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(57) Abrégé/Abstract:

In an automatic train driving apparatus provided in a vehicle, a speed control unit controls the deceleration of the speed of the
vehicle using the braking force of only the regenerative brake in accordance with the speed of the vehicle based on a target speed
pattern calculated using the brake force characteristics of the regenerative brake when a notification indicating that the vehicle has
approached a stop limit position is received by an external device, and when the vehicle travels at a speed equal to or higher than
the brake force characteristic decreasing speed at which the brake force characteristic of the regenerative brake decreases by
having the brake decreasing speed or higher in the brake force characteristic indicating a relationship between the speed of the
vehicle and the decreasing speed thereof per unit time when the speed of the vehicle is controlled in a deceleration manner with the
maximum brake force of the regenerative brake.
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[ABSTRACT]

In an automatic train driving apparatus provided in a vehicle, a speed control
unit controls the deceleration of the speed of the vehicle using the braking force of only
the regenerative brake in accordance with the speed of the vehicle based on a target speed
pattern calculated using the brake force characteristics of the regenerative brake when a
notification indicating that the vehicle has approached a stop limit position is received by
an external device, and when the vehicle travels at a speed equal to or higher than the
brake force characteristic decreasing speed at which the brake force characteristic of the
regenerative brake decreases by having the brake decreasing speed or higher in the brake
force characteristic indicating a relationship between the speed of the vehicle and the
decreasing speed thereof per unit time when the speed of the vehicle is controlled in a

deceleration manner with the maximum brake force of the regenerative brake.
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AUTOMATIC TRAIN DRIVING APPARATUS, AUTOMATIC TRAIN CONTROL
METHOD, AND PROGRAM
[Technical Field]
[0001]

The present invention relates to an automatic train driving apparatus, an automatic
train control method, and a program.

This application claims priority based on Japanese Patent Application No. 2015-
004938 filed in Japan on January 14, 2015.

[Background Art]
[0002]

There is a vehicle equipped with an ATP device for automatically operating a brake
on the basis of a command from an automatic train protection (ATP) track antenna when the
speed exceeds a predetermined speed.

Arelated art is disclosed in Patent Document 1. A device disclosed in Patent
Document 1 realizes good stop accuracy and riding comfort by switching a plurality of brake

notches.

[Citation List]
[Patent Document]
[0003]

[Patent Document 1]

Japanese Unexamined Patent Application, First Publication No. 2011-87364
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[Summary of Invention]
[Technical Problem]
[0004]

In a railway system, a vehicle equipped with an ATP device (vehicle antenna)
communicating with an ATP track antenna generally sets an upper speed limit for each
position on a trajectory based on a current position of a vehicle by the ATP device as a
target speed pattern.  The vehicle specifies an acceleration to track the speed pattern.
The vehicle puts upper and lower limits on the specified acceleration based on motor
performance, and puts a limit on a change rate (jerk limit, limit of a change rate of
vehicle acceleration) to ensure minimum riding comfort. However, when the vehicle
puts these restrictions on the acceleration, actually, the change rate of the vehicle
acceleration frequently reaches the limit. As a result, the riding comfort of the vehicle
worsens. In addition, with these restrictions on the acceleration, in the speed change of
the vehicle, undershoot in which the speed crosses to the lower speed side of a target low
speed when the speed is changed from a high speed to the low speed, and overshoot in
which the speed crosses to the higher speed side of a target high speed when the speed is
changed from a low speed to the high speed occur.  As a result, the riding comfort of the
vehicle worsens and the traveling time of the vehicle also increases.

Therefore, a technology which can improve ride comfort of an automatic train
and shorten traveling time is needed.

[0005]
An object of the present invention is to provide an automatic train driving

apparatus, an automatic train control method, and a program which can solve the above

problems.
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[Solution to Problem]

[0006]

According to a first aspect of the present invention, an automatic train driving
apparatus provided in a vehicle includes a speed control unit configured to control
deceleration of a speed of the vehicle using braking force of only a regenerative brake in
accordance with the speed of the vehicle based on a target speed pattern calculated using
a brake force characteristic of the regenerative brake when a notification indicating that
the vehicle has approached a stop limit position is received from an external device and
the vehicle travels at a speed equal to or higher than the brake force characteristic
decreasing speed at which the brake force characteristic of the regenerative brake
decreases by having the brake force characteristic decreasing speed or higher in the brake
force characteristic indicating a relationship between the speed of the vehicle and the
decreasing speed thereof per unit time when the speed of the vehicle is controlled in a
deceleration manner with the maximum brake force of the regenerative brake.

[0007]

According to a second aspect of the present invention, in the automatic train
driving apparatus of the first aspect, the speed control unit may control the deceleration
of the speed of the vehicle using the braking force of only the regenerative brake based
on the target speed pattern while the speed of the vehicle reaches the upper speed limit
equal to or higher than the brake force characteristic decreasing speed, and control the
deceleration of the speed of the vehicle using the regenerative brake and braking means
other than the regenerative brake when the speed of the vehicle has reached the upper
speed limit.

[0008]

According to a third aspect of the present invention, in the automatic train



10

15

20

25

CA 02973667 2017-07-12

: 4

driving apparatus of the second aspect, the speed control unit may acquire the upper
speed limit from an external device, calculate the target speed pattern of a speed lower
than the upper speed limit, calculate the control transition pattern of the vehicle every
processing cycle time shorter than a time until a target time so that a train speed
coincides with the target speed pattern after the time until a predetermined target time
based on a current time, and determine the acceleration of the vehicle at a next timing on
the basis of the calculated result.

[0009]

According to a fourth aspect of the present invention, in the automatic train
driving apparatus of the third aspect, the speed control unit may calculate a first target
speed pattern of travel at a fixed speed as a target speed pattern lower than the upper
speed limit, and calculate a second target speed pattern of travel toward a stop limit
position in a deceleration manner as a target speed pattern lower than the upper speed
limit, the speed control unit may calculate the first target speed pattern of the vehicle at a
next timing at which the train speed coincides with the first target speed pattern after the
time until a predetermined target time based on a current time, the speed control unit may
calculate the second target speed pattern of the vehicle at a next timing at which the train
speed coincides with the second target speed pattern after the time until the
predetermined target time based on the current time, and the speed control unit may
compare the accelerations of a first control transition pattern and a second control
transition pattern in a next control step, and set the lower acceleration as the acceleration
of the vehicle.

[0010]
According to a fifth aspect of the present invention, in the automatic train

driving apparatus of the third or the fourth aspect, the speed control unit may calculate
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eftective torque on the basis of the acceleration of the vehicle and the mass of the
vehicle.
[0011]

According to a sixth aspect of the present invention, in the automatic train
driving apparatus of the fifth aspect, the speed control unit may control the speed of the
vehicle using at least one of braking means other than the regenerative brake and the
regenerative brake when the acceleration is a negative acceleration.

[0012]

According to a seventh aspect of the present invention, the automatic train
driving apparatus of the fifth or the sixth aspect may further include a disturbance
estimation unit configured to estimate a running resistance on the basis of the effective
torque and a speed change.

[0013]

According to an eighth aspect of the present invention, an automatic train
driving apparatus provided in a vehicle includes a speed control unit configured to
control the deceleration of the speed of the vehicle using the braking force of a
regenerative brake in accordance with the speed of the vehicle based on a target speed
pattern calculated using a brake force characteristic indicating a relationship between the
speed and the decreasing speed of the regenerative brake, in which the speed control unit
may acquire an upper speed limit from an external device, the speed control unit may
calculate a first target speed pattern of travel at a fixed speed as a target speed pattern
lower than the upper speed limit, and calculate a second target speed pattern of travel
toward a stop limit position in a deceleration manner as a target speed pattern lower than
the upper speed limit, the speed control unit may calculate the first target speed pattern of

the vehicle at a next timing at which a train speed coincides with the first target speed
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pattern after a time until a predetermined target time based on a current time, the speed control
unit may calculate the second target speed pattern of the vehicle at a next timing at which the
train speed coincides with the second target speed pattern after the time until the
predetermined target time based on the current time, and the speed control unit may compare
accelerations of a first control transition pattern and a second control transition pattern in a
next control step, and set the lower acceleration as the acceleration of the vehicle.
[0014]

According to a ninth aspect of the present invention, an automatic train control
method includes controlling deceleration of a speed of a vehicle without using a mechanical
brake when the vehicle has approached a non-opening area at which the vehicle must stop
between stations at a fast speed equal to or higher than a decreasing speed equal to or lower
than a predetermined decreasing speed in a brake force characteristic indicating a relationship
between the speed and the decreasing speed of the regenerative brake.

[0015]

According to a tenth aspect of the present invention, a program which causes an
automatic train driving apparatus computer provided in a vehicle to execute the following
steps of: controlling deceleration of a speed of the vehicle without using a mechanical brake
when the vehicle has approached a non-opening area at which the vehicle must stop between
stations at a fast speed equal to or higher than a decreasing speed equal to or lower than a
predetermined decreasing speed in a brake force characteristic indicating a relationship

between the speed and the decreasing speed of the regenerative brake.

CA 2973667 2020-03-05
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[0015a]

According to another aspect of the present invention, there is provided an
automatic train driving apparatus provided in a vehicle comprising: a speed control unit
that is configured to: acquire an upper speed limit from an ATP device, the upper speed
limit being a speed at which a mechanical brake is used for braking operation; calculate a
target speed pattern of the vehicle including a first target speed pattern, a second target
speed pattern, and a third target speed pattern, the first target speed pattern indicating a
relationship between a position of the vehicle and a speed of the vehicle at each position
when traveling at a fixed speed, and being lower than the upper speed limit, the second
target speed pattern indicating a relationship between a position of the vehicle and a speed
of the vehicle at each position when a decrease of a speed of the vehicle toward a stop
limit position is operated by the maximum braking of only a regenerative brake, and being
lower than the upper speed limit, the third target speed pattern indicating a relationship
between a position of the vehicle and a speed of the vehicle at each position when a
decrease of a speed of the vehicle is operated by only the regenerative brake at a speed
equal or higher than a speed at which a braking force of the regenerative brake decreases,
intersecting with the first target speed pattern and the second target speed pattern, and
being lower than the upper speed limit; calculate a first control transition pattern of the
vehicle, a second control transition pattern of the vehicle, and a third control transition
pattern of the vehicle, the first control transition pattern indicating a relationship between
a position of the vehicle and a speed of the vehicle at each position so as to coincide the
speed of the vehicle with a speed of the vehicle of the first target speed pattern at a time
after the elapse of a predetermined first time passing from a current time, the second
control transition pattern indicating a relationship between a position of the vehicle and a
speed of the vehicle at each position so as to coincide the speed of the vehicle with a speed
of the vehicle of the second target speed pattern at a time after the elapse of the
predetermined second time passing from the current time, the third control transition
pattern indicating a relationship between a position of the vehicle and a speed of the

vehicle at each position so as to coincide the speed of the vehicle with a speed of the

CA 2973667 2020-03-05



10

15

20

25

84029658
6b

vehicle of the third target speed pattern at a time after the elapse of a predetermined third
time passing from the current time; calculate a first acceleration of the vehicle of when a
predetermined time elapses from the current time, on the basis of the relationship between
a position of the vehicle and a speed of the vehicle at each position indicated by the first
control transition pattern; calculate a second acceleration of the vehicle of when a
predetermined time elapses from the current time, on the basis of the relationship between
a position of the vehicle and a speed of the vehicle at each position indicated by the
second control transition pattern; calculate a third acceleration of the vehicle of when a
predetermined time elapses from the current time, on the basis of the relationship between
a position of the vehicle and a speed of the vehicle at each position indicated by the third
control transition pattern; compare the first acceleration, the second acceleration, and the
third acceleration, and set the lowest acceleration from among the first acceleration, the
second acceleration, and the third acceleration as the acceleration of the vehicle; and
control a decrease of the speed of the vehicle using braking force of only the regenerative
brake in accordance with the speed of the vehicle based on the calculated target speed
pattern when a notification indicating that the vehicle has approached the stop limit
position is received from the ATP device and when the vehicle travels at a speed equal to
or higher than the speed (vx) at which the braking force of the regenerative brake

decreases.
[0015Db]

According to another aspect of the present invention, there is provided an
automatic train control method comprising the steps of: acquiring an upper speed limit
from an ATP device, the upper speed limit being a speed at which a mechanical brake is
used for braking operation; calculating a target speed pattern of the vehicle including a
first target speed pattern, a second target speed pattern, and a third target speed pattern, the
first target speed pattern indicating a relationship between a position of the vehicle and a
speed of the vehicle at each position when traveling at a fixed speed, and being lower than

the upper speed limit, the second target speed pattern indicating a relationship between a

CA 2973667 2020-03-05
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position of the vehicle and a speed of the vehicle at each position when a decrease of a
speed of the vehicle toward a stop limit position is operated by the maximum braking of
only a regenerative brake, and being lower than the upper speed limit, the third target
speed pattern indicating a relationship between a position of the vehicle and a speed of the
vehicle at each position when a decrease of a speed of the vehicle is operated by only the
regenerative brake at a speed equal or higher than a speed at which a braking force of the
regenerative brake decreases, intersecting with the first target speed pattern and the second
target speed pattern, and being lower than the upper speed limit; calculating a first control
transition pattern of the vehicle, a second control transition pattern of the vehicle, a third
contro] transition pattern of the vehicle, the first control transition pattern indicating a
relationship between a position of the vehicle and a speed of the vehicle at each position
so as to coincide the speed of the vehicle with a speed of the vehicle of the first target
speed pattern at a time after the elapse of a predetermined first time passing from a current
time, the second control transition pattern indicating a relationship between a position of
the vehicle and a speed of the vehicle at each position so as to coincide the speed of the
vehicle with a speed of the vehicle of the second target speed pattern at a time after the
elapse of the predetermined second time passing from the current time, the third control
transition pattern indicating a relationship between a position of the vehicle and a speed of
the vehicle at each position so as to coincide the speed of the vehicle with a speed of the
vehicle of the third target speed pattern at a time after the elapse of a predetermined third
time passing from the current time; calculating a first acceleration of the vehicle of when a
predetermined time elapses from the current time, on the basis of the relationship between
a position of the vehicle and a speed of the vehicle at each position indicated by the first
control transition pattern; calculating a second acceleration of the vehicle of when a
predetermined time elapses from the current time, on the basis of the relationship between
a position of the vehicle and a speed of the vehicle at each position indicated by the
second control transition pattern; calculating a third acceleration of the vehicle of when a
predetermined time elapses from the current time, on the basis of the relationship between
a position of the vehicle and a speed of the vehicle at each position indicated by the third

control transition pattern; comparing the first acceleration, the second acceleration, and the

CA 2973667 2020-03-05
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third acceleration, and setting the lowest acceleration from among the first acceleration,
the second acceleration, and the third acceleration as the acceleration of the vehicle; and
controlling decrease of the speed of the vehicle using braking force of only the
regenerative brake in accordance with the speed of the vehicle based on the calculated
target speed pattern when a notification indicating that the vehicle has approached the stop
limit position is received from the ATP device and when the vehicle travels at a speed

equal to or higher than the speed at which the braking force of the regenerative brake

decreases.

[Advantageous Effects of Invention]

[0016]

CA 2973667 2020-03-05
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According to the automatic train driving apparatus, the automatic train control
method, and the program, it is possible to improve the riding comfort of an automatic

train and to shorten traveling time.

[Brief Description of Drawings]
[0017]

Fig. 1 is a diagram which shows a vehicle according to a first embodiment of the
present invention.

Fig. 2 is a diagram which shows a target speed transition pattern generated by an
automatic train driving apparatus according to the first embodiment of the present
invention.

Fig. 3 is a diagram which shows a processing flow of the automatic train driving
apparatus according to the first embodiment of the present invention.

Fig. 4 is a diagram which shows a vehicle according to a second embodiment of
the present invention.

Fig. 5 is a diagram which shows an example of the characteristics of a

regenerative brake of a general motor in the second embodiment of the present invention.

Fig. 6 is a diagram which shows an example of a target speed transition pattern
generated by an automatic train driving apparatus in the second embodiment of the
present invention.

Fig. 7 is a processing flow of the automatic train driving apparatus according to
the second embodiment of the present invention.

Fig. 8 is a diagram which shows a vehicle according to a third embodiment of

the present invention.

Fig. 9 is a diagram which shows a processing flow of an automatic train driving
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apparatus according to the third embodiment of the present invention.

[Description of Embodiments]
[0018]
<First embodiment>

A vehicle 10 according to a first embodiment of the present invention will be
described.

Fig. 1 is a diagram which shows an example of the vehicle 10 according to the
first embodiment of the present invention.

As shown in Fig. 1, the vehicle 10 according to the first embodiment includes a
speed indicator 101, an automatic train driving apparatus 102, a motor 103, and an
automatic train protection (ATP) device 20.

[0019]

The speed indicator 101 measures a speed v of the vehicle 10.

The automatic train driving apparatus 102 includes a speed control unit 104.

The speed control unit 104 includes an upper speed limit target speed generation
unit 105, a deceleration target speed generation unit 106, a minimum value selection unit
(referred to as min in Fig. 1) 107, a mass multiplication unit (referred to as mass in Fig.
1) 108, a traction force restriction unit (referred to as upper and lower limits in Fig. 1)
109, and a motor command generation unit 110.

[0020]

The upper speed limit target speed generation unit 105 calculates a target
acceleration al of the vehicle 10 on the basis of a current speed v, a current upper speed
limit v1, a current position, and a current acceleration reached on the basis of a

previously calculated target acceleration. The position used for calculation of a target
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acceleration may be a position calculated on the basis of information on a reference
position and an integrated value of the speed v. The information on the reference
position includes a deceleration completion position X, to be described below which the
ATP device 20 obtains from the ATP track antenna. In addition, a position used for
calculating target acceleration may be a position calculated based on an integrated value
of the speed v from a starting point. Moreover, the position used for calculating target
acceleration may also be a position calculated on the basis of a wheel diameter of the
vehicle 10 and the number of rotations.

The deceleration target speed generation unit 106 calculates an acceleration a2
of the vehicle 10 on the basis of a current speed v, a deceleration B in a current speed v, a
position of an ATP track antenna, and previously calculated target acceleration.

The minimum value selection unit 107 compares the acceleration al calculated
by the upper speed limit target speed generation unit 105 and the acceleration a2
calculated by the deceleration target speed generation unit 106, and outputs a target
acceleration ao which is the smallest acceleration among the accelerations.

The mass multiplication unit 108 multiplies the target acceleration ao output by
the minimum value selection unit 107 by the mass of the vehicle 10 to calculate a traction
force pwr.

The traction force restriction unit 109 restricts the traction force pwr on the basis
of the traction force pwr calculated by the mass multiplication unit 108 and the function
of the motor 103.

The motor command generation unit 110 generates a motor command for
driving the motor 103 so that the motor 103 generates desired torque on the basis of the
traction force pwr output by the traction force restriction unit 109.

[0021]
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With each of the functional units including the upper speed limit target speed
generation unit 105, the deceleration target speed generation unit 106, the minimum
value selection unit 107, the mass multiplication unit 108, the traction force restriction
unit 109, and the motor command generation unit 110, the speed control unit 104 controls
deceleration of the speed of the vehicle 10 using the braking force of a regenerative brake
in accordance with the speed of the vehicle 10 indicated by an ideal target speed
transition pattern B (B1, B2) (target speed pattern) when the ATP device 20 receives a
notification indicating that the vehicle 10 has approached a stop limit position (for
example, a non-opening area at which a vehicle must stop between stations) from the
ATP track antenna. The ideal target speed transition pattern B is calculated using the
brake force characteristic of the regenerative brake indicating a relationship between the
speed of the vehicle 10 and the decreasing speed thereof per unit time when the speed of
the vehicle 10 is controlled in a deceleration manner with the maximum brake force of
the regenerative brake.

The speed control unit 104 acquires the upper speed limit vl from the ATP
device 20. The speed control unit 104 calculates the target speed transition pattern B of
a speed lower than the upper speed limit vl. The speed control unit 104 calculates a
control transition pattern C (C1, C2) of the vehicle 10 every processing cycle time
shorter than a time until a target time so that a train speed after the elapse of a
predetermined target time based on a current time coincides with the target speed
transition pattern B.  The speed control unit 104 determines the acceleration of the
vehicle 10 at a next timing based on a result of the calculation.

The speed control unit 104 calculates a first target speed transition pattern Bl
(first target speed pattern) of travel at a fixed speed as the target speed transition pattern

B lower than the upper speed limit vi. The speed control unit 104 calculates a second
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target speed transition pattern B2 (second target speed pattern) of travel in a decelerating
manner loward a stop limit position as the target speed transition pattern B lower than the
upper speed limit vl. The speed control unit 104 calculates a first target speed
transition pattern of the vehicle 10 at a next timing at which the train speed coincides
with the first target speed transition pattern B1 after a predetermined target time based on
a current time.  The speed control unit 104 calculates a second target speed transition
pattern of the vehicle 10 at a next timing at which the train speed coincides with the
second target speed transition pattern B2 after a predetermined target time based on a
current time. The speed control unit 104 compares the accelerations of a first control
transition pattern and a second control transition pattern in a next control step, and sets
the lower acceleration as the acceleration of the vehicle 10.

The speed control unit 104 calculates effective torque on the basis of the
acceleration of the vehicle 10 and the mass of the vehicle 10.

The speed control unit 104 controls the speed v of the vehicle 10 using at least
one of control means (control unit) other than the regenerative brake and the regenerative
brake when an acceleration is a negative acceleration.

The speed control unit 104 acquires information on the upper speed limit v1 and
the deceleration  from the ATP device 20. The speed control unit 104 calculates a
current position on the basis of the acquired information on the upper speed limit v1 and
the deceleration B.  For example, the information on the upper speed limit v1 and the
deceleration f is an upper limit speed start position, a deceleration completion position,
and the deceleration f.

The motor 103 operates on the basis of a motor command generated by the
motor command generation unit 110.

The ATP device 20 receives the information on the upper speed limit v1 and the
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deceleration P from the ATP track antenna. The ATP device 20 transmits the
information on the upper speed limit vl and the deceleration f to the speed control unit
104.

[0022]

Next, a target speed transition pattern B generated by the automatic train driving
apparatus 102 according to the first embodiment of the present invention will be
described.

Fig. 2 is a diagram which shows an example of the target speed transition pattern
B generated by the automatic train driving apparatus 102.

In Fig. 2, the horizontal axis represents a position x on a trajectory based on a
current position of a train, and the vertical axis represents a speed v at a position of the
train. In addition, xy¢ represents a deceleration completion position.  For example, the
deceleration completion position Xy 1S a position on a side of the position of the last
vehicle of a train traveling forward when the train is congested, a stop indication signal,
or the like. The ATP device 20 receives information including the deceleration
completion position Xy from the ATP track antenna. The ATP device 20 transmits the
information including the deceleration completion position X received trom the ATP
track antenna to the automatic train driving apparatus 102. The automatic train driving
apparatus 102 calculates information on a command speed transition pattern Al and a
command speed transition pattern A2 (Fig. 2) indicating a command upper speed limit
commanded by the ATP device 20 on the basis of the information (the upper speed limit
v1, the deceleration completion position xy, the deceleration p) received from the ATP
device 20. Specifically, the automatic train driving apparatus 102 calculates
information on the command speed transition pattern A1 when the vehicle 10 travels at a

speed equal to the current upper speed limit vl.  In addition, the automatic train driving
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apparatus 102 calculates information on the command speed transition pattern A2 on the
basis of the deceleration completion position X and the deceleration .  The
information on the command speed transition pattern A2 shows a relationship between
the position and the speed of the vehicle 10 when the vehicle 10 stops at the deceleration
completion position Xy and decelerates with the deceleration B up to the deceleration
completion position xy9. Then, the automatic train driving apparatus 102 determines the
command speed transition pattern Al in a section from a current position of the vehicle
10 to a position at which the command speed transition pattern A1 and the command
speed transition pattern A2 intersect, and the command speed transition pattern A2 in a
section up to the deceleration completion position Xy after the intersection of the patterns
as an ATP pattern A.  The automatic train driving apparatus 102 performs braking
control using a mechanical brake and the like when a speed indicated by the ATP pattern
Aisreached. In the above description, the automatic train driving apparatus 102 is
described as an apparatus for calculating the ATP pattern A on the basis of the
information received from the ATP track antenna by the ATP device 20. However, the
ATP device 20 may receive the ATP pattern A from the ATP track antenna and the
automatic train driving apparatus 102 may receive the ATP pattern A from the ATP device
20. In addition, the automatic train driving apparatus 102 determines whether the
command speed transition pattern Al and the command speed transition pattern A2
intersect with each other, and when they do not intersect with each other, the automatic
train driving apparatus 102 may determine only the command speed transition pattern A2
as the ATP pattern A. A case in which the command speed transition pattern Al and the
command speed transition pattern A2 do not intersect with each other corresponds to, for
example, an event occurring in an emergency such as when the deceleration completion

position Xy 15 nearby, and a speed transition when immediate deceleration is required
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without traveling at a fixed speed.

The train can realize comfortable driving without generating an emergency
brake by decelerating a speed at each position on a trajectory based on a current position
with a margin to the speed v indicated by the ATP pattern A.  When the speed control
unit 104 decelerates the speed v of the vehicle 10 using braking force of a regenerative
brake only in accordance with the speed v of the vehicle 10 based on the target speed
transition pattern B, the speed v of the vehicle 10 is fast enough to cause an emergency
brake to be applied in some cases. In this case, the speed control unit 104 may control
deceleration of the speed v of the vehicle 10 using braking means such as a mechanical
brake rather than the regenerative brake.

[0023]

After the ATP pattern A is determined, the automatic train driving apparatus 102
calculates the target speed transition pattern B1 and the target speed transition pattern B2
(refer to Fig. 2). Each of the target speed transition patterns B1 and B2 is one of ideal
target speed patterns which can be tracked using the speed of the vehicle 10 when the
braking force of the regenerative brake calculated using only the brake force
characteristic of the regenerative brake is used. The target speed transition pattern B1
shows the position of the vehicle 10 at a speed equal to the speed at each position slowed
by a fixed speed on the basis of the command speed transition pattern Al and a speed
transition at the position of the vehicle 10. The ATP device 20 determines a target
deceleration completion position X, which is a predetermined distance closer to the
vehicle 10 than the deceleration completion position xy9.  The predetermined distance is
a distance with a margin in which deceleration can be performed up to the deceleration
completion position xyo even if an error of an operation and/or a measuring instrument is

included. Then, the automatic train driving apparatus 102 calculates information on the
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target speed transition pattern B2 on the basis of the deceleration completion position Xuo
and the deceleration f. The information on the target speed transition pattern B2 shows
a relationship between the position x and the speed v of the vehicle 10 when the vehicle
10 stops at the position x, based on the deceleration completion position Xy, and
decelerates with the deceleration B up to the position x,.  Then, the automatic train
driving apparatus 102 determines the target speed transition pattern Bl in a section from
a current position of the vehicle 10 to a position at which the target speed transition
pattern B1 and the target speed transition pattern B2 intersect with each other and the
target speed transition pattern B2 in a section up to the target deceleration completion
position x, after the position of the intersection as the target speed transition pattern B
(B1, B2). The automatic train driving apparatus 102 sets the target speed transition
pattern B (B1, B2) as an upper limit, and controls the speed v of the vehicle 10 so as not
to exceed a speed indicated by the target speed transition pattern B (B1, B2) at each
position. The automatic train driving apparatus 102 may calculate only the target speed
transition pattern B2 when the command speed transition pattern Bl and the command
speed transition pattern B2 do not intersect with each other from the current position of
the vehicle 10 in the processing described above, and may set a relationship between the
position x and the speed v indicated by this pattern as the target speed transition pattern
B.

[0024]

The automatic train driving apparatus 102 calculates information on the control
transition pattern C (C1, C2) indicating a future position of the vehicle 10 and a speed
transition pattern at each position so that a current speed of the vehicle 10 coincides with
a speed indicated by the target speed transition pattern B (B1, B2) at a position of the

vehicle 10 after a time indicated by a predetermined prediction period if the target speed
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transition pattern B (B1, B2) described above is calculated. The prediction period is a
period until the speed of the vehicle 10 smoothly connects to the speed indicated by the
target speed transition pattern B after T seconds from the present.
[0025]

Here, calculation processing of a control transition pattern will be described in
detail.

First, the speed of the vehicle 10 at each time in a prediction pertod can be
expressed by a polynomial (cubic function in this example) as shown in the following
Equation (1).

[0026]
V(t) = ko + klt + kztz + k3t3 (1)

[0027]

The acceleration of the vehicle 10 at each time in a prediction period (time until
a largel time) can be expressed by the following Equation (2) by differentiating Equation
(1.
[0028]

a(t) = ki + 2k,t + 3kst? -+ (2)

[0029]

In addition, the position of the vehicle 10 at each time in the prediction period
can be expressed by the following Equation (3) by integrating Equation (1).

[0030]

X(t) = xO + kot +§k1t2 +§‘k2t3 +i“k3t4 s (3)
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[0031]

Then, the automatic train driving apparatus 102 calculates a relationship
between a position and a speed when the speed of the vehicle 10 coincides with a speed
indicated by the target speed transition pattern B1 at a position of the vehicle 10 in the
prediction period as calculation processing of a first control transition pattern C1.
Specifically, if the current speed of the vehicle 10 is set as vy, the current acceleration of
the vehicle 10 is set as a, the speed of the vehicle 10 at a time t is represented as v(t),
and the acceleration of the vehicle 10 at the time t is represented as a(t), the following
Equations (4) and (5) are obtained.

[0032]

v(0)

v+ (4)
[0033]

a(0) = ag - (5)

[0034]

In addition, the speed and the acceleration in the prediction period are shown in
the following Equations (6) and (7).

[0035]

v(T) = v (6)
[0036]

[0037]

v, is the speed in the target speed transition pattern B1 corresponding to the
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predicted position of the vehicle 10 in the prediction period. In addition, since the target
speed transition pattern B1 is a uniform speed and the acceleration is zero, a(T) is zero.

Then, the following Equations (8) to (11) are obtained by substituting Equation
(4) to Equation (7) into Equation (1) and Equation (2).

[0038]
v(0) = ko = vp - (8)

[0039]
v(T) = ko + k;T + k,T? + kT3 = v, -+ (9)
[0040]
a(0) =k, = ay--- (10)
[0041]
a(T) = ky + 2k, T + 3ksT? - (11)

[0042]

Then, the automatic train driving apparatus 102 calculates k, to k3 by solving
simultaneous equations shown in Equation (8) to Equation (11). Then, the automatic
train driving apparatus 102 calculates the first control transition pattern C1 by
substituting ko to ks into Equation (3).

[0043]

In addition, the automatic train driving apparatus 102 calculates a relationship
between a position and a speed when the speed of the vehicle 10 coincides with a speed
indicated by the target speed transition pattern B2 at a position of the vehicle 10 after the

prediction period of T seconds as deriving processing of the second control transition
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pattern C2 shown by a position (distance) with respect to a current position which is
obtained by integrating the polynomial shown by Equation (1). Specifically, the target
speed transition pattern B2 is set to be a curve which satisfies the following Equation
(12), the current speed of the vehicle 10 is represented as vy, the current acceleration of
the vehicle 10 is represented as ay, the speed of the vehicle 10 at a time t is represented as

v(t), and the acceleration of the vehicle 10 at the time t is represented as a(t).

[0044]
x(t) = xp — [v(£)* + (28)] - (12)
[0045]
In this case, the following Equations (13) and (14) are obtained.
[0046]

v(0) = vy -+ (13)
[0047]
a(0) = aqp -+ (14)

[0048]

In addition, the acceleration a(T) and the position x(T) in the prediction period
are represented by the following Equations (15) and (16).

[0049]

a(T) = = - (15)

[0050]

x(T) = xp — [v(T)? + (2B)] -+ (16)
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[0051]

—B is the deceleration § in the target speed transition pattern B1 corresponding to
the predicted position of the vehicle 10 in the predicted period. In addition, the target
speed transition pattern B1 is a curve satisfying Equation (12), and thus the position of
the vehicle 10 is represented by Equation (16).

Then, the following Equations (17) to (20) are obtained by substituting Equation
(13) and Equation (14) into Equation (1), Equation (15) into Equation (2), and Equation
(16) into Equation (3).

[0052]
v(0) = ko = vy - (17)
[0053]
a(0) =k, = ay- (18)
[0054]
a(T) = ky + 2k,T + 3ksT? = = - (19)
[0035]
x(T) = xo + koT +2kyT? + 2k T? + = ke T
= x, — [(ko + kyT + ko T2 + ksT3)2 = (28)] - (20)

[0056]

Then, the automatic train driving apparatus 102 calculates ko to k3 by solving
simultancous equations shown in Equation (17) to Equation (20).  Then, the automatic
train driving apparatus 102 calculates a second control transition pattern C2 by

substituting ko to k3 into Equation (3).
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The speed control unit 104 repeatedly calculates the coefficient described above
every period shorter than the predicting period T. For example, the speed control unit
104 repeatedly calculates the coefficient of a polynomial every 100 milliseconds when
the prediction period T is S seconds.

The calculation processing of the control transition patterns (C1 and C2) is
ended by the above processing.

Next, the upper speed limit target speed generation unit 105 calculates an
acceleration ax until the speed of the vehicle 10 reaches a speed indicated by the first
control transition pattern C1 at the position of a next timing (after 100 milliseconds) on
the basis of a relationship between a position and a speed indicated by the first control
transition pattern C1. In addition, the deceleration target speed generation unit 106
calculates an acceleration ay until the speed of the vehicle 10 reaches a speed indicated
by the second control transition pattern C2 corresponding to the position of a next timing
(after 100 milliseconds) on the basis of a relationship between a position and a speed
indicated by the second control transition pattern C2. Then, the minimum value
selection unit 107 compares the calculated acceleration ax with the calculated
acceleration ay and outputs the smaller value.

[0057]

Next, processing performed by the automatic train driving apparatus 102
according to the first embodiment will be described.

Fig. 3 is a diagram which shows an example of the processing flow of the
automatic train driving apparatus 102 according to the first embodiment.

[0058]
While the vehicle 10 travels, the upper speed limit target speed generation unit

105 of the speed control unit 104 acquires a speed from the speed indicator 101.  In
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addition, while the vehicle 10 travels, the ATP device 20 acquires information which
includes information showing a corresponding relationship between a position and an
upper speed limit at the position and the position of the ATP track antenna from the ATP
track antenna when the ATP device 20 passes immediately above the ATP track antenna.
The ATP device 20 transmits the acquired information to the upper speed limit target
speed generation unit 105.  The upper speed limit target speed generation unit 105
calculates a current position from a cumulative value of speed based on the acquired
position of the ATP track antenna. Then, the upper speed limit target speed generation
unit 105 generates the command speed transition pattern Al in Fig. 2 which is a part of
the ATP pattern A indicating a speed at each time from the present to a time after the
prediction period T elapses on the basis of the information indicating a corresponding
relationship between a position and an upper speed limit and the current position (step
S1).

[0059]

The upper speed limit target speed generation unit 105 generates the target speed
transition pattern B1 which is a part of the target speed transition pattern B slower than
the speed in each position of the command speed transition pattern A1 (step S2). The
upper speed limit target speed generation unit 105 generates, for example, the target
speed transition pattern B1 having a speed that is 5 kilometers per hour slower than the
speed at each position of the command speed transition pattern Al.

The upper speed limit target speed generation unit 105 calculates the coefficients
ko to k3 when the speed of the vehicle 10 smoothly connects to the target speed transition
pattern Bl after the elapse of the prediction period of T seconds, and derives a
polynomial indicating the first control transition pattern C1 (step S3). For example, if

the speed v(t) is represented by a polynomial of a cubic function expressed by Equation
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(1), the upper speed limit target speed generation unit 105 receives a previously
calculated target acceleration (initially zero) output by the minimum value selection unit
107 and performs an operation as shown in Equation (1), Equation (2), and Equation (4)
to Equation (11) described above. Then, the upper speed limit target speed generation
unit 105 calculates the coefficient of kg to ks by solving simultaneous equations of
Equation (8) to Equation (11).

The upper speed limit target speed generation unit 105 calculates a coetticient
for deriving the acceleration al by the processing of step S3.  The upper speed limit
target speed generation unit 105 outputs the calculated acceleration al to the minimum
value selection unit 107.

[0060]

In addition, while the vehicle 10 travels, the deceleration target speed generation
unit 106 acquires the speed v from the speed indicator 101.  Moreover, while the vehicle
10 travels, the ATP device 20 acquires information including information on a
corresponding relationship between the position of the ATP track antenna and the
deceleration P from the ATP track antenna when passing immediately above the ATP
track antenna. The ATP device 20 transmits the acquired information to the deceleration
target speed generation unit 106. The deceleration target speed generation unit 106
calculates a current position from a cumulative value of speed based on the acquired
position of the ATP track antenna. Then, the deceleration target speed generation unit
106 generates the command speed transition pattern A2 based on the information on a
corresponding relationship between the position of the ATP track antenna and the
deceleration B and the current position (step S4). The command speed transition pattern
A2 is a part of the ATP pattern A indicating the corresponding relationship between the

position and the deceleration B based on the current position as shown in Fig. 2. For
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example, the deceleration target speed generation unit 106 acquires information including
Equation (12) showing the relationship between the position and the deceleration § and
the target deceleration completion position X, as the information on the corresponding
relationship between the position and the deceleration B.  Then, the deceleration target
speed generation unit 106 calculates the target deceleration completion position x, based
on the current position and generates Equation (12) as the command speed transition
pattern A2.

[0061]

The deceleration target speed generation unit 106 generates the target speed
transition pattern B2 which is a part of the target speed transition pattern B on the basis
of a speed at each position of the command speed transition pattern A2 in Fig. 2 (step S5).
The deceleration target speed generation unit 106 generates, for example, the target speed
transition pattern B2 having a speed that is 5 kilometers per hour slower than the speed at
each position of the command speed transition pattern A2.

The deceleration target speed generation unit 106 derives a polynomial
indicating the second control transition pattern C2 which smoothly connects to the target
speed transition pattern B2 after the prediction period of T seconds elapses (step S6).

For example, if the speed v(t) is represented by the polynomial of a cubic function
expressed by Equation (1), the deceleration target speed generation unit 106 receives the
previously calculated target acceleration output by the minimum value selection unit 107
and performs an operation as shown in Equation (1) to Equation (3) and Equation (13) to
Equation (20) described above. Then, the deceleration target speed generation unit 106
calculates the coefficients of ko to ks by solving simultaneous equations of Equation (17)
to Equation (20).

The deceleration target speed generation unit 106 calculates an acceleration



10

15

20

25

CA 02973667 2017-07-12

25

using the processing of step S6. The deceleration target speed generation unit 106
outputs the calculated acceleration to the minimum value selection unit 107.
[0062]

The minimum value selection unit 107 receives the acceleration calculated by
the upper speed limit target speed generation unit 105 and the acceleration calculated by
the deceleration target speed generation unit 106.  The minimum value selection unit
107 compares the magnitudes of the two received accelerations. The minimum value
selection unit 107 sets the smallest one of the compared accelerations as a target
acceleration ao (a target value of a current acceleration), and outputs the target
acceleration ao to the upper speed limit target speed generation unit 105, the deceleration
target speed generation unit 106, and the mass multiplication unit 108 (step S7). The
minimum value selection unit 107 outputs zero as an initial value.

[0063]

The mass multiplication unit 108 receives the target acceleration ao from the
minimum value selection unit 107. The mass multiplication unit 108 multiplies the
received target acceleration ao by the predetermined mass of the vehicle 10 (step S8). A
result of the multiplication performed by the mass multiplication unit 108 shows the
traction force pwr.

The mass multiplication unit 108 outputs the traction force pwr to the traction
force restriction unit 109.

[0064]

The traction force restriction unit 109 receives the traction force pwr from the
mass multiplication unit 108. The traction force restriction unit 109 restricts the traction
force input in a range between an upper limit and a lower limit determined on the basis of

the performance of a motor (step S9).  Specifically, the traction force restriction unit
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109 compares the traction force pwr input from the mass multiplication unit 108 and the
upper and lower limits showing the range of the traction force determined on the basis of
the performance of a motor.  Then, the traction force restriction unit 109 restricts the
traction force pwr so that the traction force falls below the upper limit and exceeds the
lower limit when the input traction force pwr exceeds the upper limit.  In addition, the
traction force restriction unit 109 restricts the traction force pwr so that the traction force
pwr exceeds the lower limit and falls below the upper limit when the input traction force
pwr falls below the lower limit of the traction force pwr. The traction force restriction
unit 109 outputs the restricted traction force pwr to the motor command generation unit
110.
[0065]

The motor command generation unit 110 receives a traction force pwr from the
traction force restriction unit 109. The motor command generation unit 110 generates a
motor command of the motor 103 on the basis of the input traction force pwr. For
example, the motor command generation unit 110 generates a motor command for
realizing torque corresponding to the traction force pwr input by the motor 103 (step
S10).

The motor command gencration unit 110 outputs the gencrated motor command
to the motor 103 (step S11).

[0066]

The motor 103 receives a motor command from the motor command generation
unit 110. The motor 103 operates on the basis of the input motor command.

Here, the motor command received by the motor 103 from the motor command
generation unit 110 is a motor command generated on the basis of the polynomial

indicating a smaller value selected from a polynomial indicating the first control
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transition pattern C1 and a polynomial indicating the second control transition pattern C2.
The polynomial indicating the first control transition pattern C1 is a polynomial
indicating a pattern smoothly connecting to the target speed transition pattern B1 when
the prediction period of T seconds elapses as shown in Fig. 2. In addition, the
polynomial indicating the second control transition pattern C2 is a polynomial indicating
a pattern smoothly connecting to the target speed transition pattern B2 when the
prediction period of T seconds elapses as shown in Fig. 2.  Due to this motor command,
an abrupt acceleration of the vehicle 10 is less likely to happen and the riding comfort
improves. In addition, the target speed transition pattern B1 or B2 corresponding to the
motor command is a curve showing the fastest possiblc speed v(t) by improving safety
with a slow speed so that an emergency brake is not applied to the ATP pattern A.  For
this reason, the traveling time of the vehicle 10 is not likely to be delayed. In addition,
the automatic train driving apparatus 102 generates a motor command by predicting a
situation after the elapse of the prediction period T. Therefore, the vehicle 10 is
unlikely to go too fast due to a control delay with respect to the motor 103 and a speed
tracking accuracy improves.

[0067]

The processing performed by the automatic train driving apparatus 102
according to first embodiment of the present invention has been described above. In the
automatic train driving apparatus 102 described above, when the ATP device 20 receives
a notification that the vehicle 10 has approached a stop limit position from the ATP track
antenna, the speed control unit 104 controls the speed deceleration of the vehicle 10
using the braking force of the regenerative brake in accordance with the speed of the
vehicle 10 based on the target speed transition pattern B.  The target speed transition

pattern B is a pattern calculated using the brake force characteristic of the regenerative
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brake in the brake force characteristic indicating a relationship between the speed of the
vehicle 10 and the decreasing speed thereof per unit time when the speed of the vehicle
10 is controlled in a deceleration manner with the maximum brake force of the
regenerative brake. The speed control unit 104 controls deceleration in the speed of the
vehicle 10 using braking means such as a mechanical brake rather than the regenerative
brake when the speed of the vehicle 10 reaches a speed before the upper speed limit is
reached.

Moreover, the speed control unit 104 acquires the upper speed limit vl from the
ATP device 20. The speed control unit 104 calculates the target speed transition pattern
B of a speed lower than the acquired upper speed limit vl. Then, the speed control unit
104 calculates the control transition pattern B of the vehicle 10 at each processing cycle
time shorter than a time until a target time so that a train speed coincides with the target
speed transition pattern B after a predetermined target time based on a current time.

The speed control unit 104 determines the acceleration of the vehicle 10 at a next timing
on the basis of the calculated result.

In addition, the speed control unit 104 calculates a first target speed transition
pattern B1 of travel at a fixed speed as the target speed transition pattern B lower than the
upper speed limit vl. The speed control unit 104 calculates the second target speed
transition pattern B2 of travel toward a stop limit position in a deceleration manner as a
target speed transition pattern lower than the upper limit of the target speed transition
pattern B1.  The speed control unit 104 calculates the first target speed transition pattern
of the vehicle 10 at a next timing when the train speed coincides with the first target
speed transition pattern B1 after a predetermined target time based on a current time.
The speed control unit 104 calculates the second target speed transition pattern of the

vehicle 10 at a next timing when the train speed coincides with the second target speed
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transition pattern B2 after a predetermined time based on a current time.  Then, the
speed control unit 104 compares the accelerations of the first control transition pattern
and the second control transition pattern in a next control step. The speed control unit
104 sets the lower acceleration as the acceleration of the vehicle 10.

In addition, the speed control unit 104 calculates effective torque on the basis of
the acceleration of the vehicle 10 and the mass of the vehicle 10.

In addition, the speed control unit 104 controls the speed of the vehicle 10 using
at least one of braking means other than the regenerative brake and the regenerative
brake when the acceleration is a negative acceleration.

In addition, the speed control unit 104 acquires information on the upper speed
limit v1 and the deceleration B from the ATP device 20. The speed control unit 104
calculates a current position on the basis of the acquired information on the upper speed
limit v1 and the deceleration p.

In this manner, the vehicle 10 operates according to a motor command generated
on the basis of a polynomial indicating the smaller value among the polynomial
indicating the first control transition pattern C1 and the polynomial indicating the second
control transition pattern C2.  The polynomial indicating the first control transition
pattern C1 is a polynomial indicating a pattern smoothly connecting to the target speed
transition pattern B1 at the time when the prediction period of T seconds elapses. In
addition, the polynomial indicating the second control transition pattern C2 is a
polynomial indicating a pattern smoothly connecting the target speed transition pattern
B2 at the time when the prediction period of T seconds elapses.  For this reason, an
abrupt acceleration is less likely to occur and the riding comfort of the vehicle 10
improves. Moreover, the vehicle 10 operates according to a motor command generated

on the basis of the target speed transition pattern B indicating the fastest possible speed
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v(t) possible by improving safety with a slow speed so that an emergency brake is not
applied to the vehicle having the ATP pattern A.  Therefore, the traveling time of the
vehicle 10 is not likely to be delayed. In addition, the vehicle 10 operates according to
a motor command generated by the automatic train driving apparatus 102 by predicting a
situation after the prediction period of T seconds elapses. For this reason, the vehicle 10
is unlikely to go too fast due to a control delay with respect to the motor 103, and has an
improved speed tracking accuracy.

[0068]

<Second embodiment>

Next, a vehicle 10a according to the second embodiment of the present
invention will be described.

Fig. 4 is a diagram which shows an example of the vehicle 10a according to the
second embodiment of the present invention.

As shown in Fig. 4, the vehicle 10a according to the second embodiment
includes a speed indicator 101, an automatic train driving apparatus 102a, a motor 103,
and an ATP device 20.

The vehicle 10a according to the second embodiment is different from the
vehicle 10 according to the first embodiment in that a speed control unit 104a according
to the second embodiment includes a regenerative brake target speed generation unit 111.
In addition, the vehicle 10a according to the second embodiment is different from the
vehicle 10 according to the first embodiment in that a minimum value selection unit 107a
according to the second embodiment outputs the smallest one among accelerations
calculated by the upper speed limit target speed generation unit 105, the deceleration
target speed generation unit 106, and the regenerative brake target speed generation unit

111.
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[0069]

The automatic train driving apparatus 102a includes a speed control unit 104a.

The speed control unit 104a includes an upper speed limit target speed
generation unit 105, a deceleration target speed generation unit 106, a minimum value
selection unit 107a, a mass multiplication unit 108, a traction force restriction unit 109, a
motor command generation unit 110, and a regenerative brake target speed generation
unit 111,

The regenerative brake target speed generation unit 111 calculates an
acceleration a3 of the vehicle 10a on the basis of a speed v, a deceleration B, a position, a
previously calculated target acceleration, and information on the motor 103.

The minimum value selection unit 107a compares an acceleration al calculated
by the upper speed limit target speed generation unit 103, an acceleration a2 calculated
by the deceleration target speed generation unit 106, and an acceleration a3 calculated by
the regenerative brake target speed generation unit 111.  The minimum value selection
unit 107a outputs the smallest acceleration.

With each of the functional units including the upper speed limit target speed
generation unit 105, the deceleration target speed generation unit 106, the minimum
value selection unit 107, the mass multiplication unit 108, the traction force restriction
unit 109, the motor command generation unit 110, and the regenerative brake target
speed generation unit 111, the speed control unit 104a controls the deceleration of the
speed of the vehicle 10a using the braking force of the regenerative brake in accordance
with the speed of the vehicle 10a based on the ideal target speed transition pattern B
when the ATP device 20 receives a notification indicating that the vehicle 10a has
approached the stop limit position from the ATP track antenna and the vehicle 10a travels

at a speed equal to or higher than a brake force characteristic decreasing speed at which
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the brake force of the regenerative brake decreases in the brake force characteristic
indicating a relationship between the speed of the vehicle 10a and the decreasing speed
thereof per unit time when the speed of the vehicle 10a is controlled in a deceleration
manner with the maximum brake force of the regenerative brake. The ideal target speed
transition pattern B is calculated using the brake force characteristic of the regenerative
brake in accordance with the speed of the vehicle 10a.
[0070]

Next, the characteristics of a regenerative brake of a general motor will be
described.

Fig. 5 is a diagram which shows an example of the characteristics of a
regenerative brake ol a general motor.

The horizontal axis of Fig. 5 represents speed v, and the vertical axis represents
a deceleration P at a corresponding speed.  As shown in Fig. 5, when a general motor
exceeds a certain speed vy, the deceleration 3 (a rate of decrease in speed per unit time)
per unit time decreases when braking is applied with a maximum force.
[0071]

Next, the target speed transition pattern B generated by the automatic train
driving apparatus 102a according to the second embodiment of the present invention will

be described.

Fig. 6 is a diagram which shows an example of the target speed transition pattern
B generated by the automatic train driving apparatus 102a.

The horizontal axis of Fig. 6 represents a position x on a trajectory based on the
current position of the train, and the vertical axis represents the speed v of the vehicle at
the position x. In addition, xy indicates a deceleration completion position which the

ATP device 20 receives from the ATP track antenna. For example, the deceleration
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completion position Xy is a position before a predetermined distance from the end of a

train traveling forward when the train is congested, a position before a stop indication

signal, or the like.

[0072]

A command speed transition pattern Al, a command speed transition pattern A2,
a target speed transition pattern B1, and a target speed transition pattern B2 shown in Fig,
6 are the same as in Fig. 2.

A target speed transition pattern B3 shown in Fig. 6 indicates the speed at each
position on the trajectory based on the current position of the train that is slower than the
command speed transition pattern Al and the command speed transition pattern A2,
Here, the target speed transition pattern B3 is a pattern newly calculated by replacing the
deceleration J of a portion equal to or higher than the speed vy in the speed transition
pattern A2 with a deceleration ; based on a fact that the deceleration B, of a case in
which the speed of the vehicle 10 is a speed equal to or higher than the speed vy falls
more than a deceleration Py of a case in which the speed of the vehicle 10a is a speed
lower than the speed vi. The target speed transition pattern B3 is one of ideal target
speed patterns which can be tracked at the speed of the vehicle !0a using the braking
force of only the regenerative brake calculated usjng the brake force characteristic of the
regenerative brake. The target speed transition pattern B includes the target speed
transition pattern B3 and indicates the target speed transition patterns (B1 to B3). If the
speed of the vehicle 10a is controlled on the basis of the target speed transition pattern B,
even when the vehicle 10a travels at a fast speed equal to or higher than vy, it is possible
to cause the speed of the vehicle 10a to track the target speed transition pattern B using
the braking force of only the regenerative brake. A traveling section of the vehicle 10a

calculated when the vehicle travels in the target speed transition pattern B3 is referred to
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as a deceleration falling section P.

Here, the deceleration 3=, can be approximated as the following Equation (21).

[0073]

B =Py =Av(t) + B (21)

[0074]
Therefore, an acceleration a(T) can be expressed by the following Equation (22)
by substituting Equation (21) into Equation (15).

[0075]

a(T) = —Av(T) — B+ (22)

[0076]

[n addition, the position x(T) of the vehicle 10a after the prediction period of T
seconds elapses can be represented by the following Equation (23) obtained by
substituting Equation (21) into Equation (16).

[0077]

x(T) = xp — [v(T)? + 2(Av(T) + B)] -+ (23)

[0078]

Moreover, if the current speed of the vehicle 10a is set to v, the current
acceleration of the vehicle 10a is set to ao, the speed of the vehicle 10a at the time t is
represented as v(t), and the acceleration of the vehicle 10a at the time t is represented as
a(t), the following Equations (24) and (25) are obtained.

[0079]

U(O) = Vg (24)
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[0080]

a(0) = ag - (25)

[0081]

The regenerative brake target speed generation unit 111 calculates coefficients of
ko to ks by solving simultancous equations of Equation (22) to Equation (25). Then, the
regenerative brake target speed generation unit 111 calculates a third control transition
pattern C3 by substituting k, to ks into Equation (3).

The deceleration B in the example described above is obtained by a linear
approximation as shown in Equation (21), but a complex equation may also be used as
the deceleration p.

[0082]

Next, processing performed by the automatic train driving apparatus 102a
according to the second embodiment will be described.

Fig. 7 is a diagram which shows an example of the processing flow of the
automatic train driving apparatus 102a according to the second embodiment.

[0083]

Processing of the speed control unit 104a according to the second embodiment is
different from the processing of the speed control unit 104 according to the first
embodiment in that the regenerative brake target speed generation unit 111 performs
processing of step S12 to step S14 and the minimum value selection unit 107a performs
processing of step S7a.

Here, the processing of step S12 to step S14 and processing of step S7a will be
described.

[0084]
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The regenerative brake target speed generation unit 111 generates the target
speed transition pattern Bl and the target speed transition pattern B2 shown in Fig. 2 in
the same manner as the upper speed limit target speed generation unit 105 and the
deceleration target speed generation unit 106 (step S12).  The regenerative brake target
speed generation unit 111 may acquire the target speed transition pattern B1 from the
upper speed limit target speed generation unit 1035, and acquire the target speed transition
pattern B2 from the deceleration target speed generation unit 106.

The regenerative brake target speed generation unit 111 acquires information on
the deceleration 3 from the motor 103 (step S13).

The regenerative brake target speed generation unit 111 generates the target
speed transition pattern B3 smoothly connecting to the target speed transition pattern B1
and the target speed transition pattern B2 after the prediction period of T seconds elapses
(step S14). For example, the regenerative brake target speed generation unit 111
substitutes the acquired deceleration B into Equation (15) and Equation (16), and
calculates the acceleration a(T) and the position X(T) after the prediction period of T
seconds elapses. For example, when the deceleration B is represented by Equation (21),
the regenerative brake target speed generation unit 111 calculates the acceleration a(T)
after the prediction period of T seconds elapses as shown in Equation (22). The
regenerative brake target speed generation unit 111 calculates the position x(T) after the
prediction period of T seconds elapses as shown in Equation (23). The regenerative
brake target speed generation unit 111 calculates the current speed v(0) as shown in
Equation (24). The regenerative brake target speed generation unit 111 calculates the
acceleration a(0) as shown in Equation (25). The regenerative brake target speed
generation unit 111 calculates the coefficients of k¢ to ki by solving simultaneous

equations of Equation (22) to [:quation (25).
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The regenerative brake target speed generation unit 111 derives a polynomial
indicating the target speed transition pattern B3 using the processing of step S14. The
regenerative brake target speed generation unit 111 calculates an acceleration using the
processing of step S14. The regenerative brake target speed generation unit 111 outputs the
calculated acceleration to the minimum value selection unit 107a. The regenerative brake
target speed generation unit 111 derives a polynomial indicating the third control transition
pattern C3 by substituting kg to k3 into Equation (3) (step S15).

[0085]

The minimum value selection unit 107a receives an acceleration calculated by the
upper speed limit target speed generation unit 105, an acceleration calculated by the
deceleration target speed generation unit 106, and an acceleration calculated by the target
speed generation unit 111. The minimum value selection unit 107a compares the magnitudes
of the three input accelerations when the prediction period T elapses. The minimum value
selection unit 107a selects the smallest acceleration among the compared accelerations as a
target acceleration ao (a target value of a current acceleration) and outputs the target
acceleration ao to the upper speed limit target speed generation unit 105, the deceleration
target speed generation unit 106, the mass multiplication unit 108, and the regenerative brake
target speed generation unit 111 (step S7a). The minimum value selection unit 107 outputs
zero as an initial value.

[0086]

The processing performed by the automatic train driving apparatus 102a according to

the second embodiment of the present invention has been described. In the automatic train
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driving apparatus 102a described above, the regenerative brake target speed generation unit
111 calculates the acceleration of the vehicle 10a on the basis of the speed v, the deceleration
B, a position, a previously calculated target acceleration, and information on a regenerative
brake of the motor 103. The minimum value selection unit 107a compares the acceleration
calculated by the upper speed limit target speed generation unit 105, the acceleration
calculated by the deceleration target speed generation unit 106, and the acceleration calculated
by the regenerative brake target speed generation unit 111, and outputs the.smallest
acceleration. Then, with each of the functional units including the upper speed limit target
speed generation unit 105, the deceleration target speed generation unit 106, the minimum
value selection unit 107a, the mass multiplication unit 108, the traction force restriction unit
109, the motor command generation unit 110, and the regenerative brake target speed
generation unit 111, the speed control unit 104a controls the deceleration of the speed of the
vehicle 10a using the braking force of the regenerative brake in accordance with the speed of
the vehicle 10a based on the ideal target speed transition pattern B when the ATP device 20
receives a notification indicating that the vehicle 10a has approached the stop limit position
from the ATP track antenna and the vehicle 10a travels at a speed equal to or faster than a
brake force characteristic decreasing speed at which the brake force characteristic of the
regenerative brake decreases by having the brake force characteristic decreasing speed or
higher in the brake force characteristic indicating a relationship between the speed of the
vehicle 10a and the decreasing speed thereof per unit time when the speed of the vehicle 10a
is controlled in a deceleration manner with the maximum brake force of the regenerative

brake. The ideal target speed transition pattern B is calculated using the brake force
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characteristic of the regenerative brake in accordance with the speed of the vehicle 10a.

In this manner, the vehicle 10a operates according to a motor command generated on
the basis of the polynomial indicating the smallest value among the polynomial indicating the
first control transition pattern C1 smoothly connecting to the target speed transition pattern Bl
after the prediction period of T seconds elapses, the polynomial indicating the second control
transition pattern C2 smoothly connecting to the target speed transition pattern B2, and the
polynomial indicating the third control transition pattern C3 smoothly connecting to the target
speed transition pattern B3 using only the regenerative brake of the motor 103. For this
reason, the abrupt acceleration is less likely to occur and the riding comfort of the vehicle 10
improves. In addition, the vehicle 10a operates according to a motor command generated on
the basis of the target speed transition pattern B indicating the fastest possible speed v(t) by
improving safety with a slow speed so that an emergency brake is not applied to the ATP
pattern A using only the regenerative brake of the motor 103. Therefore, t};e traveling time of
the vehicle 10a is not easily delayed. In addition, the vehicle 10a operates according to a
motor command generated by the automatic train driving apparatus 102a by predicting a
situation after the prediction period of T seconds elapses using only the regenerative brake of
the motor 103. Accordingly, the vehicle 10a is unlikely to go too fast due to a control delay
with respect to the motor 103, and has an improved speed tracking accuracy.

[0087] |
<Third embodiment>

Next, a vehicle 10b according to a third embodiment of the present invention will be

described.
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Fig. 8 is a diagram which shows an example of the vehicle 10b according to the third
embodiment of the present invention.

As shown in Fig. 8, the vehicle 10b according to the third embodiment includes a
speed indicator 101, an automatic train driving apparatus 102b, a motor 103, and an ATP
device 20.

[0088]

The vehicle 10b according to the third embodiment is different from the vehicle 10a
according to the second embodiment in that the automatic train driving apparatus 102b
according to the third embodiment includes a disturbance estimation unit 112.

The automatic train driving apparatus 102b includes a speed control unit 104a and the
disturbance estimation unit 112.

The disturbance estimation unit 112 estimates an estimated running resistance b,
which is an estimate of running resistance ¢, on the basis of speed and effective torque which
indicates torque actually generated by the motor 103. The disturbance estimation unit 112
outputs the estimated running resistance b to the traction force restriction unit 109.

[0089]

Next, a disturbance estimation method performed by the disturbance estimation unit
112 according to the third embodiment of the present invention will be described.

The disturbance estimation method performed by the disturbance estimation unit 112
is, for example, a method of calculating using the following Equation (26).

[0090]

(Running resistance) = (Effective torque) - (Current speed - Previous speed) / AT x

CA 2973667 2018-11-02



10

15

20

84029658

41
(Vehicle mass) ... (26)
[0091]

The disturbance estimation unit 112 acquires the effective torque from the motor 103.
The disturbance estimation unit 112 acquires a speed from the speed indiczgltor 101 at a cycle
of a minute time AT. The disturbance estimation unit 112 calculates the estimated running
resistance b by subtracting a value obtained by dividing the speed change during the minute
time AT by the minute time AT and multiplying the result by the vehicle mass from the
effective torque using Equation (26). The disturbance estimation unit 112 cancels a
disturbance using the estimated running resistance b.

[0092]

Next, processing performed by the automatic train driving apparatus 102b according
to the third embodiment will be described.

Fig. 9 is a diagram which shows an example of the processing flow of the automatic
train driving apparatus 102b according to the third embodiment.

[0093]

The processing performed by the automatic train driving apparatus 102b according to
the third embodiment is different from the processing of the automatic train driving apparatus
102a according to the second embodiment in that the disturbance estimation unit 112 performs
the processing of step S16 and step S17, the traction force restriction unit 109 performs the
processing of step S9a, and the motor command generation unit 110 performs the processing
of step S10a.

Here, only the processing of step S16, step S17, step S9a, and step S10a will be
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described.
[0094]

The mass multiplication unit 108 multiplies the input target acceleration ao by the
mass of the vehicle 10b in processing of step S8. The result of the multiplication performed
by the mass multiplication unit 108 shows the traction force pwr.

The mass multiplication unit 108 outputs the traction force pwr to the traction force
restriction unit 109.

[0095]

The disturbance estimation unit 112 calculates the estimated running resistance b on
the basis of a speed and effective torque which indicates torque actually generated by the
motor 103 (step S16). The disturbance estimation unit 112 outputs the estimated running
resistance b to the traction force restriction unit 109.

[0096]

The traction force restriction unit 109 receives the traction force pwr from the mass
multiplication unit 108. The traction force restriction unit 109 receives the estimated running
resistance b from the disturbance estimation unit 112. The traction force restriction unit 109
adds the disturbance c, the traction force pwr, and the estimated running resistance b. Due to
the addition performed by the traction force restriction unit 109, the disturbance is canceled by
the estimated running resistance b (step S17). The traction force restriction unit 109 restricts
the traction force pwr in the range between the upper limit and the lower limit determined
based on the performance of a motor (step S9a). The traction force restriction unit 109

outputs the traction force pwr to the motor command generation unit 110.
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The motor command generation unit 110 receives the traction force pwr from the
traction force restriction unit 109. The motor command generation unit 110 generates a motor
command of the motor 103 on the basis of the input traction force pwr (step S10a).

[0097]
[0098]

The processing performed by the automatic train driving apparatus 102b according to
the third embodiment of the present invention has been described above. In the automatic
train driving apparatus 102b described above, the disturbance estimation unit 112 produces an
estimated running resistance b on the basis of a speed and the effective torque which indicates
torque actually generated by the motor 103. The motor command generation unit 110
generates a motor command on the basis of the traction force which cancels disturbance using
the estimated running resistance b.

In this manner, the vehicle 10b can accurately correct the disturbance. Therefore, the
speed following performance of the vehicle 10b is improved. In addition, the vehicle 10b can
estimate a control error due to the weight of the vehicle 10b as a part of the disturbance and
cancel it. Tor this reason, the vehicle 10b can reduce the labor and cost of measuring the
weight using a train load sensor and correcting a control error.

[0099]

In the embodiments described above, the automatic train driving apparatuses 102,
102a, and 102b are described as apparatuses which acquire an ATP pattern A from the ATP
device 20, calculate the target speed transition pattern B on the basis of the acquired ATP

pattern A, and calculate a final control transition pattern. However, the automatic train
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driving apparatuses 102, 102a, and 102b are not limited thereto. For example, the ATP device
20 may receive the target speed transition pattern B from the ATP track antenna. The ATP
device 20 may transmit the target speed transition pattern B received from the ATP track
antenna to the automatic train driving apparatuses 102. 102a, and 102b. In this case, the
automatic train driving apparatuses 102, 102a, and 102b may be apparatuses which can
acquire the target speed transition pattern B from the ATP device 20.
[0100]

A processing flow in one embodiment of the present invention may have a
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changed order of processing in a range in which appropriate processing is performed.

[0101]

The embodiments of the present invention have been described, and the speed
control units 104 and 104a, the automatic train driving apparatuses 102, 102a, and 102b,
and the ATP device 20 described above have a computer system therein. In this case, a
process of the processing described above is stored in a computer-readable recording
medium in a program form, and the processing is performed by reading and executing
the program by a computer. Here, the computer-readable recording medium is a
magnetic disk, a magneto-optical disc, a CD-ROM, a DVD-ROM, a semiconductor
memory, and the like. In addition, this computer program may be delivered to a
computer through a communication line, and the computer which receives this delivery
may execute this program.

[0102]

Moreover, the program may realize a portion of the functions described above.
Furthermore, the program may also be a file, a so-called difference file (difference
program), which can realize the functions described above in combination with a
program recorded in a computer system.

[0103]

Some embodiments of the present invention have been described, but these
embodiments are examples and do not limit the scope of the invention.  Various
omissions, replacements, and changes may be made in these embodiments in a range not

departing from the gist of the invention.

[Industrial Applicability]

[0104]
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According to the automatic train driving apparatus, the automatic train control

method, and the program described above, it is possible to improve the riding comfort of

an automatic train and to shorten a traveling time.

[Reference Signs List]
[0105]
10, 10a, 10b Vehicle
20 Automatic train protection (ATP) device
101 Speed indicator
102, 102a, 102b Automatic train driving apparatus
103 Motor
104, 104a Speed control unit
105 Upper speed limit target speed generation unit
106 Deceleration target speed generation unit
107, 107a Minimum value selection unit
108 Mass multiplication unit
109 Traction force restriction unit
110 Motor command generation unit
111 Regenerative brake target speed generation unit

112 Disturbance estimation unit
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CLAIMS:

[Claim 1]
An automatic train driving apparatus provided in a vehicle comprising:
a speed control unit that is configured to:
acquire an upper speed limit from an ATP device, the upper speed limit being a
speed at which a mechanical brake is used for braking operation;
calculate a target speed pattern of the vehicle including a first target speed
pattern, a second target speed pattern, and a third target speed pattern,
the first target speed pattern indicating a relationship between a position of
the vehicle and a speed of the vehicle at each position when traveling at a fixed speed,
and being lower than the upper speed limit,
the second target speed pattern indicating a relationship between a position
of the vehicle and a speed of the vehicle at each position when a decrease of a speed of
the vehicle toward a stop limit position is operated by the maximum braking of only a
regenerative brake, and being lower than the upper speed limit,
the third target speed pattern indicating a relationship between a position of
the vehicle and a speed of the vehicle at each position when a decrease of a speed of the
vehicle is operated by only the regenerative brake at a speed equal or higher than a
speed at which a braking force of the regenerative brake decreases, intersecting with the
first target speed pattern and the second target speed pattern, and being lower than the
upper speed limit;
calculate a first control transition pattern of the vehicle, a second control
transition pattern of the vehicle, and a third control transition pattern of the vehicle,
the first control transition pattern indicating a relationship between a
position of the vehicle and a speed of the vehicle at each position so as to coincide the
speed of the vehicle with a speed of the vehicle of the first target speed pattern at a time
after the elapse of a predetermined first time passing from a current time,
the second control transition pattern indicating a relationship between a
position of the vehicle and a speed of the vehicle at each position so as to coincide the
speed of the vehicle with a speed of the vehicle of the second target speed pattern at a
time after the elapse of the predetermined second time passing from the current time,
the third control transition pattern indicating a relationship between a
position of the vehicle and a speed of the vehicle at each position so as to coincide the
speed of the vehicle with a speed of the vehicle of the third target speed pattern at a time
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after the elapse of a predetermined third time passing from the current time;

calculate a first acceleration of the vehicle of when a predetermined time
elapses from the current time, on the basis of the relationship between a position of the
vehicle and a speed of the vehicle at each position indicated by the first control
transition pattern;

calculate a second acceleration of the vehicle of when a predetermined time
elapses from the current time, on the basis of the relationship between a position of the
vehicle and a speed of the vehicle at each position indicated by the second control
transition pattern;

calculate a third acceleration of the vehicle of when a predetermined time
elapses from the current time, on the basis of the relationship between a position of the
vehicle and a speed of the vehicle at each position indicated by the third control
transition pattern;

compare the first acceleration, the second acceleration, and the third
acceleration, and set the lowest acceleration from among the first acceleration, the
second acceleration, and the third acceleration as the acceleration of the vehicle; and

control a decrease of the speed of the vehicle using braking force of only the
regenerative brake in accordance with the speed of the vehicle based on the calculated
target speed pattern when a notification indicating that the vehicle has approached the
stop limit position is received from the ATP device and when the vehicle travels at a
speed equal to or higher than the speed (vx) at which the braking force of the

regenerative brake decreases.

[Claim 2]

The automatic train driving apparatus according to Claim 1,

wherein the speed control unit is configured to calculate effective torque on the
basis of the acceleration of the vehicle and a mass of the vehicle.

[Claim 3]

The automatic train driving apparatus according to Claim 2,

wherein the speed control unit is configured to control the speed of the vehicle
using at least one of braking means other than the regenerative brake and the
regenerative brake when the acceleration is a negative acceleration.

[Claim 4]
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The automatic train driving apparatus according to Claim 2 or 3, further
comprising:

a disturbance estimation unit that is configured to estimate a running resistance
on the basis of the effective torque and a speed change.

[Claim 5]
An automatic train control method comprising the steps of:
acquiring an upper speed limit from an ATP device, the upper speed limit being
a speed at which a mechanical brake is used for braking operation;
calculating a target speed pattern of the vehicle including a first target speed
pattern, a second target speed pattern, and a third target speed pattern,
the first target speed pattern indicating a relationship between a position of
the vehicle and a speed of the vehicle at each position when traveling at a fixed speed,
and being lower than the upper speed limit,
the second target speed pattern indicating a relationship between a position
of the vehicle and a speed of the vehicle at each position when a decrease of a speed of
the vehicle toward a stop limit position is operated by the maximum braking of only a
regenerative brake, and being lower than the upper speed limit,
the third target speed pattern indicating a relationship between a position of
the vehicle and a speed of the vehicle at each position when a decrease of a speed of the
vehicle is operated by only the regenerative brake at a speed equal or higher than a
speed at which a braking force of the regenerative brake decreases, intersecting with the
first target speed pattern and the second target speed pattern, and being lower than the
upper speed limit;
calculating a first control transition pattern of the vehicle, a second control
transition pattern of the vehicle, a third control transition pattern of the vehicle,
the first control transition pattern indicating a relationship between a
position of the vehicle and a speed of the vehicle at each position so as to coincide the
speed of the vehicle with a speed of the vehicle of the first target speed pattern at a time
after the elapse of a predetermined first time passing from a current time,
the second control transition pattern indicating a relationship between a
position of the vehicle and a speed of the vehicle at each position so as to coincide the
speed of the vehicle with a speed of the vehicle of the second target speed pattern at a
time after the elapse of the predetermined second time passing from the current time,

the third control transition pattern indicating a relationship between a
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position of the vehicle and a speed of the vehicle at each position so as to coincide the
speed of the vehicle with a speed of the vehicle of the third target speed pattern at a time
after the elapse of a predetermined third time passing from the current time;

calculating a first acceleration of the vehicle of when a predetermined time
elapses from the current time, on the basis of the relationship between a position of the
vehicle and a speed of the vehicle at each position indicated by the first control
transition pattern;

calculating a second acceleration of the vehicle of when a predetermined time
elapses from the current time, on the basis of the relationship between a position of the
vehicle and a speed of the vehicle at each position indicated by the second control
transition pattern;

calculating a third acceleration of the vehicle of when a predetermined time
elapses from the current time, on the basis of the relationship between a position of the
vehicle and a speed of the vehicle at each position indicated by the third control
transition pattern;

comparing the first acceleration, the second acceleration, and the third
acceleration, and setting the lowest acceleration from among the first acceleration, the
second acceleration, and the third acceleration as the acceleration of the vehicle; and

controlling decrease of the speed of the vehicle using braking force of only the
regenerative brake in accordance with the speed of the vehicle based on the calculated
target speed pattern when a notification indicating that the vehicle has approached the
stop limit position is received from the ATP device and when the vehicle travels at a
speed equal to or higher than the speed at which the braking force of the regenerative

brake decreases.

[Claim 6]

A computer readable medium comprising computer executable instructions
stored thereon, that when executed causes a computer to execute the method according
to Claim 5.

CA 2973667 2020-03-05
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