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(54) Title: CONTROL SYSTEM AND METHOD FOR CONTROLLING MOVEMENT OF AN OFF-HIGHWAY VEHICLE

FIG. 1

(57) Abstract: A control method for controlling movement of an off-highway vehicle comprises acquiring a plurality of actual
train speed measurements from at least one sensor during a journey, and acquiriing a train power parameter corresponding to each
of the plurality of actual train speed measurements. A plurality of resistance parameters are estimated or otherwise determined
from the plurality of actual train speed measurements and the corresponding train power parameters. Movement of the off-high-
way vehicle (e.g., throttle commands) is based at least in part on the plurality of resistance parameters, which may be incorporated
into a vehicle operation model and/or route plan according to which the vehicle is controlled.
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CONTROL SYSTEM AND METHOD FOR CONTROLLING
MOVEMENT OF AN OFF-HIGHWAY VEHICLE

BACKGROUND

[0001] The invention includes embodiments that relate to controlling the movement
of trains or other off-highway vehicles through a determination of operational
characteristics (e.g., resistance parameters, weight and weight distribution, and available

power) of the train or other off-highway vehicle.

[0002] In operating a train having, for example, a plurality of vehicles providing
power to move the train and another plurality of vehicles to be pulled or pushed by the
powered vehicles, some of the factors that an operator or driving system may take into
account include environmental conditions, track grade or slope, track or path curvature,
speed limits, vehicle size, vehicle configuration, an amount of supply power available
from the vehicles (both motoring and braking), weight of the train and the cargo, the
distribution of that weight along the train, and the desired route and schedule for a

journey.

[0003] Existing train navigation systems assume perfect knowledge of a number of
the above-described operating factors and use preset estimates of the train weight and
other train resistance parameters in train operation models to control the train power.
However, operating a train using a static estimate of these train parameters may lead to
excess fuel consumption and inaccurate speed regulation, potentially causing the train to
violate speed limits. Thus, a navigation system capable of operating the train or
assisting the vehicle operator may benefit from a real time estimation or other
determination of train operational characteristics during a journey or trip, including
available power in a train, resistance parameters of a train along a train route, and
weight and weight distribution in a train, which may not be available or known prior to
beginning a journey or trip. Such parameter estimates may be used to increase the

accuracy of the train operation model.
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[0004] It may be desirable to have a system that has aspects and features that differ
from those systems that are currently available. It may be desirable to have a method

that differs from those methods that are currently available.
BRIEF DESCRIPTION

[0005] Embodiments of the invention provide a control system and method for
controlling movement of a train or other off-highway vehicle through an estimation or
other determination of operational characteristics of the train or other off-highway

vehicle.

[0006] In an embodiment, a control method for controlling an off-highway vehicle
comprises acquiring a plurality of actual vehicle speed measurements from at least one
sensor during a journey, and acquiring a respective vehicle power parameter
corresponding to each of the plurality of actual vehicle speed measurements. The
method further comprises estimating a plurality of resistance parameters from the
plurality of actual vehicle speed measurements and the corresponding vehicle power
parameters. Vehicle power is regulated, for controlling movement of the vehicle, based
(at least in part) on the plurality of resistance parameters. For example, the resistance
parameters may be incorporated into a vehicle operation model, which is used as the

basis for controlling the vehicle.

[0007] In another embodiment, a control method comprises monitoring train or other
off-highway vehicle operating conditions, estimating a plurality of resistance parameters
based on the monitored vehicle operating conditions, accessing a trip database, and
updating a vehicle operation model based on the vehicle operating conditions, the
estimated plurality of resistance parameters, and the trip database. The method further
comprises controlling movement of the train or other off-highway vehicle based (at least

in part) on the updated vehicle operation model.

[0008] In another embodiment, a control system is implemented as part of a vehicle
consist (meaning a plurality of vehicles linked to travel together) and includes a
computer disposed within one of the plurality of vehicles (e.g., in a lead or command

vehicle). The computer includes one or more processors configured to track a trip
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schedule, monitor an operating speed of at least one of the plurality of vehicles, estimate
a weight of the vehicles, estimate a plurality of vehicle resistance parameters, and
update a operation model based on the trip schedule, operating speed, vehicle weight,
and vehicle resistance parameters. The vehicle consist is controlled based (at least in

part) on the operation model updated in this manner.

[0009] In another embodiment, a control method comprises acquiring a plurality of
parameters of a train or other off-highway vehicle, the parameters including parameters
measured after the vehicle has begun a journey. The off-highway vehicle includes a
plurality of vehicles providing tractive effort (sometimes referred to herein as powered
vehicles). The method further comprises calculating the tractive effort of less than all of
the plurality of vehicles based on the acquired plurality of parameters, and controlling

movement of the vehicles based on the calculated tractive effort.

[0010] Another embodiment relates to a control method for controlling a vehicle
consist (e.g., train or other consist of off-highway vehicles). The vehicle consist
comprises a plurality of vehicles linked to travel together, including at least one
powered vehicle for moving the vehicle consist and at least one non-powered vehicle
(meaning a vehicle that does not provide tractive effort.) The method comprises
acquiring a plurality of parameters of the vehicle consist. The parameters are measured
after the vehicle consist has begun a journey. The plurality of acquired parameters
includes a plurality of tractive effort parameters of a command vehicle of the vehicle
consist and a plurality of speed parameters of the vehicle consist. Each tractive effort
parameter and each speed parameter is measured at a distinct time after the vehicle
consist has begun the journey. The method further comprises calculating the tractive
effort of less than all of the plurality of vehicles based on the acquired plurality of
parameters, calculating a route plan based at least in part on the calculated tractive
effort, and controlling movement of the vehicle consist based at least in part on the route

plan.

[0011] In another embodiment, a method (e.g., for controlling a vehicle) comprises
measuring a plurality of tractive effort values of a first powered vehicle of a vehicle

consist moving along a route. The method further comprises measuring a plurality of
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speed values of the vehicle consist moving along the route. The method further
comprises estimating the tractive effort of one or more second powered vehicles of the
vehicle consist based on the measured plurality of tractive effort values and the

measured plurality of speed values.

[0012] Various other features will be apparent from the following detailed

description and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The drawings illustrate embodiments contemplated for carrying out the
invention. For ease of illustration, a train powered by locomotives has been identified,
but other off-highway vehicles and/or vehicle consists are included except were

language or context indicates otherwise.

[0014] FIG. 1 is an illustration showing a train with a control system according to an

embodiment of the invention.

[001S] FIG. 2 is a flow chart illustrating a control method according to an

embodiment of the invention.

[0016] FIG. 3 is an illustration showing a train with a navigation system according to

an embodiment of the invention.

[0017] FIG. 4 is a flowchart illustrating a technique (control method) for determining
available power and weight distribution in a train according to an embodiment of the

invention.

DETAILED DESCRIPTION

[0018] The invention includes embodiments that relate to navigation systems. The
invention also includes embodiments that relate to estimation of train parameters. The
invention includes embodiments that relate to methods for estimating of train
parameters. The invention includes embodiments that relate to methods and systems for

controlling movement of off-highway vehicles and vehicle consists.
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[0019] According to one embodiment of the invention, a control method for
controlling an off-highway vehicle comprises acquiring a plurality of actual vehicle
speed measurements from at least one sensor during a journey. The method further
comprises acquiring a respective vehicle power parameter corresponding to each of the
plurality of actual vehicle speed measurements. A plurality of resistance parameters is
estimated from the plurality of actual vehicle speed measurements and the
corresponding vehicle power parameters. Vehicle power of the vehicle is regulated to
control movement of the vehicle, based at least in part on the plurality of resistance

parameters.

[0020] In another embodiment, a computer readable storage medium has a sequence
of instructions stored thereon, which, when executed by a processor, causes the
processor to acquire a plurality of actual train (or other off-highway vehicle or vehicle
consist) speed measurements from at least one sensor during a journey and acquire a
train (or other off-highway vehicle or vehicle consist) power parameter corresponding
to each of the plurality of actual train (or other off-highway vehicle or vehicle consist)
speed measurements. The sequence of instructions further causes the processor to
estimate a plurality of resistance parameters from the plurality of actual train (or other
off-highway vehicle or vehicle consist) speed measurements and the corresponding train

(or other off-highway vehicle or vehicle consist) power parameters.

[0021] According to one embodiment of the invention, a control method includes the
steps of monitoring train (or other off-highway vehicle or vehicle consist) operating
conditions, estimating a plurality of resistance parameters based on the monitored train
(or other off-highway vehicle or vehicle consist) operating conditions, accessing a trip
database, and updating a train (or other off-highway vehicle or vehicle consist)
operation model based on the train operating conditions, the estimated plurality of

resistance parameters, and the trip database.

[0022]  According to another embodiment, a control system is implemented as part of
a vehicle consist (as noted above, meaning a plurality of vehicles linked to travel
together) and includes a computer disposed within one of the plurality of vehicles. The

computer includes one or more processors configured to track a trip schedule, monitor



WO 2010/060083 PCT/US2009/065734

an operating speed of at least one of the plurality of vehicles, estimate a weight of the
vehicles, estimate a plurality of vehicle resistance parameters, and update a operation
model based on the trip schedule, operating speed, vehicle weight, and vehicle
resistance parameters. The vehicle consist is controlled based (at least in part) on the

operation model updated in this manner.

[0023] FIG. 1 shows a train 10 with a navigation/control system according to an
embodiment of the invention. The train 10 includes at least one primary vehicle 12
(powered vehicle) that provides tractive effort or power to push or pull a consist 14
made up of a plurality of individual cars 16. In an embodiment of the invention, vehicle
12 is a railroad or freight locomotive; however, other off-highway vehicles and vehicle
consists are contemplated. The number of locomotives 12 in train 10 may vary
depending on, for example, the number of cars or vehicles 16 and the load they are
carrying. As shown, train 10 includes one locomotive 12. However, as shown in
phantom, one or more additional locomotives, for example locomotive 18, may be
included. Cars 16 may be any of a number of different types of cars for carrying freight

Or passengers.

[0024] In one embodiment, one of the locomotives, for example locomotive 12, is a
master or command vehicle, and any remaining locomotives, for example optional
locomotive 18, are slave or trail powered vehicles. However, it is contemplated that any
of the plurality of primary vehicles 12 and 18 may be the command vehicle from which
the remaining trail locomotives receive commands. In this manner, an operator,
engineer, or vehicle navigation/control system may control the set of locomotives 12
and 18 by controlling the command vehicle. For example, the operator or vehicle
navigation system may set a throttle 20 of the master locomotive 12 to a first notch
position, causing the throttle 22 of the trail vehicle 18 to move to the first notch position

accordingly.

[0025] According to an embodiment of the invention, lead locomotive 12 includes a
sensor system 24 connected to a number of sensors 26, 28, 30 configured to collect data
related to operation of the train 10. According to an exemplary embodiment of the

invention, sensor 26 may be configured to collect data corresponding to an actual speed
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of the train 10, sensor 28 may be configured to collect wind speed data and/or data
related to other environmental conditions, and sensor 30 may be configured to collect
positional data. According to one embodiment, sensor 30 may be, for example, part of a
global positioning system. It is contemplated that additional sensors may be positioned
either on or within the train 10 to collect other data of interest, including, for example,
the tractive effort or horsepower of lead locomotive 12. Values or parameters measured
via sensor system 24 are input and read by a computer 32 configured to operate train 10
according to a plan determined in part by the estimated resistance parameters and
weight of the train 10 as discussed in greater detail below. The estimates of the
resistance parameters or Davis parameters may represent estimates of journal friction, a
rolling resistance of an axle of the train 10, and wind resistance based on the geometry
of the train 10. In an embodiment, computer 32 is part of a navigation/control system
34 configured to operate train 10 according to a train operation model. As discussed in
detail below, the train operation model is derived in part using the estimates of the

resistance parameters and the weight of the train 10.

[0026] Motion for the train 10, assuming the train 10 is a point mass, may be

approximated using a point mass model of the form:

g P 2

v = —a-—(a+bv+cv?) -
vo (atbutes)-g (Eqn. 1),

where a represents the inverse of the weight M of the train 10. The engine power P and

the train speed v represent the input and output of the system, respectively. Davis

model parameters a, b, and c represent resistive coefficients resulting from resistive

forces acting on the train 10, and 9 represents contributions due to grade or gradient.

[0027] By introducing the variables x,=v to indicate the actual train speed and x,=

P to indicate the train power, nonlinear system dynamics are set forth of the form:

.’i:l = f(:cl,:cg)O—g
T2 = U (Eqn. 2),
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4
where & is a vector of the form 8 = [a abc| that represents the unknown but constant

resistance parameters and f(x,x,) is a nonlinear vector function of the form

X.
f(&,xz){mz- 1-x }
X

[0028] The estimate of the unknown model parameters, represented by 8, is

introduced by a second change of variables of the form:

L = 1

& = f0—g (Egn. 3),

~ ~ ~ 4 A
where @ is a vector of the form #= [0’2 ab 6] and &, a, b, and ¢ represent the
estimate of the resistance parameters &, a, b, and ¢ respectively. The time derivative of

Eqn. 3 thus yields:

& = &+f (9 - (9)
= &+ 10
£ = f0+£6—g _
= (%{1 + ;—;u) 0+ £6 g
Y X .
= Zof+ Eutthg Ean )

where &, &, f, g, and 6 represent the time derivatives of &, &, £, 9, and

é Jrespectively.
[0029] A linearizing feedback control law of the form:
. _ _ _a!‘_ - N _ ~
fu = mG-&) - (m+E0)6 -1 (Eqn. 5),

is chosen, where z represents the desired train speed, p; represents a first proportional-
integral (PI) gain input, and p, represents a second PI gain input. Egns. 4 and 5 are then

combined to form a closed loop system dynamic:
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- 0 1 1 5 0
S A e e

= A§+B§+[ 0 }z
P2 (Eqn. 6),

0 1

where &= [ 4:1 ] , A represents the matrix L “P2 7Pl | B represents the vector L P! |,
2

and =6-6 represents the difference between the unknown but constant resistance

parameters and the estimates of the resistance parameters.

[0030] The closed loop system dynamic is associated with the transfer function from

zto & of the form:

D2

Groey = P2
e (Eqn.7),

where s represents the Laplace variable. Eqn. 7 may be represented in state space form

by:

: 0
€m = A§Tn+[p2]z

(Eqn. 8),
where £ represents the state vector for the model.
[6031] The error vector is then defined as:
e=¢-¢, (Eqn. 9),
and is governed by:
¢ = Ae+ B (Eqn. 10).

[0032] The PI gain inputs, p; and p,, are both defined as being greater than zero to

create a stable system matrix A. Positive definite matrix Q is also determined, such that:
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AQ+QA=-1 (Eqn. 11),

where I represents the identity matrix.

~

of
[0033] Returning to Eqn. 5 and expanding the term 36 results in:
Su-9Lé = p(z-&)~ (p—b-2061) i - 18 (Eqn. 12)
and integrating both sides and returning the original variables yields:

P = Mv (pzf(z—-v)ds— (m—f’—@v)“—fféds) (Egn. 13).

~

[6034] Finally, by assuming p,—b-—¢v=p,, an update law for the parameter

estimates is derived of the form:

P = Mv (pgf(z'mv)dsmplv—»ff(;ds>
(Eqn. 14).

Thus, Eqn. 14 is a variable gain scheduled PI controller with the additional contribution

from f6. When P is chosen as the control input as opposed to u, Eqn. 14 does not

require the train acceleration v.

[6035] Next, an update law is derived for the resistance parameter estimates that will

ensure that both the resistance parameter estimation error 6 and the speed error, which
represents the difference between the desired train speed z and the actual train speed v,

converge to zero.

[0036] The acceleration fit error # is then defined as:

n=4& —& =10 (Eqn. 15),

which is derived in part from Eqn. 4. Next, a candidate Lyapunov function of the form:

10
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v o= A0
S
=V = 500 (Eqn. 16),

is tested for convergence, where vy is a gain parameter that is chosen to determine the

rate of parameter update. A parameter update equation is also chosen of the form:

6=
=V =-0T16 (Eqn. 17).
pad ----]72

The Lyapunov function of Eqn. 16 is negative as long as # is not equal to zero. Since V

is greater than or equal to zero, the fit error # will necessarily go to zero.

[0037] Eqgn. 15 and Eqn. 17 may be combined to form:

6=—0=—ffh (Eqn. 18).

Eqn. 18 satisfies the parameter convergence condition that the parameter estimation

error 6 goes to zero. Eqn. 18 also satisfies the convergence condition that the speed

error goes to zero. From the speed error dynamics (Eqn. 10), when the input parameter

o~

estimation error § goes to zero the speed error also goes to zero since A is a stable
matrix. Thus, Eqn. 18 satisfies convergence of both the resistance parameter estimation

error and the speed error.

[0038] The control law becomes:
P = Muv(p: [(z—v)ds—pw —~ [ fF'nds) (Eqn. 19).

[0039] Next, the actual train speed v is numerically differentiated to determine the
train acceleration v | which is used in both the update equation (Eqn. 17) and the control

law (Eqn. 19).

[0040] Because the prescribed update method requires numerical differentiation of

the actual train speed v, errors are introduced in the system. These errors are

1
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particularly prevalent when the train speed signal is noisy. To address this signal noise,

the fit error of Eqn. 135 is multiplied by the actual train speed v and redefined as:
n = vi—Pa+{av+b?+al) + g (Eqn. 20).

[0041] A wapezoidal discretization converts the continuous time equation of Eqn. 20

{o:

{ Vg1 +ve ) ( Vg3~ Vi

2 &% )“‘ﬁk = -
Pkd—&vk—bvi—évi-gkvk

+ b (Egn. 21),

Ppy1&-8vpp-bvf 8] gk 1k
2

where Jt represents sampling time. Egn. 21 is then manipulated as:
Ve \ A Yo {2 2Ni (.3 EAS
S+ Grr 1Vt 1t Gk (Poprt Pr) 6 (gt vg) & “(”k+1 + ‘Uk)b - (?}k-e,—l + ”k) C+
{Egn. 22).

Collecting all unknowns on one side results in:
2 2 _-2;3 - Q;‘g é — vi?:il—yg
[ Py + Py —vpyy — v —Vher — Uk Yk k = e b N+ Ge+1Vk+1 T+ GRUR

= ¢pf = yo+m (Eqn. 23),

2 2
Vs — V. :
V= —l‘i‘g—" +0,.Vess T 9.V, - The n data points are stacked to form a regressor vector

14

D= [¢; ---¢n] and an output vector Y = [)’1 ---yn] , resulting in the matrix relation:

®0 = Y+n (Eqn. 24).

[0042] As before, the estimation problem may be posed as the least squares

minimization problem:

min|n|? = min (®6 - Y) (39 - Y
in nf? = min (80— Y (20 - ¥) —
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and with the solution given by:

6= (@'D)"'®Y (Eqn. 26).
A solution for Eqn. 26 exists if the data matrix has full rank, i.e.

3P >0 (Eqn. 27).

[0043] Eqn. 26 represents a batch least squares solution. Therefore, a recursive least

squares form of the form:

€ =¥ “¢kék~~l
I, =1~ N8t | (Eqn. 28).
A+¢ll ,8') A

6, =6, +__E_k;-ﬁ’£“’ek
2’+¢knk—]¢k

In Eqn. 28, e denotes the model fit error and I is the identity matrix. The covariance
matrix IT is initialized toI1, = %I , Where ¢ is taken to be a small positive number. The

forgetting factor 4 is chosen such that 0 << A < 1.

[0044] According to embodiments of the invention, train speed may be controlled
according to a technique 36 (control method) as illustrated in FIG. 2. Technique 36
monitors operating conditions of the train 10 of FIG. 1 during a journey and
continuously updates a train operation model based on the monitored operating
conditions. According to an exemplary embodiment of the invention, the updated train
operation model optimizes driving commands such as train speed and train power, thus

maximizing fuel consumption and minimizing the train speed error.

[06045] Technique 36 begins at step 38 by loading a trip request into the navigation
system 34 of FIG. 1. The trip request may include such trip information as the trip

destination, a desired trip time and/or limits on the trip time, location and duration of

13
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stops along the journey, information regarding the train manifest such as load and
consist information, route information, speed limits corresponding to the route, and the
like. The train journey begins at step 40, after power is applied to the primary
locomotive 12 of FIG. 1. At step 42 one or more of the sensors 26, 28, 30 of FIG. 1
acquire data relating to train operating conditions, for example, the actual train speed,
train power, and train position. Technique 36 then estimates a train weight and train
resistance parameters 44 using the train operating condition data acquired at step 42. At
step 46, the trip database is consulted to access trip information, such as a desired train

speed, corresponding to the determined position of the train 10.

[0046] Technique 36 next uses the actual train speed and power data, estimated train
weight and resistance parameters, and the trip information to determine a train
resistance parameter error at step 48. At step 50, the train resistance parameter error is
analyzed to determine whether it falls within a pre-selected tolerance. If the parameter
error does fall within the desired tolerance range 52, the train operation model is
updated at step 54 with the estimates of train weight and train resistance parameters
obtained at step 44. Technique 36 then enters an optional time delay 56 before

returning to step 42 to reacquire train speed and power data.

[6047] If at step 50, the parameter error does not fall within the desired tolerance
range 58, technique 36 proceeds to step 60 where new estimates for the train weight and
resistance parameters are selected. The trip database is then selected at step 46, and the
parameter error of the new parameter estimates is again determined at step 48. If, at
step 50, the parameter error is within the selected tolerance 52, the navigation mode is
updated at step 54. If not 58, technique 36 continues to cycle through steps 60, 46, 48,

and 50 until the parameter error falls within the desired tolerance range.

[0048] In this fashion, technique 36 forms a closed-loop system that continuously
estimates train model parameters, including train weight and train resistance parameters,
in order to update the train operation model and optimize train power and speed

regulation throughout a journey.
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[0049] In another embodiment, a computer readable storage medium has a sequence
of instructions stored thereon, which, when executed by a processor, causes the
processor to acquire a plurality of actual train (or other off-highway vehicle or vehicle
consist) speed measurements from at least one sensor during a journey and acquire a
train (or other off-highway vehicle or vehicle consist) power parameter corresponding
to each of the plurality of actual train (or other off-highway vehicle or vehicle consist)
speed measurements. The sequence of instructions further causes the processor to
estimate a plurality of resistance parameters from the plurality of actual train (or other
off-highway vehicle or vehicle consist) speed measurements and the corresponding train

(or other off-highway vehicle or vehicle consist) power parameters.

[0050] As noted above, the invention also includes embodiments that relate to

navigation systems and related control methods.

[0051] One embodiment of the invention relates to a control method for controlling a
vehicle consist (e.g., train or other off-highway vehicle). The vehicle consist comprises
a plurality of vehicles linked to travel together, including at least one powered vehicle
for moving the vehicle consist and at least one non-powered vehicle (meaning a vehicle
that does not provide tractive effort.) The method comprises acquiring a plurality of
parameters of the vehicle consist. The parameters are measured after the vehicle consist
has begun a journey. The plurality of acquired parameters includes a plurality of
tractive effort parameters of a command vehicle of the vehicle consist and a plurality of
speed parameters of the vehicle consist. Each tractive effort parameter and each speed
parameter is measured at a distinct time after the vehicle consist has begun the journey.
The method further comprises calculating the tractive effort of less than all of the
plurality of vehicles based on the acquired plurality of parameters, calculating a route
plan based at least in part on the calculated tractive effort, and controlling movement of

the vehicle consist based at least in part on the route plan.

[0052] In another embodiment, a method (e.g., for controlling a vehicle) comprises
measuring a plurality of tractive effort values of a first powered vehicle of a vehicle
consist moving along a route. The method further comprises measuring a plurality of

speed values of the vehicle consist moving along the route. The method further

15
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comprises estimating the tractive effort of one or more second powered vehicles of the
vehicle consist based on the measured plurality of tractive effort values and the

measured plurality of speed values.

[0053] According to one embodiment of the invention, a navigation system includes
a computer readable storage medium having a sequence of instructions stored thereon,
which, when executed by a processor, causes the processor to acquire a plurality of
parameters of a train comprising parameters measured after the train has begun a
journey. The train includes a plurality of vehicles providing tractive effort and a consist
coupled to the plurality of vehicles. The sequence of instructions also causes the
processor to calculate the tractive effort of less than all of the plurality of vehicles based

on the acquired plurality of parameters.

[0054] According to one embodiment of the invention, a system includes a first
plurality of vehicles coupled together and a second plurality of vehicles coupled
together and coupled to the first plurality of vehicles. The second plurality of vehicles
is configured to provide tractive effort to move the first plurality of vehicles and
includes a primary vehicle and at least one secondary vehicle. The system further
includes a computer having one or more processors programmed to measure a plurality
of parameters of the primary vehicle while the second plurality of vehicles is providing
tractive effort and calculate the tractive effort of the at least one secondary vehicle based

on the measured plurality of parameters of the primary vehicle.

[0055] According to one embodiment of the invention, a method includes measuring
a plurality of tractive effort values of a lead locomotive of a train moving along a route
and measuring a plurality of speed values of the train moving along the route. The
method also includes estimating the tractive effort of one or more trail locomotives of
the train based on the measured plurality of tractive effort values and the measured

plurality of speed values.

[0056] FIG. 3 shows a train 100 with a navigation system according to an
embodiment of the invention. The train 100 includes a plurality of powered vehicles

102, 104 that provide tractive effort or power to push or pull or slow a sub-consist 106.
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Powered vehicles 102, 104 provide motoring tractive effort and braking tractive effort
including dynamic braking and air braking. In an embodiment of the invention,
powered vehicles 102, 104 are railroad locomotives; however, other vehicles and train
types are contemplated. The number of locomotives 102, 104 in train 100 may vary
depending on, for example, the number of cars or vehicles 108 in sub-consist 106 and
the load they are carrying. As shown, train 100 includes two locomotives 102, 104.
However, as shown in phantom, additional locomotives 20 may be included. Cars 108

may be any of a number of different types of cars for carrying freight or passengers.

[0057] In one embodiment, one of the locomotives, for example, locomotive 102, is
a master or command vehicle, and the remaining locomotives, for example, locomotive
104 and locomotives 120 if included, are slave or trail vehicles. In this manner, an
operator or engineer or vehicle navigation system may control the set of locomotives
102-104, 120 by controlling the command vehicle. For example, the operator or vehicle
navigation system may set a throttle 122 of locomotive 102 to a first notch position, and
the throttles 124, 126 of the trail vehicles 104, 120 move to the first notch position
accordingly. As shown, locomotive 102 is the lead locomotive and may be the
command vehicle. However, it is contemplated that any of the plurality of powered
vehicles 102-104, 120 may be the command vehicle from which the remaining trail
locomotives receive commands. The locomotives may be positioned anywhere in the
train such as at the front of the sub-consist 106, between groups of cars 108 of the

consist 106, or at an back of sub-consist 106.

[0058] According to an embodiment of the invention, lead locomotive 102 includes a
sensor system 128 configured to measure a speed of train 100 and the tractive effort or
horsepower of lead locomotive 102. Values or parameters measured via a sensor
system 128 are input and read by a computer 130 for determination of available power
and weight distribution of train 100 as discussed in greater detail below. In an
embodiment, computer 130 is part of a navigation system 132 configured to operate
train 100 according to a plan determined in part by the determined available power and

weight distribution of train 100.
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[0059] Similar to Equation 1 above, motion for the train, assuming it is a point mass,
may be approximated using a point mass model of the form:
v = La—(a+bw+cv?)—g

v (Eqn. 31),
where o represents the inverse of the weight M of the train. The engine power P and the
train speed v represent the input and output of the system, respectively. Davis model

parameters a, b, and ¢ represent train resistance, and 9 represents contributions due to

grade or gradient.

[0060] According to an embodiment of the invention, horsepower for the trail
vehicles or locomotives is to be estimated at different throttle notch settings after the
train has begun a journey or trip along a route. Estimation of the trail horsepower is

performed when the trail horsepower is not known or has not been identified before the
trip. At each time instant, k, the horsepower of the lead locomotive, F;f , and the train

speed, v, are available through measurements taken during the trip. Terrain
information is also captured and represented by the gradient variable, 9, . Using this

information, horsepower of the trail locomotives may be estimated.

[0061] To simplify estimation of the trail locomotive horsepower, the trail
locomotives are held at a particular notch setting. This helps to ensure that the
horsepower generated by the trail locomotives will be a constant and, therefore, easier
to estimate. The lead locomotive need not necessarily be held at a constant notch or at
the same notch position as the trail locomotives. Once an estimation of the trail
horsepower for a particular notch has been completed, the notch of the trail locomotives
may be moved to a different position, and estimation of the trail horsepower for the new
notch position may be completed. In this manner, the trail horsepower for all notch

settings may be determined according to embodiments of the invention.

[0062] The continuous time train model of Eqn. 31 having power P split into two

parts results in the equation:
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v El—tﬁa—(a-l—bv-l—cv?)mg

. I t,. 2 3y _
= v = Pa+ Pla- (av+bv?+ cv?) — gv (Eqn. 32)
where the superscripts [/ and ¢ represent the horsepower of the command or lead

locomotive and of the remaining or trail locomotives, respectively. The train mass and

the Davis coefficients are acquired from known values.

[6063] The continuous time train model of Eqn. 32 is converted to a discrete time
equivalent model because data is available at discrete time instants. For this conversion,

a trapezoidal discretization method is used that results in the discrete time model:

(’Uk+1+vk ) (’vk;;vlmvk ) _ PlotPl o—avg i~ —cv | —gki1Vkia
2 ot - 2
Pta+Pla—av, —bv? —cvd - g v
2 (Eqn. 33).
Collecting terms with P’ results in the data model:
¢ Vi1~ l z
2P'a = st T Gk+1Vk+1 + GkVk — Pk—H + P )«
+ (vgr1+wv)a
+ (B tui)e
(Eqn. 34).

[06064]  All of the known values on the right-hand side of Eqn. 34 are denoted by the

variable y;. That is, a represents the inverse of the weight of the train; & represents a
time point; P represents a measured tractive effort parameter of the command vehicle;

v represents a measured speed of the train; ot represents a time difference between k
and k+1; a, b, and ¢ represent train resistance parameters; and 9 represents a grade

parameter. A perfect knowledge of model parameters of Eqn. 34 results in the equation:

2P'a =y, Yk (Eqn. 35).
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However, because of modeling or observation errors, a best estimate of trail horsepower

A

n,.2
F is calculated that will minimize the sum of squared errors 221 i where

M = 2P — Yk. The best estimate has the simple average given by:

ot 1 n
P = Toen 21 Yk

(Eqn. 36).

[0065] A running equation may be used instead of Egn. 36. The running equation
may be used where storing data in computer memory of y; for all k is not desired. The

running average formulation may be defined as:

ot — 1 Ot Yk+1
P = (Pkk + 55 ) (Eqn. 37).
. . Pt .
Hence, the previous best estimate ~ k and the current data y,; may be used to determine

Dt
the new estimate P, k+1,

[0066] Different cars in the train might be loaded or empty. Accordingly, the weight
distribution of the train may not be uniform throughout. The non-uniform weight
distribution has implications in terms of train handling and braking. Therefore,
estimation of the weight distribution along the length of the train is desired. For this, it
is assumed that the total horsepower generated by all of the locomotives P, is available

at any time instant.

{0067] The lumped train model found in Eqn. 31 is an approximation of the true
train. This model is expanded to account for the resistance seen by each car and

locomotive such that the dependence on the weight of each of these units is brought out.

[0068] The Davis parameters for a given unit, such as a car or locomotive of the

train, may be defined as:

= da + db%
de

— a
= day, (Eqn. 38),

QW o
I
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where » is the number of axles in the unit; a is a cross-sectional area of the unit; d,, ds,
d., and dy are constants that depend on the unit; and w is the weight of the unit.
Recalling Eqn. 31, the lumped train model is:
v = La—(a+bw+ca?)—g

v (Egn. 39),
where the lumped Davis parameters are weighted averages of the individual unit or

car/locomotive parameters.

[0069] Accordingly, the Davis parameters may be written as:

i c
= (alf1 + déﬁ—[) (m+ Duwla+ NN, (dg + g%) wia
b = dim+Duwla+ TN, dwsa
—_ i1 t N  gc.c
c = (dda +mdyat + >, ddai) a (Eqn. 40)
where w' denotes the weight of a vehicle or locomotive and w;” denotes the weight of the
i" car of the consist. The effective grade 9 may be written as a weighted average of the

individual grade seen by each unit:

m+1 N
=3 gt + 3 gtut | a
j=1 i=1
(Egn. 41),

where the superscripts /, ¢, and ¢ denote lead locomotive, trail locomotive, and car,

respectively.

{0070] Referring to Eqn. 40, it is noted that c is independent of the unit weights.

Collecting the terms in a and c¢ that are independent of weights, w, results in:

dint(m + 1) + dn°N
dyal + mdiat + YN | dSas

Y]
Il

o
!

(Eqn. 42),
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where m and N are the number of trail locomotives and cars, respectively. Substituting
for a, b, and ¢ from Egn. 40 into Eqn. 39 and multiplying both sides by v, results in the

distributed train model:

v = (P—-av—&’)a
- (di v+ div 2{) (m + Dw'a
ZZ? gf, vw'a
Sim1 (d5v + dgv® + gfu) wf (Eqn. 43).
{0071] Using trapezoidal discretization with sampling time J¢, Eqn. 43 can be

converted into the discrete time model:

v — Vg - -

(kg1 + vg) (“%ﬁ) = | Ppq1 — @vpgr — CU?;H) e!

= (Ao +dho,y) (m+ Dt

{ {
= 2 Gk Vkiw' e
2 >

— o{dSvgsy + dg'ukH +- g;f’k“_vkﬂ) wigy

+ (P — vy, — &v3) o

— <d‘l vk + d 2) (m + Dwle

- vkw o

-y (dc’vk o d%k + g; kw) wio

(Eqn. 44),

where k denotes the time index. Assuming that the mass of a locomotive w' is known
and having the constraint that the consist and the load mass have to add up to the train

mass, i.e.,

(m+Dw+Yuw§ = M
= (m+ Dwla+ T wfa =

—t

(Eqgn. 45),

A substitution for w'a in Eqn. 44 results in the data model:
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- .
Bk | gy + dief,, +

§§g+1%’k+1 + §§gvk = | FPpyp — Gvgqy — Eng) o

+  (dhvr + dzcv;fﬂ) 2o wia

w3 (d5vhsr + dSvE g + 66 Ui ) w0
(Pk - GUg - 5’?]%) o
(dévk + div%) S uwfa

5 (dg@k + dSvi + g kvk) wiar
+ (Fhpaves + Ghoe) Twfa

l

(Egn. 46),

G o= L ymil gl e
where 7k 7 m+1 <=1 Ik denotes the grade averaged over the locomotives.

[6872] The data model of Eqn. 46 can be used to define the fit error:
M = Oy, — Yk |

where the unknown vector =[ @ w;"a@. .. w'p ] and @ denotes its best estimate,
where O denotes the number of subdivisions of the train for estimating the weight

distribution, where

2 2
VE L, —V
k1 " Yk g 1.2 I "
= = + d Vp+1 + Vi + G Vh+1 + GLVk
Y ot okt ck+1 k1 7R+ k , and where

P + Peyq — a(vg + viepr) — €(0f + ?7i3é+.1)

o= | (dh—d5) (o +omgr) + (= d8) (w2 +0240) + (6h ~ 5.) v + (Fhys — 0 s ) Vb

[0673] Supposing that there are r such data points, then the data points can be
stacked to get the regressor vector @=f ¢ ... ¢ ] and the output vector Y=[ y;... y, ].
n represents an error vector { 77 . . . 7, J. This results in the matrix relation:

6@ = Y +n (Eqn. 47).

[0074] Again, the estimation problem can be posed as the quadratic programming

problem:
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ming (Y — 6®) (Y — 6®)
= ming 6®®'¢' — 2Y 9’9

.1 ’ ’
= ming 50 HO' + f0 (Eqn. 48),

where H = 200’ and f = -2Y®', subject to the linear constraints that the sum of weights
of all units should equal the total train weight,

[ m+Dw! 1 ... 1]8 = 1
(Eqn. 49),

and that the individual car weights should be greater than the weight of an empty car,

wy
= Wer — Wi

We

0, ’1, = 1 e N (Eqn 50),

IN IV

where w, is the weight of an empty car.

[0075] FIG. 4 shows a technique 134 for determining available power and weight
distribution in a train according to an embodiment of the invention. In an embodiment,
technique 134 may be programmed into computer 130 of train 100 shown in of FIG. 3
or may be stored on a computer readable storage medium readable via computer 130
such that a processor (not shown) of computer 130 may be caused to perform technique
134. In an embodiment of the invention, the computer readable storage medium may
be, for example, floppy disk drives, tape drives, CD-ROM drives, DVD-RW drives,

external and internal hard drives, flash drives, and the like.

[0076] Once a train, such as train 100 of FIG. 3, has begun a journey along a route,
technique 134 may be performed to estimate the tractive effort or horsepower of trail
vehicles are locomotives and to estimate a weight distribution along the train such that a
route plan may be calculated to optimize fuel efficiency used by the train during the
journey. Accordingly, a navigation system may use the route plan to automatically
operate the train through to a destination of the train. Alternatively, the route plan may
be used to assist an engineer operating the train to increase or maximize fuel efficiency

of the train's operation.
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[0077]  According to an embodiment of the invention, technique 134 includes setting
the trail vehicles to a notch value at step 136. Setting the trail vehicles to the same
notch value allows calculation of their tractive effort at that notch value. It is
contemplated that technique 134 may be performed for each notch value for which it is
desirable to calculate the tractive effort of the trail vehicles. Technique 134 includes
acquiring the tractive effort of the command or lead vehicle at step 138 and acquiring a
speed of the train at step 140. The lead vehicle tractive effort and the train speed are
accordingly acquired after the train has begun the journey. Technique 134 also includes
acquiring other train parameters at step 142. The other parameters include parameters
such as the Davis parameters, grade or gradient parameters, and a mass of the train.
These other train parameters may be acquired from stored values determined or
calculated before or after the train has begun the journey. Acquiring other train
parameters 134 also includes acquiring a previously-calculated tractive effort estimation

of the trail vehicles if available.

[0078] Once the lead vehicle tractive effort, train speed, and other parameters are
acquired, technique 134 calculates the tractive effort or horsepower of the trail vehicles
at step 144. Calculation of the trail vehicle tractive effort includes calculating or
estimating the tractive effort according to the equations described above. That is, the
trail vehicle tractive effort may be estimated via Eqns. 36 or 37, for example. After the
tractive effort of the trail vehicles has been calculated, the tractive effort of all the
vehicles may be determined at step 146. The tractive effort of all the vehicles may be
used in combination with the equations described above to calculate a weight
distribution of the train at step 148. The weight distribution may be calculated, for

example, via Eqn. 48 subject to the constraints identified in Eqn. 49.

[06079] A technical contribution for the disclosed method and apparatus is that it
provides for a computer-implemented estimation of train resistance parameters and

weight of a train.

[0080] Any instances of “train” herein are not limited to train rail vehicles per se, but
instead the term train includes any vehicle consist (plurality of vehicles that are linked

to travel together), unless otherwise explicitly specified. Depending on the context,
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certain embodiments may be applicable to off-highway vehicles generally, e.g.,
applicable to a single off-highway vehicle. The term “locomotive” is not meant to be
limited to a train/rail locomotive, but instead encompasses powered off-highway
vehicles generally, “powered” referring to an off-highway vehicle that is capable of
self-propulsion, unless otherwise explicitly specified. The term “car” refers to a non-
powered or unpowered off-highway vehicle, meaning a vehicle that is not capable of

self-propulsion, unless otherwise explicitly specified.

[0081] While the invention has been described in detail in connection with only a
limited number of embodiments, it should be readily understood that the invention is not
limited to such disclosed embodiments. Rather, the invention can be modified to
incorporate any number of variations, alterations, substitutions or equivalent
arrangements not heretofore described, but which are commensurate with the spirit and
scope of the invention. Additionally, while various embodiments of the invention have
been described, it is to be understood that aspects of the invention may include only
some of the described embodiments. Accordingly, the invention is not limited by the

foregoing description, but is only limited by the scope of the appended claims.
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WHAT IS CLAIMED IS:

1. A control method for controlling an off-highway vehicle comprising:

acquiring a plurality of actual vehicle speed measurements from at least
one sensor during a journey;

acquiring a respective vehicle power parameter corresponding to each of
the plurality of actual vehicle speed measurements;

estimating a plurality of resistance parameters from the plurality of actual
vehicle speed measurements and the corresponding vehicle power parameters; and

regulating vehicle power of the vehicle to control movement of the

vehicle based at least in part on the plurality of resistance parameters.

2. The control method of claim 1 wherein the vehicle power is regulated

using a proportional integral control technique.

3. The control method of claim 1 further comprising:

accessing trip information from a trip schedule;

from the trip information, acquiring a desired vehicle speed
corresponding to a current position of the vehicle;

carrying out a comparison of the plurality of actual vehicle speed
measurements to the desired vehicle speed;

determining a speed error from the comparison; and

controlling the vehicle to minimize or reduce the speed error.

4. The control method of claim 1 further comprising:
defining a data collection time interval corresponding to a period of time
after the vehicle has begun the journey;
defining a plurality of data collection times within the data collection
time interval; and
acquiring one of the plurality of actual vehicle speed measurements in

each of the plurality of data collection times.
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5. The control method of claim 1 further comprising:
re-estimating the plurality of resistance parameters throughout the

journey.

6. The control method of claim 1 wherein vehicle power is regulated in
accordance with:
P = Mv(ps[(z—v)ds —piv—7 [ f'nds)
where:

P represents the vehicle power; M represents the estimate of vehicle
mass; p; represents a first PI gain input; p, represents a second PI gain input; z
represents the desired vehicle speed; v represents the actual vehicle speed; y represents a
gain parameter; # represents an acceleration fit error; f represents a nonlinear vector

function; and s represents a laplace variable.

7. A method comprising:
monitoring vehicle operating conditions of an off-highway vehicle;
estimating a plurality of resistance parameters based on the monitored
vehicle operating conditions;
accessing a trip database;
updating a vehicle operation model based on the vehicle operating
conditions, the estimated plurality of resistance parameters, and the trip database; and
controlling movement of the vehicle based on the vehicle operation

model.

8. The method of claim 7 wherein monitoring vehicle operating conditions

comprises monitoring a vehicle speed and an actual vehicle power.

9. The method of claim 7 wherein updating the vehicle operation model

comprises updating a desired vehicle power.
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10.  The method of claim 7 wherein accessing the trip database comprises

determining a desired vehicle speed.

11.  The method of claim 7 wherein estimating the plurality of resistance

parameters comprises estimating a vehicle mass and a plurality of Davis coefficients.

12.  The method of claim 11 wherein estimating the plurality of Davis
coefficients comprises estimating at least one of a journal friction, a frictional

coefficient, and a wind resistance.

13.  The method of claim 7 wherein estimating the plurality of resistance

parameters comprises implementing a least squares minimization technique.

14.  The method of claim 7 further comprising:

determining a vehicle resistance parameter error;

determining whether the vehicle resistance parameter error is within a desired
tolerance; and

updating the operation model if the vehicle resistance parameter error is within

the desired tolerance.

15. A control method for controlling a vehicle consist comprising:

acquiring a plurality of parameters of the vehicle consist, the parameters being
measured after the vehicle consist has begun a journey, wherein the vehicle consist
comprises a plurality of vehicles linked to travel together, the plurality of vehicles
including at least one powered vehicle for moving the vehicle consist and at least one
non-powered vehicle, and wherein the plurality of acquired parameters includes a
plurality of tractive effort parameters of a command vehicle of the vehicle consist and a
plurality of speed parameters of the vehicle consist, each tractive effort parameter and
each speed parameter measured at a distinct time after the vehicle consist has begun the
journey;

calculating the tractive effort of less than all of the plurality of vehicles based on

the acquired plurality of parameters;
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calculating a route plan based at least in part on the calculated tractive effort;

and
controlling movement of the vehicle consist based at least in part on the route

plan.

16.  The method of claim 15 comprising calculating the tractive effort of the

plurality of vehicles less the command vehicle.

17.  The method of claim 16 wherein the plurality of acquired parameters
includes a mass of the vehicle consist, a plurality of vehicle consist resistance

parameters, and a plurality of grade parameters.

18.  The method of claim 17 wherein the tractive effort of the plurality of

vehicles less the lead vehicle is calculated in accordance with:

ot _ 1 ot Yk+t1
Pevi = (Pkk+ % )

b

where:

f’k'ﬂ represents a current estimate of horsepower of the plurality of vehicles less

the command vehicle; P/ represents a previous best estimate of the horsepower; «

represents the inverse of the weight of the vehicle consist; k represents a time point;

2 2
r represents v 1Y -
YLIep B + Gkt 1Vk41 + GrUk — (P,iﬂ + P,ﬁ) o

+ ('Uk+1 + ’Uk) a
+ (VR )b

-+ vgﬂ—i-v,% c

P} represents a measured tractive effort parameter of the command vehicle; v

represents a measured speed of the vehicle consist; ¢ represents a time difference

between k and k+I; a, b, and ¢ represent vehicle consist resistance parameters; and 9

represents a grade parameter.
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19.  The method of claim 15 further comprising:
determining a plurality of combined tractive effort parameters of all of
the plurality of vehicles based on a plurality of the acquired tractive effort parameters of
the command vehicle and based on a plurality of calculated tractive effort parameters of
the less than all of the plurality of vehicles; and
calculating a distribution of a weight of the vehicle consist based on the
determined plurality of combined tractive effort parameters and based on a plurality of

the acquired speed parameters of the vehicle consist.

20.  The method of claim 19 wherein the distribution of the weight of the
vehicle consist is calculated in accordance with:
ming (Y — @) (Y — 6®)

where:

02 = Y+n.y represents an output vector [ y; . . . y, |; ® represents a

regressor vector [ ¢ . .. @ ]; m7represents an error vector [ 7;... 7, 1;
M = 0%k — k.
b= aw'a... woal;
2 2

i i i
k=g T Aokt + dViy1 + Ghy1Vk+1 + Gkvk

P + Peyq — a(vg + vgg1) — &(vg +v344)
= | (dh —dS) (v +vesr) + (dh = de) (B + 0By ) + (3 — 05) v + (Bhys — 0540 ) R

a = dnl(m+1)+din°N
dfial + md4at + Zfil dflag.

o
f

b

where k and r represent a number of data points; P represents a combined
tractive effort parameter; v represents a measured speed of the vehicle consist; n
represents a number of axles in a unit; a is a cross-sectional area of a unit; d,, dp, d., and
dq are constants that depend on the unit; the superscripts /, ¢, and ¢ represent the

command vehicle, the vehicles other than the command vehicle, and a car of the consist,
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respectively; w' and w;" denote the weight of a vehicle and the i" car of the consist,
respectively; m represents the number of vehicles less than command vehicle; N

represents the number of cars of the consist; 9 represents a grade parameter; and

gl = 1 Z’.”'H l.
where Ik = m+1 2«5=1 95k denotes the grade averaged over the plurality of

vehicles.

21.  The method of claim 20 wherein the distribution of the weight of the

vehicle comnsist is calculated in accordance with the constraints:

[ m+Dw! 1. 1]e =1

, and

c

wz we

>
Swea—wia < 0, i=1...N

k4

where w, represents the weight of an empty car of the consist.

22.  The method of claim 15 further comprising:

controlling each of the at least one powered vehicle via a first common power
control value; and

calculating the tractive effort of less than all of the plurality of vehicles

controlled via the first common power control value.

23.  The method of claim 22 further comprising:

controlling each of the powered vehicles via a second common power control
value, the second common power control value different than the first common power
control value; and

calculating the tractive effort of less than all of the plurality of vehicles

controlled via the second common power control value.

24. A method comprising:

measuring a plurality of tractive effort values of a first powered vehicle of a
vehicle consist moving along a route;

measuring a plurality of speed values of the vehicle consist moving along the

route; and
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estimating the tractive effort of one or more second powered vehicles of the

vehicle consist based on the measured plurality of tractive effort values and the

measured plurality of speed values.

25.  The method of claim 24 wherein estimating the tractive effort comprises

estimating the tractive effort in accordance with:

Pl = g (Pfk + 4 )

where:

P/, represents a current estimate of horsepower of powered vehicles in the

consist less the first powered vehicle; 13,: represents a previous best estimate of the
horsepower; a represents the inverse of the weight of the vehicle consist; k represents a
time point;
Yi Tepresents '""i‘“mvk 5 + 9k+1Vk+1 + GKVk — (P k+1 F, l)
+ (’Uk+1 + vk) a
+ vi Tt U% b

ok o) e

Py represents a measured tractive effort parameter of the first powered vehicle; v
represents a measured speed of the vehicle consist; & represents a time difference

between k and k+1; a, b, and ¢ represent vehicle consist resistance parameters; and ¢

represents a grade parameter.
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