from the starting point.
[Citation List]

[Patent Document]

[0003]

[Patent Document 1] Japanese Unexamined Patent
Application Publication No. 2009-023509
[Summary of Invention]

[Technical Subject]

[0004]

In the related art, on the premise of traveling at a
constant velocity, only the steering angle using
kinematics (geometrical relationship) is calculated as the
feedforward steering angle. In this <case, since the
steering angle command 1is calculated based on the map
information on a movement route stored in advance and the
steering angle of each wheel is controlled, the steering
is performed in advance even at the change point on the
traveling route, so that stable steering or traveling can
be performed. However, such a calculation method does not
support steering that requires dynamics, for example, such
as a case where a moving body accelerates or decelerates,
so it is assumed that an error will occur in the accuracy
of the feedforward steering angle.

[0005]



An object of the present disclosure is to provide a
moving body control device, a moving body, a moving body
control method, and a program capable of calculating a
feedforward steering angle with higher accuracy 1in
consideration of dynamics.

[Subject to be solved]

[0006]

According to one aspect of the present disclosure,
the moving body control device 1is a moving body control
device which controls a moving body traveling along a
predetermined track, the device including: an information
acquisition unit  that acquires moving body-specific
information including a bogie position and a wvehicle body
mass, a moving body position, a moving body velocity, and
track information including a curvature for each position
of the track; and a feedforward steering angle calculation
unit that calculates a steering angle by using the moving
body-specific information, the moving body position, the
moving body velocity, and the track information, in which
the feedforward steering angle calculation unit calculates
the steering angle according to a sum of a kinematic
component calculated based on a geometrical relationship
between the bogie position and the curvature of the track
at the moving body position, and a dynamic component

calculated based on an equation of motion including the



bogie position, the vehicle body mass, the moving body
velocity, and the curvature and a curvature change rate of
the track at the moving body position.

[0007]

According to one aspect of the present disclosure,
in the moving body control device, the track information
may further include a bank angle for each position of the
track, and the feedforward steering angle calculation unit
calculates the dynamic component by further using force
acting in a left-right direction of the moving body
according to the bank angle.

[0008]

According to one aspect of the present disclosure,
the moving body control device may further include a
feedback steering angle calculation unit that acquires a
deviation amount of the moving body from the track at a
current time, and calculates the steering angle such that
the deviation amount becomes small.

[0009]

According to one aspect of the present disclosure,
the feedforward steering angle calculation unit calculates
the kinematic component, based on an angle formed by a
second tangent which 1is a tangent of the track at a
position of a front bogie with respect to a first tangent

which is a tangent of the track at a position of a rear



bogie, and a distance between the rear bogie and the front
bogie in a direction orthogonal to the first tangent.

[0010]

According to one aspect of the present disclosure,
the moving body includes the above-described moving body
control device.

[0011]

According to one aspect of the present disclosure,
the moving body control method is a moving body control
method which controls a moving body traveling along a
predetermined track, the method including: a step of
acquiring moving body-specific information including a
bogie position and a vehicle body mass, a moving body
position, a moving body wvelocity, and track information
including a curvature for each position of the track; and
a step of calculating a steering angle by using the moving
body-specific information, the moving body position, the
moving body wvelocity, and the track information, in which
the step of calculating the steering angle includes a step
of calculating the steering angle according to a sum of a
kinematic component calculated Dbased on a geometrical
relationship between the bogie position and the curvature
of the track at the moving body position, and a dynamic
component calculated based on an equation of motion

including the bogie position, the vehicle body mass, the



moving body wvelocity, and the curvature and a curvature
change rate of the track at the moving body position.

[0012]

According to one aspect of the present disclosure,
the program causing a computer of a moving body control
device which controls a moving body traveling along a
predetermined track to execute a step of acquiring moving
body-specific information including a bogie position and a
vehicle body mass, a moving body position, a moving body
velocity, and track information including a curvature for
each position of the track; and a step of calculating a
steering angle by using the moving body-specific
information, the moving body position, the moving body
velocity, and the +track information. The step of
calculating the steering angle includes a step of
calculating the steering angle according to a sum of a
kinematic component calculated based on a geometrical
relationship between the bogie position and the curvature
of the track at the moving body position, and a dynamic
component calculated based on an equation of motion
including the bogie position, the vehicle body mass, the
moving body wvelocity, and the curvature and a curvature
change rate of the track at the moving body position.
[Advantageous Effects of Invention]

[0013]



According to each aspect of the above disclosure, it
is possible to calculate the feedforward steering angle
with higher accuracy in consideration of dynamics.

[Brief Description of Drawings]

[0014]

Fig. 1 is a diagram illustrating an overall
configuration of a moving body according to a first
embodiment.

Fig. 2 1is a first diagram illustrating a functional
configuration of the moving body according to the first
embodiment.

Fig. 3 is a second diagram illustrating a functional
configuration of the moving body according to the first
embodiment.

Fig. 4 is a third diagram illustrating a functional
configuration of the moving body according to the first
embodiment.

Fig. 5 1s a diagram illustrating a processing flow
of a controller according to the first embodiment.

Fig. 6 1s a diagram for explaining in detail the
processing of the <controller according to the first
embodiment.

Fig. 7 1s a diagram for explaining 1in detail the
processing of a controller according to a second

embodiment.



[Description of Embodiments]

[0015]
<First embodiment>

Hereinafter, a moving body control device according
to a first embodiment and a moving body including the
moving body control device will be described with
reference to Figs. 1 to 6.

[0016]

(Overall Configuration Of Moving Body)

Fig. 1 is a diagram illustrating an overall
configuration of the moving body according to the first
embodiment.

[0017]

A moving body 1 is a moving body (vehicle) used in a
track-based transportation system, and automatically
travels on a predetermined track Wl. The track W1l 1is
predetermined along the movement route W from the current
position of the moving body 1 to the destination.

[0018]

As illustrated in Fig. 1, the moving body 1 includes
a moving body housing 1A, front bogies TF1l and TFr which
are front left and right wheels, and rear bogies TRl and
TRr which are rear left and right wheels. The moving body
1 is capable of individually steering the front bogies TF1

and TFr and the rear bogies TR1 and TRr.



[0019]

The moving body housing 1A includes a controller 10
(moving body control device), actuators 11F and 11R,
steering angle sensors 12F and 12R, a velocity detection
device 13, a position detection device 14, and
displacement sensors 15F and 15R.

[0020]

The controller 10 controls the entire traveling
control of the moving body 1. The details of the function
of the controller 10 will be described later.

The actuator 11F 1is a steering mechanism for the
front bogies TF1l and TFr. The actuator 11R is a steering
mechanism for the rear bogies TR1 and TRr. The actuators
11F and 11R operate according to the steering angle
command output from the controller 10.

The steering angle sensors 12F and 12R are sensors
that detect the steering angle formed by the actuators 11F
and 11R.

The wvelocity detection device 13 1is a so-called
velocity sensor, and detects the traveling velocity of the
moving body 1. The position detection device 14 detects
the current position of the moving body 1 from the
positioning information provided by, for example, Global
Navigation Satellite System (GNSS).

The displacement sensors 15F and 15R are sensors



installed on the front side and the rear side of the
moving body housing 1A, respectively, and detect the
deviation amount (displacement) from the track Wl at the
installation position.

[0021]

(Functional Configuration Of Moving Body)

Figs. 2 to 4 are diagrams illustrating the
functional configurations of the moving body according to
the first embodiment, respectively. As illustrated in Fig.
2, the controller 10 includes a CPU 100, a connection
interface 101, a memory 102, and a storage 103.

[0022]

The CPU 100 is a processor that operates according
to a program prepared in advance. The process executed by
the CPU 100 will be described later.

The connection interface 101 is a connection
interface with the wvarious actuators and sensors described
above.

The memory 102 is a so-called main storage device,
and instructions, data, and the 1like for the CPU 100 to
operate according to a program are expanded.

The storage 103 1is a so-called auxiliary storage
device, and is, for example, a Hard Disk Drive (HDD), a
Solid State Drive (SSD), or the 1like. In the present

embodiment, the moving body-specific information and the



track information are recorded in advance in the storage
103.

[0023]

The "moving body-specific information™ is
information unigque to the moving body 1 and indicating a
universal value of the moving body 1. Specifically, the
moving body-specific information includes the weight
(vehicle body mass) of the moving body 1. Further, the
moving body-specific information includes information
indicating the positional relationship between the center
of gravity of the moving body housing 1A and the front
bogies TF1 and TFr, and the ©positional relationship
between the center of gravity of the moving body housing
1A and the rear bogies TR1 and TRr (hereinafter, also
referred to as "bogie position™).

[0024]

The "track information™ is a group of information
associated with each position on the track W1 formed by
segmenting the track Wl from the start to the goal by a
predetermined unit distance. Specifically, as illustrated

in Fig. 3, the track information indicates the curvature

(sO0, s1, ...), the curvature change rate (sx0, sx1, ...),
and bank angles (90, 1, =---) at each position (cO,
cl, ...) on the track WIl. The curvature change rate 1is
the rate of change of the curvature (s0, sl, ...) per unit



distance on the track Wl. The controller 10 according to
another embodiment may calculate and acquire the curvature
change rate from the relationship between the position (cO,
cl, ...) on the track Wl and the curvature (s0, sl1, ...).

[0025]

The functions of the CPU 100 will be described in
detail with reference to Fig. 4.

By operating according to a program prepared in
advance, the CPU 100 exerts the following functions as an
information acquisition unit 1000, a feedforward steering
angle calculation wunit 1001, a feedback steering angle
calculation unit 1002, and a steering angle command output
unit 1003.

[0026]

The information acquisition wunit 1000 sequentially
acqguires various types of information on the moving body 1
traveling on the track Wl. Specifically, the information
acquisition unit 1000 acquires the moving body-specific
information and the track information, with reference to
the storage 103. Further, the information acquisition
unit 1000 acquires the traveling velocity of the moving
body 1 (hereinafter, also referred to as "moving body
velocity") via the velocity detection device 13. Further,
the information acquisition unit 1000 acquires the current

position of the moving body 1 (hereinafter, also referred



to as "moving body position") wvia the position detection
device 14.

Further, the information acquisition unit 1000
acquires the deviation amount (displacement) from the
track W1l at a current time at each installation position
via the displacement sensors 15F and 15R. Further, the
information acquisition wunit 1000 acquires the steering
angles of the actuators 11F and 11R at a current time via
the steering angle sensors 12F and 12R, respectively.

[0027]

The feedforward steering angle calculation unit 1001
calculates the steering angle to be commanded to each of
the actuators 11F and 11R in feedforward, by using various
types of information (moving body-specific information,
moving body position, moving body velocity, and track
information) acquired by the information acquisition unit
1000.

[0028]

As illustrated in Fig. 4, the feedforward steering
angle calculation unit 1001 further has functions as the
kinematic component calculation unit 100la and the dynamic
component calculation unit 1001b.

The kinematic component calculation unit 1001la
calculates the kinematic component of the steering angle

to be commanded, based on the geometrical relationship



between the "bogie position" indicated in the moving body-
specific information and the "curvature" of the track Wl
in the "moving body position”.

The dynamic component calculation unit 1001b
calculates the dynamic components of the steering angle to
be commanded, based on an equation of motion including the
"bogie position" and "vehicle body mass" indicated in the
moving body-specific information, "moving body velocity",
and "curvature"™ of the track Wl in the "moving body
position”.

[0029]

The feedback steering angle calculation unit 1002
acquires the deviation amount and steering angle at a
current time via the displacement sensors 15F and 15R and
the steering angle sensors 12F and 12R, and performs
feedback control of the steering angle. Specifically, the
feedback steering angle calculation unit 1002 acquires the
deviation amount of the moving body 1 from the track Wl at
a current time, and calculates a steering angle such that
the deviation amount becomes smaller as the steering angle
to be applied at the next time.

[0030]

The steering angle command output unit 1003 outputs
a steering angle command indicating the sum of the

feedforward steering angle calculated by the feedforward



steering angle calculation unit 1001 and the feedback
steering angle calculated by the feedback steering angle
calculation unit 1002, to the actuators 11F and 11R.

[0031]

(Processing Flow Of Moving Body Control Device)

Fig. 5 1is a diagram illustrating a processing flow
of a controller according to the first embodiment.

Fig. 6 is a diagram used for a detailed explanation
of the process of the controller according to the first
embodiment. Hereinafter, each process executed by the
controller will be described in detail with reference to
Figs. 5 and 6.

[0032]

First, the information acquisition unit 1000 of the
CPU 100 acquires various types of information through the
storage 103, the wvelocity detection device 13, and the
position detection device 14 (step S01). Specifically,
the information acquisition unit 1000 acquires the "moving
body position", the "moving body velocity", the "bogie
position” and the "vehicle body mass" included in the
moving body-specific information, and the track
information (Fig. 3).

[0033]

Next, the feedforward steering angle calculation

unit 1001 of the CPU 100 calculates the feedforward



steering angle derived based on step S01 (step S02). In
this step S02, the kinematic component calculation unit
1001a calculates the kinematic component of the
feedforward steering angle (step S02a), and the dynamic
component calculation wunit 1001b calculates the dynamic
component of the feedforward steering angle (step S02b).

[0034]

The contents of the processes of steps S02a and S02b
will be described in detail with reference to Fig. 6.

[0035]

Fig. 6 indicates the geometrical relationship
between the moving body 1 and the track W1, when the
moving body 1 is traveling on a circular track having a
radius R forming a part of the track Wl. In Fig. 6, the
front-rear direction of the moving body 1 is represented
as =X direction, the left-right direction of the moving
body 1 (the direction orthogonal to the front-rear
direction on the traveling surface) is represented as =Y
direction, and the wvertical direction of the moving body 1
(the direction orthogonal to the traveling surface) 1is
represented as +7Z direction.

[0036]

The following description will be made by replacing
the two front bogies TF1 and TFr installed on the front

left and right sides of the moving body 1 with a single



virtual front bogie TFi installed at the center in the
left-right direction (that is, on the wvehicle central axis
E). Further, the following description will be made by
replacing the two rear bogies TR1 and TRr installed on the
rear left and right sides of the moving body 1 with a
single wvirtual rear bogie TRi installed at the center
position in the left-right direction (that is, on the
vehicle central axis E).

[0037]

The front bogie distance 1f illustrated in Fig. 6 is
the distance from the center of gravity C of the moving
body housing 1A to the front bogie TFi. Further, the rear
bogie distance 1lr illustrated in Fig. 6 is the distance
from the center of gravity C of the moving body housing 1A
to the rear bogie TFr. Further, the inter-bogie distance
L illustrated in Fig. 6 1s the distance from the front
bogie TFi to the rear bogie TFr, and in the present
embodiment, it corresponds to the sum of the front bogie
distance 1f and the rear bogie distance 1lr (L = 1f + 1r).
The front bogie distance 1f and the rear bogie distance 1lr
are recorded in advance in the storage 103 as moving body-
specific information.

[0038]

Further, the turning radius r of the moving body 1

traveling on the circular track having the radius R is the



distance from the origin O of the circular track to the
center of gravity C of the moving body housing 1A. The
turning radius r 1s a parameter that can be calculated
from the geometrical relationship between the radius R of
the circular track and the front bogie distance 1f or the
rear bogie distance 1r. Further, the radius R of the
circular track can be calculated based on the curvature s
of the circular track (R = 1/s).

[0039]

Generally, when the steering angle of the bogie 1is
"d" and the angle formed by the wvelocity vector at the
mounting position of the bogie with respect to the vehicle
central axis E 1s "ok", the relationship between the
steering angle o, the angle Jk, and the lateral force £
generated by the bogie (force acting in the £Y direction)
is expressed by Expression (1).

[0040]

[Expression 1]
f=2K(6-4,) cee (1)

[0041]

By modifying Expression (1), the steering angle to
be commanded to the bogie can be expressed by Expression
(2).

[0042]

[Expression 2]



f

- (2)

[0043]

"K" in Expressions (1) and (2) 1s a proportional
coefficient K (cornering power) of the lateral force £
generated by one wheel according to the slip angle (0-dk).
In the present embodiment, there are two front bogies and
two rear bogies on each side, so that "2K" is shown in
Expressions (1) and (2). The proportional coefficient K
is one o0f the information included in the moving body-
specific information, and is known information previously
recorded in the storage 103.

[0044]

According to Expression (2), with the steering angle
o for the front bogie TFi as "df" and the steering angle o
for the rear bogie TRi as "dr", the steering angles df and
dr are expressed by Expression (3).

[0045]

[Expression 3]

f‘

a,=a,k+§%=a,k+ 84 .
£ e
Jr=6rk+'2'§{"=8rk+6?ﬁ
[0046]

"3fk" in Expression (3) is an angle formed by the

velocity wvector at the mounting position of the front



bogie TFi with respect to the wvehicle central axis BE.
Further, "drk" in Expression (3) is an angle formed by the
velocity vector at the mounting position of the rear bogie
TRi with respect to the wvehicle central axis E (see Fig.
6) .

Further, "ff" in Expression (3) 1s a lateral force
generated by the front bogie TFi at the mounting position,
and "fr" in Expression (3) is a lateral force generated by
the rear bogie TRi at the mounting position. As shown in
Expression (3), when "ff/2K" is set to "dfd" and "fr/2K"
is set to "drd", the steering angles &f and dr to be given
to the front Dbogie TFi and the rear Dbogie TRi,
respectively can be divided into kinematic components 0ofk
and ork, which are force-independent components
(components determined from geometrical relationships),
and dynamic components d&fd and drd, which are force-
dependent components.

[0047]

(Calculation Procedure Of Kinematic Components)

The procedure for calculating the kinematic
components ofk and Ork (step S02a) by the kinematic
component calculation unit 100la will be described.

[0048]

The kinematic components ofk and odrk can  be

expressed by Expression (4) by using the curvature s (=



1/R) of the track Wl at the position where the moving body
1 exists.

[0049]
[Expression 4]

L
P
f 2 - (4)

. L
Bpp = —sin~? 35

[0050]

Therefore, 1in step S02a, the kinematic component
calculation unit 100la refers to the track information
(Fig. 3) and specifies the curvature s corresponding to
the "moving body position" (current position) acquired via
the position detection device 14. Then, the kinematic
component calculation unit 100la calculates the kinematic
components ofk and &rk by substituting the specified
curvature s and the known inter-bogie distance L 1into
Expression (4).

[0051]

(Procedure For Calculating Dynamic Components)

The procedure for calculating the dynamic components
dfd and drd (step S02b) by the dynamic component
calculation unit 1001b will be described.

[0052]

When the moving body 1 moves along the track Wl

illustrated 1in Fig. 6, the translational equation of



motion (Expression (5)) in the left-right direction (+ Y
direction) of the moving body housing 1A and the equation
of motion of rotation around the center of gravity C
(Expression (6)) are established. 1In the text, the symbol
with one dot attached to "6des" is referred to as "Bdes
()", and the symbol with two dots attached to "6des" is
referred to as "Bdes (* *)".

[0053]
[Expression 5]

mrbl. = frtfe (D)
[0054]

[Expression 6]

1By = Lefy = Lofs <o - (8)
[0055]
"Odes (*)" in Expression (5) 1is the vyaw angular
velocity of the moving body 1. "mrédes (*)" on the left

side of Expression (5) 1is a centripetal force generated
from the center of gravity C toward the origin O, when the
moving body housing 1A having the vehicle body mass m
turns with the turning radius r. That is, as illustrated
in Expression (5), the centripetal force "mrbdes (°*)"
generated in the moving body housing 1A is balanced with
the sum of the 1lateral force ff generated by the front
bogie TFi and the lateral force fr generated by the rear

bogie TRi.

- 22 -



[0056]

"Odes (° °)" in Expression (6) is the vyaw angular
acceleration of the moving body 1. Further, "I"™ in
Expression (6) is the moment of inertia of the moving body
housing 1A, and can be calculated from the wvehicle body
mass m and the turning radius r (I = mr"2). "I6des (- )"
on the left side of Expression (6) is the torque acting on
the moving body housing 1A. That 1is, as illustrated in
Expression (6), the torque "If6des (* * )" for rotating the
moving body housing 1A corresponds to the sum of the
torque (1lf - ff) based on the lateral force ff that the
front bogie TFi acts on the mounting position and the
torque (-1lr - fr) based on the lateral force fr that the

rear bogie TRi acts on the mounting position.

[0057]
Further, the yaw angular velocity 6des (°*) and the
yvaw angular acceleration 6des (°* *) are represented by

Expressions (7) and (8), respectively.
[0058]
[Expression 7]
6

sy — SV - (7)

[0059]
[Expression 8]

=& V= o g2
By =Sv+52=5,9°+5a .- (8)

[0060]

_23_



"v" in Expression (7) 1is the moving body velocity
(traveling velocity). In step S02b, the dynamic component
calculation unit 1001b refers to the track information
(Fig. 3) and specifies the curvature s corresponding to
the moving body position (current position) acquired via
the position detection device 14. Then, the dynamic
component calculation unit 1001b calculates the yaw angle
velocity ©des(°), by substituting the moving body
velocity v acquired via the velocity detection device 13
and the curvature s specified from the track information
into Expression (7).

[0061]

"sx" in Expression (8) 1is the curvature change rate.
Further, an in Expression (8) is a moving Dbody
acceleration (acceleration in the travel direction). The
moving body acceleration a can be calculated by time-
differentiating the moving body velocity v acquired
through the velocity detection device 13.

"sx" in Expression (8) is the curvature change rate.
In step S02b, the dynamic component calculation unit 1001b
refers to the track information (Fig. 3) and specifies the
curvature s and the curvature change rate sx corresponding
to the "moving body position" (current position) acquired
via the position detection device 14. Then, the dynamic

component calculation unit 1001b calculates the vaw



angular acceleration 6des (+* *), by substituting the
moving body velocity v (moving body acceleration a)
acquired (calculated) via the velocity detection device 13
and the curvature s and the curvature change rate sx
specified from the track information into Expression (8).

[0062]

When Expressions of motion shown in Expressions (5)
and (6) are solved for the lateral force ff of the front
bogie TFi and the lateral force fr of the rear bogie TRi,
Expression (9) is obtained.

[0063]

[Expression 9]

- Igd“ + ifmvém

F- i
= (8)
"fgm + Efmvém
fi= .
[0064]

However, in Expression (9), "1lf + 1lr" is set as "L".

[0065]

Next, in consideration of the bank angle ¢ of the
track W1, the forces ffTire and frTire to be actually
generated by the front bogie TFi and the rear bogie TRi
are obtained. The forces ffTire and frTire to be actually
generated by the front bogie TFi and the rear bogie TRi
are obtained by subtracting the forces ffBank and frBank

generated by the bank angle ¢ of the track Wl from the

_25_



lateral forces ff and fr. Specifically, the forces ffTire

and frTire to be actually generated by the front bogie TFi

and the rear bogie TRi are expressed by Expression (10).
[0066]

[Expression 10]

18 gos + LymuByps — Lmgsin g,

fp’ﬂﬂ"'"ﬁ“{fﬂmk: A
16 44c + Lymobgge — 1 o
=B gy + iemv - Lmgsing
feries = fo = Frgany = ——t—— L
[0067]

In Expression (10), the bank angle of the track Wl
at the mounting position of the front bogie TFi is set to
"pf", and the bank angle of the track Wl at the mounting
position of the rear bogie TRi is set to "epr". The forces
ffBank and frBank generated by the bank angle ¢ of the
track Wl are the forces in the left-right direction
generated in response to the gravity (the product of the
vehicle body mass m and the gravity acceleration g) acting
on the moving body housing 1A.

[0068]

The slide angle (0-30k) multiplied by the cornering
power "2K" is the force ffTire and frTire to be generated
by the front bogie TFi and the rear Dbogie TRi,
respectively. Therefore, the dynamic component &fd of the
steering angle to be given to the front bogie TFi and the

dynamic component drd of the steering angle to be given to

_26_



the rear bogie TRi are expressed by Expression (11),
respectively.
[0069]

[Expression 11]

_ 18 gos + L,m(v0,ges — g sin )

fa= 2KL
N i (11}
_ =Bges + iymlvlyes — gsinp,)
rd = 2KL
[0070]

In step S02b, the dynamic component calculation unit
1001b further calculates the dynamic components &fd and

drd, by substituting the yaw angular velocity 6des (*)

(Expression (7)) of the moving body 1 and the yaw angular
acceleration ©6des (°* *) (Expression (8)) 1into Expression
(11) . At this time, the dynamic component calculation

unit 1001b refers to the track information (Fig. 3) and
specifies the bank angle ¢f of the front bogie TFi and the
bank angle o¢or of the rear bogie TRi corresponding to the
"moving body position" (current position) acquired via the
position detection device 14.

[0071]

As described above, the feedforward steering angle
calculation unit 1001 calculates the kinematic components
O0fk and d&rk of the steering angles Jdf and dr Dbased on
Expression (4), and calculates the dynamic components Jdfd

and dord, based on Expression (11).



[0072]

Returning to Fig. 5, the feedback steering angle
calculation unit 1002 acquires the displacement acquired
via the displacement sensors 15F and 15R and the current
steering angle acquired via the steering angle sensors 12F
and 12R, and calculates the feedback steering angle (step
S03). Since the feedback control executed by the feedback
steering angle calculation wunit 1002 according to the
present embodiment can be achieved by a known technique, a
detailed description thereof will be omitted.

[0073]

Next, the steering angle command output unit 1003
integrates the feedforward steering angles (of, od)
calculated by the feedforward steering angle calculation
unit 1001 and the feedback steering angle calculated by
the feedback steering angle calculation wunit 1002, and
outputs a new steering angle command to the actuators 11F
and 11R (step S04).

[0074]

(Action, Effect)

As described above, the controller 10 (moving body
control device) according to the first embodiment includes
a feedforward steering angle calculation unit 1001 that
calculates steering angles o&f and dr to be given to the

front bogie TFi and the rear bogie TRi, respectively, by



using the moving body-specific information (bogie
positions 1f and 1lr, vehicle body mass m, and cornering
power K), the moving body position, the moving body
velocity, and the track information (Fig. 3). Then, the
feedforward steering angle calculation unit 1001
calculates the steering angles &f and dd according to a
sum of kinematic components calculated based on a
geometrical relationship between the bogie positions 1f
and lr and the curvature s of the track Wl at the moving
body position (current position), and dynamic components
calculated based on an equation of motion including the
bogie position, the wvehicle body mass m, the moving body
velocity v, and the curvature s and a curvature change
rate sx of the track at the moving body position (current
position).

[0075]

The controller 10 according to the present
embodiment has the above-described characteristics and has
the following effects. That is, the steering angle can be
calculated 1in consideration of not only the kinematic
component (steering angle based on the geometrical
relationship) but also the dynamic component which is a
component corresponding to the force acting on the moving
body 1. Thus, even when the moving body 1 accelerates or

decelerates, or when the track Wl has a bank angle, an



appropriate steering angle can be calculated according to
the acceleration and the bank angle. Further, 1in the
normal track, a relaxation curve for gently changing the
curvature s from 0 to s0 1is provided at the boundary
between a linear track (curvature s = 0) and a circular
track with curvature s = s0 (sO0 > 0). According to the
controller 10 according to the present embodiment, the
characteristics of the relaxation curve (that 1is, the
track information curvature change rate sx) are also
dynamically considered.

[0076]
<Second Embodiment>

Next, a moving body control device according to the
second embodiment and a moving body including the moving
body control device will be described with reference to
Fig. 7. The functional configuration of the moving body 1
according to the second embodiment is the same as that of
the first embodiment, and thus the illustration is omitted.

[0077]

(Calculation Procedure Of Kinematic Components)

Fig. 7 1is a diagram for explaining the functional
configuration of the controller 10 according to the second
embodiment.

It is described that the kinematic component

calculation unit 100la according to the first embodiment



calculates the kinematic components &fk and drk of the
steering angle, based on Expression (4). However, since
Expression (4) assumes that the curvature s travels in a
constant circular track (approximate curve), an error may
occur before and after the change point of the curvature s
in the actual track Wl. Therefore, the kinematic
component calculation unit 100la according to the second
embodiment calculates the kinematic components O0fk and ork
according to the procedure described below.

[0078]

As illustrated in Fig. 7, the mounting position of
the rear bogie TRi of the moving body housing 1A is set to
the origin O of the xy coordinates. The x—-axis of the xy
coordinates coincides with the tangent to the track Wl at
the origin O. Further, the y-axis of the xy coordinate is
orthogonal to the x-axis (tangent of the track Wl at the
origin O).

Further, it 1s assumed that the point P indicating
the mounting position of the front bogie TFi of the moving
body housing 1A exists at a positive position on the x-
axis.

[0079]

Assuming that any position on the track Wl is
represented by a distance ¢ from the origin 0O, the track

shape of the track Wl is defined as in Expression (12).



[0080]

[Expression 12]

y = y(c)

v (12)
x = x(0)

[0081]

Further, when the angle formed by the tangent at any
position (x, vy) on the track Wl with respect to the
tangent (x axis) at the origin O is "8", Expression (13)
is established.

[0082]

[Expression 13]

dy

s — “ (13)
tan @ Tx

[0083]

Further, wusing this angle 6, the curvature change
rate sx can be expressed by Expression (14).
[0084]

[Expression 14]

do
Tes@ 08

[0085]

According to Expression (14), the angle 6 at any
position on the track Wl can be calculated by integrating
the curvature change rate sx previously recorded in the

track information with the distance ¢ from the origin O.
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[0086]

Here, in the range from the rear bogie TRi to the
front bogie TFi, the track Wl and the x-axis are close to
each other, so that "dx = dc" can be approximated. Then,
Expression (15) is established based on Expression (13).

[0087]

[Expression 15]

fxgmg « - (15)
de

[0088]

According to Expression (15), the y coordinate value
at any position on the track W1 can be calculated by
integrating the right side "tan 6" of Expression (15) with
the distance ¢ from the origin O. That 1is, by using
Expressions (14) and (15), the wvalue of the y coordinate
at any position on the track Wl can be calculated from the
curvature change rate sx of the track information (Fig. 3).

[0089]

According to Fig. 7, the kinematic component drk of
the steering angle of the rear bogie TRi located at the
origin O is represented by an angle (-¥) with respect to
the vehicle body central axis E. Therefore, the kinematic
component Ork is obtained by Expression (16).

[0090]

[Expression 16]



5= P
L

()

=-—tan"(%f) c e (18)

[0091]

"yf" in Expression (16) is the y coordinate value of
the point P (mounting position of the front bogie TFi),
and from Expression (15), can be obtained by integrating
"tan 06" with the distance ¢ (= inter-bogie distance L)
from the origin O.

[0092]

Further, according to Fig. 7, the kinematic
component &fk of the steering angle of the front bogie TFi
located at the point P is represented by an angle (6f-¥)
with respect to the vehicle body central axis E. Here,
"Of" is an angle 6 at the point P, and can be obtained by
integrating the curvature change rate sx with the distance
¢ (= 1inter-bogie distance L) from the origin O from
Expression (14). Therefore, the kinematic component ofk
of the front bogie TFi is obtained by Expression (17).

[0093]

[Expression 17]

Opic= 6 =3
agf..m—i(%{) e (1)
[0094]

(Action, Effect)
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As described above, the controller 10 (kinematic
component calculation unit 100la) according to the second
embodiment calculates the kinematic components, based on
an angle 6f formed by the tangent (second tangent) of the
track W1l at the position (point P) of the front bogie TFi
with respect to the tangent (x axis (first tangent)) of
the track Wl at the position (origin O) of the rear bogie
TRi, and the distance yf between the rear bogie TRi and
the front bogie TFi in the direction orthogonal to the x-
axis (y—-axis direction).

By doing so, the directions of the tangent of the
track W1l corresponding to the position of the rear bogie
and the tangent of the track Wl corresponding to the
position of the front bogie are calculated, based on the
curvature change rate sx recorded in the track information,
so that the kinematic component of the steering angle 1is
calculated without wusing the approximate curve of the
circular track. Therefore, it 1is possible to reduce the
error that occurs before and after the change point of the
curvature s in the track Wl.

[0095]
<Modification Example Of Second Embodiment>

A  moving body control device according to @ a
modification example of the second embodiment and a moving

body including the moving body control device will be



described.

[0096]

The controller 10 according to the modification
example is characterized in that the calculation
complexity is reduced by the division analysis integration
that is considered by dividing the integration interval.
The details will be described below.

[0097]

The angle 6 (Fig. 7) 1is very small in the range of
the inter-bogie distance L. Therefore, it can Dbe
approximated as in Expression (18).

[0098]

[Expression 18]

dy
— o e s (18)
dc_.nmﬂ
[0099]
According to Expression (18), the differential
equations (Expressions (14) and (15)) described in the

second embodiment are expressed as Expression (19).
[0100]

[Expression 19]

y(0) =0

B0) =0

:—%me S (19)
de

E_Sx(c)
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[0101]

That 1is, the one obtained by integrating the
curvature change rate sx once is "6", and the one obtained
by integrating twice is "y".

[0102]

Since the shape element constituting the track W1l is
any one of "straight line", "curve" (circular track), and
"relaxation curve", the curvature of each shape element in
the shape section 1 can be expressed by the following
linear equation (Expression (20)).

[0103]

[Expression 20]
5:(cg) = age; + by nrr (200

[0104]

In Expression (20), "ci" is a relative distance from
the section entrance of each shape element, and "ai" and
"bi" are constants determined according to the shape
element. For example, when the shape element in the shape
section i is a "straight 1line", "ai = 0" and "bi = 0".
When the shape element in the shape section i is a "curve",
"ai = 0" and "bi = bil" (bil = a constant corresponding to
the curvature of the "curve"). When the shape element in
the shape section i is the "relaxation curve", "ai = ail"
(ail = a constant corresponding to the curvature change

rate of the "relaxation curve"), and "bi = bil" (bil = a



constant corresponding to the curvature s of the section
entrance of the "relaxation curve").

[0105]

Assuming that there are N shape sections 1 between
the rear bogie and the front bogie, the "y" and "8" of the
first exit are given by Expression (21).

[0106]

[Expression 21]
B(Ly) = jl‘(azc+ byyde= [%(:2 + bicr, = Ezif.ja + by Ly
051 {a1 ’ o ey

b
Yiyp=| y(Ode={—c*+ -2-33 c2+ By L‘]
0 o

oy b
2 = ol 5L+ Oaxdy

[0107]

Since the latter section may be calculated and added
in the same manner, the entire calculation result 1is
expressed by the following recurrence equation (Expression
(22)) .

[0108]

[Expression 22]

ﬂ-
Bi = Bi-a + 5 L%+ by
b - (22}
V=Ygt 2LE + 20T+ Bin Ly

[0109]
However, "i" is 1 to N, y0 = 0, and 60 = 0.
[0110]

According to the controller 10 according to the
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above modification example, only the calculation for each
shape section i of each shape element is required, so that
the calculation amount can be reduced while maintaining
the calculation accuracy. This makes it possible to
calculate the steering angle with high accuracy online,
for example.

[0111]

In the first and second embodiments described above,
the wvarious processing processes of the controller 10
described above are stored in a computer—-readable
recording medium in the form of a program, and the above
various processes are performed by the program being read
and executed by the computer. Further, the computer-
readable recording medium is a magnetic disk, a magneto-
optical disk, a CD-ROM, a DVD-ROM, a semiconductor memory,
or the 1like. Further, this computer program may be
distributed to a computer wvia a communication line, and
the computer receiving the distribution may execute the
program.

[0112]

The program may be for realizing a part of the
above-described functions. Further, the program may be a
so-called difference file (difference program), which can
achieve the above-described functions in combination with

a program already recorded in the computer system.



[0113]

As described above, some embodiments according to
the present disclosure have been described, but all of
these embodiments are presented as examples and are not
intended to 1limit the scope of disclosure. These
embodiments can be implemented in various other
embodiments, and various omissions, replacements, and
changes can be made without departing from the gist of the
disclosure. These embodiments and variations thereof are
included in the scope and equivalent of the disclosure
described in the claims as well as 1in the scope and
abstract of the disclosure.

[Industrial Applicability]

[0114]

According to each aspect of the above disclosure, it
is possible to calculate the feedforward steering angle
with higher accuracy in consideration of dynamics.
[Reference Signs List]

[0115]

1 Moving body

10 Controller (moving body control device)

100 CPU

1000 Information acquisition unit

1001 Feedforward steering angle calculation unit

1001la Kinematic component calculation unit



1001b Dynamic component calculation unit

1002 Feedback steering angle calculation unit
1003 Steering angle command output unit

101 Connection interface

102 Memory

103 Storage

11F, 11R Actuator

12F, 12R Steering angle sensor

13 velocity detection device

14 Position detection device

15F, 15R Displacement sensor



Claims

[Claim 1]

A moving body control device which controls a moving
body traveling along a predetermined track, the device
comprising:

an information acquisition unit that acquires moving
body-specific information including a bogie position and a
vehicle body mass, a moving body position, a moving body
velocity, and track information including a curvature for
each position of the track; and

a feedforward steering angle calculation unit that
calculates a steering angle by using the moving body-
specific information, the moving body position, the moving
body velocity, and the track information, wherein

the feedforward steering angle calculation unit
calculates the steering angle according to a sum of a
kinematic component calculated based on a geometrical
relationship between the bogie position and the curvature
of the track at the moving body position, and a dynamic
component calculated based on an equation of motion
including the bogie position, the vehicle body mass, the
moving body wvelocity, and the curvature and a curvature

change rate of the track at the moving body position.



[Claim 2]

The moving body control device according to claim 1,
wherein

the track information further includes a bank angle
for each position of the track, and

the feedforward steering angle calculation wunit
calculates the dynamic component by further using force
acting in a left-right direction of the moving body

according to the bank angle.

[Claim 3]

The moving body control device according to claim 1
or 2, further comprising:

a feedback steering angle calculation wunit that
acquires a deviation amount of the moving body from the
track at a current time, and calculates the steering angle

such that the deviation amount becomes small.

[Claim 4]

The moving body control device according to any one
of claims 1 to 3, wherein

the feedforward steering angle calculation wunit
calculates the kinematic components, based on an angle
formed by a second tangent which is a tangent of the track

at a position of a front bogie with respect to a first



tangent which is a tangent of the track at a position of a
rear bogie, and a distance between the rear bogie and the

front bogie in a direction orthogonal to the first tangent.

[Claim 5]
A moving body comprising:
the moving body control device according to any one

of claims 1 to 4.

[Claim 6]

A moving body control method which controls a moving
body traveling along a predetermined track, the method
comprising:

a step of acquiring moving body-specific information
including a bogie position and a wvehicle body mass, a
moving body position, a moving body wvelocity, and track
information including a curvature for each position of the
track; and

a step of calculating a steering angle by using the
moving body-specific information, the moving body position,
the moving Dbody wvelocity, and the +track information,
wherein

the step of calculating the steering angle includes
a step of calculating the steering angle according to a

sum of a kinematic component <calculated based on a



geometrical relationship between the bogie position and
the curvature of the track at the moving body position,
and a dynamic component calculated based on an equation of
motion including the bogie position, the vehicle body mass,
the moving body wvelocity, and the curvature and a
curvature change rate of the track at the moving body

position.

[Claim 7]

A program causing a computer of a moving body
control device which controls a moving body traveling
along a predetermined track to execute:

a step of acquiring moving body-specific information
including a bogie position and a wvehicle body mass, a
moving body position, a moving body velocity, and track
information including a curvature for each position of the
track; and

a step of calculating a steering angle by using the
moving body-specific information, the moving body position,
the moving Dbody wvelocity, and the +track information,
wherein

the step of calculating the steering angle includes
a step of calculating the steering angle according to a
sum of a kinematic component <calculated based on a

geometrical relationship between the bogie position and



the curvature of the track at the moving body position,
and a dynamic component calculated based on an equation of
motion including the bogie position, the vehicle body mass,
the moving body wvelocity, and the curvature and a
curvature change rate of the track at the moving body

position.



