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1
HYBRID ELECTRIC VEHICLE CONTROLLER AND METHOD OF CONTROLLING A
HYBRID ELECTRIC VEHICLE

FIELD OF THE INVENTION

The present invention relates to a controller for a hybrid electric vehicle (HEV), a HEV
and a method of controlling a HEV. In particular but not exclusively the invention relates
to a controller and a method of controlling a parallel-type HEV during a transition from an
electric vehicle (EV) mode of operation to a parallel mode.

BACKGROUND

It is known to provide a hybrid electric vehicle (HEV) having an electric machine and an

internal combustion engine (ICE) connected in parallel to a driveline of the vehicle.

The vehicle may be operated in an electric vehicle (EV) mode in which torque to the
driveline is provided exclusively by the electric machine. Alternatively the vehicle may be
operated in a parallel mode in which torque is provided to the driveline by the ICE and

electric machine.

It is desirable to provide a HEV having improved noise, vibration and harshness (NVH)
performance in respect of the transition from the EV mode to the parallel mode of
operation. It is further desirable to provide a HEV operable to transition from the EV

mode to the parallel mode in a reduced time period.

STATEMENT OF THE INVENTION

Embodiments of the invention may be understood by reference to the appended claims.

Aspects of the invention provide motor vehicle brake control means, a motor vehicle and
a method.

In a further aspect of the invention for which protection is sought there is provided a
controller for a hybrid electric vehicle having a first actuator and at least a second
actuator operable to drive a driveline of the vehicle, the vehicle having releasable torque
transmitting means operable releasably to couple the first actuator to the driveline, the
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releasable torque transmitting means being operable between a first condition in which
the first actuator is substantially disconnected from the driveline and a second condition
in which the first actuator is substantially connected to the driveline, the controller being
operable to control the vehicle to transition between a first mode in which the releasable
torque transmitting means is in the first condition and a second mode in which the
releasable torque transmitting means is in the second condition, when a transition from
the first mode to the second mode is required the controller being arranged to provide a
control signal to the first actuator to control the speed thereof, the control signal being
responsive to the speed of the first actuator and the amount of torque transfer provided
by the releasable torque transmitting means.

It is to be understood that as the releasable torque transmitting means transitions from
the first state to the second state the amount of torque developed by the first actuator
that may be transmitted across the torque transmitting means increases.

In the case where the releasable torque transmitting means is in the form of a multiplate
wet clutch, the torque transmitting capacity of the clutch (or 'clutch capacity') is typically
dependent on the amount of hydraulic pressure (‘clutch pressure') applied to the plates
of the clutch. The clutch capacity typically increases linearly with clutch pressure. As
the clutch transitions from fully open (substantially no clutch pressure and therefore
substantially no torque transferred thereacross) to fully closed (maximum clutch
pressure), the torque capacity increases from substantially zero to the maximum value.

The maximum value may for example be 600Nm.

If an engine is producing 100Nm of torque, substantially all of this torque will be
transmitted by the clutch as soon as the clutch capacity reaches 100Nm. That is, as
soon as the clutch pressure is sufficiently high to permit 100Nm of torque to be
transmitted by the clutch.

It is to be understood that an effective moment of inertia of the first actuator will change
as the torque transmitting means transitions between the first and second states.

Prior art engine speed controllers have the feature that feedback control parameters of
the controller are optimised for 'no-load' conditions of the engine, i.e. conditions in which
the engine is not coupled to a load such as a vehicle driveline. An engine speed
controller may for example be used to hold an engine at a steady idle speed when the
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engine is not connected to the driveline and an accelerator control such as an

accelerator pedal is not depressed.

If the engine speed is controlled by the engine speed controller to maintain a given value
as the releasable torque transmitting means is closed, the feedback control parameters
will therefore be sub-optimum as soon as the releasable torque transmitting means
begins to close and the engine is placed under load. Embodiments of the present
invention have the advantage that as the amount of torque transfer provided by the
releasable torque transmitting means increases, thereby placing the first actuator (e.g.
an engine) under load, the controller is configured to provide a control signal to the first
actuator that is responsive to the amount of torque transfer as well as the speed of the
first actuator. Thus the feedback control signal takes into account the first actuator
loading and controls the first actuator to maintain or attain a target speed.

This allows the controller to adapt the control signals it provides to the changing effective
moment of inertia of the first actuator. This allows an improvement in driveability of the
vehicle to be obtained; that is, smoother and more rapid transitions between the first and
second modes are facilitated.

It is to be understood that embodiments of the invention allow an improvement in noise,
vibration and harshness (NVH) performance of the vehicle and/or a more rapid change
in the amount of torque transfer provided by the releasable torque transmitting means
for a given NVH performance. This in turn allows a more rapid transition between the
EV and parallel modes to be achieved.

It is to be understood that improved (or increased) NVH performance corresponds to a
decrease in noise, vibration and/or harshness experienced by an occupant of the
vehicle.

It is to be understood that in some embodiments of the invention a smoother and/or or
faster transition from EV to parallel mode may be enjoyed for a given level of NVH

performance.

The controller may be operable to control the releasable torque transmitting means
gradually to change the amount of torque transfer provided thereby.
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In an embodiment the control signal is responsive to an increase in effective moment of
inertia of the first actuator as the amount of torque transfer provided by the torque

transmitting means increases.

It is to be understood that when the releasable torque transmitting means begins to
transition between the first and second conditions, the amount of torque input to the
releasable torque transmitting means will typically be greater than the torque transmitting
capacity thereof, at least in the initial stages of the transition. Accordingly, the amount of
torque actually transmitted by the releasable torque transmitting means (corresponding
to the torque loading on the first actuator) will correspond to the torque capacity of the
releasable torque transmitting means. In the case of a multiplate wet clutch this will in
turn corresponds to the clutch pressure.

It is to be understood that the controller may therefore control the speed of the first
actuator using one or more feedback (and/or feedforward) parameters the value(s) of
which are dependent on the torque capacity. In order to accomplish this in a practical
system in a relatively straightforward manner the controller may refer to a parameter
associated with torque capacity in order to determine torque capacity, such as a
hydraulic fluid pressure or actuator current associated with the releasable torque

transmitting means, such as a clutch actuator current.

In an embodiment the control signal is further responsive to a temperature of the first

actuator.

This feature has the advantage that changes in temperature of the first actuator which
may in turn result in changes in the effective moment of inertia of the first actuator may
be anticipated by the controller and the first actuator controlled in order more effectively

to control the engine speed.

The controller may be arranged to be responsive to a change in rotational energy losses
of the first actuator as the temperature of the first actuator increases and a

corresponding change as the temperature of the first actuator decreases.

This has the advantage that if (say) a viscosity of lubricant of the first actuator changes
as the first actuator increases in temperature, the controller is able to control the engine
in a manner corresponding to the changed characteristics of the actuator.
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Similarly, if (say) the effective moment of inertia changes due to thermal expansion or
contraction the controller is able to anticipate this and control the first actuator
accordingly. It is to be understood that the effective moment of inertia may increase (or
decrease) and then decrease (or increase) as temperature rises from a given ambient

temperature.

The control signal may be further responsive to a value of driver demanded torque TQq
being a torque demanded of the vehicle by the driver.

This feature has the advantage that the speed of the first actuator may be controlled
according to an instantaneous value of driver demanded torque in order more effectively

to meet a driver's torque requirement in a given situation.

For example, if the value of driver demanded torque is relatively high the controller may
control the speed of the first actuator in such a manner more quickly to achieve the
target engine speed even if a reduction in NVH performance results.

Similarly, if the value of driver demanded torque is relatively low the controller may
control the speed of the first actuator in such a manner that the target engine speed is
obtained more slowly but with a corresponding improvement in NVH performance.

The controller may be configured to determine the control signal according to a
proportional-integral-derivative (PID) control methodology.

The controller may be configured to determine at least one of a proportional feedback
parameter, an integral feedback parameter and a derivative feedback parameter of the
PID control methodology in dependence on the amount of torque transfer provided by
the releasable torque transmitting means.

The controller may be configured to determine at least one of a proportional feedback
parameter, an integral feedback parameter and a derivative feedback parameter of the
PID control methodology in dependence on at least one of a temperature of the first
actuator and a value of driver demanded torque TQj.
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The controller may be configured to determine a feedforward parameter in dependence
on at least one of a temperature of the first actuator and a value of driver demanded
torque TQq.

This has the advantage that a speed of response of the controller may be improved
since the controller is able to react faster than the feedback terms allow.

Alternatively or in addition the controller may be configured to determine the control
signal according to a H-infinity control methodology.

In some embodiments different sets of H-infinity control coefficients may be used for the
H-infinity control methodology depending on a state of the releasable torque transmitting

means.

Thus if the releasable torque transmitting means is arranged to transmit no torque from
the first actuator to the driveline a first set of coefficients may be employed.

If the releasable torque transmitting means is arranged to transmit a partial torque then
a further set of coefficients may be employed depending on the proportion of the torque
developed by the first actuator that is transmitted to the driveline.

If the releasable torque transmitting means is arranged to transmit substantially the full
amount of torque from the first actuator to the driveline then a still further set of
coefficients may be employed.

In some embodiments the sets of coefficients may be chosen in dependence on the
magnitude of the actual torque transmitted. Thus, one set of coefficients may be used
when a first value of torque is to be transmitted (such as up to 100Nm of torque), a
further set of coefficients may be used when a second value of torque is to be
transmitted (such as from 100Nm to 200Nm of torque) and so forth.

In some embodiments the different sets of coefficients may be implemented by
respective different H-infinity controllers.
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In some such embodiments an auxiliary controller may be employed to blend outputs of
the individual H-infinity controllers as the amount of torque transmitted by the releasable
torque transmitting means changes, e.g. from ONm to 400Nm.

In the case that the releasable torque transmitting means comprises a clutch, the
outputs may thus be blended as clutch engagement progresses.

In a further aspect of the invention for which protection is sought there is provided a
hybrid electric vehicle comprising: a controller according to the first aspect; a first
actuator and at least a second actuator operable to drive a driveline of the vehicle, the at
least a second actuator comprising an electric machine; and releasable torque
transmitting means operable releasably to couple the first actuator to the driveline, the
releasable torque transmitting means being operable between the first condition in which
the first actuator is substantially disconnected from the driveline and the second
condition in which the first actuator is substantially connected to the driveline such that
substantially all of the torque generated by the first actuator is transmitted to the
driveline, the controller being operable to control the vehicle to transition between the
first mode in which the releasable torque transmitting means is in the first condition and
the second mode in which the releasable torque transmitting means is in the second
condition.

The releasable torque transmitting means may comprise an input portion and an output
portion, the input portion being coupled to the first actuator and the output portion being
coupled to the driveline.

The output portion may be coupled to the driveline via a transmission.

Reference to a transmission is intended to include manual transmissions, automatic
transmissions, transmissions having a set of discrete, selectable gear ratios and
transmissions having continuously variable gear ratios such as transmissions of the CVT
(continuously variable transmission) type.

The output portion may be coupled to the driveline via the at least a second actuator.

The output portion may be coupled to the transmission via the at least a second

actuator.
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In an embodiment the controller is operable to control the vehicle to transition from the
first mode to the second mode by controlling the speed of rotation of the first actuator to
achieve a target speed and controlling the releasable torque transmitting means to
transition from the first condition to the second condition.

The target speed of rotation may be substantially equal to that of the output portion of
the releasable torque transmitting means.

In an embodiment the target speed of rotation is greater than that of the output portion of
the releasable torque transmitting means.

Optionally the target speed of rotation is greater than that of the output portion of the
releasable torque transmitting means by an amount responsive to at least one selected
from amongst a value of driver demanded torque, a speed of rotation of the output
portion of the releasable torque transmitting means and a selected gear ratio between
the first actuator and one or more wheels of the vehicle.

Alternatively the target speed of rotation may be greater than that of the output portion of
the releasable torque transmitting means by an amount in the range of one selected
from amongst from 0 to 1000 revolutions per minute (rpm), from 10 to 1000rpm, from 0
to 500rpm and from 10 to 500rpm.

The releasable torque transmitting means may comprise clutch means.

In an embodiment the first actuator comprises an internal combustion engine.

In an embodiment the electric machine is operable as a motor/generator.

In an embodiment the control signal is responsive to the speed of the first actuator and
the amount of torque transfer provided by the releasable torque transmitting means, the
amount of torque transfer being the proportion of the torque applied by the first actuator

to the releasable torque transmitting means that is transmitted to the driveline.

Alternatively or in addition the control signal may be responsive to the speed of the first
actuator and the amount of torque transfer provided by the releasable torque
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9
transmitting means, the amount of torque transfer being the magnitude of the torque
transmitted by the releasable torque transmitting means to the driveline.

In an embodiment the releasable torque transmitting means comprises a clutch device
operable between a first, open condition and a second, closed condition responsive to a
clutch device pressure value being a value of pressure applied to releasable torque
transmitting components of the device thereby to enable torque to be transmitted
therebetween, wherein the amount of torque transfer provided by the device is
determined by the controller to correspond to the clutch device pressure value.

Thus the controller may determine the amount of torque transfer provided by the clutch
device by reference to the clutch device pressure value.

Optionally the clutch device is a hydraulically actuated clutch device and the clutch
device pressure value is determined by the controller to correspond to a pressure of
hydraulic fluid applied to the releasable torque transmitting components.

Thus the controller may determine the amount of torque transfer by reference to a clutch
device hydraulic pressure value. The controller may consult a look-up table or other
data store to determine the maximum torque that may be transmitted by the clutch
device at a given value of hydraulic fluid pressure. The controller may assume that the
maximum amount of torque that may be transmitted by the clutch device at the current
value of hydraulic fluid pressure corresponds to the actual amount of torque being
transmitted by the clutch device at a given moment in time, which in turn corresponds to
the torque loading on the engine.

As discussed above, this assumption is reasonable during at least the initial stages of
clutch closure where the amount of torque developed by the engine is greater than that
which may be transmitted by the clutch means. In some embodiments engine speed
control is particularly important during the initial stages of clutch closure.

Alternatively the clutch device may be an electrically actuated clutch device and the
clutch pressure is determined by the controller to correspond to a pressure applied to the
releasable torque transmitting components by an electrical actuator.
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In an embodiment the pressure applied by the electrical acutator is determined in
dependence on a value of electrical drive current provided to the actuator.

In one aspect of the invention for which protection is sought there is provided a method
of controlling a hybrid vehicle during a transition from a first mode in which at least a
second actuator is coupled to the driveline and a first actuator is decoupled from the
driveline by means of a releasable torque transmitting means to a second mode in which
the first actuator is coupled to the driveline by means of the torque transmitting means,
the method comprising providing a control signal to the first actuator to control the speed
thereof, the control signal being responsive to the speed of the first actuator and the
amount of torque transfer provided by the releasable torque transmitting means.

In an embodiment the step of providing the control signal responsive to the speed of the
first actuator and the amount of torque transfer provided by the releasable torque
transmitting means is performed when it is required to connect the first actuator to the
driveline by means of the releasable torque transmitting means.

In another aspect of the invention for which protection is sought there is provided a
method of controlling a hybrid electric vehicle during a transition from a first mode in
which at least a second actuator is coupled to a driveline and a first actuator is
decoupled from the driveline by means of a releasable torque transmitting means to a
second mode in which the first actuator is coupled to the driveline by means of the
releasable torque transmitting means, the method comprising providing a control signal
to the first actuator to control the speed thereof, the control signal being responsive to
the speed of the first actuator and the amount of torque transfer provided by the

releasable torque transmitting means.

In a further aspect of the invention for which protection is sought there is provided a
controller for a hybrid electric vehicle having a first actuator and at least a second
actuator operable to drive a driveline of the vehicle, the vehicle having releasable torque
transmitting means having an input shaft coupled to the first actuator and an output shaft
coupled to the driveline, the controller being operable to control the releasable
torque transmitting means to transition between first and second states, in the first state
the releasable torque transmitting means being arranged substantially to isolate the
input shaft from the output shaft and in the second state the releasable torque
transmitting means being arranged substantially to connect the input shaft to the output
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shaft, the controller being operable to control the vehicle to transition from a first mode in
which the first actuator is disconnected from the driveline to a second mode in which the
first actuator is connected to the driveline, when a transition from the first mode to the
second mode is required the controller being arranged to control the speed of rotation of
the first actuator to reach a target speed of rotation and to control the releasable torque
transmitting means to transition between the first and second states, wherein the
controller is arranged to provide a control signal to the first actuator to control the speed
thereof, the control signal being responsive to the speed of the first actuator and the
amount of torque transmitted between the input and output shafts of the releasable
torque transmitting means as it transitions from the first state to the second state.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described with reference to the accompanying

figures in which:

FIGURE 1 is a schematic illustration of a hybrid electric vehicle according to an

embodiment of the present invention; and

FIGURE 2 is a flow chart illustrating a control methodology according to an embodiment

of the invention.

DETAILED DESCRIPTION

FIG. 1 shows a hybrid electric vehicle (HEV) 100 according to an embodiment of the
present invention. The HEV 100 has an internal combustion engine 121 releasably
coupled to a crankshaft integrated motor/generator (CIMG) 123 by means of a clutch
122. The clutch 122 has an input shaft 122IN coupled to a crankshaft of the engine and
arranged to rotate therewith. The clutch 122 also has an output shaft 1220UT coupled
to the CIMG 123 and arranged to rotate therewith.

The clutch 122 has a pair of plates 122A, 122B that are fixedly coupled to the input shaft
122IN and output shaft 1220UT respectively.

The clutch 122 is operable to transition between an open condition and a closed
condition. In the open condition the plates 122A, 122B are separated from one another
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such that substantially no torque is transferred from the input shaft 122IN to the output
shaft 1220UT. In the closed condition the plates 122A, 122B are urged together such
that torque applied to the input shaft 122IN by the engine 121 is transferred substantially
directly to the output shaft 1220UT.

The clutch 122 is operable to move the plates 122A, 122B towards one another as the
clutch 122 transitions from the open condition to the closed condition whereby the
amount of torque transferred from the input shaft 122IN to the output shaft 1220UT may

be increased in a controlled manner.

Similarly, the clutch 122 is operable to move the plates 122A, 122B away from one

another as the clutch transitions from the closed condition to the open condition.

The CIMG 123 is in turn coupled to an automatic transmission 124. The transmission
124 is arranged to drive a pair of front wheels 111, 112 of the vehicle 100 by means of a
pair of front drive shafts 118. The transmission 124 is also arranged to drive a pair of
rear wheels 114, 115 by means of an auxiliary driveline 130 having an auxiliary
driveshaft 132, a rear differential 135 and a pair of rear driveshafts 139.

A battery 150 is provided that may be coupled to the CIMG 123 in order to power the
CIMG 123 when it is operated as a motor. Alternatively the battery 150 may be coupled
to the CIMG 123 to receive charge when the CIMG 123 is operated as a generator,
thereby to recharge the battery 150.

The vehicle 100 is configured to operate in either one of a parallel mode and an electric
vehicle (EV) mode.

In the parallel mode of operation the clutch 122 is closed and the engine 121 is arranged
to provide torque to the transmission 124. In this mode the CIMG 123 may be operated

either as a motor or as a generator.

In the EV mode of operation the clutch 122 is opened and the engine 121 is turned off.
Again, the CIMG 123 is then operated either as a motor or as a generator. It is to be
understood that the CIMG 123 may be arranged to act as a generator in EV mode in
order to effect regenerative braking of the vehicle.
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The vehicle 100 has a controller 140 arranged to control the vehicle 100 to transition
between the parallel and EV modes when required.

When a transition from EV mode to parallel mode is required the controller 140 is
configured to start the engine 121 by means of a starter motor 121M and to control the
speed of the engine 121 to achieve a target engine speed wer(t) In the present
embodiment wer(t) corresponds to that of the output shaft 1220UT of the clutch 122
which is also the speed of the CIMG 123, w..

The controller 140 controls the speed of the engine 121 by reference to an output of an
engine speed sensor 121S that provides an output corresponding to a speed of the
engine 121.

In the embodiment of FIG. 1 the controller 140 controls the engine 121 to achieve a
required engine speed by modulating the amount of torque that the controller 140
demands the engine 121 to provide.

The controller 140 is arranged to employ a closed loop feedback control methodology in
order to modulate the torque demanded from the engine 121. Thus the controller 140 is
provided with an input signal from the engine speed measurement device 121S
corresponding to the actual engine speed wg(t) at a given time t. The controller 140
uses the signal from the speed measurement device 121S to calculate an engine speed
error e(t) which corresponds to a difference between the actual engine speed w,(t) and

the target engine speed wer(t).

It is to be understood that it is desirable that the controller 140 controls the engine 140 to
achieve wer(t) as quickly as possible and in a manner such that minimal overshoot of the
target speed wer(t) occurs. Furthermore it is desirable that minimal oscillation of the
engine speed occurs about wer(t).

As well as controlling the engine to start and to achieve the target engine speed w,r(t)
the controller 140 is configured gradually to close the clutch 122 to connect the engine
121 to the CIMG 123. It is to be understood that the controller 140 is configured to
maintain w, at the target engine speed wer(t) as the clutch 122 is gradually closed.
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In the embodiment of FIG. 1 the closed loop feedback control methodology employed is
a proportional-integral-differential (PID) control methodology. Thus the controller 140 is
arranged to calculate a set of three feedback parameters responsive to the engine
speed error e(t) and to determine a value of torque TQ, to be demanded from the engine
121 responsive to a sum of the three feedback parameters.

FIG. 2 is a schematic illustration of one embodiment of a PID feedback control
methodology being the methodology implemented by the controller 140. Whilst the
methodology will be described by reference to a series of steps, it is to be understood
that the steps need not necessarily be performed in the order in which they are
described. Thus, some of the steps may be performed in parallel as might be expected

for example in an analogue implementation.

At step S201 an error speed e(t) is calculated being a difference between the target
engine speed wer(t) and a current value of engine speed w,(t) as discussed above.

The target engine speed wer(t) is itself dependent on the speed of the CIMG 123, the
value of driver demanded torque TQq(t) and a selected gear of the transmission 124.

Thus, at step S201a the value of wer(t) is calculated for use in step S201.

At step S202 the error speed e(t) is used to calculate three feedback parameters. The
first feedback parameter is a proportional feedback parameter P being a parameter
responsive to the current value of e(t):

P=K,e@) (1)

where K, is a function responsive to the current state of the clutch 122 S(t), current

temperature of the engine T¢(t) and driver demanded torque TQq(t).

In the present embodiment, by current state of the clutch 122 S.(t) is meant the
magnitude of the instantaneous torque transmitted by the clutch 122 from the input shaft
122IN to the output shaft 1220UT thereof. In some embodiments the value of
instantaneous torque is assumed to be equal to a torque transmitting capacity (torque
capacity) of the clutch at a given moment in time. The torque capacity may be
dependent on an amount of pressure applied to close the clutch, such as a hydraulic
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pressure or electrical actuator pressure, to close the clutch. In some alternative
embodiments S.(t) may refer to a proportion (such as a percentage) of the torque
applied to the input portion of the clutch 122 that is transmitted to the output portion.

The proportional feedback parameter may also be referred to as a torque contribution
that is proportional to the error speed e(t) through the parameter K.

The second is an integral feedback parameter | being a parameter proportional to the

sum of recent values of e(t):
1=K, j e()dt  (2)
0

where K, is also a function responsive to Sc(t), Te(t) and TQq(t).

The integral feedback parameter may also be referred to as a torque contribution that is
proportional to the integral of the error speed e(t) through the parameter K,.

The third is a differential feedback parameter D being a parameter proportional to the
rate at which e(t) has been changing:

de(t)

D=K, 0

3)

where K, is a further function responsive to S(t), Te(t) and TQq(t).

The differential feedback parameter may also be referred to as a torque contribution that
is proportional to the derivative of the error speed e(t) through the parameter K.

At step 204 the values of the three feedback parameters P, I, D are summed together to

provide a sum X:

Y=P+I+D (4)
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The value of X is provided to an engine speed control (ESC) portion of the controller
140. At step S205 the engine speed control portion controls the speed of the engine

121 responsive to the value of X.

At step S206 the engine speed w,(t) is again measured using engine speed sensor 121S
and the control process continues at step S201.

It is to be understood that because the feedback parameters P, | and D are responsive
to Sc(t), Te(t), TQq(t) the feedback provided to control the torque output of the engine 121
may be arranged to change as the clutch 122 closes, as engine temperature T, changes
and as driver demanded torque TQq changes.

Arranging for the feedback parameters P, I, D to be responsive to S.(t) and T.(t) is
advantageous because as the clutch 122 closes and/or engine temperature changes the
response of the engine 121 to a given torque demand control input from the controller
140 changes. The controller 140 anticipates this change and changes the feedback
parameters P, |, D accordingly in order to control engine speed w(t) in a more precise
manner. This allows a reduction in the time required for a transition from EV to parallel
mode for a given level of vehicle NVH.

Thus the controller 140 anticipates that the engine 121 will respond relatively quickly to
changes in values of torque demanded by the controller 140 as the engine speed
increases initially from zero prior to closure of the clutch 122, but will respond
increasingly slowly to changes in value of torque demanded by the controller 140 once
the clutch 122 begins to close.

Furthermore, arranging for the feedback parameters P, |, D to be responsive to TQq(t)
has the advantage that if driver demanded torque is relatively low the controller 140 may
control the engine 121 to spin up to the target speed wgr(t) at a slower rate thereby
reducing an amount of undesirable combustion gases emitted by the engine 121.

If on the other hand driver demanded torque TQq is relatively high the controller 140 may
control the engine to spin up to the target engine speed wer(t) at a higher rate. This is
so that if the vehicle is unable to meet the value of TQq by means of the CIMG 123
alone, a delay in meeting TQq is reduced since connection of the engine 121 to the
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transmission 124 will occur sooner if the engine is spun up to the target speed more

quickly.

Other arrangements are also useful. For example, different control methodologies may
be employed. Thus in some embodiments a H-infinity or other feedback control

methodology may be employed.

It is to be understood that in the embodiment of FIG. 1 once the clutch 122 is closed the
controller 140 no longer controls the engine 121 so as to achieve a given target speed.
Rather the controller controls the engine 121 to deliver a target torque TQr.

In some embodiments of the invention the target engine speed wer(t) is greater than
that of the output shaft of the clutch 1220UT. In some embodiments this has the
advantage that the speed of the engine w, attains the speed of the output shaft 1220UT
more quickly as it is increased towards the target speed. Furthermore, in some such
embodiments (in which wer(t) is greater than the speed of the output shaft 1220UT) the
controller 140 is configured to control the clutch 122 to close as the value of w,
becomes equal to the speed of the output shaft 1220UT, as w. increases towards

WeT(t) .

A further advantage of such embodiments is that as the clutch 122 closes and thereby
increases a torque load on the engine 121 the controller 140 is required to increase the
torque output of the engine 121 TQ, in order to achieve an engine speed equal to

WeT(t) .

Thus, at the moment when the clutch 122 is fully closed, TQe will be higher for higher
values of wer(t) since the controller 140 is seeking to increase w, towards wer. This has
the advantage that at the moment the clutch 122 is fully closed TQ. may be closer to a
value of TQ, required by the controller 140 when the vehicle is in the parallel mode.

For example, the controller 140 may be configured to operate the vehicle according to
an energy management program (EMP). The EMP may be configured to determine
when the vehicle is to operate in EV mode and when the vehicle is to operate in parallel
mode. When operating in the parallel mode the EMP may be configured to determine
the required torque split between the engine 121 and CIMG 123 in order to optimise
vehicle emissions performance (or other performance criteria). For example the EMP
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may be configured to control the torque split so as to reduce or minimise the amount of
carbon dioxide emitted by the vehicle over a given drive cycle.

It is to be understood that by torque split is meant the relative proportion of the driver
demanded torque TQqy that is to be provided by the engine 121 and CIMG 123
respectively.

Some embodiments of the invention have the advantage that relatively fast engine spin
up times may be achieved whilst maintaining a stable response by the engine 121 to
torque control signals provided to the engine 121 during engagement of the clutch 122.

Some embodiments of the invention allow an engine 121 to provide optimum speed of
response to driver torque demand TQg when a vehicle transitions from EV to parallel
mode. Some embodiments allow relatively stable engine speed control to be achieved
during clutch engagement and reduced sensitivity of vehicle performance to engine
temperature T..

Embodiments of the invention have the advantage of providing increased drivability of
the vehicle to the driver.

Whilst the above embodiments of the invention are arranged such that the CIMG 123 is
coupled directly to an output shaft (or other output means) of the clutch 122, in some
embodiments the transmission 124 may be provided between the clutch 122 and an
electric machine being the second actuator, for example in a vehicle having an electric
rear axle drive (ERAD) unit. In an ERAD unit the electric machine may be provided in a
rear differential or other unit so as to provide torque to rear drive shafts of the vehicle. It
is to be understood that in such embodiments the speed of rotation of the ERAD unit
may not correspond to that of the output shaft of the clutch 122. Thus the target engine
speed wer(t) may be required to be determined based on the speed of the electric
machine and a gear ratio between the ERAD and engine 121. The gear ratio may in
turn depend on the identity of a gear selected by the transmission 124.

Throughout the description and claims of this specification, the words “comprise” and
“contain” and variations of the words, for example “comprising” and “comprises”, means
“including but not limited to”, and is not intended to (and does not) exclude other
moieties, additives, components, integers or steps.
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Throughout the description and claims of this specification, the singular encompasses
the plural unless the context otherwise requires. In particular, where the indefinite article
is used, the specification is to be understood as contemplating plurality as well as

singularity, unless the context requires otherwise.

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, embodiment or example described
herein unless incompatible therewith.
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CLAIMS:

1. A controller for a hybrid electric vehicle having a first actuator and a second
actuator operable to drive a driveline of the vehicle, the vehicle having releasable torque
transmitting means operable releasably to couple the first actuator to the driveline, the
releasable torque transmitting means being operable between a first condition in which
the first actuator is substantially disconnected from the driveline and a second condition
in which the first actuator is substantially connected to the driveline, the controller being
operable to control the vehicle to transition between a first mode in which the releasable
torque transmitting means is in the first condition and a second mode in which the
releasable torque transmitting means is in the second condition,

when a transition from the first mode to the second mode is required the
controller being arranged to provide a control signal to the first actuator to control the
speed thereof, the control signal being responsive to the speed of the first actuator and
the amount of torque transfer provided by the releasable torque transmitting means.

2. A controller as claimed in claim 1 operable to control the releasable torque
transmitting means gradually to change the amount of torque transfer provided thereby.

3. A controller as claimed in claim 1 or claim 2 wherein the control signal is further

responsive to a temperature of the first actuator.

4. A controller as claimed in claim 3 wherein the control signal is responsive to the
temperature of the first actuator as the temperature increases over a prescribed

temperature range.

5. A controller as claimed in any preceding claim wherein the control signal is
further responsive to a value of driver demanded torque TQqg being the value of the
torque demanded of the vehicle by the driver.

6. A controller as claimed in any preceding claim configured to determine the
control signal according to a proportional-integral-derivative (PID) control methodology.

7. A controller as claimed in claim 6 configured to determine at least one of a
proportional feedback parameter, an integral feedback parameter and a derivative
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feedback parameter of the PID control methodology in dependence on the amount of
torque transfer provided by the releasable torque transmitting means.

8. A controller as claimed in claim 6 or claim 7 configured to determine at least one
of a proportional feedback parameter, an integral feedback parameter and a derivative
feedback parameter of the PID control methodology in dependence on at least one of a
temperature of the first actuator and a value of driver demanded torque TQ.

9. A controller as claimed in any preceding claim wherein the control signal is
further responsive to a feedforward signal.

10. A controller as claimed in claim 9 configured to determine a feedforward
parameter of the feedforward signal in dependence on at least one of the amount of
torque transfer provided by the releasable torque transmitting means, the speed of the
first actuator, a temperature of the first actuator and the value of driver demanded

torque.

11. A controller as claimed in any one of claims 1 to 5 configured to determine the
control signal according to a H-infinity control methodology.

12. A controller as claimed in claim 11 configured to determine the control signal
according to a H-infinity control methodology using different H-infinity control coefficients
responsive to the amount of torque transfer provided by the releasable torque

transmitting means.

13. A controller as claimed in claim 12 comprising a plurality of H-infinity controllers
each H-infinity controller having a different set of H-infinity control coefficients, the
controller being arranged to select a H-infinity controller responsive to the amount of
torque transfer provided by the releasable torque transmitting means.

14. A controller as claimed in claim 13 operable to blend an output of two or more of
the H-infinity controllers as the H-infinity controller selected is changed responsive to the

amount of torque transfer.

15. A controller as claimed in any one of claims 11 to 14 configured to determine the
control signal according to a H-infinity control methodology using different H-infinity
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control coefficients responsive to at least one of the speed of the first actuator, a
temperature of the first actuator and the value of driver demanded torque.

16. A controller as claimed in any preceding wherein the releasable torque
transmitting means comprises a clutch device operable between a first, open condition
and a second, closed condition responsive to a clutch device pressure value being a
value of pressure applied to releasable torque transmitting components of the device
thereby to enable torque to be transmitted therebetween, wherein the amount of torque
transfer provided by the device is determined by the controller to correspond to the

clutch device pressure value.

17. A controller as claimed in claim 16 wherein the clutch device is a hydraulically
actuated clutch device and the clutch device pressure value is determined by the
controller to correspond to a pressure of hydraulic fluid applied to the releasable torque

transmitting components.

18. A controller as claimed in claim 16 wherein the clutch device is an electrically
actuated clutch device and the cluich pressure is determined by the controller to
correspond to a pressure applied to the releasable torque transmitting components by
an electrical actuator.

19. A controller as claimed in claim 18 wherein the pressure applied by the electrical
actuator is determined in dependence on a value of electrical drive current provided to

the actuator.

20. A hybrid electric vehicle comprising:

a controller as claimed in any preceding claim;

a first actuator and a second actuator operable to drive a driveline of the vehicle,
the second actuator comprising an electric machine; and

releasable torque transmitting means operable releasably to couple the first
actuator to the driveline, the releasable torque transmitting means being operable
between the first condition in which the first actuator is substantially disconnected from
the driveline and the second condition in which the first actuator is substantially
connected to the driveline such that substantially all of the torque generated by the first
actuator is transmitted to the driveline, the controller being operable to control the
vehicle to transition between the first mode in which the releasable torque transmitting
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means is in the first condition and the second mode in which the releasable torque

transmitting means is in the second condition.

21. A vehicle as claimed in claim 20 wherein the releasable torque transmitting
means comprises an input portion and an output portion, the input portion being coupled
to the first actuator and the output portion being coupled to the driveline.

22. A vehicle as claimed in claim 21 wherein the output portion is coupled to the

driveline via a transmission.

23. A vehicle as claimed in claim 21 or claim 22 wherein the output portion is coupled
to the driveline via the second actuator.

24. A vehicle as claimed in claim 23 as dependent on claim 22 wherein the output
portion is coupled to the transmission via the second actuator.

25. A vehicle as claimed in any one of claims 20 to 24 wherein the controller is
operable to control the vehicle to transition from the first mode to the second mode by
controlling the speed of rotation of the first actuator to achieve a target speed and
controlling the releasable torque transmitting means to transition from the first condition
to the second condition.

26. A vehicle as claimed in claim 25 wherein the target speed of rotation is
substantially equal to that of the output portion of the releasable torque transmitting

means.

27. A vehicle as claimed in claim 25 wherein the target speed of rotation is greater
than that of the output portion of the releasable torque transmitting means.

28. A vehicle as claimed in claim 27 wherein the target speed of rotation is greater
than that of the output portion of the releasable torque transmitting means by an amount
responsive to at least one selected from amongst a value of driver demanded torque, a
speed of rotation of the output portion of the releasable torque transmitting means and a
selected gear ratio between the first actuator and one or more wheels of the vehicle.
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29. A vehicle as claimed in claim 27 wherein the target speed of rotation is greater
than that of the output portion of the releasable torque transmitting means by an amount
in the range of one selected from amongst from 0 to 1000 revolutions per minute (rpm),
from 10 to 1000rpm, from 0 to 500rpm and from 10 to 500rpm.

30. A vehicle as claimed in any one of claims 20 to 29 wherein the releasable torque

transmitting means comprises clutch means.

31. A vehicle as claimed in any one of claims 20 to 30 wherein the first actuator

comprises an internal combustion engine.

32. A vehicle as claimed in any one of claims 20 to 31 wherein the electric machine
is operable as a motor/generator.

33. A vehicle as claimed in any one of claims 20 to 32 wherein the control signal is
responsive to the speed of the first actuator and the amount of torque transfer provided
by the releasable torque transmitting means, the amount of torque transfer being the
proportion of the torque applied by the first actuator to the releasable torque transmitting
means that is transmitted to the driveline.

34. A vehicle as claimed in any one of claims 20 to 33 wherein the control signal is
responsive to the speed of the first actuator and the amount of torque transfer provided
by the releasable torque transmitting means, the amount of torque transfer being the
magnitude of the torque transmitted by the releasable torque transmitting means to the

driveline.

35. A method of controlling a hybrid vehicle during a transition from a first mode in
which the second actuator is coupled to the driveline and the first actuator is decoupled
from the driveline by means of a releasable torque transmitting means to a second mode
in which the first actuator is coupled to the driveline by means of the torque transmitting
means,

the method comprising providing a control signal to the first actuator to control
the speed thereof, the control signal being responsive to the speed of the first actuator
and the amount of torque transfer provided by the releasable torque transmitting means.
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36. A method as claimed in claim 35 wherein the step of providing the control signal
responsive to the speed of the first actuator and the amount of torque transfer provided
by the releasable torque transmitting means is performed when it is required to connect
the first actuator to the driveline by means of the releasable torque transmitting means.

37. A controller substantially as hereinbefore described with reference to the
accompanying drawings.

38. A hybrid electric vehicle substantially as hereinbefore described with reference to

the accompanying drawings.

39. A method substantially as hereinbefore described with reference to the
accompanying drawings.
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