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APPARATUS FOR ESTIMATING LATERAL
FORCES OF RAILROAD VEHICLES

The present application is based on, and claims priority
from the Korean Patent Application Number 10-2014-
0009343, filed on Jan. 27, 2014, the disclosure of which is
incorporated by reference herein in its entirety.

BACKGROUND

Field of the Disclosure

The present disclosure relates to an apparatus and a
method for estimating a lateral force of a railroad vehicle.
More specifically, the present disclosure relates to an appa-
ratus and a method for estimating a lateral force applied to
a bogie caused by contact between a wheel and a rail when
a railroad vehicle drives in a curved section.

Discussion of the Related Art

Information on a lateral force applied to a bogie of a
railroad vehicle is a factor to determine the possibility for
derailment of a train. For this reason, the lateral force is one
of key factors to represent the movement of a train while
driving in a curved section.

In addition, the information on a lateral force is used as a
key control factor for active steering control of a railroad
vehicle.

Related arts for measuring a lateral force while in a curved
section are disclosed in Korean Patent Publication No.
10-2013-0055110 (“Tire lateral force estimation method and
device”, hereinafter referred to as “Reference 1) and U.S.
Pat. No. 7,853,412 (“Estimation of wheel rail interaction
forces”, hereinafter referred to as “Reference 27).

Reference 1 discloses a device for detecting a lateral force
applied to a tire of an automotive vehicle. It relates to a
method for detecting a lateral force applied to the tire,
whereby an actual driving test is performed by a vehicle
configured with a plurality of sensors, data on movement of
the vehicle is collected, and the data is applied to a reference
vehicle model and Kalman estimation to calculate a param-
eter of a tire model.

Reference 2 discloses a device for detecting a lateral force
and a normal force applied between a wheel and a rail of a
railroad vehicle. It relates to a method for detecting a lateral
force, by constructing a railroad vehicle as a thirteen degree
of freedom dynamics model, and calculating the lateral force
and the normal force using information obtained from
acceleration sensors installed in the vehicle and a lateral
force and normal force model generated due to contact
between a rail and a wheel.

Reference 1 discloses a method for detecting a lateral
force applied to a tire of an automotive vehicle. However,
the method is difficult to be directly applied to a railroad
vehicle, and has an disadvantage of requiring a complex tire
model.

Furthermore, the technique for detecting a lateral force
using a tire model requires an accuracy of the tire model.
Thus, the estimated value is dependent on accuracy of the
tire model.

In addition, reference 2 discloses a method for detecting
a lateral force and a normal force of a railroad vehicle.
However, the method is based on a mathematical model with
respect to a lateral force. Thus, the method has a disadvan-
tage in that the estimated lateral force is dependent on
accuracy of such mathematical model.

SUMMARY OF THE DISCLOSURE

In order to overcome the problems of conventional arts,
the present disclosure provides an apparatus and a method
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for estimating lateral forces applied to front and rear bogies
of a railroad vehicle by using a dynamics model for a body
of the railroad vehicle and data measure by sensors, without
any complex mathematical model for the lateral force.

In a general aspect of the present disclosure, an apparatus
for estimating a lateral force of a railroad vehicle is pro-
vided, the apparatus comprising: a lateral velocity estima-
tion observer configured to calculate a lateral velocity esti-
mate by estimating a lateral velocity based on a vertical
acceleration, a lateral acceleration, a yaw velocity, and a
wheel angular velocity of the railroad vehicle; and a lateral
force estimation observer configured to calculate a lateral
force estimate, by estimating a lateral force applied to a
bogie of the railroad vehicle based on a steering angle of the
railroad vehicle, a vertical force applied to the railroad
vehicle, and a lateral velocity estimate calculated by the
lateral velocity estimation observer.

In some exemplary embodiments of the present disclo-
sure, the lateral velocity estimation observer may include: a
vertical velocity calculator configured to calculate a vertical
velocity of the railroad vehicle based on a front wheel
angular velocity and a rear wheel angular velocity measured
by a wheel sensor; and a lateral velocity estimator config-
ured to calculate the lateral velocity estimate based on the
vertical acceleration, the lateral acceleration, and the yaw
velocity measured by a body sensor, and based on a vertical
velocity calculated by the vertical velocity calculator.

In some exemplary embodiments of the present disclo-
sure, the lateral velocity estimation observer may calculate
the lateral velocity estimate using a Kalman filter, and the
lateral force estimation observer may calculate the lateral
force estimate using an extended Kalman filter.

In another general aspect of the present disclosure, a
method for estimating a lateral force of a railroad vehicle is
provided, the method comprising: calculating a vertical
velocity by using a front wheel angular velocity and a rear
wheel angular velocity of the railroad vehicle; calculating a
lateral velocity estimate by applying a vertical acceleration,
a lateral acceleration, and a yaw velocity of the railroad
vehicle, and the vertical velocity to a Kalman filter; and
calculating a lateral force estimate, by estimating a lateral
force applied to a bogie of the railroad vehicle by applying
a steering angle of the railroad vehicle, a vertical force
applied to a wheel of the railroad vehicle, and the lateral
velocity estimate to an extended Kalman filter.

According to an exemplary embodiment of the present
disclosure, lateral forces applied to front and rear bogies of
a railroad vehicle may be estimated by using a dynamics
model for a body of the railroad vehicle and data measure by
sensors, without any complex mathematical model for the
lateral force.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating an apparatus for
estimating lateral force of a railroad vehicle according to an
exemplary embodiment of the present disclosure.

FIG. 2 is a block diagram illustrating a lateral velocity
estimator of an apparatus for estimating lateral force of a
railroad vehicle according to an exemplary embodiment of
the present disclosure.

FIG. 3 is a view illustrating a vehicle model where a
railroad vehicle drives in a curved section.

FIG. 4 is a view illustrating a bicycle model for a lateral
model of a railroad vehicle.

DETAILED DESCRIPTION

Hereinafter, referring to enclosed figures, exemplary
embodiment of the present disclosure will be described in
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detail so that persons skilled in the art may make and use the
same. The thickness of lines and the size of components
illustrated in the drawings may be exaggerated herein for
clear and convenient description. In addition, terms to be
mentioned in the following are defined in consideration of
functions in the present disclosure, which may be varied
according to the intention of a user or an operator, or
practical customs. Therefore, the definition of the terms shall
be made based on the overall contents of the present
disclosure.

FIG. 1 is a block diagram illustrating an apparatus for
estimating lateral force of a railroad vehicle according to an
exemplary embodiment of the present disclosure; FIG. 2 is
a block diagram illustrating a lateral velocity estimator of an
apparatus for estimating lateral force of a railroad vehicle
according to an exemplary embodiment of the present
disclosure; FIG. 3 is a view illustrating a vehicle model
where a railroad vehicle drives in a curved section; and FIG.
4 is a view illustrating a bicycle model for a lateral model of
a railroad vehicle.

Referring to FIG. 1, an apparatus for estimating a lateral
force of a railraod vehicle according to an exemplary
embodiment of the present disclosure may include a lateral
velocity estimation observer (100) and a lateral force esti-
mation observer (200).

The lateral velocity estimation observer (100) may cal-
culate a lateral velocity estimate by estimating a lateral
velocity based on a vertical acceleration (a,), a lateral
acceleration (a,), a yaw velocity (r), and a wheel angular
velocity (0, w,) of a railroad vehicle.

Here, referring to FIG. 2, the lateral velocity estimation
observer (100) may include a vertical velocity calculator
(110) configured to calculate a vertical velocity of a railroad
vehicle based on a front wheel angular velocity (w,) and a
rear wheel angular velocity (w,) measured by a wheel sensor
(S1), and a lateral velocity estimator (120) configured to
calculate a lateral velocity estimate based on the vertical
acceleration, the lateral acceleration, and the yaw velocity
measured by a body sensor (S2), and based on a vertical
velocity calculated by the vertical velocity calculator (110).

Meanwhile, the lateral force estimation observer (200)
may calculate a lateral force estimate by estimating a lateral
force applied to a bogie based on a steering angle (), a
vertical force applied of wheels (Fx,, Fx,, Fx;, Fx,), and a
lateral velocity estimate calculated by the lateral velocity
estimation observer (100).

As described in the above, the lateral velocity estimation
observer (100) calculates a lateral velocity estimate. Here-
inafter, the method for calculate a lateral velocity estimate
will be described in detail.

Kinetic dynamics in a center of the railroad vehicle
illustrated in FIG. 3 may be represented by Equation 1 as in
the following.

Vv r=a,

VAV r=a,, [Equation 1]

where v, and v, are a vertical velocity and a lateral
velocity in a mass center of a railroad vehicle, respectively,
r is a yaw velocity, and a, and a,, are a vertical acceleration
and a lateral acceleration.

The above Equation 1 may be represented as a state as in
the following Equation 2.

7ol

[Equation 2]
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In addition, when Equation 2 is represented as a discreti-
zation equation assuming that a disturbance exists in a
system, the Equation 2 may be represented as the following
Equation 3.

(k)= Atk = 1)-x(k = 1)+ Btk = 1)-ulk — 1) + wy(k = 1) [Equation 3]

yk) = Clk) - x(k) + wy (K),

where

vy (k)
o :[vy(/o}

1 AT -r(k - 1)
A(k—l):[ AT
AT r(k=1) 1

Bk —1) = AT
i1 [ax(k—l)}
(k-1)= ,
“ ayl—1)

AT is a measurement interval (step size), w{k-1) and
w (k) represents a disturbance applied to a system in k—1th
step and a sensor noise applied to an output in kth step,
respectively.

In addition, assuming that a vertical velocity in a mass
center of a railroad vehicle can be measured, the Equation 2
may be presented as Equation 4 in the following.

yk)y=vy(k)

Clky=[1 0] [Equation 4]

The vertical velocity in a mass center of a railroad vehicle
can be measured from a front wheel angular velocity and a
rear wheel angular velocity. That is, a vertical velocity
(v(k)) of a railroad vehicle may be calculated as an average
of a front wheel angular velocity and a rear wheel angular
velocity, as in the following Equation 5.

wr k) + wy(k) « 2

2 2°

o) = [Equation 5]

where w/k) and o,(k) represent a front wheel angular
velocity and a rear wheel angular velocity in kth step,
respectively, and D represents a diameter of the wheel.

Therefore, the vertical velocity calculator (110) may cal-
culate a vertical velocity of a railroad vehicle using a front
wheel angular velocity and a rear wheel angular velocity
measured by the wheel sensor (S2), based on the above
Equation 5.

A linear observer is used to estimate a lateral velocity in
a mass center of a railroad vehicle and there are various
kinds of observers to estimate a state variable in a linear
system. In the present exemplary embodiment, the lateral
velocity estimator (120) is designed using a Kalman filter.

A linear Kalman filter to estimate a lateral velocity can be
designed as in the following.

At first, a state variable estimate is estimated according to
the following Equation 6.

£(elk=1)=d (k= 1)%(k-11k—1)+B (k=1 )ur(k-1), [Equa-
tion6]

where X(k-11k-1) is a state variable estimate in k-1th
step, u(k-1) is an input estimate in k-1th step, and X(klk-1)
is a kth state variable value predicted by using a state value
estimate in k—1th step, an input measurement value in k—1th
step, etc.
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Successively, an error covariance is estimated using the
following Equation 7.

P(klk=1)=A(k-1)P(k=11k-1)4T(k-1)+Q(k~1), [Equation 7]

where P(k-1lk-1) is an error covariance estimate,
wherein the estimation error is defined as a difference
between an actual state variable and an estimated state
variable. In addition, Q(k-1) is a covariance of w(k-1)
which is a disturbance applied to a system. P(klk-1) is an
estimation error covariance of a state variable predicted in
kth step by using a covariance of a system matrix and a
disturbance, and an estimation error covariance value in the
previous step.

Next, a Kalman filter gain is calculated using the follow-
ing Equation 8.

K(ky=P(klk- 1) CT(k)(C (k)P l= 1) CT(R)+R (),
where K(k) is a Kalman filter gain in kth step, and R(k)
is a covariance of a sensor-measured noise in kth step.

Next, a state variable is calibrated using the following
Equation 9.

[Equation 8]

SR =5 (k- 1)+K () (r(R)- C(R)%(k 1~ 1)), [Equation 9]

where y(k) is a sensor-measured value in kth step, and
x(klk) is a state variable estimate in kth step.

When you look at it, the state variable in kth step is
estimated by calibrating a kth state variable estimate pre-
dicted in k-1th step using an estimation error with respect to
an output variable from a value measured in kth step.

Using the state variable estimated thereby, the lateral
velocity in a mass center of a railroad vehicle can be
calculated according to the following Equation 10.

P,()=[0 1]%(klk), Equation 10

where ¥ (k) is a lateral velocity of a railroad vehicle
estimated in kth step.

The lateral force estimation observer (200) according to
an exemplary embodiment of the present disclosure calcu-
lates a lateral force estimate. Hereinafter, a method for
calculation the lateral force estimate will be specifically
described.

FIG. 4 is a view illustrating the railroad vehicle model of
FIG. 3 as a bicycle model. The railroad vehicle model can
be simplified as a bicycle model; because it can be assumed
that forces applied to a left wheel and a right wheel of a
railroad vehicle are almost the same when the railroad
vehicle is driving in a curved section. An exemplary case
where there are four of the railroad vehicles will be
described.

Railroad vehicle dynamics models of the bicycle model
illustrated in FIG. 4 in a vertical direction, a lateral direction,
and a yaw direction are as in the following Equations 11 to
13, respectively.

m(V,~v,r)=2F, [Equation 11]
m(v,~v,7)=2F, [Equation 12]
17=3M,, [Equation 13]

where 2F, is a sum of forces applied to vertical directions
of each railroad vehicle, 2F, is a sum of forces applied to
lateral directions of each railroad vehicle, ZF, is a sum of
forces applied to yaw directions of each railroad vehicle, and
a sum of each force (ZF,, XF,, 2F,) can be calculated
according to the following Equation 14.
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4 [Equation 14]
Z F,= Z (Ficosd; — Fy;sind;),
=1

4
Z Fy,= Z (Fyisind; + Ficosd;),
i=1

2 M=
4
=3

2
Z Li(Fysind; + Fy;co86;) — Z L (Fysind; + Fy;cos6;)
i=1 i

When a railroad vehicle drives in a curved section, the
railroad vehicle drives on a track of which curvature is
constant. Thus, it can be assumed that front wheels of each
railroad vehicle are steered at the same angle and rear wheels
are steered at the same angle in an opposite direction.
Therefore, the steering angle can be assumed as in the
following Equation 15.

8,=0,=0

0,=0,=—0 [Equation 15]

Therefore, when applying Equations 14 and 15 to Equa-
tions 11 to 13, the following Equation 16 can be obtained.

i 1 [Equation 16]
Ve = vyr+ Z[cosé(Fxl + Fop+ Foa+ Foy)—

SIS(Fyy + Fyo — Fig = Fy)l,

1
Vy = =ver+ —[cosd(Fy + Fyp + Fy3 + Fiy) +
m

Sind(Fyy + Faz = Fi3 — Faa)l,
1
= 1—[0055(1le1 +LFy —LFs—LF4)+
Z

sind(ly Fry + bF e + 3Fa +14F )]

A lateral force applied to a front bogie of a railroad
vehicle is a sum of lateral forces applied to both front
wheels, and a lateral force applied to a rear bogie of a
railroad vehicle is a sum of lateral forces applied to both rear
wheels. Thus, the lateral forces applied to front and rear
bogies can be defined as in the following Equation 17.

IF e= 1 F L +hE

LEF = IF 3+, F 4,

where 1,is a length in a vertical direction from a center of
the railroad vehicle to a front wheel bogie, 1. is a length in
a vertical direction from a center of the railroad vehicle to a
rear wheel bogie, F . is a lateral force applied to a front
wheel bogie, and F . is a lateral force applied to a rear wheel
bogie. In addition, 1, is a length in a vertical direction from
a center of the railroad vehicle to a first front wheel, 1, is a
length in a vertical direction from a center of the railroad
vehicle to a second front wheel, F, is a lateral force applied
to a first front wheel, and F, is a lateral force applied to a
second front wheel. Likewise, 15 is a length in a vertical
direction from a center of the railroad vehicle to a first rear
wheel, 1, is a length in a vertical direction from a center of
the railroad vehicle to a second rear wheel, F ; is a lateral
force applied to a first rear wheel, and F,, is a lateral force
applied to a second rear wheel.

When substituting the above Equation 17 to Equation 15,
the following Equation 18 can be derived.

[Equation 17]
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-continued

1 . [Equation 18]
Vyr = Zsmé(Fyf -Fy,)

Py Xotk = D)X3(k—1) -
1
Vy | =| =var + —cosd(Fyp + F,) |+ Xitk=D)+AT| 1 . Sk 1)(X4(k—1)—]]
m — S111¢ -
; | 5 m X5k — 1)
ZCOSé(lnyf —LFy) =Xtk = DXtk —1)+
Xy(k— 1)+ AT icosé(k_l)(x4(k—1)—] .
| m Xs(k—1)
7 C088(Fx1 + Frp = Fag + Fa) 10 1 L X4tk —1)—
X3(k — 1)+ AT| —cosd(k — 1)
1 I LXs(k=1)
—siné(FXl +Fx2—Fx3 —Fx4) : "
m Xalk=1)
1
7500 P +hFa + 5Fs +1aFua) Xs(k—1)
z
15
In order to represent Equation 18 as a state equation, state Foithm 1) Fonlh — 1
variables are defined as in Equation 19. icosé(k— 1)( sl =D+ Falk = )+]
. m Falk=1)+ Fuk=1)
15V 1. sk 1)(Fxl(k—1)+1’7X2(k—1)—]
— S11)¢ -
X, 20 m Falk—1) = Futh—1)
1. sk 1(llFxl(k_1)+12Fx2(k_1)+]
Xa=r A N NP
X4:Fyf 0
25 0
X5=F,, [Equation 19]
In addition, when assuming that the values of lateral k-1
Wg -

forces applied to front and rear wheel bogie change slowly,
the lateral forces can be assumed to be almost constant.
Thus, the differential value of the lateral force can be 5,
assumed to be zero (0).

Fyf=Fyr=0

Assuming that a disturbance exists in the system and a
sensor noise occurs when measured, when redefining Equa-
tion 22 as a state equation, it can be represented as in the
following Equation 23.

[Equation 20]

When representing Equation 18 again using Equations 19
and 20, the following Equation 21 can be derived.

35
= — — — tion 23
P [(Equation 21] X(k) = f(X(k=1), Utk = 1)) + walk — 1) [Equation 23]
% X, X3 — —sind(X4 — Xs)
! " Y (k) = (X () + wy (),
X2 —X1 X3 + —cosd(Xy + Xs) 40
X5 | = L + where
. —cosd(ly X4 — 1, Xs5)
I
X4 o, k)
Xs o X(k)
45 X(k)=| Xs(k) |,
Xq(k)
%cosé(Fxl +Fp+Fg +Fy) X5
L ins(Fy + Fia = Fis - Fu) FXK=1), Uk =1) =
m 50
lsiné(ll Fou+bFo+5Fs +1,Fy)
I Xotk = DXs(k— 1) —
0
Xi(k—1)+AT Xytk—1)—
0 k=D isiné(k—l)( sk=b ]]
m Xstk=1)
55 —X k= DX3(k = 1)+
When discretizing Equation 21, it can be represented as in Xotk=1)+AT| 1 ( Xalk=1) + ]
. f —cosd(k — 1) +
the following Equation 22. m Xstk—1)
1 (le4(k—1)—H
X3(k— 1)+ AT| —cosd(k — 1)
X1 (k [Equation 22] ©° & bXslk=1)
1(k) quation Xa(k=1)
X, (k)
Xs(k—1)
Xk | =
Xy(k)
Xs(k) 65
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-continued

Fuatk=1)+Fptk -1
%cosé(k—l)( it )+ Fa )+]

Falk=1)+ Futk—1)
Fatk =1+ Falk-1)-
Falk=1) = Futk—1) ]
LFak =D+ bLFok-1D+Y[
LFstk =D+ LFuk=-1) ]
0
0

isiné(k - 1)(
m

1
—sind(k — 1)(
IZ

ve(k)
h(X (k) = \ by(k) }

rik)

w (k-1) is a disturbance applied to the system, and w (k) is
a measured noise.

As confirmed in the above Equation 23, a vertical veloc-
ity, a lateral velocity, and a yaw velocity which are applying
in a center of the railroad vehicle, and lateral forces applied
to front and rear wheel bogies are defined as state variables.
In addition, a vertical velocity in a mass center of the
railroad vehicle, a lateral velocity estimated in a mass center
of the railroad vehicle, and a yaw velocity in a mass center
of the railroad vehicle are defined as measurement variables.

An extended Kalman filter is used as the lateral force
estimation observer (200) in an exemplary embodiment of
the present disclosure. However, this is an example for
describing the present disclosure. Thus, it will be apparent to
those skilled in the art of the present disclosure that other
types of observers may be used for estimating a lateral force
applied to a bogie of a railroad vehicle.

State variable values for estimating a lateral force applied
to a bogie using the extended Kalman filter can be calculated
by the following Equation 24.

Xk lbe= D)= (e-11k=1),Uk-1)),

where f((k—llk—l) is a state variable estimate in k-1th
step, U(k-1) is an input measurement value in k—1th step. In
addition, X(klk-1) is a kth state variable value predicted by
using a state value estimate in k-1th step, an input mea-
surement value in k—-1th step, etc.

Meanwhile, a estimation error covariance of a state vari-
able predicted in kth step (P(klk-1)) can be obtained by the
following Equation 25.

[Equation 24]

P(klk=1)=F(k-1)P (k=1 k- 1)F (k-1)T+Q(k~1), [Equation 25]
where
_Of(X k), Uk)
O=""3x0

which is defined as a Jacobian matrix with respect to X(k)
of a function f(X(k), U(k)).

In addition, P(k-11k-1) is an estimated error covariance
estimate in k-1th step, and the estimated error is defined as
a difference between an actual state variable and an esti-
mated state variable. In addition, Q(k-1) is a covariance of
w(k-1) which is a disturbance applied to the system, and
P(klk-1) is an estimated error covariance of a state variable
predicted in kth step by using a system matrix, a covariance
of a disturbance, and an estimated error covariance value of
a state variable predicted in the previous step.
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Meanwhile, a measurement variable value can be esti-
mated based on the state variable value calculated by
Equation 24, according to the following Equation 26.

Flklk=1)=h(X(kIk-1))

In addition, a Kalman filter gain in kth step (L(k)) can be
calculated by the following Equation 27.

[Equation 26]

L(k)=P(klk-1)HFE) T (H(F) Pkl k- 1)HK) +R(F))™, [Equation 27]

where R(k) is a covariance of a sensor-measured noise in
kth step.

In addition, a state variable estimate can be calculated by
the following Equation 28.

Xk lB)=f (X (F1e=1), U= 1)+ L (F)(Y(k)- Y(kIk-1)), [Equation 28]

where Y(k) is a sensor-measured value in kth step, and
X(klk) is a state variable estimate in kth step.

When you look at it, the state variable in kth step is
estimated by calibrating a kth state variable estimate pre-
dicted in k-1 th step using an estimation error with respect
to an output variable from a value measured in kth step.

In addition, an estimated covariance (P(klk) updated by
using an estimated error covariance of a state variable value
predicted by Equation 25 and a Kalman filter gain calculated
by Equation 27 can be calculated according to the following
Equation 29.

P(KIR=(I-L(RH)P(kk-1), [Equation 29]
where
AR(X (k)
H = IXK)

which is defined as a Jacobian matrix with respect to X(k)
of a function h(X(k)).

Meanwhile, a state variable can be estimated by using an
extended Kalman filter defined in Equations 24 to 29. In
addition, lateral forces applied to front and rear wheel bogies
of a railroad vehicle can be estimated by using a state
variable value estimated in kth step (X(klk), as in the
following Equation 30.

ﬁyf ) [Equation 30]

Foulh)

[00010

0000 1}X(k|k)

where X(klk) is a state variable estimate in kth step, layf(k)
is an estimate of a lateral force applied to a front wheel bogie
in kth step, and ﬁyr(k) is an estimate of a lateral force applied
to a rear wheel bogie in kth step.

Meanwhile, although an apparatus and a method for
estimating a lateral force of a railroad vehicle according to
exemplary embodiments of the present disclosure have been
described in the above, however, the scope of the present
disclosure is not limited by the embodiments described
above. Therefore, the present disclosure may be alterna-
tively performed in various transformation or modifications
within the limit such that the differences are obvious to
persons having ordinary skill in the art to which the present
disclosure pertains.

Therefore, the abovementioned exemplary embodiments
and enclosed figures are intended to be illustrative, and not
to limit the scope of the claims. The scope of protection of
the present disclosure is to be interpreted by the following
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claims, and that all the technical ideas within the equivalent
scope of the scope of the present disclosure should be
construed as being included.

What is claimed is:

1. An apparatus for estimating a lateral force of a railroad

vehicle, the apparatus comprising:

a lateral velocity estimation observer configured to cal-
culate a lateral velocity estimate by estimating a lateral
velocity based on a vertical acceleration, a lateral
acceleration, a yaw velocity, and a wheel angular
velocity of the railroad vehicle; and

a lateral force estimation observer configured to calculate
a lateral force estimate by estimating a lateral force
applied to a bogie of the railroad vehicle based on a
steering angle of the railroad vehicle, a vertical force
applied to the railroad vehicle, and a lateral velocity
estimate calculated by the lateral velocity estimation
observer,

wherein the lateral velocity estimation observer includes:

a vertical velocity calculator configured to calculate a
vertical velocity of the railroad vehicle by averaging a
front wheel angular velocity and a rear wheel angular
velocity measured by a wheel sensor; and

a lateral velocity estimator configured to calculate the
lateral velocity estimate based on the vertical accelera-
tion, the lateral acceleration, and the yaw velocity
measured by a body sensor and further based on a
vertical velocity calculated by the vertical velocity
calculator.

2. The apparatus of claim 1, wherein:

the lateral velocity estimation observer calculates the
lateral velocity estimate using a Kalman filter; and

the lateral force estimation observer calculates the lateral
force estimate using an extended Kalman filter.

3. The apparatus of claim 1, wherein the lateral velocity

estimate (V,(k)) is calculated by the following equation:

$,(0)=[0 15 (kIF),

where ¥ (k) is a lateral velocity estimate of the railroad
vehicle estimated in kth step and X(klk) is a state
variable estimate in kth step.
4. The apparatus of claim 1, wherein the lateral force
estimate (F ¢(k),F,,(k)) is calculated by the following equa-
tion:

F xf Q]

Fyr(k) 00001

000107,
—[ }X(klk),

where )A((klk) is a state variable estimate in kth step, layf(k)
is an estimate of lateral force applied to a front wheel
bogie in kth step, and F (k) is an estimate of lateral
force applied to a rear wheel bogie in kth step.
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5. A method for estimating a lateral force of a railroad
vehicle, the method comprising:

calculating a vertical velocity estimate by estimating a
lateral velocity based on a vertical acceleration, a
lateral acceleration, a yaw velocity and a wheel angular
velocity of the railroad vehicle;

and

calculating a lateral force estimate by estimating a lateral
force applied to a bogie of the railroad vehicle based on
a steering angle of the railroad vehicle, a vertical force
applied to the railroad vehicle, and a lateral velocity
estimate,

wherein the lateral velocity estimate is calculated by a
lateral velocity estimation observer that includes:

a vertical velocity calculator configured to calculate a
vertical velocity of the railroad vehicle by averaging a
front wheel angular velocity and a rear wheel angular
velocity measured by a wheel sensor; and

a lateral velocity estimator configured to calculate the
lateral velocity estimate based on the vertical accelera-
tion, the lateral acceleration, and the yaw velocity
measured by a body sensor and further based on a
vertical velocity calculated by the vertical velocity
calculator.

6. The method of claim 5, wherein the lateral velocity
estimate is calculated by using a state variable estimated in
kth step calibrated by using an estimation error with respect
to an output variable between a kth state variable estimate
predicted in k-1th step and a value measured in kth step, as
in the following equation:

$,0=[0 1J3(KkIF),

where ¥,(k) is a lateral velocity estimate of the railroad
vehicle estimated in kth step; and X(klk) is a state
variable estimate in kth step.

7. The method of claim 5, wherein the lateral force
estimate is calculated by calculating an estimate of lateral
force applied to a front wheel bogie and an estimate of
lateral force applied to a rear wheel bogie in kth and by
applying a state variable estimate in kth step to the following
equation:

Fyto
)

[00010

Xk | k),
00001}”)

where )A((klk) is a state variable estimate in kth step, layf(k)
is an estimate of lateral force applied to a front wheel
bogie in kth step, and F ,(k) is an estimate of lateral
force applied to a rear wheel bogie in kth step.
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