US 20040068359A1

a2 Patent Application Publication (o) Pub. No.: US 2004/0068359 A1l

a9 United States

Neiss et al.

43) Pub. Date: Apr. 8, 2004

(54) PREDICTIVE SPEED CONTROL FOR A
MOTOR VEHICLE

(76) Inventors: Konstantin Neiss,
Stuttgart-Unterturkheim (DE); Stephan
Terwen, Esslingen (DE); Thomas
Connolly, Portland, OR (US)

Correspondence Address:

CROWELL & MORING LLP
INTELLECTUAL PROPERTY GROUP
P.O. BOX 14300

WASHINGTON, DC 20044-4300 (US)

(21) Appl. No.: 10/264,253
(22) Filed: Oct. 4, 2002
Publication Classification
(51) Int. CL7 oo B60K 31/00
(52) US.Cl . 701/96; 701/93; 180/170

(7) ABSTRACT

Apredictive cruise control system utilizes information about
the current vehicle position, as well as upcoming terrain in
order to save fuel and increase driving comfort. A vehicle
operating cost function is defined, based on a plurality of
environmental parameters, vehicle parameters, vehicle oper-
ating parameters and route parameters. As the vehicle travels
over a particular route for which route parameters, such as
road gradient and curvature, are stored in a road map,
sensors aboard the vehicle detect environmental and vehicle
operating parameters, including at least vehicle speed and its
position relative to the road map. As the vehicle proceeds, an
onboard computer iteratively calculates and stores in a
memory vehicle control parameters that optimize the vehicle
operating cost function for a predetermined Prediction Hori-
zon along the route ahead of the vehicle. The optimal vehicle
control parameters for the Prediction Horizon are then stored
in a memory and continuously updated and replaced by new
data as the vehicle moves along, thereby adjusting the
“optimal” control parameters to reflect actual vehicle his-
torical operating experience during the journey. The vehicle
is then controlled by reading the optimized updated vehicle
control parameters from the memory, corresponding to the
current position of the vehicle.
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PREDICTIVE SPEED CONTROL FOR A MOTOR
VEHICLE

BACKGROUND AND SUMMARY OF THE
INVENTION

[0001] The present invention is directed to a cruise control
unit for a motor vehicle, which minimizes vehicle operating
costs, based on an analysis of vehicle operating parameters
and route information regarding a route section ahead of the
vehicle.

[0002] Conventional cruise control systems seek to main-
tain vehicle speed at a preset value, which is ordinarily input
to the system by an operator of the vehicle. For this purpose,
the system includes sensors for detecting actual vehicle
speed, which is fed to a controller and compared with the
desired vehicle speed. The vehicle throttle is then adjusted
based on an error signal and a control algorithm. Such closed
loop control systems, which may utilize P, PI, or PID control
are well known. In addition, such systems may (but need
not) also include sensors for detecting obstacles in the path
of the vehicle, and for adjusting the vehicle speed accord-

ingly.

[0003] One disadvantage of conventional cruise control
systems is that they fail to take into account, environmental
parameters regarding the route which is being traveled, such
as road gradient and road curvature. Thus, the conventional
cruise control system seeks to maintain a vehicle speed at the
set value, regardless of whether the vehicle is on an uphill
or a downhill grade, or is approaching a sharp curve in the
road. However, if a vehicle maintains its speed at a desired
value on an uphill grade, then it will pick up speed, possibly
exceeding the desired speed on the downhill segment such
that the vehicle operator must intervene and apply the
vehicle brakes. Similarly, since the cruise control system
also maintains vehicle speed when entering a curve, it will
frequently be necessary for the vehicle operator once again
to intervene by applying the brakes, in order to accommo-
date the curve. Such wide variations in vehicle speed, as well
as the necessity for human intervention in order to apply the
vehicle brakes, are wasteful.

[0004] Accordingly, it would be advantageous to provide
a cruise control system which utilizes information about the
current position of the vehicle, as well as stored information
concerning upcoming terrain along the route currently being
traveled, in order to save fuel and increase driving comfort.
In such a system, the current vehicle position may be
determined, for example, by means of a Global Positioning
System (GPS), and information about the upcoming terrain
can be taken from a three-dimensional digital road map for
the purpose of controlling vehicle operation.

[0005] A system of this generic type is disclosed, for
example, in U.S. Pat. No. 6,370,472 B1, in which an optimal
set of vehicle control parameters are initially established by
having a driver of particularly high skill in the conservation
of fuel, drive the vehicle over a predetermined course. As the
vehicle proceeds, sensors collect throttle voltage informa-
tion, as well as time position and elevation data from a GPS
receiver. The latter information is stored, together with
vehicle speed data in a digital map. Thereafter, when the
vehicle once again travels over the same route, an onboard
computer uses the previously created optimal driving profile
to control the throttle position of the vehicle. For this
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purpose, the onboard computer uses information read from
a GPS sensor to compare the current vehicle position and
throttle voltage to the historical data, reads the previously
recorded “optimal” data from the digital map, and uses
adaptive techniques to match the current throttle voltage to
the throttle voltage at the same location based on the
historical data established during the optimizing initial run.

[0006] For the latter purpose, the 472 system provides for
matching the slope of the historical (optimum) run to the
current run. That is, the system “looks ahead” a specified
distance or time, and determines the slope of the “historical
throttle voltage versus time/distance curve”, and applies that
slope to the current data to adjust the current throttle
position.

[0007] One disadvantage to the known prior art systems,
such as the ’472 patent, is that they require at least one
“record drive” to be performed prior to operation of the
system. This in turn requires that every route in the road
network contained within a potential operating area of the
vehicle must first be transited by an expert driver. Further-
more, control of the vehicle throttle based on such historical
driver generated information is only as good as the “expert
driver” who first traveled the route, establishing the histori-
cal profile to control throttle position. To the extent that such
driver deviates from the actual optimum operating param-
eters during the initial “record drive” subsequent vehicles
traveling the same route will deviate from the optimum in a
corresponding manner.

[0008] In addition, unforeseeable driving situations which
occurred during driving with automatic throttle control are
not considered in the recorded historical throttle profile.
Such a situation might arise, for example, where the driver
manually overrules the cruise control system (for example,
by applying the vehicle brakes) when the vehicle approaches
a slower vehicle ahead, or when the cruise control is
overruled by another driving system, such as an adaptive
cruise control system with distance control. In such situa-
tions, it is necessary to adjust the subsequent driving param-
eters according to a profile which differs from an historical
profile in order yet to achieve optimum vehicle operation.
However, the prior art systems, such as the 472 patent
contain no provision for reconfiguring the system to return
to the record/preselected throttle control profile, since the
recorded control values are not modified, and do not them-
selves adapt to changing driving situations in this manner.

[0009] Accordingly, one purpose of the present invention
is to provide a vehicle control system which continually
adjusts vehicle control parameters to optimum values based
on current vehicle operating conditions as well as stored
route information, using an analytic function to determine an
optimal velocity of the vehicle.

[0010] Another object of the invention is to provide a
vehicle control system which exhibits a high degree of
flexibility, and is able to adapt the velocity control to
changing driving situations which result from the interven-
tion of external constraints on driving behavior as the
vehicle transits a particular route.

[0011] Still another object of the invention is to provide
such a system which eliminates the need for an initial
“record drive” by an expert, as well as the human error
introduced into the system as a result of failure by the expert
to achieve optimal driving conditions during the record
drive.
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[0012] Yet another object of the invention is to provide a
vehicle control system in which optimal vehicle control
values are continuously calculated online during operation
of the vehicle, taking into account the current vehicle
velocity as it transits a particular route.

[0013] Finally, another object of the present invention is to
provide a vehicle control system which takes into account
road curvature information, to adjust the vehicle throttle
position.

[0014] These and other objects and advantages are
achieved by the predictive cruise control system according
to the invention, which utilizes information about the current
vehicle position, as well as upcoming terrain in order to save
fuel and increase driving comfort. The current position is
determined by means of a signal received from a Global
Positioning System (GPS), and possibly by integration of
the vehicle speed over the course of the journey, and
information about the upcoming terrain is taken from a three
dimensional digital map. The vehicle velocity is then con-
trolled in order to follow an analytically computed optimal
driving strategy, based on this information. No previous
“record” drive is therefore required.

[0015] In the predictive cruise control system according to
the invention, a vehicle operating cost function is defined,
based on a plurality of environmental parameters, vehicle
parameters, vehicle operating parameters and route param-
eters. As the vehicle travels over a particular route for which
route parameters, such as road gradient and curvature, are
stored in a road map, sensors aboard the vehicle detect
environmental and vehicle operating parameters, including
at least vehicle speed and position relative to the road map.
As the vehicle proceeds, an onboard computer iteratively
calculates and stores in a memory vehicle control parameters
that optimize the vehicle operating cost function for a
predetermined distance (referred to as a “Prediction Hori-
zon”) along the route ahead of the vehicle. The optimal
vehicle control parameters for the Prediction Horizon are
then stored in a memory and continuously updated and
replaced by new data as the vehicle (and hence the Predic-
tion Horizon) moves along, thereby adjusting the “optimal”
control parameters to reflect actual vehicle historical oper-
ating experience during the journey. The vehicle is then
controlled by reading the optimized vehicle control param-
eters from the memory, corresponding to the current position
of the vehicle.

[0016] Other objects, advantages and novel features of the
present invention will become apparent from the following
detailed description of the invention when considered in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 is a graphic illustration of the operation of
the Predictive Cruise Control System according to the
invention, maintaining vehicle speed within a permitted
range;

[0018] FIG. 2 is a graphic depiction of a vehicle transiting
a hill;

[0019] FIG. 3 is a graphic depiction of vehicles traveling
in a curve;

[0020] FIG. 4 shows the structure of the overall PCC

system according to the invention;
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[0021] FIG. 5 is a block diagram which shows the linear
controller in FIG. 4;

[0022] FIG. 6 is a block diagram which shows the struc-
ture of the Predictive Cruise Control module in the system
according to the invention;

[0023] FIG. 7 is a graphic illustration of the forces which
act on a vehicle traveling on an incline;

[0024] FIG. 8 is a graphic depiction of a look-up table
defining the relationship between engine speed, fuel con-
sumption and engine output torque;

[0025] FIG. 9 is a graphic depiction of the relationship
between engine speed and engine friction;

[0026] FIG. 10 shows the formatting of data for the
Prediction Horizon according to the invention;

[0027] FIG. 11 illustrates the ring buffer memory used for
performing the calculations according to the invention;

[0028] FIGS. 12a-c show the ring buffer memory status
during an initialization state prior to operation of the vehicle;

[0029] FIGS. 13a-d show the operation of the optimiza-
tion algorithm during driving of the vehicle; and

[0030] FIG. 14 shows an implementation of the PCC
system according to the invention in a vehicle.

DETAILED DESCRIPTION OF THE
INVENTION

[0031] The basic idea of Predictive Cruise Control (PCC)
is to replace or supplement the set speed of a conventional
cruise control with a speed band. Forward-looking terrain
information is used to determine, as a function of position,
a desired speed inside the speed band (as shown in FIG. 1
for example), in order to maximize fuel savings. In the ideal
case, the vehicle that is equipped with PCC slows down as
it moves uphill until it reaches a minimum speed on top of
the hill, and regains speed on the downhill part, thus
completely converting the potential energy into kinetic
energy. (See FIG. 2.) This strategy prevents unnecessary
braking, or delays braking until it is unavoidable.

[0032] In addition, road curvature information can also be
used to reduce vehicle speed in curves in order to avoid high
lateral acceleration which can lead to vehicle rollover. As the
vehicle approaches a curve, the speed can automatically be
reduced as shown in FIG. 3.

[0033] The PCC System

[0034] Ablock diagram of the PCC vehicle control system
according to the invention is shown in FIG. 4. It includes a
conventional controller 2, which may (but need not) be a
closed loop cruise control system in which the throttle of the
vehicle 1 is controlled based on an error signal between
actual and desired vehicle speed. Such systems are well
known, as discussed below in regard to FIG. 5. In addition,
the system according to the invention also includes a PCC
block 3,which receives the following inputs:

[0035] GPS: The Global Positioning System 4 sup-
plies the PCC block 3 with information about the
current position of the vehicle.
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[0036] Current Velocity: The vehicle velocity is used
to estimate the current vehicle position if no GPS
signal is available, and is also used to update the
desired vehicle speed.

[0037]
[0038] Desired Velocity v4..ieq

[0039] Desired Throttle: The Throttle Pedal Position
controls the fuel injection to the motor. This output
may take on negative values if the PCC system
requests a deceleration of the vehicle.

In turn, the PCC block generates as outputs:

[0040] Controller Gain: If a linear controller is uti-
lized to allow the vehicle to follow the optimal
velocity trajectories this PCC output supplies the
appropriate optimal gain value.

[0041] All these output signals are inputs for the controller
2 which controls the vehicle to follow the calculated velocity
trajectory.

[0042] Tt should be noted in this regard that there are many
ways in which the desired vehicle velocity can be realized by
the controller, but they are all fundamentally the same.
Eventually a command signal must be given to the engine so
that it attempts to achieve the desired speed. This command
is referred to herein as the “throttle position”. In reality, the
command need not be a true throttle position. In its most
general sense the process is: the desired vehicle speed is
converted to a desired engine speed, which is sent to the
engine and the engine achieves it via its own controller or
using a separate adaptive cruise controller. In the case of a
diesel engine, the engine determines how much fuel to
inject. (The amount of fuel injected can be mapped to a pedal
or throttle position, which is why it is referred to in this way.)
On the other hand, if the system is implemented with a
gasoline engine, the command could actually be a throttle
angle.

[0043] FIG. 5 shows a linear controller of a type which
may be included in the system of FIG. 4. In the subtraction
unit 21, the actual vehicle speed v, is compared with the
desired speed v,,.,, and multiplied by the input controller
gain in a multiplier unit 22, to generate a throttle error signal
Ath. The latter is then added to a desired throttle input in an
adder 23 to generate a throttle signal th, that is applied to
vehicle throttle and braking characteristics 24a,b, which are
used to control the vehicle throttle and brakes.

[0044] In practice, the functionality of the linear controller
represented by block 2 in FIG. 4 may already be present in
the vehicle so that a set speed determined in the PCC block
3 is provided to the vehicle, which applies it using its own
control algorithms implemented by its own engine control-
ler.

[0045] The basic structure of the PCC block is shown in
FIG. 6. it includes four basic modules:

[0046] Position Estimator 25: This module (which
may be present in the vehicle navigation system)
determines the current position of the vehicle on the
road by integrating the vehicle velocity and taking
into account the incoming GPS messages.

[0047] TLook-up Table 26: The look-up table is a
memory where desired velocity, throttle pedal, and
controller gain values are stored for an area (the
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Prediction Horizon) around the current vehicle posi-
tion. The outputs of the PCC block are determined by
reading out the values belonging to the vehicle
position supplied by the Position Estimator.

[0048] Optimization Algorithm Module 27: This is
the main module, in which optimal velocity trajec-
tory, the optimal throttle pedal positions, and the
controller gains are calculated for the approaching
road within the Prediction Horizon, based on opti-
mization of a cost function, as described hereinafter.
These series are then stored in the look-up table. The
start of a new calculation is triggered every time the
vehicle has covered a specified distance. It may also
be triggered by other events, such as the vehicle
driver’s changing the set vehicle speed.

[0049] 3D Digital Road Map 28: The Optimization
Algorithm (described hereinafter) uses information
read from the digital map to determine the gradient
angles and curve radii of the upcoming road; and the
Position Estimator module uses information about
the area surrounding the current position to deter-
mine the most likely position on the road for a new
GPS message to initialize its integrator.

[0050] The Vehicle+Road Model

[0051] In order to optimize operation of the vehicle in an
adaptable analytical manner based on actual current vehicle
operation as the journey progresses, a mathematical model
of a vehicle driving on the road is needed. This model can
be derived from Newton’s third law

d . (Eq. D)
m-%v_ZFl,

[0052] wherein F, are the external and internal forces
affecting the vehicle.

[0053] FIG. 7 shows a vehicle operated on an incline, as
well as the forces that act on it. These forces include:

[0054] F,_;=—ug cos—the grade of the street.
u—friction coefficient of the street, g—gravitation
constant, ¢p—the grade of the street measured in
radiant)

[0055] F
gravity.

—g sin ¢: The force caused by the

grade

! 2
Fdrag=_§ w Pair AV™ 1

[0056] The turbulent friction. (c,,—the characteristic
shape coefficient, p air—the density of the air,
A—the surface area of the vehicle, v—velocity)

[0057] F : The force caused by the engine.

motor*

[0058] F,,...: The decelerating force by the brake.
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[0059] Combining these forces, the equation of motion
then becomes:

dv (Eq. 2)
m—o- = Frotor + Forake + Farag + Frade + Froi

[0060] In the system equation there is no extra brake force
considered. This is done since the partial derivatives of the
system equation are presumed to exist. In order to take the
decelerating effect of the brakes in account, the throttle pedal
is allowed to assume negative positions, and so the motor is
capable of generating a decelerating torque. These negative
throttle values are converted to respective brake signals by
a controller following the PCC system.

[0061] The accelerating or decelerating force caused by
the motor is calculated by Eq. 3 from the engine torque.

ipir (Eq. 3)
Fnotor = n r_ Tnotor .
w

[0062] where
[0063] ) is the effectiveness of the drive train.
[0064] i is the transmission coefficient.
[0065] iy is the axle transmission coefficient.
[0066] r., is the radius of the wheels.
[0067] T_.,, is the applied torque by the engine.

[0068] The engine torque is composed of the decelerating
or accelerating torque T, and the engine friction torque

e
friction®

T,

motor=1 use™ T friction (Eq. 4)
[0069] T, isdetermined by the motor look-up table, such
as in FIG. 8, which shows engine torque in relation to
engine speed n and fuel consumption per engine revolution
measured in mg. The relation between the throttle pedal
position th and the fuel value is assumed to be static and

linear. That is,

fuel=fuel, th (Eq. 5)
[0070] where th=1 and fuel,, is the maximum value of
‘fuel’ in the look-up table. As can be seen in FIG. 8, the

look-up table can be approximated by a plane, as follows:

(Eq. 6)
[0071] Also the characteristic curve of the engine friction
is approximated by a straight line, as shown in FIG. 9. That
is, the relationship between friction torque and engine speed
is given by:

T,

T,

u:

se=K fuel+K, n+K;.

(Bq- 7)
[0072] And finally, the relation for the engine speed is:

Thiction=Ry n+R,.

ipir (Eq. 8)
—v

Pyt

n=30
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[0073] Combining Equations 4-8 yields the following
expression for motor torque:

30ipir (Eq. 9)

Totor = Ky futelpax th+ ——(Ky = R) v+ K3 — Ry.
Pl

[0074] And combining all of the preceding results together
in the motion equation (Eq. 1):

d  30nipir(K2—R1) (Eq. 10)
detv(t) = TV +
nipir(Ky fuelnax th+ Kz — Ry)
Py B
1/2¢,,p Av? — mugcos(p) — mgsin(@).
[0075] 1t is convenient to change Eq. 10 such that it is

differentiated with respect to distance rather than time. This
is achieved with the substitution:

1 Eq 11
di=—ds, - 1D
v

[0076] where s is the driven distance from a specified start
point on the current street. Applying Eq. 11 to Eq. 10:

A Eq. 12
Cyup. s + (Eq. 12)
2m

=]

—(s) =
s

305 25 (K2 — R)) .
mrim

=4y

7 irip(Ks — Ra) — rymg (pcosg(s) + sing(s)) -
mry,
=430

1 N nirip fuely Ky th
v mry v
—B

[0077] With the position independent coefficients A;, A, B
and the position dependent coefficient A; (S), the system
equation becomes

d 1 B (Eq. 13)
— ()= AV + Ay + Az(s)— + —1h
ds Y

= fs, v(s), this)).

[0078] In practice application, a discrete model is needed.
This is obtained by Euler approximation,

o Bq 14
Wsear) = visi) + f (s, (), this) Ea- 149
Sk
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-continued
~ V(sk) + (St = Si)* flses vsk), thisi))
=h

V(sge1) = Visp) + e fs, vise), thisg))-

[0079] where the constant h is called the Integration Step
Size.

[0080] The Cost Function

[0081] If a system is to be controlled in an ‘optimal’

manner, it is first necessary to define what optimal means.
Usually in optimal control theory a “cost” function is
defined. A system is later called optimal if the calculated
control sequence minimizes the cost function. The cost
function should be chosen in order to let the system behave
in a desired way. Accordingly, for the purpose of the
Predictive Cruise Control according to the invention, the
following goals were established to define “optimal opera-
tion™:

[0082] The vehicle should consume less fuel and
should activate the brakes as little as possible.

[0083] The vehicle should attempt to maintain a
specified velocity (Set Speed).

[0084] The vehicle’s velocity should neither exceed
an upper limit nor undershoot a lower velocity limit.

[0085] The total travel time should be minimized.

[0086] The lateral acceleration while driving in
curves should not be so high as to impair driving
comfort and safety.

[0087] 1t should be possible to stress the different
aspects mentioned above individually.

[0088] These demands are expressed in an analytic cost
function, together with the further requirements that the
mathematical expression for the cost function should be:

[0089] Differentiable to calculate a “stationary” point
at which its slope is zero (min/max point); and

[0090] Easy for a computer to process.

[0091] Hereinafter, discrete expressions for the individual
demands are derived.

[0092] Fuel and Braking

[0093] As mentioned previously, the brakes are considered
by allowing ‘negative’ throttle pedal positions. So it is
necessary to take negative throttle values th into consider-
ation in deriving a characteristic expression for the fuel
consumption and the brake activity. The fuel consumption
per second can be calculated by

fuelyaxipir (Eq. 15)
2- 1077 P et

T

Q@ = V(D) - th(r)
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[0094] where pg,.; is the density of the fuel (measured in

. ke
(measured in —3]
m

[0095] Since negative values for the throttle pedal position
also occur, one possible expression for the cost function is

1 Eq. 16
e = 5 f sQ2dt, (ba- 10
2 0

[0096] where S is a constant weighting factor. Substituting
Equations 11 and 15 into Equation 16 yields:

1 Eq. 17
I fuet = zf Swvthzds, Eq )
0

[0097] For discrete computations, the integral must be
replaced by a summation, which can be achieved by the
Euler approximation.

1 N-1 (Eq. 18)
I pyet = E'h'; Sy veiht,

[0098] where N is the number of base points in the
considered prediction horizon and /=S, ,-S, is the Integra-
tion Step Size.

[0099] Set Speed

[0100] To reduce drifts from the desired Set Speed,
Vaesireds a0 term for the cost function is

1 [x (Eq. 19)
Jyetocity = zf GV = Vaesired) ds
Xo

[0101] where q is also a constant factor which determines
the weight of the collective cost function. Again, adapting
this or discrete computation yields:

=

L (Eq. 20)
Jvelocity = 5 B> G = Vaesiead)®

~
I
=3

[0102] TLower Velocity Limit

[0103] Since the objective is to keep the velocity within
certain limits, a cost function term is defined to penalize
exceeding Equation 21 shows such a penalty function:
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1 (Eq. 21)
J penalty = z .

N-1

> C10tomer = V20 Wigmer = 1) + T2 = Vigyer 20 = Vigper)

~

[0104] Here I';,, are constant weighting factors. These
values ge in respect to the other weighting factors to make
the velocity remain between the lower velocity limit, v, ..,
and the upper velocity limit V, o (£) is defined as

upper*

1 €20 (Eq. 22)
U(§)={0 £ <0
[0105] Travel Time
[0106] The total travel time is calculated by
(Eq. 23)

Tootal = f dt
0

[0107] By changing the total differential, and applying the
Euler approximation this can be expressed as

¥ 1 (Eq. 24)
Tiotat = f —dx
xo V

[0108] Thus, a term considering the total travel time in the
cost function is

L (Eq. 25)
Jiime = -
k=0 v
[0109] where T is the weighting factor.
[0110] Lateral Acceleration
[0111] To maintain comfort and safety while driving

through a the lateral acceleration of the vehicle should
remain predetermined value which is considered safe. The
steady state lateral acceleration of the vehicle in the plane of
the road can be approximated by:

Upgrerar=Vr€(5)-g sin O(s)

[0112] For small values of ©, sin ©®=0. Therefore, this
expression may simplified as follows:

Carerar=V > c(5)-g'O(s) (Eq. 26)
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[0113] where

[0114] c is the curvature of the road (inverse of the
radius) at distance s along the road,

[0115] g is the acceleration due to gravity; and

[0116] 6 is the cross-slope or superelevation of the
road at distance s along the road

[0117] A cost function which attempts to keep the lateral
acceleration maximum value is:

1 (Eq. 27)
Jateral_accer= — B+ R-
2

N-1

(- ck— g O = tmax ) -0 (V- Ck— & Ok — unax )

=~

[0118] where:
[0119] R is a constant weighting factor;
[0120] o is defined in Eq. 22; and

[0121] a_,. is the predefined maximum acceptable
lateral acceleration.

[0122] Final State Cost Function

[0123] If the final state is not fixed, an additional cost
function must be defined for it.

1 (Eq. 28)
® = —M(VN — Vaesired )*
2

[0124] M is again a constant weighting factor. It should
not be chosen so small that numerical difficulties are encoun-
tered in further calculations.

[0125] The Discrete Cost Function

[0126] The cost function is formed by combining the
preceding results in a manner which depends on the
response which it is desired to control. For example, a
system which takes all of the above factors into account
would be defined by the equation:

J=®+Jyimet uert vetocity M iateral —accetpenalty

[0127] Using this formulation results in the following
expression for the cost function J, which is used in the
minimization analysis hereinbelow:

1 (Eq. 29)
J = —M(WN = Vesired * +
2
e 1
E AT — + —hSPwith? + —gh(vi — Vaesivea \* +
'\ Vi 2 2
k=0
1 N-1
—hR- Y (- g O amm )
2 =0

OV 0k — & O = Qmax ) +
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-continued
1 2
Erl(vlower_ Vi ) O (Viower — Vi ) +

T2 (Vi = Vagper ¥ 0 (Vi = Vigper )}
=L

[0128] On the other hand, it is also possible, within the
scope of the invention, to control the system response in
other ways simply by zeroing out (that is, applying a zero
coefficient to) some of the terms. For example, for predictive
cruise control focusing on fuel savings due to elevation
changes (without taking into account lateral acceleration),
the cost function is given by:

J=D+ et puet W vetocity W penatty-

[0129] On the other hand, the cost function implemented
for focusing on rollover prevention is:

J =P+ et vetocityt 1ateral —accel

[0130] with each of the above terms being given by the
expressions drived previously.

[0131] Minimization of the Cost Function

[0132] Considering both the cost function J, and the
vehicle model of Equation 14, in order to minimize vehicle
operating “costs” (as defined), it is necessary to calculate a
sequence of control values th, (k=0 . . . N-1) so that the cost
function:

N-L (Eq. 30)
J=d(uy )+ Z L(st v(si), th(sg)) = min
k=0

[0133] while keeping the equality constraints

V(i) VSidsth(si) (Eq- 32)
[0134] and
V(sg)=vo(initial velocity) (Eq. 32)

[0135] For the purpose of the analysis which follows,
v =v(Xy), thy=th(X,) and ¢, is just set to ¢.

[0136] Optimization problems with equality constraints
are frequently solved by means of the Lagrangian multiplier,
which may be understood as follows: Assume a function
h(x,y), where x and y are constrained by g(x,y)=0. Adding
g multiplied by a scalar factor A to h yields a new function
L(x,y,2M)=(x,y)+) g(x,y). L and h have the same minimum
value since this is not changed by adding zero. (g(x,y)=0.)
So a stationary point (slope=0) of L is also a stationary point
of h, and the constraints are kept since

aL
—=g(x y)=0
ax

[0137] Defining for every equality constraint a Lagrangian
multiplier, and adding it to the cost function J results in the
following expression:
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J=d(w)+ (Eq. 33)

N-L
D (L0t (), 130+ At F s Vi 1) = Vet D)
k=0

[0138]

Hy(teVioher ) +hacaflog Viothy)
[0139] Changing indices of summation on the last term in
Eq. 33,

It is useful to define a scalar sequence Hy:

(Eq. 34)

N1 (Eq. 35)
J =®(vy )= Anvn + Z(Hk—/\kvk)+Ho
=y

[0140] In order to obtain a stationary point the first deriva-
tive 6J of the cost function must be equal to zero.

Nl gy N-1 N-1 (Eq. 36)

a aJ aJ
8J = Z ot é J Ot + é g M =0

[0141] After calculating the partial derivatives we get

9b N-1 8 H, (Eq. 37)
o7 = [_avN —/\N](SVN + ; {[_ka —/\k]évk +
dH, dH, dH,
T2 st 4 0600+ 2 s,
Aty o+ v 0t Fumy ot
B[
— X
£ aAk+l k+1 k+1

[0142] Since the initial velocity is determined by Eq. 32,
the derivative v, vanishes. The derivative 8J vanishes for
all possible variations in the state variable, dv, in the control
variable 84, and in the Lagrangian multiplier oA, if:

J9H, Eq. 38
L =% k=0, N-1 Eq. 38
vy
JH, Eq. 39
% v+ 1) = —* k=0 N=1 Eq. 3
2R v
aH, (Eq. 40)
3. M-O,k-O...N—l
ID(N Eq. 41
4 a2 2O (Bq. 41
vy
5. v(xg) = vo (Eq. 42)
5. V(xg)=vg (Eq. 42)

[0143] Such problems are called two-point boundary-
value problems. Since this kind of problem can’t usually be
solved analytically, it is necessary to apply numerical meth-
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ods. For this purpose, a second-order gradient algorithm was
chosen. The advantages of this algorithm are:

[0144] The results of every iteration step are improv-
ing.

[0145] The algorithm converges faster than other
numerical algorithms applied on this issue.

[0146] Interim results are also stable trajectories.

[0147] No adaptation factor need be chosen before
starting the algorithm (which otherwise would pro-
duce convergence difficulties when applying first
order gradient methods, for example).

[0148] The optimal position variant controller gain
comes as a by-product of this algorithm.

[0149] The algorithm which is implemented can be
described as follows:

[0150] 1. Estimate a sequence of control values thy
and solve the systems equation

Viers S0 Vi ), V(xg)=Vg k=0, . . ,N-1.

[0151] In this case, the sequence of control values is
determined by controlling the system equation (Eq. 43) with
a position variant controller:

(Eq. 43)

(Eq. 44

Vdesired

i = M]

(_Al Veesired — A2 —
Vdesired

thy = thy — G- (Vi = Videsiredt)

[0152] where A, A,, A;, and B are determined by Eq. 12
and G is the controller gain factor. While forward calculating
of Eq. 43 together with Eq. 44, the values of V,_and th, must
be recorded. 2. Next, determine the appropriate Lagrangian
multipliers by backward calculation of Eq. 38 and Eq. 41.
Since the sequences of VX and thk are usually not optimal,
Eq. 40 is not fulfilled; therefore, the values of

AH (Eq. 45)

[0153] must be recorded for further computations.

[0154] 3. Now, solve the so called influence equa-
tions backward:

. " (Eq. 46)
PUR) = Z () = Zunl) Z g 0 K), PIN) = =
N
E(k) = fREk + 1) = Zuu () Zygy () fh€(k + 1) — AH,),
EN)=0
where

B f e vie the) 8 H* (Eq. 47)

k
5 = , ete.
5 v, VT By, dthy
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-continued
and (Eq. 48)
Zoan(k) = Hiyy + PK + D5
Ziw (k) = Zygp(k) = Hig, + f Pk + D
Zyy(k) = HE, + fEPl+ DFE.

AHE, is chosen as (Eq. 49)
AH}, = - € Hj,
[0155] where O<e=1 is continuously increased every

iteration step up to 1 in the last iteration. This choice
represents the influence of the first order gradient since
—H"* is in the direction of steepest descent of the cost
function.

[0156] 4. Adapt the sequence of control values th, by

(i) pew=(thse) r+Athye (Eq. 50)
[0157] where

Athy = = Zyh () Zypy () AV + fRE( + 1) — AHE) (Eq. 51)
[0158] and

AV=(Vidnew(Vidoa (Eq. 52)

[0159] where (V,),.. is calculated by applying the
adapted manipulating variable th,_, on the system equation.

[0160] 5. Repeat steps 1 through 4 until the number
of desired iterations or the desired accuracy is
achieved.

[0161]

[0162] For an area around the current vehicle positioned
(“Prediction Horizon”), the optimal velocity, throttle pedal
positions, and controller gain series are stored in a look-up
table (which is contained in a ring buffer memory, as
discussed hereinafter). The resolution of this look-up table is
thereby the Integration Step Size h. (The optimal velocity is
considered to be constant for small distances h.) The output
values of the PCC system are then determined by reading out
the values corresponding to the estimated vehicle position.

Implementation of the Cost Minimizing Algorithm

[0163] The look-up table values are calculated online, in
real time as the vehicle proceeds along the traveled route.
Such online, real time calculation adapts the look-up table
during the drive by taking the current vehicle velocity into
account. The advantages of such a system (compared to an
offline version in which the stored values are determined in
advance and are invariable) are:

[0164] Less memory is needed.

[0165] An online determination gives the opportunity
to change the route while driving.

[0166] There is no need for a previous “record drive”
by an expert driver, and the system can be used on
any route, the first time it is traveled.

[0167] When vehicle velocity drifts significantly
from the velocity stored in the look-up table for the
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current position (as might be caused, for example, by
a slower vehicle driving ahead), the velocity values
for the following positions in the look-up table then
can no longer be considered to be optimal. In this
case an online version of the algorithm can adapt
these values by taking the current velocity into
account.

[0168] An on-line version has the advantage of being
able to adapt the optimal trajectories to variable
vehicle parameters, such as vehicle mass, which has
a significant impact on the dynamics of the vehicle.

[0169] 1t is therefore important to implement the optimi-
zation algorithm in a manner which permits online adapta-
tion of the look-up table. While the optimization calculation
could be performed for every computational cycle given
enough computing power, this approach was not used in the
current implementation. Rather, a new optimization calcu-
lation only occurs once the vehicle has covered a specified
distance, which is referred to hereinafter as a “frame”, or
when the set speed is changed. In addition, the calculation is
distributed over several computational cycles to reduce the
computational burden.

[0170] The whole Prediction Horizon is separated into
Frames, so that the Prediction Horizon must be a multiple of
the Frame Length (also measured in number of integration
steps h). FIG. 10 shows this separation for a Prediction
Horizon of 20, the Number Of Frames is 4, and the resulting
Frame Length is 5. (This is a simplified version for illus-
tration only.) The parameter “Number of Frames” deter-
mines the rate at which the optimal trajectory is updated.

[0171] In the PCC unit according to the invention, the
values for vehicle velocity, throttle position and controller
gain calculated as described previously are entered into a
ring buffer memory having a capacity that corresponds to the
length (in frames and integration steps) of the Prediction
Horizon, together with the following variables needed for
the calculation of the optimization algorithm:

[0172]
[0173]

[0174] the partial derivative of the Hamiltonian by
the throttle pedal position H,,,

[0175] the angles ¢ (representing the grade of the
road) and the curve radii r.

the Lagrangian multiplier v

the influence variables £ and P,

[0176] FIG. 11 shows the resulting memory arrangement
of the ring buffer.

[0177] The sequence of the optimization algorithm will
now be explained by reference to the example ring buffer of
FIG. 11. FIGS. 12a-c show an initialization stage in which
the whole Prediction Horizon (except for the last frame) is
calculated, while FIGS. 13a-c illustrate the operation of the
ring buffer while the vehicle is driving.

[0178] The initialization of the ring buffer (FIG. 12a-c)
must be completed before the vehicle reaches the start point
on the road where the PCC system is triggered. Two stages
of the initialization can be distinguished:

[0179] 1. First, the ring buffer memory is filled with
angle and radius values from cell zero up to the last
cell of the next to last frame. (FIG. 124.) (For
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example, the value ¢, is the grade of the road at the
position specified by the driven distance since the
start point S,=k ‘& (where again h is the Integration
Step Size), as read from the road map (FIG. 6) .
While filling these ring buffer cells, also starting
values are estimated for the velocity trajectory, and
the appropriate throttle pedal positions are com-
puted, as illustrated in FIG. 125b.

[0180] 2 In the second step several optimization
iterations are applied on the memory range described
above until the algorithm has converged and thus the
values are optimal, as shown in FIG. 12¢.

[0181] The white background of the velocity memory cells
in FIG. 12) indicates that these values are starting estimates
obtained by applying a conventional cruise controller, and
thus are not optimal. The dark background in FIG. 12¢
indicates that the velocity values are optimal.

[0182] Operation of the Optimization Algorithm module
has five different states, as shown in FIG. 14. They are as
follows:

[0183] READY (Step 141): The module remains in
this state until the initial calculation is started.

[0184] FRAME_INITIALIZATION (Step 142): A
frame is filled with road data and estimated starting
values of v and th are made for this frame.

[0185] BACKWARD_CALCULATION (Step 143):
For a specified range in the ring buffer the series of
v, P, A and H,,, are calculated simultaneously (as
described previously) and stored in the respective
ring buffer cells.

[0186] FORWARD_CALCULATION (Step 144):
The velocity, throttle and controller gain values are
adapted, according to step 4 of the algorithm.

[0187] CALCULATION_FINISHED (Step 145): If
all calculations are completed before the vehicle
reaches the end of the current frame, then the algo-
rithm module remains in this state until a new
calculation is triggered.

[0188] After the vehicle has passed the start point, the
output values for the respective vehicle positions are read
out of the first frame. Meanwhile, no further calculations are
done. When the vehicle reaches the end of the first frame a
new calculation is triggered:

[0189] 1. The start and final index of the current
frame for which initialization is to take place, and the
start and final index of the ring buffer range for
which optimization iteration is to take place are
fixed. The calculation is started by setting the cal-
culation state to FRAME_INITIALIZATION. In the
example in FIG. 13, the bounding indices for the
frame initialization are the first and the last indices of
frame no. 3. The starting value for the velocity and
throttle start estimations is the velocity value stored
in the last index of frame no. 2 (FIG. 13.a).

[0190] 2. When the frame initialization is finished,
the calculation state switches to BACKWARD-
_CALCULATION and afterwards to FORWARD-
_CALCULATION, and thus a whole optimization
iteration is applied on the specified range in the ring
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buffer (FIG. 13.b). The current vehicle velocity is
used as start velocity in order to take the actual
vehicle state into account. In FIG. 135, the light gray
background of the velocity memory cells of frame
no. 3 indicate that these values are “more optimal”
than the start estimations since one optimization
iteration step is applied on them. All these calcula-
tions are done while the vehicle is driving in the first
frame. The output values of the PCC system (FIG. 6)
are read out of the first frame, which constitutes the
“look-up table” for this purpose. The calculations
must be finished when the vehicle reaches the end of
frame 1; otherwise the synchronization of the opti-
mization algorithm and vehicle movement fails. If
this happens, the PCC system will stop all compu-
tations and switch to failure mode.

[0191] 3. FIGS. 13c and d show the state of the ring
buffer when the vehicle is driving in frame 2. This
time frame no. 0 is filled with road data and starting
value estimates (FIG. 13¢), and an optimization
iteration is applied on frames 2, 3, and 0 (FIG. 134).
The background color of the velocity cells of frame
3 are now darker than in the previous step, denoting
that now two optimization iterations have been per-
formed for this memory range, and so these values
approach closer to the optimal values.

[0192] Inthe example of FIGS. 12 and 13, the parameters
Prediction Horizon and Number of Frames are chosen very
small in order to make the basic operation of the ring buffer
clear. Realistic values for the Prediction Horizon would be
4000 assuming an Integration Step Size of 1 m, and 200 for
the Number of Frames. Thus, nearly 200 optimization itera-
tion steps are performed with regard to the values in one
frame before they are actually read out. This number is more
than enough for the algorithm to converge to the optimal
values. Therefore, it is sufficient to compute one optimiza-
tion per frame.

[0193]
vehicle.

FIG. 15 shows the PCC system implemented in a

[0194] The foregoing disclosure has been set forth merely
to illustrate the invention and is not intended to be limiting.
Since modifications of the disclosed embodiments incorpo-
rating the spirit and substance of the invention may occur to
persons skilled in the art, the invention should be construed
to include everything within the scope of the appended
claims and equivalents thereof.

What is claimed is:
1. A method for controlling operation of a vehicle,

defining an analytic vehicle operating cost function based
on a plurality of environmental parameters, vehicle
parameters, vehicle operating parameters and route
parameters;

sensing said environmental and vehicle operating param-
eters as the vehicle travels a route for which route
parameters are stored in a road map, said vehicle
operating parameters including at least vehicle speed
and vehicle position relative to said road map;

as the vehicle travels said route, iteratively calculating and
storing in a memory, vehicle control parameters that
minimize said vehicle operating cost function for a
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predetermined distance along said route ahead of said
vehicle, as a function of at least vehicle speed, vehicle
position and route parameters stored in said road map;

reading from said memory optimized vehicle control
parameters corresponding to a current position of said
vehicle; and

controlling current vehicle operation based on said opti-
mized vehicle control parameters.

2. The method according to claim 1, wherein said route
parameters include at least road gradient and radius of
curvature.

3. The method according to claim 1, wherein:
said vehicle has an adaptive cruise control system;

said vehicle control parameters include at least a desired
vehicle speed; and

said vehicle control parameters are input to said adaptive
cruise control system for controlling vehicle operation.

4. The method according to claim 1, wherein said vehicle
position is determined based on input signals from a GPS
system, vehicle speed and route data stored in said road map.

5. The method according to claim 1 wherein said vehicle
operating cost function is based on a mathematical model of
vehicle dynamics for a vehicle travelling on a road.

6. The method according to claim 5, wherein said math-
ematical model is based on the relationship

m-%:ZFi

wherein m is the mass of the vehicle, v is its velocity and Fi
are longitudinal forces affecting vehicle operation.

7. The method according to claim 6, wherein Fi comprises
at least forces exerted by the vehicle engine, vehicle brakes,
and drag, and forces exerted by road gradient and friction.

8. The method according to claim 1, wherein said cost
function comprises a desired vehicle speed range and
imposes a cost penalty based on an extent to which the
vehicle speed exceeds an upper or lower limit of said speed
range.

9. The method according to claim 5, wherein said cost
function comprises a desired vehicle speed range and
imposes a cost penalty based on an extent to which( the
vehicle speed exceeds an upper or lower limit of said speed
range.

10. The method according to claim 1, wherein said cost
function includes vehicle fuel consumption as a function of
vehicle speed, road gradient and throttle position.

11. The method according to claim 5, wherein said cost
function includes vehicle fuel consumption as a function of
vehicle speed, road gradient and throttle position.

12. The method according to claim 1, wherein the cost
function J is defined by
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1
J= EM(VN — Vdesirea)” +

N-1

11 , 1 )
§ {hT— + ShSvithy + Zqh(vi — Vaesired)” +
yard ve 2 2

1 N-1
2
5'”; 0} cx — 8O — Q) -

2
(Vi k=8 O — amax) +

1
2 2
=1 lower = Vi) T Viower = Vi) + Do (Vi = Vigper) o (v = Vupper)}

2
=:L

wherein
v is vehicle velocity;
th is a throttle percentage value;
¢ is road gradient;
r is road radius of curvature;
k is an index value;
N is the index value at the end of the prediction horizon;
h is an iteration interval,

O is a parameter whose value is 1 if the value of the
quantity within the parentheses following a is =0, and
is O if the value of such quantity is <0;

Vopper 15 an upper limit of a speed range;

Vv is a lower limit of a speed range;

lower

Vs 18 a desired vehicle speed; and

M, T, S, T, q and R are constant values.
13. The method according to claim 1, wherein:

said operating cost function provides an analytic calcu-
lation of vehicle operating cost based on said param-
eters; and

parameters which minimize said analytically calculated
vehicle operating cost for said predetermined distance
are stored in said memory.
14. Apparatus for controlling operation of a wvehicle,
comprising:

sensors for sensing vehicle operating parameters, includ-
ing at least vehicle speed and position; and

a predictive cruise control module which determines
optimum vehicle control parameters that minimize
vehicle operating costs defined by an analytic vehicle
operating cost function based on said vehicle operating
parameters and environmental, vehicle and route
parameters and supplies said optimum vehicle control
parameters to a vehicle controller that controls at least
an engine operating parameter of said vehicle as a
function thereof;

wherein said vehicle control parameters comprise at least

a desired vehicle speed, for operation of said controller.

15. The apparatus according to claim 14, wherein said
predictive cruise control module comprises:
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a first memory having stored therein a road map including
route parameters that characterize routes within a
vehicle operating area;

a data processor programmed to calculate said optimum
vehicle control parameters, based on said cost function,
said vehicle operating parameters, said route param-
eters and an optimization algorithm stored therein; and

a second memory for storing a lookup table containing
optimizing vehicle control parameters calculated by
said data processor for a prediction horizon extending
a predetermined distance ahead of said vehicle along a
traveled route, said lookup table being accessible as a
function of an estimated position of said vehicle.

16. The apparatus according to claim 14, wherein said
route parameters include at least road gradient and radius of
curvature.

17. The apparatus according to claim 15, wherein said
second memory comprises a ring buffer memory for storing
iteratively calculated values of said vehicle control param-
eters, said ring buffer memory having a capacity to store
information for a plurality of integration intervals included
in said prediction horizon.

18. The apparatus according to claim 17, wherein:

said ring buffer memory is divided into a plurality of
frames which collectively correspond to said prediction
horizon, each frame including a predetermined number
of cells corresponding to said integration interval; and

said processor commences a new iteration of said opti-
mization algorithm in synchronism with a beginning of
each frame.

19. The apparatus according to claim 15, wherein said
position estimator unit determines said vehicle position
based on input signals from a GPS system, and vehicle speed
and route parameters stored in said road map.

20. The method according to claim 19, wherein said
vehicle operating cost function is based on a mathematical
model of vehicle dynamics for a vehicle travelling on a road.

21. The method according to claim 20, wherein said
mathematical model is based on the relationship

m-%:ZFi

wherein m is the mass of the vehicle, v is its velocity and Fi
are longitudinal forces affecting vehicle operation.

22. The method according to claim 21, wherein Fi com-
prises at least forces exerted by the vehicle engine, vehicle
brakes and drag, and forces exerted by road gradient and
friction.

23. The method according to claim 20, wherein said cost
function comprises a desired vehicle speed range and
imposes a cost penalty based on an extent to which the
vehicle speed exceeds an upper limit or a lower limit of said
speed range.

24. The method according to claim 20, wherein said cost
function includes vehicle fuel consumption as a function of
vehicle speed, road gradient and throttle position.

25. The method according to claim 14, wherein the cost
function J is defined by



US 2004/0068359 Al

1
J= 3 MOy = Vaesirea)® +
N1 1
{hT— + hS¢vkthk 2qh(vk ~Viesived)” +
=0
1 = 2
2 'h'R;)(VI%'Ck —8 O — )" T 0k = 8 Op — aax) +

1
2 2
zrl iower = Vi) “TViower = Vi) + T2 (Vi = Vipper) "0 (v = Vupper)}
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v is vehicle velocity;

th is a throttle percentage value;

¢ is road gradient;

r is road radius of curvature;

k is an index value;

N is the index value at the end of the prediction horizon;
h is an iteration interval,

O is a parameter whose value is 1 if the value of the
quantity within the parentheses following a is >0, and
is O if the value of such quantity is <0;

Vopper 15 an upper limit of a speed range;

Viower 18 @ lower limit of a speed range;
Vg4es 18 @ desired vehicle speed; and

M, T, S, T, q and R are constant values.
26. The method according to claim 14, wherein:

said operating cost function provides an analytic calcu-
lation of vehicle operating cost based on said param-
eters; and

parameters which minimize said analytically calculated
vehicle operating cost for said predetermined distance
are stored in said memory.

27. For a vehicle having an adaptive cruise control
module that controls at least a throttle position of said
vehicle as a function of vehicle control parameters, and
sensors for sensing vehicle operating parameters including
at least vehicle speed and position, apparatus comprising:

a predictive cruise control module which iteratively deter-
mines and updates optimum vehicle control parameters
that minimize vehicle operating costs defined by an
analytic vehicle operating cost function, based on said
vehicle operating parameters and environmental,
vehicle and route parameters;

wherein said vehicle control parameters comprise a
desired vehicle speed, a desired vehicle throttle posi-
tion and a controller gain value, which vehicle control
parameters are input to said adaptive cruise controller
for controlling at least said throttle position of said
vehicle.

wherein
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28. The apparatus according to claim 27, wherein said
predictive cruise control module comprises:

a position estimator unit;

a first memory having stored therein a road map including
route parameters that characterize routes within a
vehicle operating area;

a data processor programmed to calculate said optimizing
vehicle control parameters, based on said cost function,
said vehicle operating parameters, said route param-
eters and an optimization algorithm stored therein; and

a second memory for storing a lookup table containing
optimizing vehicle control parameters calculated by
said data processor for a prediction horizon extending
a predetermined distance ahead of said vehicle along a
traveled route, said lookup table being accessible as a
function of position of said vehicle determined by said
position estimator unit.

29. The apparatus according to claim 27, wherein said
route parameters include at least road gradient at radius of
curvature.

30. The apparatus according to claim 28, wherein said
second memory comprises a ring buffer memory for storing
and continuously updating iteratively calculated values of
said vehicle control parameters, said ring buffer memory
having a capacity to store information for a plurality of
integration intervals included in said prediction horizon.

31. The apparatus according to claim 30, wherein:

said ring buffer memory is divided into a plurality of
frames which collectively correspond to said prediction
horizon, each frame including a predetermined number
of cells corresponding to said integration interval; and

said processor commences a new iteration of said opti-
mization algorithm in synchronism with the beginning
of each frame, or when said set speed changes.

32. The apparatus according to claim 28, wherein said
position estimator unit determines said vehicle position
based on input signals from a GPS system, vehicle speed and
route parameters stored in said road map.

33. The method according to claim 32, wherein said
vehicle operating cost function is based on a mathematical
model of vehicle dynamics for a vehicle travelling on a road.

34. The method according to claim 33, wherein said
mathematical model is based on the relationship

m jv :ZFi

wherein m is the mass of the vehicle, v is its velocity and Fi
are longitudinal forces affecting vehicle operation.

35. The method according to claim 34, wherein Fi com-
prises at least forces exerted by the vehicle engine, brakes
and drag, and forces exerted by road gradient and friction.

36. The method according to claim 33, wherein said cost
function comprises a desired vehicle speed range and
imposes a cost penalty based on an extent to which vehicle
speed exceeds an upper or lower limit of said speed range.

37. The method according to claim 33, wherein said cost
function includes vehicle fuel consumption as a function of
vehicle speed, road gradient and throttle position.
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38. The method according to claim 27, wherein the cost
function J is defined by

1 2
J= EM(VN = Vdesired)” +
Eoo1 , 1 )
{hT— + S hSPvithy + S qh(Vic — Vdesired)” +

Vi 2 2

=0

L N-1 ,

3R OF =g O~ )00 i = 8 Ok ~ ) +
=0

1 2 2

zrl iower = Vi) T Viower = Vi) + T2 (Vi = Vipper) TV = Vigper)

-L
wherein

v is vehicle velocity;
th is a throttle percentage value;

¢ is road gradient;
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wherein

r is road radius of curvature;

k is an index value;

N is the index value at the end of the prediction horizon;
h is an iteration interval;

O is a parameter whose value is 1 if the value of the
quantity within the parentheses following o is =0, and
is O if the value of such quantity is <0;

Vupper 18 a0 upper limit of a speed range;

Viower 18 @ lower limit of a speed range;
Vg4es I a desired vehicle speed; and

M, T, S, I'y,, q and R are constant values.
39. The method according to claim 27, wherein:

said operating cost function provides an analytic calcu-
lation of vehicle operating cost based on said param-
eters; and

parameters which minimize said analytically calculated
vehicle operating cost for said predetermined distance
are stored in said memory.





