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Table 1
Mode Identifier Description
1 Electric vehicle (EV) (ICE off)
2 waiting for clutch K, engagement to complete
3 engine only (CIMG tg_trgt = 0 Nm)
4 parallel mode (CIMG CIMG tg_trgt = -100 Nm)
5 parallel mode (CIMG CIMG tq_trgt = -75 Nm)
6 parallel mode (CIMG CIMG tq_trgt = -50 Nm)
7 parallel mode (CIMG CIMG tq_trgt = -25 Nm)
8 parallel mode torque assist, (CIMG CIMG tg_trgt = +25 Nm)
9 parallel mode torque assist, (CIMG CIMG tq_trgt = +50 Nm)
10 parallel mode torque assist, (CIMG CIMG tq_trgt = +75 Nm)

11 parallel mode torque assist, (CIMG CIMG tq_trgt = +100 Nm)
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Operating mode when engine is Zar]\t.)ll?eza;sible modes correspond to YES.
ERAD
Regen Inactive Drive
Regen NO YES NO
CISG Inactive NO YES NO
Drive NO YES YES
Table 3.
Operating mode when engine is off. Feasible modes correspond to YES.
ERAD
Regen Inactive Drive
Regen NO NO NO
CISG Inactive YES NO YES
Drive NO NO NO
Table 4
EURO 4 diesel class 3 vehicle standards
NOx: 0.39 g/km
HC+NOx: 0.46 g/km
CO: 0.74 g/km
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Table 5.
NEDC results for Game Theory compared to dynamic programming solution.
NEDC results co2 NOx ASoC over NEDC
Base line X Y N/A
Dynamic programming -21.5% 0% -1%
Game Theory -22.5% -11.1% -2%
Table 6.

Game Theory controller performance against Dynamic programming
controller over FTP75 and HYZEM phase 2.

gr ive Output Dynamic Game
ycle Programming Theory
NEDC CcO2 X -4.5%
NOx Y -11.1%

ASoC -1.0% -2.0%

FTP75 CO2 X -0.2%
NOx Y -7.3%

ASoC -3.2% -3.0%

HYZEM CcO2 X -4.5%
Phase2 NOx Y -4.0%
ASoC -12.3% -11.2%
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CONTROLLER AND METHOD OF CONTROL
OF A HYBRID ELECTRIC VEHICLE

TECHNICAL FIELD

[0001] This disclosure relates to hybrid electric vehicles
and to a method of controlling a hybrid electric vehicle. In
particular but not exclusively this disclosure relates to a con-
troller for a hybrid electric vehicle for controlling a delivery
of power from a plurality of power plants to a driveline of the
vehicle. Aspects of the disclosed embodiments relate to a
controller, to a vehicle and to a method.

BACKGROUND

[0002] Hybrid electric vehicles (HEVs) differ from con-
ventional motor vehicles in that they typically employ an
electric machine in addition to an internal combustion engine
(ICE) in order to provide traction to drive the vehicle. HEVs
are also typically equipped with a battery for storing electrical
power for powering the electric machine.

[0003] In some HEVs the electric machine may also be
employed as a generator that is powered by the internal com-
bustion engine in order to generate electrical power to charge
the battery.

[0004] It will be appreciated that HEVs represent a com-
plex system the control of which is a non-trivial task. Con-
siderable efforts have been made to develop controllers for
HEVs that reduce the consumption of fuel by the ICE during
the course of a given drive cycle.

SUMMARY

[0005] According to one illustrative embodiment, a con-
troller for a hybrid electric vehicle has a plurality of actuators,
at least one of the actuators being arranged to consume a fuel
and at least one of the actuators comprising an electric
machine. The controller is operable to control the plurality of
actuators to apply respective amounts of torque to a driveline
of the vehicle according to one of three or more operational
modes of the vehicle based on a value of each of a first set of
two or more operating parameters of the vehicle. The control-
ler is arranged to select two or more of the operational modes
based on the first set of operating parameters, the modes being
selected responsive to a value of a cost function, a first of the
selected modes being the mode having the lowest cost func-
tion according to a control optimisation methodology imple-
mented by the controller. The controller is also configured to
control the vehicle to assume the first of the selected modes,
in the event the first selected mode is unavailable the control-
ler will control the vehicle to assume another of the selected
modes.

[0006] The operational modes may be referred to as pow-
ertrain operational (or operating) modes or powertrain con-
figurations.

[0007] Illustrative embodiments may allow the controller
to determine which operational mode the vehicle should
assume more efficiently. This is because the controller is
arranged first to identify a ‘list’ of two or more operational
modes that may be assumed by the vehicle based on values of
the first set of two or more operating parameters.

[0008] One of these modes is the mode having the lowest
cost functional according to the control optimisation meth-
odology implemented by the controller. The controller then
determines, from this reduced ‘list” which mode should be
assumed and controls the vehicle to assume this mode.
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[0009] This may be useful at least in part because in some
situations the vehicle may be arranged not to allow the mode
having the lowest cost functional to be assumed. For example,
if an ‘EV only’ mode in which the vehicle is driven only by
means of an electric machine is the first of the selected modes
but ‘EV only’ mode is not available, the vehicle must assume
another of the selected modes.

[0010] The ‘EV only’ mode may be unavailable at certain
times, for example during a prescribed period of time follow-
ing switching on of the fuel-consuming actuator when the
vehicle assumes a parallel mode of operation. This may be so
as to reduce a risk of mode chattering, i.e. a situation in which
the controller controls the vehicle to switch between EV
mode (in which the fuel consuming actuator is switched off)
and a parallel mode (in which the fuel consuming actuator is
switched on) repeatedly in rapid succession.

[0011] In contrast, in prior art arrangements, if a particular
optimum torque split is not available, the controller must
make a further determination of the optimum operational
mode taking this factor into account. That is, the process of
determining the optimum torque split must be repeated taking
this factor (unavailability of the optimum torque split) into
account.

[0012] This introduces a delay in the process of determin-
ing the optimum torque split that the vehicle can implement
and increases the amount of computational processing the
controller is required to perform. This is because it must now
take non-availability of a mode or of an actuator into account
in performing a further determination of the mode having the
lowest cost functional.

[0013] Itis to be understood that a process of determining
which mode is the optimum mode may involve a relatively
large number of calculations and it is important to reduce the
time taken to make this determination so as to improve
vehicle efficiency and driver perception of vehicle perfor-
mance.

[0014] It is to be understood that if the controller were
arranged to take into account further factors such as availabil-
ity of an actuator when making the initial selection of two or
more modes, the computational burden on the controller
might be too high for use in a practical hybrid vehicle.

[0015] It is to be understood that the control optimisation
methodology implemented by the controller in order to deter-
mine the mode having the lowest cost functional may be one
of a number of different optimisation methodologies, not
being limited to the methodology described herein with
respect to disclosed embodiments.

[0016] In some embodiments each operational mode cor-
responds to a different respective torque split between the
plurality of actuators, the torque split representing the pro-
portion of the total torque that is to be applied by each actua-
tor.

[0017] Itis to be understood that in one or mode modes, the
torque demanded from one of the actuators may be zero. For
example, in an electric vehicle (EV) mode an electric machine
may be configured to deliver all of the torque demanded by
the driver, the fuel-consuming actuator being configured to
deliver no torque, and preferably switched off to reduce fuel
consumption and carbon dioxide emissions.

[0018] Further, in some embodiments at least one of the
operational modes is a mode in which the at least one fuel
burning actuator drives an electric machine to generate charge
to charge the energy storage means.
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[0019] The at least one fuel burning actuator may be oper-
able to drive the at least one actuator comprising an electric
machine in order to generate charge to charge the energy
storage means in addition to applying positive torque to the
driveline to drive the vehicle.

[0020] In some embodiments, the controller is configured
wherein if the first mode is a mode in which the at least one
fuel burning actuator is employed, at least one of the selected
modes includes the mode in which the at least one fuel burn-
ing actuator is not employed that has the lowest cost func-
tional.

[0021] This feature may be useful if the mode having the
lowest cost functional requires the fuel-burning actuator and
this mode is not available for use, for example in order to
prevent mode chattering as noted above, the controller may
control the vehicle to assume an alternative mode not requir-
ing this actuator, this alternative mode being the mode of
lowest cost functional not requiring this actuator.

[0022] In some embodiments the controller is arranged
wherein if the first mode is a mode in which the at least one
fuel burning actuator is employed and one or more modes are
allowable responsive to the values of the first set of operating
parameters in which the at least one fuel burning actuator is
not employed, at least one of the selected modes includes the
mode in which the at least one fuel burning actuator is not
employed that has the lowest cost functional.

[0023] It is to be understood that this mode may be the EV
mode, and in some embodiments will be the EV mode. If the
EV mode is not available, for example because the battery
state of charge is too low and/or the vehicle is unable to
generate sufficient torque in EV mode to meet the current
driver demand, the controller may force the vehicle to assume
the first mode. The fuel burning actuator might therefore need
to be restarted.

[0024] In some embodiments, the controller is configured
wherein if the first mode is a mode in which the at least one
fuel burning actuator is not employed, at least one of the
selected modes includes the mode having the lowest cost
functional in which the at least one fuel burning actuator is
employed.

[0025] This feature may be useful if the vehicle is unable to
switch off the at least one fuel burning actuator, for example
in order to prevent mode chattering, the controller may con-
trol the vehicle to assume an alternative mode in which the at
least one fuel burning actuator is employed. Under these
circumstances it may be considered that EV mode with the
fuel consuming actuator switched off is unavailable.

[0026] The controller therefore selects as the alternative
mode the mode having the lowest cost functional in which the
at least one fuel burning actuator is switched on. This may
avoid wasting energy due to operation of the at least one fuel
burning actuator being reduced, in the event this actuator
cannot be switched off.

[0027] For example, if EV mode has the lowest cost func-
tional of all modes but cannot be assumed for reasons asso-
ciated with mode chattering, the controller may determine
that a parallel recharge mode has the lowest cost functional, in
which charging of the energy storage means occurs whilst the
fuel-burning actuator is on, rather than a mode in which the
vehicle is driven as an electric vehicle with the at least one fuel
burning actuator idling, not being connected to the driveline
and not being connected to the at least one electric machine to
generate charge to recharge the energy storage means.
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[0028] In some embodiments the controller is arranged
wherein if the first mode is a mode in which the at least one
fuel burning actuator is not employed, and one or more modes
are allowable in which the at least one fuel burning actuator is
employed, at least one of the selected modes includes the
allowable mode having the lowest cost functional in which
the at least one fuel burning actuator is employed.

[0029] In some embodiments, the controller is configured
to determine the torque split by reference to torque split data
stored in a database. The torque split data may be stored in the
database in the form of one or more torque split data maps.
[0030] Thus, in some embodiments, the controller is not
required to provide an implementation of the control optimi-
sation methodology in which all the steps of the methodology
are performed online in real time by the controller responsive
to the first set of operating parameters. Rather, in some
embodiments the controller implements the control method-
ology by applying the first set of operating parameters as
inputs to a database. Responsive to these inputs the database
outputs data in respect of the identity of the selected modes as
they would have been determined if the controller was per-
forming the steps of the optimisation methodology online.
[0031] Insome embodiments the controller is not required
to perform calculations to implement the control optimisation
methodology online, i.e. in real time. Rather, the controller
may refer to stored values determined offline according to the
chosen control optimisation methodology. Thus the data
maps may be data maps generated offline according to the
control optimisation methodology.

[0032] Insome embodiments the cost functional is respon-
sive to at least one selected from amongst a rate of fuel
consumption of the vehicle, a rate of emission of a gas by the
vehicle, an amount of noise generated by the vehicle, a devia-
tion of a state parameter from a prescribed value and a rate of
emission of one or more types of particulate material.
[0033] The state parameter may be a state of charge of the
energy storage means.

[0034] Insome embodiments the cost functional is respon-
sive to a rate of fuel consumption of the vehicle, a rate of
emission of a gas by the vehicle and a deviation of a state
parameter from a prescribed value, the controller being oper-
able to determine a required operational mode according to a
feedback Stackelberg equilibrium control optimisation meth-
odology.

[0035] In some embodiments the state parameter corre-
sponds to a value of a state of charge of the energy storage
means.

[0036] Optionally the controller is arranged to discretise
values of the first set of two or more operating parameters to
values corresponding to those of data stored in the one or
more data maps.

[0037] Thus the controller does not perform an interpola-
tion operation to determine the selected two or more modes
when the values do not correspond precisely to database data
coordinates. Rather, the controller converts the values of the
first set of parameters to values for which data is stored in the
database, the controller employing the selected two or more
modes stored in the database that corresponding to those
values.

[0038] By discretise it is meant, for example, that the con-
troller converts input values of a parameter into values that
correspond to a coordinate of data in the database (which may
be stored in the form of one or more maps). For example, the
controller may be configured to round the value of each of the
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operating parameters to the nearest coordinate of data stored
in a map of the database. Thus if the actual value of torque
demanded by the driver is 76 Nm but the closest data stored in
the map correspond to values of driver demanded torque of 70
Nm and 80 Nm, the controller may be configured to discretise
the actual driver demanded torque of 76 Nm to a value of 80
Nm, being the data value having a torque coordinate that is
closest to the actual value or torque.

[0039] Optionally the controller is arranged to determine
the required operational mode of the vehicle from the selected
two or more modes responsive to non-discretised values of
one or more of the first set of two or more operating param-
eters.

[0040] In some embodiments the required operational
mode of the two or more selected modes may be determined
responsive to more precise data in respect of values of the first
set of two or more operating parameters.

[0041] The controller may be arranged to determine the
required operational mode from the selected two or more
modes and to output the required mode to a torque demand
module, the torque demand module being arranged to deter-
mine a value of torque to be demanded from each of the
plurality of actuators based on the required operational mode,
avalue of one or more of the first set of two or more operating
parameters and data in respect of one or more system state
parameters of the vehicle, the torque demand module being
configured to demand a required amount of torque from the
actuators responsive to the values of the one or more system
state parameters.

[0042] Thus if the one or more system state parameters
have values responsive to which the controller cannot demand
acertain level of torque from (say) the actuator comprising an
electric machine, the controller may control the fuel consum-
ing actuator to deliver a larger amount of torque thereby to
meet driver demand for torque.

[0043] The one or more system state parameters may
include for example a charge or discharge limit of the energy
storage means, the charge of discharge limit being responsive
to temperature of the energy storage means and optionally
one or more further parameters such as state of charge. Other
arrangements are also useful.

[0044] In some embodiments one of the at least one fuel
consuming actuators comprises an internal combustion
engine.

[0045] Optionally one of the actuators comprises an elec-
tric motor operable to apply a positive torque to the driveline.
[0046] Further optionally one of the actuators comprises an
electric generator operable to apply a negative torque to the
driveline.

[0047] In some embodiments the actuator comprising an
electric machine comprises an electric machine operable to
apply either a positive or a negative torque to the driveline as
required.

[0048] Thus the electric machine is operable as a motor or
as a generator.
[0049] Insomeembodiments the first set of two more oper-

ating parameters include at least one selected from amongst a
speed of rotation of a portion of the driveline, a torque present
ata portion of the driveline being a value of torque demanded
by a driver of the vehicle at that portion, a battery state of
charge, an engine temperature, an engine coolant tempera-
ture, an exhaust gas temperature, a state of a gearbox of the
vehicle being a gear ratio of the gearbox.
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[0050] The driveline torque may correspond to a driver
demanded value of driveline torque. The driveline speed may
correspond to a driver demanded driveline speed.

[0051] The driveline torque may correspond to a crankshaft
torque and the driveline speed may correspond to a crankshaft
speed. Alternatively the driveline torque and driveline speed
may be a torque and speed (for example driver demanded
torque and speed) at any other suitable location of the driv-
eline such as a gearbox output shaft, a driveshaft, a wheel or
any other suitable location of the driveline.

[0052] Insomeembodiments the first set of two more oper-
ating parameters comprises a driveline torque, a driveline
speed and a state of charge of the energy storage means.
[0053] Insomeembodiments the first set of two more oper-
ating parameters further comprises a temperature of the at
least one fuel burning actuator.

[0054] Alternatively or in addition the first set of two or
more operating parameters further comprises a state of a
gearbox of the vehicle being a gear ratio of the gearbox.
[0055] The actuators of the vehicle may comprise at least
one selected from amongst an internal combustion engine, an
electric motor, an electric generator, a motor/generator and an
electric rear axle drive (ERAD).

[0056] According to an illustrative method of controlling a
hybrid electric vehicle having a plurality of actuators each
operable to provide torque to a driveline of the vehicle, at least
one of the actuators being arranged to consume a fuel and at
least one of the actuators comprising an electric machine
operable to be powered by energy storage means, of the
method includes:

[0057] receiving at a controller a value of each of a first
set of two or more operating parameters of the vehicle;

[0058] selecting two or more operational modes of the
vehicle from a set of three of more operational modes
responsive to the first set of operating parameters, each
mode corresponding to a prescribed configuration of
respective amounts of torque applied to the driveline by
the plurality of actuators,

[0059] the method comprising selecting the two or more
modes responsive to a value of'a cost functional, a first of
the selected modes being the mode having the lowest
cost functional according to a control optimisation
methodology implemented by the controller,

[0060] the method further comprising controlling the
vehicle to assume the first of the selected modes, in the
event the first selected mode is unavailable the method
comprising controlling the vehicle to assume another of
the two or more selected modes.

[0061] Advantageously if'the first mode is a mode in which
the at least one fuel burning actuator is employed, the step of
selecting two or more modes comprises selecting the mode in
which the at least one fuel burning actuator is not employed
that has the lowest cost functional.

[0062] In some embodiments if the first mode is a mode in
which the at least one fuel burning actuator is not employed,
the step of selecting two or more modes comprises selecting
the mode having the lowest cost functional in which the at
least one fuel burning actuator is employed.

[0063] In some embodiments the step of selecting the two
or more modes responsive to the value of the cost functional
comprises the step of accessing a database in which the two or
more modes corresponding to respective combinations of
values of each of the first set of operating parameters are
stored.
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[0064] Optionally the step of accessing the database com-
prises inputting to the database the value of each of the first set
of operating parameters.

[0065] Insomeembodiments the method further comprises
the step of generating the identity of the selected two or more
modes for each respective combination of values of each of
the first set of operating parameters offline according to the
control optimisation methodology.

[0066] The method may comprise the step of discretising
values of the first set of two or more operating parameters to
values corresponding to coordinates of data stored in the
database.

[0067] Insomeembodiments the cost functional is respon-
sive to at least one selected from amongst a rate of fuel
consumption of the vehicle, a rate of emission of a gas by the
vehicle, an amount of noise generated by the vehicle and a
deviation of a value of a state parameter from a prescribed
value.

[0068] Insome embodiments the cost functional is respon-
sive to the deviation of the value of the state parameter from
a prescribed value, the state parameter corresponding to a
state of charge of the energy storage means.

[0069] Insome embodiments the cost functional is respon-
sive to a rate of fuel consumption of the vehicle, a rate of
emission of a gas by the vehicle and a deviation of a state of
charge of the energy storage means from a prescribed value,
the method comprising determining a required operational
mode of the vehicle according to a feedback Stackelberg
equilibrium control optimisation methodology.

[0070] According to an illustrative embodiment there is
provided a controller for a hybrid electric vehicle having a
plurality of actuators each operable to provide torque to drive
the vehicle, at least one of the actuators being arranged to
consume a fuel, at least one of the actuators comprising an
electric machine operable to be powered by energy storage
means,

[0071] the controller being operable to determine a
required torque split between the plurality of actuators
responsive to a first set of two or more operating param-
eters of the vehicle, the torque split being a proportion of
the total torque that is to be provided to the driveline by
each actuator, the torque split being determined by ref-
erence to one or more stored torque split data maps.

[0072] Embodiments of the invention allow for the torque
to be determined directly by reference to one or more stored
torque split maps the controller does not have to calculate the
required torque split according to an algorithm in real time.
Rather, the torque for a range of values of the first set of two
or more operating parameters of the vehicle may be optimised
by calculations performed offline (i.e. not by the controller in
real time in direct response to current values of the one or
more operating parameters) and stored in a memory in the
form of one or more data maps. The calculations may there-
fore be relatively complex calculations which could not be
performed in real time by the controller at a rate sufficiently
high to be useful in a hybrid vehicle.

[0073] A required torque split between actuators can there-
fore be determined by the controller for a given set of vehicle
operating parameters by reference (this time in real time) to
the one or more stored maps. Embodiments of the invention
therefore have the advantage that a computational burden on
the controller may be reduced since the controller is able to
obtain the value of required torque split from a memory
without performing sophisticated calculations.
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[0074] By torque split data map is meant a data map from
which the controller may determine the required torque split
between the plurality of actuators by inputting values of each
one of the first set of operating parameters. These parameters
are referred to as a first set of operating parameters since other
operating parameters may be used by the controller in the
course of vehicle control, for example to determine whether
the determined torque split is an allowable torque split in light
of'the value of one or more other vehicle parameters not being
members of the first set. In some arrangements it is advanta-
geous that the first set of operating parameters contains as few
members as possible in order to reduce a computational and
data storage overhead on the controller in accessing a data-
map responsive to values of more parameters.

[0075] Insomeembodiments the data map may be arranged
to store the value of torque to be provided by one of the
actuators (such as an electric machine), the controller being
arranged to calculate the amount of torque that must be pro-
vided by another actuator (such as the at least one fuel con-
suming actuator) by calculating a difference between the
amount of torque demanded by the driver and the amount that
is to be provided by said one actuator according to the data
map. Thus, the controller is able to determine the required
torque split by reference to the data map even though the data
map does not explicitly contain the value of torque to be
delivered by each actuator. This feature allows a reduction in
an amount of data required to be stored by the controller or
associated storage device without compromising vehicle con-
trol.

[0076] In the event that no torque is to be provided by one
of'the actuators, allowing that actuator to be switched off, the
data map may be arranged to provide an indication that that
actuator can be switched off.

[0077] In some embodiments, instead of data correspond-
ing directly to a torque split the data map may store data in
respect of a required rate of flow of air (or other combustion
gas) into the fuel consuming actuator and/or rate of flow of
fuel into the engine. The particular parameter stored may
depend on the type of fuel consumed by the actuator, for
example whether petrol or diesel is consumed, i.e. whether
the actuator is an engine of spark ignition type such as a petrol
burning engine or a diesel engine. Data may also be stored in
respect of a required flow of current through the at least one
electric machine in addition to or instead of in respect of a
torque value.

[0078] Alternatively, the data may be data that does corre-
spond directly to a required torque split, the vehicle being
configured to control the plurality of actuators to deliver
respective torque values responsive to the torque split data.
Other control means may therefore determine required values
of current for the at least one electric machine, and fuel or air
flow rates or any other required data for the at least one fuel
consuming actuator.

[0079] The data maps may comprise data maps generated
offline according to an optimisation algorithm arranged to
optimise the required torque split to reduce a value of one or
more performance parameters of the vehicle being param-
eters indicative of a performance of the vehicle, for example,
to reduce a cost functional associated with one or more
parameters of the vehicle.

[0080] The one or more performance parameters may cor-
respond to at least one selected from amongst a rate of fuel
consumption of the vehicle, a rate of emission of a gas by the
vehicle, a deviation from a nominal state of charge of a state
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of charge of an energy storage device arranged to power one
or more of the plurality of actuators and a noise level gener-
ated by the vehicle.

[0081] In some embodiments the controller is arranged to
discretise values of each of the first set of operating param-
eters to values corresponding to coordinates of data stored in
the one or more data maps, and to input these discretised
values to the one or more data maps thereby to access data
stored therein.

[0082] The one or more stored data maps may be arranged
to store data corresponding to a list of operational modes of
the vehicle ranked according to a cost functional of the
vehicle for a given set of discrete values of the first set of
plurality of operating parameters.

[0083] At least a plurality of the operational modes may
correspond to different respective torque splits between the
plurality of actuators.

[0084] The controller may be arranged to provide the data
corresponding to the list of operational modes to a mode
arbitrator arranged to determine a required operational mode
of the vehicle based on the data corresponding to the list of
operational modes and non-discretised values of the first set
of operating parameters.

[0085] By non-discretised is meant values of the param-
eters prior to discretisation by the controller.

[0086] The controller may be further arranged to provide
the required operational mode of the vehicle determined by
the mode arbitrator to a torque demand module, the torque
demand module being arranged to determine values of torque
to be demanded from each of the plurality of actuators based
on the required operational mode and non-discretised values
of one or more of the first set of operating parameters.
[0087] Alternatively or in addition the controller may be
arranged to output a signal indicative of at least one selected
from amongst a required gear to be engaged by a gearbox, an
amount of exhaust gas to be recirculated by an exhaust gas
recirculation (EGR) system and an amount of purge vapour to
be transferred from an evaporative emission trap to an intake
system of the vehicle.

[0088] Insome embodiments the at least one data map is a
data map generated according to a non-cooperative game
theory with Stakelberg equilibrium model.

[0089] One of the at least one actuators arranged to con-
sume a fuel may comprise an internal combustion engine.
[0090] At least one said at least one electric machine may
comprise an electric motor arranged to apply a positive torque
to the driveline.

[0091] The vehicle may comprise an electric generator
arranged to apply a negative torque to the driveline.

[0092] At least one said at least one electric machine may
comprise a motor/generator arranged to apply a positive or
negative torque to the driveline as required.

[0093] For example the motor/generator may be a crank-
shaft-integrated motor generator, a crankshaft integrated
starter/generator, a belt-integrated starter/generator or any
other suitable device.

[0094] The first set of operational parameters may include
atleast one selected from among a driveline speed, a driveline
torque being a value of driveline torque demanded by a driver
of'the vehicle, a battery state of charge, an engine temperature
such as an engine coolant temperature and/or an exhaust gas
temperature and a state of a gearbox of the vehicle being a
gear ratio of the gearbox.
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[0095] The driveline speed and/or torque may be a speed
and/or torque at any suitable location of the driveline such as
a crankshaft speed and/or torque, a gearbox input or output
shaft speed and/or torque or a wheel speed and/or torque.
[0096] Alternatively or in addition the operational param-
eters may include a crankshaft speed, a crankshaft torque
being a value of crankshaft torque demanded by a driver of the
vehicle, a battery state of charge and an engine temperature.
[0097] Alternatively or in addition the operational param-
eters may include a wheel torque, a wheel speed, a battery
state of charge and a state of a gearbox of the vehicle being an
identity of an engaged gear.

[0098] According to an illustrative embodiment there is
provided a method of controlling a hybrid electric vehicle
having a plurality of actuators each operable to provide torque
to a driveline of the vehicle, at least one of the actuators being
arranged to consume a fuel, comprising the steps of:

[0099] receiving at a controller data corresponding to a
plurality of operating parameters of the vehicle;

[0100] determining by means of the controller a required
torque split between the plurality of actuators responsive
to the received data, the torque split being a proportion of
the total torque that is to be provided to the driveline by
each actuator, the torque split being determined by ref-
erence to one or more stored torque split data maps; and

[0101] controlling the plurality of actuators to deliver the
torque to the driveline according to the required torque
split.

[0102] Insome embodiments there is provided a controller
for a hybrid electric vehicle having a plurality of actuators
each operable to apply a torque to a driveline of the vehicle, at
least one of the actuators being arranged to consume a fuel,

[0103] the controller being operable to determine a
required torque to be supplied by at least one of the
plurality of actuators responsive to a plurality of operat-
ing parameters of the vehicle, the required torque being
determined by reference to one or more stored data
maps.

[0104] Insome embodiments there is provided a method of
controlling a hybrid electric vehicle having a plurality of
actuators each operable to provide torque to a driveline of the
vehicle, at least one of the actuators being arranged to con-
sume a fuel, comprising the steps of:

[0105] receiving data corresponding to a plurality of
operating parameters of the vehicle; and

[0106] determining a required torque to be supplied by at
least one of the plurality of actuators responsive to a
plurality of operating parameters of the vehicle, the
required torque being determined by reference to one or
more stored data maps.

[0107] Within the scope of this application it is envisaged
that the various aspects, embodiments, examples, features
and alternatives set out in the preceding paragraphs, in the
claims and/or in the following description and drawings may
be taken independently or in any combination thereof. For
example, features described with reference to one embodi-
ment are applicable to all embodiments, except where there is
incompatibility of features.

BRIEF DESCRIPTION OF THE DRAWINGS

[0108] Embodiments of the invention will now be
described, by way of example only, with reference to the
accompanying figures in which:
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[0109] FIG.1is a schematic illustration of a hybrid electric
vehicle according to an embodiment of the present invention;
[0110] FIG.2 is a schematic illustration of a hybrid electric
vehicle according to a further embodiment of the present
invention;

[0111] FIG. 3 is a plot showing optimum gear selection as
a function of vehicle speed and pedal position with engine
speed shown on the vertical axis for a vehicle according to an
embodiment of the invention;

[0112] FIG. 4 is a plot of (a) wheel speed, (b) wheel torque
and (c) gear as a function of time for the vehicle of FIG. 2 over
an NEDC (New European Driving Cycle) drive cycle;
[0113] FIG.5 is aplot of (a) vehicle speed, (b) battery state
of charge (SoC), (c) engine torque, (d) electric rear axle drive
(ERAD) torque and (e) crankshaft integrated starter generator
(CISG) torque as a function of time over the NEDC drive
cycle for the vehicle of FIG. 2 fitted with a rule-based con-
troller configured according to a deterministic dynamic pro-
gramming optimisation solution instead of a controller
according to an embodiment of the present invention;
[0114] FIG. 6is aplotof(a) vehicle speed, (b) battery SoC,
(c) engine torque, (d) ERAD torque and (e) CISG torque as a
function of time over the NEDC drive cycle obtained using a
rolling road (solid line) compared with DDP simulation
results (dotted line) for the vehicle of FIG. 2 having a con-
troller arranged to implement a rule-based dynamic program-
ming control method instead of a controller according to an
embodiment of the present invention; and

[0115] FIG.7is aplotof(a) vehicle speed, (b) battery SoC,
(c) engine torque, (d) ERAD torque and (e) CISG torque as a
function of time over the NEDC drive cycle showing data for
avehicle according to FIG. 2 having a controller according to
an embodiment of the present invention (solid line) and a
similar vehicle fitted instead with a rule-based controller con-
figured according to the deterministic dynamic programming
optimisation solution (dashed line).

DETAILED DESCRIPTION

[0116] FIG.1is aschematic illustration of a hybrid vehicle
100 according to an embodiment of the present invention. The
vehicle has an internal combustion engine (ICE) 111, a crank-
shaft integrated motor generator (CIMG) 117 and a transmis-
sion 118. The CIMG 117 is releasably connectable to the ICE
111 by means of aclutch 116. Clutch 116 may also be referred
to as clutch K, 116.

[0117] The CIMG 117 is coupled to a power supply module
125 having an inverter 1251 and a battery 125B. The power
supply module 125 is arranged to provide a source of power
to the CIMG 117 when it is required to use the CIMG 117 as
an electric motor. The power supply module 125 is also oper-
able to charge the battery 1256 when the CIMG 117 is being
used as an electric generator. The CIMG 117 may be used as
an electric generator when the clutch K, 116 is closed and the
ICE 111 is running.

[0118] The transmission 118 is operable to connect the
CIMG 117 and the ICE 111 to a driveshaft 123 of the vehicle.
The driveshaft 123 is part of a driveline 110 of the vehicle.
When clutch 116 is open the CIMG 117 may be used to apply
a torque to the driveshaft 123.

[0119] The driveline 110 also includes a front differential
135 arranged to couple the driveshaft 123 to each one of a pair
of'front drive shafts 119 and a rear differential 130 arranged to
couple the driveshaft 123 to each one of a pair of rear drive
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shafts 126. The front drive shafts 119 drive a pair of front
wheels 112, 113 whilst the rear drive shafts 126 drive a pair of
rear wheels 114, 115.

[0120] The vehicle is operable to provide torque to the
driveshaft 123 by means of the CIMG 117 and the ICE 111
either separately or simultaneously. Thus three primary
modes of operation of the vehicle 100 may be identified.

[0121] In a first mode of operation, known as a parallel
recharge mode, the ICE 111 is employed to provide torque to
the driveline 110 and the CIMG 117 is used as a generator to
recharge the battery 125B. Thus, the CIMG 117 is arranged to
apply a negative torque to the driveline 110. This first primary
mode corresponds to operational modes 4 to 7 of the vehicle
100 as shown in Table 1. Each of these modes corresponds to
a different amount of negative torque applied by the CIMG
117 to the ICE 111 in order to generate charge torecharge the
battery 125B.

[0122] In asecond mode of operation, known as a parallel
boost mode, the ICE 111 and the CIMG 117 are both used to
provide torque to the driveline 110, the CIMG 117 drawing
power from the power supply module 125 in order to provide
positive torque to the driveline 110 in addition to that pro-
vided by the ICE 111. This second primary mode corresponds
to operational modes 8 to 11 of the vehicle 100 as shown in
Table 1. Each of these modes corresponds to a different
amount of positive torque applied by the CIMG 117 to the
ICE 111 in order to boost the amount of torque applied to the
driveline 110 to drive the vehicle 100.

[0123] In a third mode of operation known as an electric
vehicle (EV) mode the ICE 111 is disconnected from the
CIMG 117 by opening the clutch K, 116. The CIMG 117
alone is employed to provide torque to the driveline 110. The
ICE 111 may be switched off in EV mode. This third primary
mode corresponds to mode 1 of the vehicle as shown in Table
1.

[0124] Itis to be understood that the vehicle 100 shown in
FIG. 1 is a parallel hybrid vehicle (rather than a series hybrid
vehicle). In a series hybrid vehicle the ICE 111 is operable to
provide torque to a generator in order to generate electric
power which is then either stored in a battery (or other storage
device) or used directly to power an electric motor to provide
torque to the wheels. It is to be understood that some embodi-
ments of the invention may be employed to control series
hybrid vehicles or parallel-series hybrids being hybrid
vehicles operable in a series or parallel mode.

[0125] The vehicle 100 has a controller 140 arranged to
provide control signals to a controller of the ICE 111 and to a
controller of the CIMG 117 in respect of how much torque the
ICE 111 and CIMG 117 are each required to supply to the
driveline 110. These signals may be referred to as an ICE-
demanded torque value, TQ_ENG (or TQ_ICE), and a
CIMG-demanded torque value, TQ_CIMG, respectively.

[0126] The controller 140 also provides a control signal to
the ICE 111 to turn the ICE 111 on and off as required.

[0127] It is to be understood that in some embodiments
when the CIMG 117 is required to act as a provider of torque
to the driveline 110 the controller 140 is arranged to output a
positive value of demanded torque to a controller of the
CIMG 117. When the CIMG 117 is required to act as a
generator of electricity the controller 140 is arranged to out-
put a negative value of demanded torque to the CIMG con-
troller.



US 2013/0332015 Al

[0128] This is because when running as a generator the
CIMG 117 acts to apply a negative torque to the ICE 111
thereby to draw power from the ICE 111 to generate electric-
ity as described above.

[0129] It is to be understood that the controller 140 is
required to control the ICE 111 and CIMG 117 so as to
optimise a performance of the vehicle 100 and to provide fuel
efficient operation. Thus, in some embodiments the controller
140 secks to maintain a state of charge (SoC) of the battery
125B at a level allowing operation of the vehicle in EV mode
as much as possible when vehicle operating parameters per-
mit. For example, in some arrangements EV mode may be
assumed when the battery SoC is sufficiently high and the
value of driver demanded torque is sufficiently low, at rela-
tively low speeds so as not to drain the battery too quickly.
Other vehicle operating parameters may also be relevant to
the determination whether the vehicle may be operated in EV
mode.

[0130] In the embodiment shown the controller 140 is
arranged to receive signals corresponding to each of four
operational parameters of the vehicle, which may be referred
to as a first set of parameters: (i) a value of the speed of the
crankshaft of the vehicle (Crkstt_Speed), (ii) a value of a
crankshaft torque demanded by a driver (Crksft_Torque), (iii)
a battery SoC (Battery_SoC) and (iv) an engine temperature
(Engine_Temp).

[0131] In some embodiments, instead of a crankshaft
torque or crankshaft speed, a value of torque and a speed of
rotation at another position of the powertrain may be
employed. It is to be understood that reference to a crankshaft
torque and a crankshaft speed may include reference to a
gearbox input torque and a gearbox input speed, respectively,
in some embodiments.

[0132] These signals are input to both a discretiser module
142 and a mode arbitrator module 146 of the controller 140.
It is to be understood that in some embodiments signals
corresponding to other operational parameters may be used
instead of or in addition to the above four parameters.
[0133] The discretiser module 142 is arranged to discretise
the values of the operational parameters provided thereto, i.e.
to round the values to a nearest discretiser module grid value
or index value. The grid values correspond to values of the
parameters that were provided as inputs to an optimisation
algorithm arranged to determine optimum values of
demanded torque from the ICE 111 and CIMG 117 for the
given set of input values.

[0134] The discretiser module 142 is arranged to output
four index values corresponding to the values of the four
operational parameters input, being a crankshaft speed index
value (Crksft_Speed_index), a demanded crankshaft torque
index value (Crksft_Torque_index), a battery SoC index
value (Battery_SoC_index) and an engine temperature index
value (Engine_Temp_index) to a map module 144.

[0135] It is to be understood that discrete values of the
operational parameters are used in order to reduce an amount
of data that must be stored in a memory of the map module
144 as described below. It is to be understood that the greater
the number of index values for a given range of values of a
given parameter the greater the amount of memory required
for the map module 144 in order to store the index values and
the corresponding map values.

[0136] The map module 144 is arranged to provide an out-
put to the mode arbitrator 146 in the form of a vector of
possible operating or ‘operational’ modes of the vehicle 100
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ranked according to cost. By vector of possible modes is
meant that the output includes a list of possible modes, for
example a sequence of identifiers corresponding to each pos-
sible mode, ranked according to cost. In the arrangement of
FIG. 1 the map module 144 outputs two possible modes. One
is the mode of lowest cost functional, the second is a mode of
higher cost functional but which is an alternative mode that
the vehicle may assume as will be discussed in more detail
below.

[0137] In some alternative embodiments the map module
144 provides an output of an identifier of one of a plurality of
lists of possible operating modes stored in a memory of the
mode arbitrator 146. This has the advantage that the amount
of data required to be output by the map module 144 may in
some embodiments be reduced still further.

[0138] As discussed below, the vector of possible modes
ranked according to cost are determined offline for a given set
of'values of vehicle operating parameters by an application of
an optimisation algorithm. In the present embodiment the
algorithm is an algorithm arranged to determine a lowest cost
functional configuration according to game theory in which
the first set of vehicle operating parameters (or ‘conditions”)
(e.g. crankshaft speed and crankshaft torque) and the power-
train are viewed as two players in a finite horizon zero sum
game.

[0139] A cost functional of the game weights fuel con-
sumption, emissions, a deviation of the battery SoC from a
set-point and a deviation of values of certain vehicle operating
parameters from reference values of the operating param-
eters. A penalty is applied in the game in respect of operation
of'the vehicle at selected pre-defined operating conditions as
a Stackelberg feedback from the previous state of the game,
for successive states. These pre-defined operating conditions
correspond to conditions commonly encountered in the
course of a drive cycle which the vehicle will commonly
perform. Thus the controller 140 may be optimised for
‘everyday’ driving, i.e. the operating conditions that are to be
expected most often. Other arrangements are also useful.
[0140] In the present embodiment the pre-defined operat-
ing conditions correspond to values of crankshaft torque,
crankshaft speed, battery SoC and engine coolant tempera-
ture.

[0141] Itisto beunderstood that other factors may be useful
in addition to or instead of the above in respect of the cost
functional.

[0142] Thus it is to be understood that a control policy for
determining for example an amount of power to be drawn
from the ICE 111 to charge the battery can be determined as
a feedback Stackelberg equilibrium of the game as a function
of crankshaft torque, crankshaft speed, battery SoC and
engine coolant temperature.

[0143] Itis to be understood that fuel consumption may be
linked to financial cost (the cost of fuel) and other costs such
as an environmental cost. Thus the greater financial costs
associated with higher levels of fuel consumption may also
impact directly on the environmental costs associated with
operation of the vehicle such as an amount of combustion
gases output by the vehicle (e.g. CO,, NO etc).

[0144] The mode arbitrator 146 is arranged to determine
which one of the possible modes of operation that have been
determined by the mapping module 142 to be possible modes
should be assumed, and provides an output to a torque
demand module 148 corresponding to the required mode. The
torque demand module 148 determines a required value of
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torque to be demanded from the ICE 111 and CIMG 117
respectively. The mode arbitrator 146 also provides an output
to the torque demand module 148 to control the operational
state of the ICE 111.

[0145] For example, if a transition from EV to parallel
mode is required the mode arbitrator 146 signals to the torque
demand module 148 that it is required to start the ICE 111.
The signal from the mode arbitrator 146 may also be sent to
one or more other modules or devices, such as a vehicle
systems controller.

[0146] The mode arbitrator 146 has a series of counters that
measure how long the ICE 111 has been in a given operational
state since it last assumed that operational state. The mode
arbitrator 146 also stores calibration constants that are used
by the controller 140 to reduce a risk of mode chattering. That
is, a risk that the vehicle 140 will transition back and forth in
an unacceptably rapid succession between modes, such as
between respective parallel modes and/or between a parallel
mode and EV mode. Thus the counters may be employed to
ensure that the ICE 111 does not change state (i.e. it is not
switched on or off) before a given time period has elapsed
since it last changed state. Optionally in some embodiments
the state may still be changed if one or more other conditions
are met. For example, if the controller 140 controls the vehicle
100 to assume the EV mode the mode arbitrator 146 is
arranged to prevent the engine 111 from being switched on
until a prescribed time period has elapsed, the time period
being a function of vehicle speed. The time period may be
lower at higher vehicle speeds. This is at least in part because
it is typically globally sub-optimum to operate in EV mode at
higher vehicle speeds due to relatively rapid discharge of the
battery, requiring later recharging of the battery where con-
ditions for recharging may not be optimal. Furthermore, at
higher speeds NVH (noise, vibration and harshness) associ-
ated with engine starting and stopping is less noticeable to the
driver and therefore more frequent stopping and starting of
the engine is less of an issue.

[0147] However, in some embodiments if whilst in EV
mode the driver demands an amount of torque that cannot be
met by the CIMG 117 alone the controller 140 controls the
engine 111 to start in order to meet the driver demand regard-
less of how recently the engine 111 was switched off.
[0148] Mode chattering is undesirable since it may lead to
reduced drivability of a vehicle and/or a deterioration in
noise, vibration and harshness (NVH) performance. Mode
chattering also typically results in an increase in an amount of
undesirable emissions such as CO, and NO,.

[0149] The mode arbitrator 146 is arranged to enhance
drivability ofthe vehicle 100 by seeking to meet the following
requirements: i) controlling the vehicle to spend as little time
as possible in a parallel mode whilst the driver is demanding
a certain level of positive crankshaft torque; ii) controlling the
vehicle to spend as much time as possible in EV mode as long
as the battery SoC is within a particular range and the CIMG
117 can produce the driver demanded torque; iii) switching
the engine off a calibrated time period after throttle lift off or
a braking event, the time period being a function of crankshaft
speed in some embodiments; and iv) starting the engine when
the battery SoC {falls below a prescribed level.

[0150] As noted above the mode arbitrator 146 is also
arranged to receive an input of the four operating parameters
that are provided to the discretiser module 142, i.e. the mode
arbitrator 146 receives non-discretised values. This is because
the mode arbitrator 146 typically requires more precise values
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of the four operating parameters than the discretised values
provided to the map module 144 in order for itto determine an
optimum mode of operation.

[0151] As described above, the map module 144 outputs
two possible modes selected by it—the mode of lowest cost
functional (first selected mode) and a mode of higher cost
functional but which is an alternative mode that the vehicle
may assume (second selected mode).

[0152] In the arrangement of the present embodiment, the
second of the possible modes is selected responsive to the first
mode. If the first mode is a mode in which the ICE 111 is
switched off (EV mode, mode 1 in Table 1) the map module
144 is arranged to output as the second mode the mode of
lowest cost functional in which the ICE 111 is switched on.
Thus, if the vehicle 100 is unable to assume EV mode, the
mode arbitrator 146 controls the vehicle 100 to assume this
second mode.

[0153] If the first mode is a mode in which the engine 111
is on, for example a parallel boost mode, the second mode will
be the EV mode unless the map module 144 has determined
that the EV mode is not available for the current values of the
four operating parameters input to it. If the EV mode is not
available, then the map module 144 outputs as the second
mode the mode of next lowest cost functional after the first
mode.

[0154] Other arrangements are also useful for selecting the
second mode.
[0155] For the avoidance of doubt it is stated that in the

present embodiment the map module 144 outputs data indi-
cating the identity of the first and second modes which are
determined offline according to the optimisation methodol-
ogy described herein. The modes are determined offline in
order to reduce an amount of processing that is required to be
performed in real time during vehicle operation.

[0156] In the present embodiment the mode arbitrator 146
is configured to determine whether the first selected mode
output by the map module 144 is a mode that the vehicle 100
may assume according to a set of prescribed criteria requiring
reference to data which includes data other than values of the
first set of parameters. The mode arbitrator 146 is arranged to
cause the controller 140 to control the vehicle 100 to assume
the second mode if the first mode is not available according to
the prescribed criteria.

[0157] According to the criteria, the mode arbitrator 146 is
configured to over-ride assumption of the first mode if:

1.the first mode is the EV mode (mode 1) and the ICE 111 was
switched on within a prescribed time period of the current
time, i.e. the time at which the EV mode was selected as the
first mode; this prescribed time period may be responsive to a
speed of the vehicle, e.g. it may decrease as a function of
increasing vehicle speed;

2, the first mode is a mode in which the ICE 111 is required to
be switched on and the ICE was switched off within a pre-
scribed time period of the current time;

3. the first mode is a parallel recharge mode (one of modes 4
to 7 of table 1) and the vehicle speed is below a prescribed
speed (this is so as to reduce NVH at low vehicle speeds);

4. the first mode is the EV mode, the current mode is a mode
in which the ICE 111 is on and the selection of EV mode as the
first mode has occurred within a prescribed time period of the
driver releasing the accelerator (or throttle) pedal without
depressing the brake (this feature reduces a delay in deliver-
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ing drive torque from the ICE 111 in the event the driver
re-depresses the accelerator pedal, for example in a driver
‘change of mind’ scenario);

5. the first mode is a mode in which the ICE 111 is required to
be switched on but the vehicle is currently creeping below a
prescribed speed in EV mode (this is in order to reduce NVH
due to mode chattering when the vehicle is travelling at low
speed; the vehicle 100 may for example be latched in EV
mode for a prescribed period of time to accomplish this);

6. the first mode is the EV mode but the battery SoC is below
a prescribed value requiring recharging of the battery 125B,
for example to prevent damage to the battery 125B; and

7. the first mode is the EV mode but the mode arbitrator 146
has determined that the driver has requested an amount of
torque that cannot be delivered whilst in EV mode but which
the Crkshtt_Torque signal input to the map module 144 (be-
ing a low-pass filtered signal) does not yet reflect. The mode
arbitrator 146 has as an input the unfiltered Crkshft_Torque
signal and is therefore able to predict from this value a future
value of Crkshft_Torque signal that will be input to the map
module 144 (i.e. predict the filtered value). If the driver has
suddenly increased the amount of torque demanded, the mode
arbitrator 146 may therefore be able to predict that the map
module 144 may imminently select as the first mode a parallel
boost mode (i.e. one of modes 4 to 7 of table 1) in which the
ICE 111 is required to be switched on. Thus the mode arbi-
trator 146 selects the second mode, being a mode in which the
ICE 111 is required to be switched on.

[0158] As noted above the torque demand module 148
receives an input from the mode arbitrator 146 of the required
mode of operation of the vehicle, i.e. whether the vehicle is to
operate in parallel recharge mode, parallel boost mode or
electric vehicle mode and, if operating in a parallel mode, the
level of torque to demanded from the CIMG 117.

[0159] For a given mode of operation as determined by the
mode arbitrator 146 the torque demand module 148 is
arranged to determine the value of torque to be demanded
from the ICE 111 and CIMG 117 as well as the operational
state of the ICE 111 based on the values of Crkshft_Speed,
Crksft_Torque and a parameter System_[imits.

[0160] The parameter System_Limits provides an indica-
tion of the limits of selected operating parameters in respect
of the vehicle 100. Based on this parameter the torque
demand module 148 is arranged to provide values of
demanded torque to the ICE 111 and CIMG 117 that respect
the limits of the selected operating parameters. In other
words, the torque demand module 148 provides values of
demanded torque that are intended not to cause the vehicle to
exceed the limits of operating parameters indicated by the
parameter System_[imits.

[0161] For example, the parameter System_Limits may
include data inrespect of charge/discharge limits of the power
supply module 125 which data is determined taking into
account the current state of charge of the battery 125B, battery
temperature and ICE temperature. For example, if the battery
SoC is relatively low, the battery voltage may be lower than
that when the battery SoC is relatively high, requiring
increased current drain for a given power demand.

[0162] In some embodiments the parameter System_Lim-
its may include in addition or instead values of a minimum
and a maximum allowable battery SoC, a maximum engine
operating temperature, a maximum CIMG 117 operating
temperature and maximum and/or minimum values of one or
more other parameters.
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[0163] Ifthe values oftorque to be demanded from the ICE
111 and CIMG 117 according to the required mode of opera-
tion may be met without exceeding limits of operation of the
vehicle 100 the module 148 controls the ICE 111 and CIMG
117 to deliver the required torque values.

[0164] Thus, if EV mode is selected by the mode arbitrator
146 the torque demand module 148 provides a signal for the
CIMG 117 to provide the demanded crankshatt torque (Crks-
ft_Torque), within system limits.

[0165] If the mode arbitrator 146 has selected a parallel
mode of operation (one of modes 4 to 11 of Table 1) the torque
demand module 148 determines the torque to be provided by
the ICE 111 based on the value of CIMG torque specified by
the mapping module 144 such that a sum of the provided
torques is equal to the driver-demanded crankshaft torque
(Crkstt_Torque), again within system limits. The torque
demand module then provides a control signal to cause the
ICE 111 and CIMG 117 to provide their respective values of
torque.

[0166] Thus, in the case of a parallel recharge mode of
operation (one of modes 4 to 7 of Table 1) the torque demand
module 148 generates a target negative torque for the CIMG
117 and a target positive torque for the ICE 111 such that the
sum of the torque demanded from the ICE 111 and the torque
demanded from the CIMG 117 is equal to the demanded
crankshaft torque.

[0167] Inthecaseofaparallel boost mode of operation (one
of modes 8 to 11 of Table 1) the torque demand module 148
generates a target positive torque for the CIMG 117 and a
target positive torque for the ICE 111 such that the sum of'the
torque demanded from the ICE 111 and the torque demanded
from the CIMG 117 is again equal to the demanded crank-
shaft torque.

[0168] It is to be understood that in the present embodi-
ment, optimisation of the torque demanded of the CIMG 117
in order to generate maps for the map module 144 was per-
formed offline in an application of game theory. Unlike con-
ventional dynamic programming solutions, game theory-
based solutions are time and drive cycle independent. They
also compare favourably with stochastic dynamic program-
ming in terms of computations, as the value function depends
on fewer variables.

[0169] Insomeembodiments the controller 140 is arranged
to control the vehicle 100 to reduce NOx emissions in addi-
tion to reducing fuel consumption. It is to be understood that
NOx emissions are of particular concern in the operation of
diesel-type internal combustion engines.

[0170] Insomeembodiments the controller 140 is arranged
to control the vehicle 100 to reduce particulate emissions and
consume a certain amount of purge vapour in addition to a
reduction in fuel consumption. It is to be understood that
particulate emissions and purge vapour consumption are of
particular concern in the operation of internal combustion
engines powered by petroleum fuels.

[0171] Inone example, offline optimisation was performed
using an application of game theory as outlined above in an
attempt to reduce NOx emissions. The solution was evaluated
experimentally in an HEV provided with a diesel engine. To
aid comparison the same HEV was operated with a rule-based
strategy calibrated approximately to replicate a deterministic
dynamic programming-based solution over the NEDC drive
cycle.

[0172] The results showed that the game theory controller,
with minimal calibration effort, matched the performance of
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the rule-based controller. At the same time, the game theory
controller outperformed the rule-based controller over drive
cycles more closely approximating those encountered when
driving on public roads.

[0173] It is to be understood that other arrangements are
also useful.
[0174] Inone alternative embodiment a vehicle is provided

having a controller similar to that of the embodiment of FI1G.
1. The following operating parameters are employed as inputs
to a discretiser module and mode arbitrator module of the
controller: i) wheel speed, ii) wheel torque desired by the
driver, iii) battery state of charge and iv) engine temperature.
Neither engine speed nor crankshaft speed are used in this
alternative embodiment. This is because the controller is
arranged to provide a list of two or more possible operational
modes of the vehicle 100 including possible gears to engage
based on the operating parameters input.

[0175] The operating modes are similar to those of the
embodiment of FIG. 1 described above, ie. a parallel
recharge mode, a parallel boost mode and an electric vehicle
(EV) mode. In this embodiment the value of CIMG torque
and ICE state (on or off) are again optimised offline using a
similar implementation of game theory to that described
above in respect of the embodiment of FIG. 1.

Example

[0176] Inthe following discussion experimental results are
provided that were obtained using a Land Rover
Freelander2® HEV prototype vehicle 200 illustrated sche-
matically in FIG. 2.

[0177] Like features of the vehicle 200 of FIG. 2 to the
vehicle 100 of FIG. 1 are shown with like reference signs
prefixed numeral 2 instead of numeral 1.

[0178] As discussed below the prototype vehicle 200 was
used to implement energy management controllers having
different respective configurations in order to aid comparison
between embodiments of the present invention and control-
lers not implementing a game theory control methodology.
[0179] As noted above the vehicle 200 was a Freelander2®
HEYV prototype based on a Land Rover Freelander2 TD4®
with automatic transmission. The powertrain of the vehicle
200 was modified from the standard production vehicle to
replace the automatic transmission by a prototype six-speed
dual clutch fully-automated manual transmission in which a
crankshaft integrated starter/generator (CISG) 217 was pro-
vided between a dual mass flywheel of the diesel engine 211
(type DW12-b) and the clutches 216.

[0180] Towards a rear of the vehicle 200 an electric motor
232 was provided that was integrated within a rear differential
230 and permanently geared to a rear axle 226 of the vehicle
200. This motor arrangement may be referred to as an electric
rear axle drive (ERAD) 232.

[0181] The controller 240 of the vehicle (which may be
referred to as a vehicle systems controller or VSC) was con-
figured to operate in a similar manner to the controller 140 of
the vehicle 100 of FIG. 1. That is, the controller 240 had a
discretiser module 242, a map module 244, a mode arbitrator
246 and a torque mapping module 248 similar to the embodi-
ment of FIG. 1.

[0182] The following operating parameters were employed
as inputs to the discretiser module 242 and mode arbitrator
module 246 of the controller 240: 1) a value of a speed of a
wheel (Wheel_Speed), ii) a value of a wheel torque desired by
the driver (Wheel_Torque), iii) a value of a battery state of
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charge (Battery_SoC) and iv) currently selected gear. Neither
engine speed nor crankshaft speed were used in this example.
This is because the controller was arranged to provide a list of
two or more possible operational modes of the vehicle 200
including possible gears to engage based on the operating
parameters input.

[0183] Tables 2 and 3 summarize feasible hybrid power-
train operating modes that were considered in performing
optimization of the control process of the vehicle 200. These
modes correspond to different combinations of CISG 217 and
ERAD 232 operating states. These states are referred to as 1)
a regen state, ii) an inactive state and iii) a drive state.
[0184] In the regen state of the CISG 217 the CISG 217 is
employed to act as a generator. The ERAD 232 is not arranged
to act as a generator unless regenerative braking is required
(Table 3).

[0185] Whenthe CISG 217 is inthe inactive state it does not
generate electric power or provide a torque to the gearbox 218
and front differential 235. Similarly whenthe ERAD 232 is in
the inactive state it does not provide a torque to the rear axle
226.

[0186] In the drive state of the CISG 217 the CISG 217 is
employed as a motor to assist the ICE 211 (in a parallel boost
mode requiring CISG 217 operation) to provide torque to
wheels of the vehicle 200.

[0187] In the drive state of the ERAD 232 the ERAD 232
provides torque to the rear axle 226.

[0188] The emissions targets that were required to be
achieved by the vehicle 200 over the NEDC drive cycle are
based on the EURO 4 diesel class 3 vehicle standards and are
summarized in Table 4.

[0189] In some embodiments, simultaneous optimisation
of'gear shifts and battery power output were performed. Inthe
present example however such optimisation was not per-
formed.

[0190] A gear shift map was generated that was optimised
to reduce NOx emissions. The optimisation took into account
the fact that when operating in a parallel mode, the engine 211
and CISG 217 may be controlled to optimise an operating
condition of the engine 211 to an efficient load region.
[0191] FIG. 3 is an up-shift map generated according to the
optimisation method for the vehicle of FIG. 2. The map shows
selected gear (gears 1 to 6) as a function of throttle pedal
position and vehicle speed with engine speed plotted on the
vertical axis.

[0192] The up-shift map and a corresponding down-shift
map were loaded into a controller of the gearbox 235 to allow
the controller to select an optimum gear for a given set of
operating parameters.

[0193] The vehicle 200 was then run on a rolling road over
the NEDC drive cycle. The resulting time histories of wheel
speed, wheel torque and gear are shown in FIG. 4(a) to (¢)
respectively. From this test the following data were extracted:
i) a baseline to compare emission and fuel consumption
between different controllers and ii) wheel speed and torque
demand over the NEDC drive cycle as an input to the offline
optimisation algorithms.

Dynamic Programming Solution Using Offline Simulation
Model

[0194] Optimal deterministic dynamic programming tra-
jectories were generated offline using a simulation model as
described in further detail below. A rule-based control strat-
egy was then tuned using these trajectories and evaluated in
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experiments using the vehicle of FIG. 2. The controller 140 of
the vehicle was programmed according to this alternative
control model.

[0195] A control-oriented simulation model of the vehicle
of FIG. 2 was created using the following components: i)
steady state engine outputs corresponding to the amount of
NOx generated and Brake Specific Fuel Consumption; ii)
CISG 217 motor/generator efficiency and inverter 2251 effi-
ciency; iiil) ERAD 232 motor/generator efficiency and
inverter efficiency; iv) gearbox 218 efficiency; and v) battery
225B efficiency. The dynamic programming solution
employed pattern recognition in the driving cycle to create a
rule-based control strategy for implementation in the VSC.
[0196] A discrete set of vehicle operating modes was
defined as follows: i) EV mode, where the ERAD 232 only is
used to provide the driver torque demand to the wheels; ii)
engine only mode; iii) a set of parallel charge modes, where
CISG 217 torque is set to a negative torque and the engine
provides the driver demanded torque plus the CISG 217
demanded torque; and a set of parallel boost modes, where the
CISG torque is set to a defined positive torque and the ICE
211 provides the balance of the driver demanded torque.
[0197] The dynamic programming method was applied to
the optimization ofthe cost functional based on the incremen-
tal cost function of the form:

L(x,2t,w)y=axFuel+B+NOx+1ux /50 Copoin— 1%, th, W) P (€8]

where ueU is the control (powertrain operating mode in our
case), xeX is the state (high voltage battery SoC in our case)
and weW is the vector of operating variables which is also
referred to as the load site (wheel speed, wheel torque and
gear selected in the present case). In (1), Fuel denotes engine
fuel consumption, NOx denotes engine NOX emission mass
flow rate, SoCg,,z,,,,, denotes the desired battery SoC set-
point at the end of the cycle and f(x,u,w) denotes the SoC
resulting from a defined control action at a given load site
starting from a given SoC.

[0198] The dynamic programming method reduces to the
backward in time iterative construction of the cost-to-go
function. This approach of going from the end of the cycle to
the beginning of the cycle enables the cost of each control
vector, at a defined point of the cycle and defined state of the
system, to reflect what could happen next if the optimal con-
trol action is taken. If t denotes the time instant during the
cycle and V denotes the cost-to-go function, the iterations
take the following form:

Vix, )= fr}irb{L(x, u, W)+ V(fQx, u, W), t+ Dh1e [T-1;1] 2
u(t)e
{ Vix, T) = X [SoCserpoin: — x]?, is the terminal cost.

[0199] Ateach time step throughout the cycle, the total cost
K will be:

K(x,u,0=L(x,u, w())+V(fix,u,w(f)),t+1). 3)

[0200] Once the cost-to-go function has been constructed,
the optimal control can be determined as follows:

Uopr (X, 1) € argmin{K (x, u, 1)}. @

ult)et
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[0201] The optimal trajectories over the NEDC drive cycle
generated by the deterministic dynamic programming algo-
rithm and simulated using a model of the vehicle of F1G. 2 are
illustrated in FIG. 5.

[0202] A simulated NOx EURO4 compliant solution gave a
saving of 25% of CO, compared to the same vehicle running
in conventional (non-HEV) mode.

Application of Game Theory to HEV Control

[0203] The non-cooperative approach of game theory was
applied to the control of the vehicle of FIG. 1 and FIG. 2 by
considering a multi-stage game played by the following two
players: a) a first player, the driver, represented by a discrete
set of load sites (for example wheel torque, wheel speed and
gear selected), covering the powertrain capability, and b) a
second player, the powertrain, represented by a discrete set of
operating modes. The approach described herein is suitable
for use in other embodiments also.
[0204] The first player is interested in minimizing a cost
functional while the second player is interested in maximiz-
ing the cost functional. The cost functional is formed as a sum
of incremental cost values over a finite horizon.
[0205] In respect of the embodiment of FIG. 2 the cost
functional of the game is based on the following incremental
cost function L related to the control action, u, the state vector,
X, and the operating variable, w:

L(x,u,w)=axFuel(z, w)+PxNOx(z, w)+ux[S0Cs ppini—

(x=ASoC(u, W) P+yx G(w) (5)
where ueU is the control action (U is the set of powertrain
operating mode in this case), xeX is the state vector (X is the
set of discretised high voltage battery SoC values in this case)
and WeW is the vector of operating variables which is also
referred to as the load site (discretised wheel speed, wheel
torque and gear selected in this case). In (1), Fuel denotes
engine fuel consumption, NOx denotes engine NOx emission
mass flow rate, SoCg,,»,,,, denotes the desired SoC set-point
at the end of the cycle, ASoC(u, w) denotes the deviation of
SoC resulting from a defined control action at a given load
site. Here G denotes a positive Gaussian function with the
centre at the centre of mass of a defined drive cycle, intro-
duced to focus the optimization on specific load sites.
[0206] In respect of the embodiment of FIG. 1 the cost
functional of the game is based on the following incremental
cost function L related to the control action, u, the state vector,
X, and the operating variable, w:

L(x,u,w)y=oxFuel(u, wi+BxNOx (1, W)+0X[ T g cootant

Sepoine—(¥(1)=ATc(, WHPHX[SOCis, ppsmi (¥(2)~

ASoC(u, W) P+yx G(w) (6)

where u, the control action, is a member of U (U is the set of
powertrain operating mode in this case), x(1), the engine
coolant temperature is a member of X(1) (X(1) is the set of
discretised coolant temperature in this case), x(2), the state of
charge is a member of X(2) (X(2) is the set of discretised high
voltage battery SoC values in this case) and w, the vector of
operating variables which is also referred to as the load site, is
amember of W (W is the set of discretised gearbox input shaft
speed, gearbox input shaft torque in this case).

[0207] Fuel denotes engine fuel consumption, NOx
denotes engine NOx emission mass flow rate, T, cooransser
roine denotes the desired set point for engine coolant tempera-
ture at the end of the cycle, ATc(u, w) denotes the deviation of
engine coolant temperature resulting from a defined control
action at a given load site, SoCg,,z, ,,,, denotes the desired SoC
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set-point at the end of the cycle, ASoC(u, w) denotes the
deviation of SoC resulting from a defined control action at a
given load site. Here G denotes a positive Gaussian function
with the centre at the centre of mass of a defined drive cycle,
introduced to focus the optimization on specific load sites.
[0208] The control policy is based on a constructed off-line
feedback Stackelberg equilibrium ofthe game. The processto
construct this solution is based on the following iterations,
applied to the cost-to-go function, V:

Vix,T)= maM)/(miél{L(x, u, w)} 6)
Vix,1)= maM)/({v(x, w,D},tel[T-1,T-2,--- ,0].

v(x, w, 1) = miél{L(x, u, w)+ V(f(x, u,w), glx, u, w), 1+ 1)},

te[T-1,T-2,- 0]

[0209] Here f(x,u,w) denotes the engine coolant tempera-
ture resulting from a defined control action at a given load site
and starting from a given engine coolant temperature, x(1):

Sxuwy=x(1)-ATc(u,w).

g(x,u,w) denotes the battery SoC resulting from a defined
control action at a given load site and starting from a given
SoC, x(2):

g(x,u, w)=x(2(-ASoC(u,w).

[0210] The control policy is defined as:

u(x, w) € argmin{L(x, u, w) + V(f(x, u, w), g(x, u, w), 0} )]
uel

Inthe case of the embodiment of FIG. 2, VxeX, VueU, IweW,
g(x,u,w)=0.

[0211] The solution is constructed offline using a grid for
state, control, and load site values and interpolated on-line to
generate the control action.

[0212] It is to be understood that, for a sufficiently large
number of stages, T, the algorithm will converge towards a
quasi-optimal, time and drive-cycle independent solution
which is also independent of T.

Vehicle Evaluation Results

[0213] NEDC Results of the Freelander2 HEV with Rule
Based Controller Based on Dynamic Programming Solution
[0214] Using the optimal trajectories discussed above, a
rule-based controller was created to provide the vehicle with
a behaviour that replicated the offline solution including stop/
start of the engine and charge/discharge of the battery over the
NEDC drive cycle. Thus, for a given set of inputs of vehicle
operational parameters the controller was arranged to deter-
mine optimal operating states of the ICE 211, CISG 217 and
ERAD 232.

[0215] In a parallel mode, the torque split is between the
ICE 211 and CISG 217. The ERAD 232 is arranged only to
apply torque if the driver demanded torque exceeds the maxi-
mum torque deliverable by the ICE 211 and CISG 217
together. Such a situation would not occur over the NEDC
cycle but might occur in a ‘real-world’ situation during the
course of driving the vehicle in ‘real-life’ situations (such as
when ascending certain steep inclines under certain condi-
tions) or off-road under certain circumstances.
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[0216] FIG. 6 illustrates the prototype operating points over
the NEDC cycle, and also overlays the prototype results with
the simulation results.

[0217] This solution resulted in a 21.5% CO2 saving over
the NEDC drive cycle, was EURO4 compliant and the battery
SoC was balanced over the cycle.

[0218] The baseline vehicle for this comparison was the
same vehicle running in engine only mode. A feedback loop
was employed in respect of the CISG torque acting as an
alternator in order to sustain the energy drained by the 12V
system over the cycle. A lighter road load was also employed
to replicate the mass of a conventional (non-HEV)
Freelander2 diesel vehicle.

NEDC Results of the Freelander2 HEV with Game Theory
Controller

[0219] As described above in respect of the embodiment of
FIG. 1, in the embodiment of FIG. 2 the controller 240 of the
vehicle 200 was provided with a set of offline computed maps
(generated using the game theory implementation described
above) representing the condition of the ICE 211 (i.e. engine
on or off) and mode of operation of the vehicle. If the selected
mode is a parallel mode the map provides the CISG target
torque value as described above.

[0220] The vehicle 200 delivered a 22.5% reduction in CO,
compared to the baseline vehicle.

[0221] It is noted that the controller 240 (being an embodi-
ment of the present invention) was calibrated for drivability
on a particular test track whilst the rule based controller was
not and did not provide the same level of drivability. Vehicle
trajectories over the NEDC drive cycle with the controller 240
are shown in FIG. 7.

[0222] Table 5 presents a comparison of controllers based
on deterministic dynamic programming and game theory
respectively relative to results obtained from the baseline
vehicle. The controller 240 according to the present invention
(game theory optimised) demonstrates better fuel economy
and substantially better NOx emissions as compared to the
rule-based controller calibrated from dynamic programming
results.

[0223] The game theory-based controller 240 is also drive
cycle independent. Hence it is to be expected that the game
theory-based controller 240 will perform well over drive
cycles other than the NEDC drive cycle and will perform
better than a rule-based controller calibrated using dynamic
programming results as discussed above.

[0224] Thetwo controllers have been benchmarked against
each other over the NEDC drive cycle, HY ZEM phase 2 drive
cycle (urban phase of the HYZEM drive cycle) and Federal
Test Procedure (FTP) 75 drive cycle with results as summa-
rized in Table 6.

[0225] It can be observed that over the three different drive
cycles, the game theory controller 240 with minimum cali-
bration effort provides better fuel economy and NOx emis-
sions than a rule based controller calibrated for a specific
drive cycle.

[0226] Aspects or embodiments of the invention for which
protection is sought may be understood with reference to the
following numbered paragraphs:

[0227] 1. A controller for a hybrid electric vehicle having a
plurality of actuators each operable to provide torque to drive
the vehicle, at least one of the actuators being arranged to
consume a fuel, at least one of the actuators comprising an
electric machine operable to be powered by the energy stor-
age means,
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[0228] the controller being operable to determine a
required torque split between the plurality of actuators
responsive to a first set of two or more operating param-
eters of the vehicle, the torque split being a proportion of
the total torque that is to be provided to the driveline by
each actuator, the torque split being determined by ref-
erence to one or more stored torque split data maps.

[0229] 2. A controller as described in paragraph 1 wherein
the data maps are data maps generated offline according to an
algorithm arranged to optimise the required torque split to
reduce a value of one or more performance parameters of the
vehicle being parameters indicative of a performance of the
vehicle.

[0230] 3. A controller as described in paragraph 1 wherein
the performance parameters correspond to at least one
selected from amongst a rate of fuel consumption of the
vehicle, a rate of emission of a gas by the vehicle, a deviation
from a nominal value of a state of charge of an energy storage
device arranged to power one or more of the plurality of
actuators and a noise level generated by the vehicle.

[0231] 4. A controller as described in any preceding para-
graph arranged to discretise values of each of the first set of
operating parameters to values corresponding to coordinates
of'data stored in the one or more data maps, and to input these
discretised values to the one or more data maps thereby to
access data stored therein.

[0232] 5. A controller as described in paragraph 4 wherein
one said one or more stored data maps is arranged to store data
corresponding to a list of operational modes of the vehicle
ranked according to a cost functional of the vehicle fora given
set of discrete values of the first set of operating parameters.

[0233] 6. A controller as described in paragraph 5 wherein
at least a plurality of the operational modes correspond to a
different value of torque to be demanded from one or more of
the actuators.

[0234] 7. A controller as described in paragraph 5 or para-
graph 6 arranged to provide the data corresponding to the list
of operational modes to a mode arbitrator arranged to deter-
mine a required operational mode of the vehicle based on the
data corresponding to the list of operational modes and non-
discretised values of the first set of operating parameters.

[0235] 8. A controller as described in paragraph 7 arranged
to provide the required operational mode of the vehicle deter-
mined by the mode arbitrator to a torque demand module, the
torque demand module being arranged to determine values of
torque to be demanded from each of the plurality of actuators
based on the required operational mode and non-discretised
values of one or more of the first set of operating parameters.

[0236] 9. A controller as described in paragraph 7 or para-
graph 8 arranged to output a signal indicative of at least one
selected from amongst a required gear to be engaged by a
gearbox, an amount of exhaust gas to be recirculated by an
exhaust gas recirculation (EGR) system and an amount of
purge vapour to be transferred from an evaporative emission
trap to an intake system of the vehicle.

[0237] 10. A controller as described in any preceding para-
graph wherein the at least one data map is a data map gener-
ated according to a non-cooperative game theory with Stakel-
berg equilibrium model.

[0238] 11. A controller as described in any preceding para-
graph wherein one of the at least one actuators arranged to
consume a fuel comprises an internal combustion engine.
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[0239] 12. A controller as described in any preceding para-
graph wherein one of the actuators comprises an electric
motor operable to apply a positive torque to the driveline.
[0240] 13. A controller as described in any preceding para-
graph wherein one of the actuators comprises an electric
generator operable to apply a negative torque to the driveline.
[0241] 14. A controller as described in any preceding para-
graph wherein one of the actuators comprises a motor/gen-
erator operable to apply either a positive or a negative torque
to the driveline as required.

[0242] 15. A controller as described in any preceding para-
graph wherein the operational parameters include at least one
selected from amongst a driveline speed, a drivelines torque
being a value of driveline torque demanded by a driver of the
vehicle, a battery state of charge, an engine temperature, an
engine coolant temperature, an exhaust gas temperature, a
state of a gearbox of the vehicle being a gear ratio of the
gearbox, a wheel speed and a wheel torque being a value of
wheel torque demanded by a driver of the vehicle.

[0243] The driveline torque may be a crankshaft torque and
the driveline speed may be a crankshaft speed.

[0244] 16. A controller as described in any preceding para-
graph wherein the operational parameters include a crank-
shaft speed, a crankshaft torque being a value of crankshaft
torque demanded by a driver of the vehicle, a battery state of
charge and an engine temperature.

[0245] 17. A controller as described in any preceding para-
graph wherein the operational parameters include a wheel
torque, a wheel speed, an engine coolant temperature, a bat-
tery state of charge and a state of a gearbox of the vehicle
being a gear ratio of the gearbox.

[0246] 18.A method of controlling a hybrid electric vehicle
having a plurality of actuators each operable to provide torque
to a driveline of the vehicle, at least one of the actuators being
arranged to consume a fuel and at least one of the actuators
comprising an electric machine operable to be powered by
energy storage means, comprising the steps of:

[0247] receiving at a controller data corresponding to a
plurality of operating parameters of the vehicle;

[0248] determining by means of the controller a required
torque split between the plurality of actuators responsive
to the received data, the torque split being a proportion of
the total torque that is to be provided to the driveline by
each actuator, the torque split being determined by ref-
erence to one or more stored torque split data maps; and

[0249] controlling the plurality of actuators to deliver the
torque to the driveline according to the required torque
split.

[0250] 19.A method as described in paragraph 18 compris-
ing the step of generating the one or more data maps oftline
according to an algorithm arranged to optimise the torque
split to reduce a value of one or more parameters of the
vehicle parameters indicative of a performance of the vehicle.
[0251] 20. A method as described in paragraph 19 wherein
the one or more parameters correspond to at least one selected
from amongst a rate of fuel consumption of the vehicle, a rate
of'emission of a gas by the vehicle and a noise level generated
by the vehicle.

[0252] 21. A method as described in any one of paragraphs
18 to 20 comprising the step of discretising values of the
plurality of operating parameters to values corresponding to
coordinates of data stored in the one or more data maps.
[0253] 22. A method as described in any one of paragraphs
18 to 21 comprising the step of storing in the one or more data
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maps data corresponding to a list of operational modes of the
vehicle ranked according to a cost functional of the vehicle
for a given set of discrete values of the plurality of operating
parameters.

[0254] 23. A method as described in paragraph 22 wherein
at least a plurality of the operational modes correspond to a
different value of torque to be demanded from one or more of
the actuators.

[0255] 24. A method as described in any one of paragraphs
22 or 23 wherein at least one operational mode corresponds at
least one selected from amongst a required gear to be engaged
by a gearbox, an amount of exhaust gas to be recirculated by
an exhaust gas recirculation (EGR) system and an amount of
purge vapour to be transferred from an evaporative emission
trap to an intake system of the vehicle.

[0256] 25. A method as described in any one of paragraphs
22 to 24 comprising the step of outputting the data corre-
sponding to the list of operational modes to a mode arbitrator,
the method further comprising determining by the mode arbi-
trator a required operational mode of the vehicle based on the
data corresponding to the list of operational modes and non-
discretised values of the plurality of operating parameters.
[0257] 26. A method as described in paragraph 25 compris-
ing the step of outputting the required operational mode of the
vehicle to a torque demand module, the method further com-
prising determining by means of the torque demand module
values of torque to be demanded from each of the plurality of
actuators based on the required operational mode and non-
discretised values of one or more of the operating parameters.
[0258] 27. A method as described in any one of paragraphs
18 to 26 comprising the step of generating the at least one data
map according to a non-cooperative game theory with Stakel-
berg equilibrium model.

[0259] 28. A method as described in any one of paragraphs
18 to 27 wherein the step of controlling the plurality of actua-
tors to deliver the torque to the driveline according to the
required torque split comprises the step of controlling an
internal combustion engine.

[0260] 29. A method as described in any one of paragraphs
18 to 28 wherein the step of controlling the plurality of actua-
tors to deliver the torque to the driveline according to the
required torque split comprises the step of controlling an
electric motor operable to apply a positive torque to the driv-
eline.

[0261] 30.A method as described in any one of paragraphs
18 to 29 wherein the step of controlling the plurality of actua-
tors to deliver the torque to the driveline according to the
required torque split comprises the step of controlling an
electric generator operable to apply a negative torque to the
driveline.

[0262] 31.A method as described in any one of paragraphs
18 to 30 wherein the step of controlling the plurality of actua-
tors to deliver the torque to the driveline according to the
required torque split comprises the step of controlling a
motor/generator operable to apply either a positive or a nega-
tive torque to the driveline as required.

[0263] 32. A method as described in any one of paragraphs
18 to 31 wherein the operational parameters include at least
one selected from amongst a crankshaft speed, a crankshaft
torque being a value of crankshaft torque demanded by a
driver of the vehicle, a battery state of charge, an engine
temperature, a state of a gearbox of the vehicle being a gear
ratio of the gearbox, a wheel speed and a wheel torque.
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[0264] 33. A method as described in any one of paragraphs
18 to 32 wherein the operational parameters include a crank-
shaft speed, a crankshaft torque being a value of crankshaft
torque demanded by a driver of the vehicle, a battery state of
charge and an engine temperature.

[0265] 34. A method as described in any one of paragraphs
18 to 33 wherein the operational parameters include a wheel
torque, a wheel speed, a battery state of charge and a state of
a gearbox of the vehicle being a gear ratio of the gearbox.
[0266] Throughout the description and claims of'this speci-
fication, the words “comprise” and “contain” and variations
of the words, for example “comprising” and “comprises”,
means “including but not limited to0”, and is not intended to
(and does not) exclude other moieties, additives, components,
integers or steps.

[0267] Throughout the description and claims of'this speci-
fication, the singular encompasses the plural unless the con-
text otherwise requires. In particular, where the indefinite
article is used, the specification is to be understood as con-
templating plurality as well as singularity, unless the context
requires otherwise.

[0268] Features, integers, characteristics, compounds,
chemical moieties or groups described in conjunction with a
particular aspect, embodiment or example of the invention are
to be understood to be applicable to any other aspect, embodi-
ment or example described herein unless incompatible there-
with.

1. A controller for a hybrid electric vehicle having a plu-
rality of actuators, at least one of the actuators being arranged
to consume a fuel and at least one of the actuators comprising
an electric machine operable to be powered by energy storage
means;

the controller being operable to control the plurality of

actuators to apply respective amounts of torque to a
driveline of the vehicle according to one of a plurality of
operational modes of the vehicle in dependence on a
value of a first set of two or more operating parameters of
the vehicle,

the controller being arranged to select two or more of the

operational modes in dependence on the first set of oper-
ating parameters, the modes being selected in depen-
dence on a value of a cost functional, a first of the
selected modes being the mode having the lowest cost
functional according to a control optimisation method-
ology implemented by the controller;

wherein the controller is arranged to control the vehicle to

assume the first of the selected modes and in the event
the first selected mode is unavailable the controller is
arranged to control the vehicle to assume another of the
selected modes.

2. A controller as claimed in claim 1 wherein each opera-
tional mode corresponds to a different respective torque split
between the plurality of actuators, the torque split represent-
ing the proportion of the total torque that is to be applied by
each actuator.

3. A controller as claimed in claim 1 wherein at least one of
the operational modes is a mode in which the at least one fuel
burning actuator drives an electric machine to generate charge
to charge the energy storage means.

4. A controller as claimed in claim 1 wherein if the first
mode is a mode in which the at least one fuel burning actuator
is employed, at least one of the selected modes includes the
mode in which the at least one fuel burning actuator.
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5. A controller as claimed in claim 1 wherein if the first
mode is a mode in which the at least one fuel burning actuator
is not employed, at least one of the selected modes includes
the mode having the lowest cost functional in which the at
least one fuel burning actuator is employed.

6. A controller as claimed in claim 1, wherein the controller
is arranged to determine the torque split by reference to one or
more stored torque split data maps.

7. A controller as claimed in claim 6 wherein the data maps
are data maps generated offline according to the control opti-
misation methodology.

8. A controller as claimed in claim 1 wherein the cost
functional is responsive to at least one selected from amongst
arate of fuel consumption of the vehicle, a rate of emission of
a gas by the vehicle, an amount of noise generated by the
vehicle, a deviation of a state parameter from a prescribed
value and a rate of emission of one or more types of particu-
late material.

9. A controller as claimed in claim 8 wherein the cost
functional is responsive to a rate of fuel consumption of the
vehicle, a rate of emission of a gas by the vehicle and a
deviation of a state parameter from a prescribed value, the
controller being operable to determine a required operational
mode according to a feedback Stackelberg equilibrium con-
trol optimisation methodology.

10. A controller as claimed in claim 8 wherein the state
parameter corresponds to a value of a state of charge of the
energy storage means.

11. A controller as claimed in claim 6 wherein the control-
ler is arranged to discretise values of the first set of two or
more operating parameters to values corresponding to those
of data stored in the one or more data maps.

12. A controller as claimed in claim 1, wherein the control-
ler is arranged to determine the required operational mode of
the vehicle from the selected two or more modes responsive to
non-discretised values of one or more of the first set of two or
more operating parameters.

13. A controller as claimed in claim 1 wherein the control-
ler is arranged to determine the required operational mode
from the selected two or more modes and to output the
required mode to a torque demand module, the torque
demand module being arranged to determine a value of torque
to be demanded from each of the plurality of actuators based
on the required operational mode, a value of one or more of
the first set of two or more operating parameters and data in
respect of one or more system state parameters of the vehicle,
the torque demand module being configured to demand a
required amount of torque from the actuators responsive to
the values of the one or more system state parameters.

14. A controller as claimed in claim 1 wherein one of the at
least one fuel consuming actuators comprises an internal
combustion engine.

15. A controller as claimed in claim 1 wherein one of the
actuators comprises an electric motor operable to apply a
positive torque to the driveline.

16. A controller as claimed in claim 1 wherein one of the
actuators comprises an electric generator operable to apply a
negative torque to the driveline.

17. A controller as claimed in claim 1 wherein the actuator
comprising an electric machine comprises an -electric
machine operable to apply either a positive or a negative
torque to the driveline as required.

18. A controller as claimed in claim 1 wherein the first set
of two more operating parameters include at least one
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selected from amongst a speed of rotation of a portion of the
driveline, a torque present at a portion of the driveline being a
value of torque demanded by a driver of the vehicle at that
portion, a battery state of charge, an engine temperature, an
engine coolant temperature, an exhaust gas temperature, a
state of a gearbox of the vehicle being a gear ratio of the
gearbox.

19. A controller as claimed in claim 1 wherein the first set
of two more operating parameters comprises a driveline
torque, a driveline speed and a state of charge of the energy
storage means.

20. A controller as claimed in claim 19 wherein the first set
of two more operating parameters further comprises a tem-
perature of the at least one fuel burning actuator.

21. A controller as claimed in claim 19 wherein the first set
of'two or more operating parameters further comprises a state
of a gearbox of the vehicle being a gear ratio of the gearbox.

22. A hybrid electric vehicle comprising a controller as
claimed in claim 1.

23. A method of controlling a hybrid electric vehicle hav-
ing a plurality of actuators each operable to provide torque to
a driveline of the vehicle, at least one of the actuators being
arranged to consume a fuel and at least one of the actuators
comprising an electric machine operable to be powered by
energy storage means, the method comprising:

receiving at a controller a value of each of'a first set of two

or more operating parameters of the vehicle;

selecting two or more operational modes of the vehicle

from a set of three of more operational modes responsive
to the first set of operating parameters, each mode cor-
responding to a prescribed configuration of respective
amounts of torque applied to the driveline by the plural-
ity of actuators;

selecting the two or more modes responsive to a value of a

cost functional, a first of the selected modes being the
mode having the lowest cost functional according to a
control optimisation methodology implemented by the
controller;

controlling the vehicle to assume the first of the selected

modes; and

in the event the first selected mode is unavailable, control-

ling the vehicle to assume another of the two or more
selected modes.

24. A method as claimed in claim 23 wherein if the first
mode is a mode in which the at least one fuel burning actuator
is employed, the step of selecting two or more modes com-
prises selecting the mode in which the at least one fuel burn-
ing actuator is not employed that has the lowest cost func-
tional.

25. A method as claimed in claim 23 wherein if the first
mode is a mode in which the at least one fuel burning actuator
is not employed, the step of selecting two or more modes
comprises selecting the mode having the lowest cost func-
tional in which the at least one fuel burning actuator is
employed.

26. A method as claimed in claim 23 wherein the step of
selecting the two or more modes responsive to the value of the
cost functional comprises the step of accessing a database in
which the two or more modes corresponding to respective
combinations of values of each of the first set of operating
parameters are stored.

27. A method as claimed in claim 26 wherein the step of
accessing the database comprises inputting to the database
the value of each of the first set of operating parameters.
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28. A method as claimed in claim 26 comprising the step of
generating the identity of the selected two or more modes for
each respective combination of values of each of the first set
of operating parameters offline according to the control opti-
misation methodology.

29. A method as claimed in claim 26 comprising the step of
discretising values of the first set of two or more operating
parameters to values corresponding to coordinates of data
stored in the database.

30. A method as claimed in claim 23 wherein the cost
functional is responsive to at least one selected from amongst
arate of fuel consumption of the vehicle, a rate of emission of
a gas by the vehicle, an amount of noise generated by the
vehicle and a deviation of a value of a state parameter from a
prescribed value.

31. A method as claimed in claim 30 wherein the cost
functional is responsive to the deviation of the value of the
state parameter from a prescribed value, the state parameter
corresponding to a state of charge of the energy storage
means.

32. A method as claimed in claim 23 wherein the cost
functional is responsive to a rate of fuel consumption of the
vehicle, a rate of emission of a gas by the vehicle and a
deviation of a state of charge of the energy storage means
from a prescribed value, the method comprising determining
a required operational mode of the vehicle according to a
feedback Stackelberg equilibrium control optimisation meth-
odology.

33. (canceled)



