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( 57 ) ABSTRACT 
A motor vehicle control system ( 210C , 220 ) for controlling 
an electric propulsion motor ( 230 ) to drive a wheel ( 290 ) of 
the vehicle ( 200 ) , the control system ( 210C , 220 ) being 
configured to operate in one of a first mode and a second 
mode in dependence at least in part on an amount of slip 
experienced by at least one driven wheel ( 290 ) , in the first 
mode the control system ( 210C , 220 ) being configured to 
cause the at least one electric propulsion motor ( 230 ) to 
generate a predetermined amount of drive torque , in the 
second mode the control system ( 210C , 220 ) being config 
ured to cause the at least one electric propulsion motor ( 230 ) 
to rotate at a predetermined speed , wherein the control 
system ( 210C , 220 ) is configured to operate in the first mode 
if the amount of slip experienced by the at least one driven 
wheel ( 290 ) is below a predetermined slip amount and to 
operate in the second mode if the amount of slip experienced 
by the at least one driven wheel ( 290 ) exceeds the prede 
termined slip amount . 
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CONTROL SYSTEM FOR A MOTOR 
VEHICLE AND METHOD 

TECHNICAL FIELD 

[ 0001 ] The present disclosure relates to a motor vehicle 
control system and a method of controlling an electric 
propulsion motor . Aspects of the invention relate to a 
vehicle , a method , carrier medium , computer program prod 
uct , non - transitory computer readable carrier medium and a 
processor . 

BACKGROUND 
10002 ] It is known to provide a controller for controlling 
a propulsion motor of a motor vehicle . Modern ( brushless ) 
motors , and in particular synchronous motors such as 
switched reluctance motors and permanent magnet DC 
motors , are controlled by power electronics with commuta 
tion controlled in response to an estimate of the angular 
position of the motor . Within the controller , local speed 
control algorithms may be implemented using motor posi 
tion information to estimate motor speed . In essence the 
commutation controller aligns the stator ( or rotor some 
machines are organised with the fixed field in the stator , 
others have the constant field ( or permanent magnet ) in the 
rotor ) magnetic field in relation to the magnetic field on the 
rotor ( stator ) . The magnitude and ( mis ) alignment of the 
fields generates torque in the motor . In a normal commuta 
tion approach , the misalignment is maintained at a fixed 
angle , as the motor turns . Two further approaches can be 
established : 
1 ) a local speed controller can be implemented using a 
closed loop speed control algorithm such as a proportional 
integral - differential ( PID ) algorithm to control the motor 
torque ; or 
2 ) a position demand can be established to fix the absolute 
position of the stator ( rotor ) magnetic field , towards and 
from which deviations in position will produce a torque , for 
example a position controlled stepper motor . 
[ 0003 ] Electric machines may be employed to provide 
drive torque as well as brake torque , thus implementing 
regenerative braking functionality . Known controllers for 
motor vehicle electric motors utilise a similar control struc 
ture to conventional anti - lock braking system ( ABS ) con 
trollers . In these the brake torque is modulated ( released and 
reapplied ) in reaction to sudden drops in wheel speed , 
indicating a slipping of the wheel on the road . 
[ 0004 ] FIG . 1 illustrates a known arrangement for con 
trolling a wheel 190 of a vehicle . A controller 110C receives 
a signal 155 indicative of the amount of travel of an 
accelerator pedal of the vehicle and a signal 156 indicative 
of the speed of the wheel 190 . The controller 110C calculates 
an amount of torque that should be developed by an electric 
machine 130 in order to drive the wheel , in the illustrated 
example via a gearbox 140 . The controller 110C transmits a 
signal 151 to an inverter 120 that delivers power to the 
electric machine 130 to develop the required torque . The 
inverter 120 comprises a controller for controlling the power 
delivered to the electric machine 130 . 
[ 0005 ] The controller 110C monitors the wheel speed 
signal 156 and compares the signal 156 to a vehicle refer 
ence speed value calculated by the controller 110C . The 
reference speed value is an estimate of vehicle speed . 
Methods of calculating a value of vehicle reference speed 

are known , and include calculating an average value of the 
vehicle ' s wheel speeds , taking the speed of the fastest 
turning wheel , or the speed of the second fastest turning 
wheel . A change in wheel torque value is then calculated 
taking into account the amount of slip of the wheel 190 in 
order to control the amount of slip and prevent excessive 
slip , and a wheel torque signal 151 generated in order to 
enable the inverter to cause the motor 130 to develop the 
required amount of slip . The actual torque required to 
control the wheel 190 to avoid excessive slip is not directly 
known , depending as it does on the variable nature of the 
surface , and therefore a feedback loop attempts to control 
the wheel speed by varying the torque until the desired speed 
( slip ) is achieved . Thus , the controller 110C implements a 
torque control functionality in attempting to prevent exces 
sive wheel slip . 
[ 0006 ] FIG . 2 is an example of a plot of wheel speed as a 
function of time ( upper trace ) and corresponding brake 
torque as a function of time ( lower trace ) during braking in 
a vehicle having the wheel control arrangement of FIG . 1 . In 
order to effect regenerative braking the electric machine 130 
is operated as a generator in order to develop negative 
( braking ) torque . At time t1 the wheel speed is shown to fall 
dramatically and a reduction in brake torque occurs due to 
passage of the wheel over a surface of relatively low surface 
coefficient of friction . The controller 110C responds to this 
change in wheel speed by reducing the amount of negative 
torque commanded by the torque signal 151 , resulting in the 
wheel speed slowly increasing back to a speed closer to the 
ground speed of the vehicle 1 due to the ( limited ) adhesion 
to the road . When the wheel speed is restored to one similar 
to the vehicle speed , that is the wheel stops slipping , the 
regenerative brake torque can then be reapplied . It can be 
seen that oscillations in wheel speed occur as the controller 
110C continually attempts to maintain control of the wheel 
speed during braking . This can result in increased noise , 
vibration and harshness ( NVH ) associated with the driving 
experience of a user as well as a poor deceleration of the 
vehicle . 
10007 ] It is an aim of the present invention to address 
disadvantages associated with the prior art . 

SUMMARY OF THE INVENTION 
10008 ] Aspects and embodiments of the present invention 
provide a control system , vehicle , method , carrier medium , 
computer program product , non - transitory computer read 
able carrier medium and a processor . Embodiments of the 
invention may be understood with reference to the appended 
claims . 
[ 0009 ] In one aspect of the invention for which protection 
is sought there is provided a motor vehicle control system 
for controlling an electric propulsion motor to drive a wheel 
of the vehicle , the control system being configured to 
operate in one of a first mode and a second mode in 
dependence at least in part on an amount of slip experienced 
by at least one driven wheel , 

[ 0010 ] in the first mode the control system being con 
figured to cause the at least one electric propulsion 
motor to generate a predetermined amount of drive 
torque , 

[ 0011 ] in the second mode the control system being 
configured to cause the at least one electric propulsion 
motor to rotate at a predetermined speed , 
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[ 0012 ] wherein the control system is configured to 
operate in the first mode if the amount of slip experi 
enced by the at least one driven wheel is below a 
predetermined slip amount and to operate in the second 
mode if the amount of slip experienced by the at least 
one driven wheel exceeds the predetermined slip 
amount . 

[ 0013 ] Optionally , in the second mode the control system 
may be configured to cause the at least one electric propul 
sion motor to rotate at a predetermined speed by controlling 
the commutation of the motor so as to enforce a desired 
speed on the rotation of the magnetic field of the motor . For 
example , the commutation speed may be set to be equal to 
a speed corresponding to a rotation speed of the magnetic 
field that is equal to the predetermined speed , thereby 
causing the rotor of the electric propulsion motor to rotate at 
the predetermined speed . 
[ 0014 ] Optionally , the electric propulsion motor is a syn 
chronous motor , for example a switched reluctance motor or 
a permanent magnet DC electric motor . Advantageously , the 
rotation speed of the rotor of such motors is typically equal 
to the rotation speed of the magnetic field . 
[ 0015 ] In an embodiment control of the motor in the first 
mode is performed in dependence on an estimate of an 
angular position of a rotor of the electric propulsion motor . 
In contrast to this the commutation is preferably independent 
of the rotor position when the control system is operating in 
the second mode . 
[ 0016 ] Embodiments of the present invention have the 
advantage that unwanted oscillations in wheel speed , which 
may occur if a control system is operated solely in the first 
mode , which may be referred to as a torque control mode , 
may be prevented or substantially reduced . It is to be 
understood that switching between the first mode , which 
may be referred to as a torque control mode , and the second 
mode , which may be referred to as a speed control mode , 
may be made rapidly , enabling highly effective traction 
control to be implemented . The control system may be 
include a powertrain controller in some embodiments . In 
some embodiments the control system may include a trac 
tion control system controller . 
[ 0017 ] The control system may be configured to calculate 
the amount of slip of at least one driven wheel in dependence 
on a reference speed signal indicative of a speed of travel of 
the vehicle over ground and at least one wheel speed signal , 
the system being configured to operate in the first or second 
modes in dependence on the amount of slip . 
[ 0018 ] The control system may be configured to receive 
information indicative of a surface coefficient of friction 
between the wheel and a driving surface , the control system 
being configured to set the predetermined slip amount in 
dependence on the information indicative of a surface coef 
ficient of friction . 
[ 0019 ] The control system may be configured wherein the 
predetermined slip amount is calculated in dependence on 
whether the control system is causing a positive torque to be 
applied to the wheel or a negative torque to be applied to the 
wheel . 
[ 0020 ] Optionally , the predetermined slip amount is set to 
a first value if the control system is causing a positive torque 
to be applied to the wheel and a second value if the control 
system is causing a negative torque to be applied to the 
wheel . 

[ 0021 ] Thus , in some embodiments , in the event the 
control system is causing the vehicle to accelerate the 
predetermined slip amount is set to the first value . Con 
versely , in the event the control system is causing the vehicle 
to decelerate the predetermined slip amount is set to the 
second value . 
[ 0022 ] The control system may be configured to receive 
the information indicative of a surface coefficient of friction 
between the wheel and a driving surface comprises the 
control system being configured to receive information 
indicative of a driving mode in which the vehicle is being 
operated . 
[ 0023 ] Optionally , the control system being configured to 
receive information indicative of a driving mode comprises 
the control system being configured to receive information 
indicative of a state of a user - operable driving mode control 
input for selecting a driving mode of the vehicle . 
[ 0024 ] Alternatively , the control system may be config 
ured to receive information indicative of a driving mode that 
has been selected automatically by automatic driving mode 
selection means , optionally the control system or one or 
more other vehicle controllers or control systems . 
[ 0025 ] Optionally , the driving modes are control modes of 
at least one subsystem of the vehicle . 
[ 0026 ] Optionally , the driving modes are control modes of 
at least one subsystem selected from amongst an engine 
management system , a transmission system , a steering sys 
tem , a brakes system and a suspension system . 
[ 0027 ] Optionally , the control system may be further con 
figured to initiate control of the or each of the vehicle 
subsystems in the selected one of the plurality of subsystem 
control modes , each of the subsystem control modes corre 
sponding to one or more different driving surfaces . 
[ 0028 ] The control system may be configured to control a 
plurality of electric propulsion motors each configured to 
drive a respective wheel of the vehicle . 
[ 0029 ] The control system may be configured to receive a 
commutation feedback signal from the electric propulsion 
motor , wherein when operating in the second mode the 
control system is configured to control the motor to rotate at 
the predetermined speed in dependence at least in part on the 
commutation feedback signal . 
[ 0030 ] In a further aspect of the invention for which 
protection is sought there is provided a vehicle comprising 
a body , a plurality of wheels , a powertrain to drive said 
wheels , a braking system to brake said wheels , and a control 
system according to a preceding aspect . 
[ 0031 ] In an aspect of the invention for which protection 
is sought there is provided a method of controlling , by 
means of a control system , an electric propulsion motor to 
drive at least one wheel of a vehicle , the method comprising 
causing the control system to operate in one of a first mode 
and a second mode in dependence at least in part on an 
amount of slip experienced by the at least one wheel , 

[ 0032 ] whereby in the first mode the method comprises 
causing the at least one electric propulsion motor to 
generate a predetermined amount of drive torque , and 

[ 0033 ] in the second mode the method comprises caus 
ing the at least one electric propulsion motor to rotate 
at a predetermined speed , 

[ 0034 ] whereby the control system is configured to 
operate in the first mode if an amount of wheel slip is 
below a predetermined slip amount and to operate in 
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the second mode if an amount of wheel slip exceeds the 
predetermined slip amount . 

10035 ] . In a further aspect of the invention for which 
protection is sought there is provided a non - transitory com 
puter readable carrier medium carrying computer readable 
code for controlling a vehicle to carry out the method of a 
preceding aspect . 
[ 0036 ] In one aspect of the invention for which protection 
is sought there is provided a computer program product 
executable on a processor so as to implement the method of 
a preceding aspect . 
[ 0037 ] In an aspect of the invention for which protection 
is sought there is provided a non - transitory computer read 
able medium loaded with the computer program product of 
a preceding aspect . 
[ 0038 ] In a further aspect of the invention for which 
protection is sought there is provided a processor arranged 
to implement the method or the computer program product 
of a preceding aspect . 
[ 0039 ] It is to be understood that the controller or con 
trollers described herein may comprise a control unit or 
computational device having one or more electronic proces 
sors . The system may comprise a single control unit or 
electronic controller or alternatively different functions of 
the controller may be embodied in , or hosted in , different 
control units or controllers . As used herein the term " control 
unit ” will be understood to include both a single control unit 
or controller and a plurality of control units or controllers 
collectively operating to provide the stated control function 
ality . A set of instructions could be provided which , when 
executed , cause said computational device to implement the 
control techniques described herein . The set of instructions 
could be embedded in said one or more electronic proces 
sors . Alternatively , the set of instructions could be provided 
as software to be executed on said computational device . 
The controller may be implemented in software run on one 
or more processors . One or more other controllers may be 
implemented in software run on one or more processors , 
optionally the same one or more processors as the controller . 
Other arrangements are also useful . 
0040 ] In an aspect of the invention for which protection 

is sought there is provided a motor vehicle control system 
for controlling an electric propulsion motor to drive a wheel 
of the vehicle , the control system being configured to 
operate in one of a first mode and a second mode in 
dependence at least in part on an amount of slip experienced 
by at least one driven wheel , 

10041 ] in the first mode the control system being con 
figured to cause the at least one electric propulsion 
motor to generate a predetermined amount of drive 
torque , 

[ 0042 ] in the second mode the control system being 
configured to cause the at least one electric propulsion 
motor to rotate at a predetermined speed , 

wherein the control system is configured to operate in the 
first mode if the amount of slip experienced by the at least 
one driven wheel is below a predetermined slip amount and 
to operate in the second mode if the amount of slip expe 
rienced by the at least one driven wheel exceeds the prede 
termined slip amount , and wherein the control system is 
configured to determine that the amount of slip experienced 
by the wheel exceeds the predetermined amount if a speed 
of the wheel exceeds a speed indicated by a speed control 
signal 

[ 0043 ] Advantageously , such a system may provide trac 
tion control that is able to correct a loss of traction during 
acceleration more quickly than prior art traction control 
systems . 
[ 0044 ] Some embodiments of the present invention pro 
vide a motor vehicle control system for controlling an 
electric propulsion motor to drive a wheel of the vehicle , the 
control system being configured to operate in either a first 
( torque - control ) mode or a second ( speed - control ) mode in 
dependence at least in part on an amount of slip experienced 
by at least one driven wheel . If the amount of slip experi 
enced by the at least one driven wheel is below a predeter 
mined slip amount the system causes the at least one electric 
propulsion motor to generate a predetermined amount of 
drive torque . That is , the control system operates in the 
torque - control mode ( the first mode ) . In contrast , if the 
amount of slip experienced by the at least one driven wheel 
exceeds the predetermined slip amount , the control system 
is configured to operate in the second mode . In the second 
mode the control system causes the at least one electric 
propulsion motor to rotate at a predetermined speed . That is , 
the control system operates in a ' speed - control mode ’ . Some 
embodiments of the present invention have the advantage 
that the amount of slip experienced by a wheel may be 
limited , and not become excessive , because the control 
system switches to the speed control mode in the event that 
the amount of slip exceeds the predetermined slip amount . 
In some embodiments , the amount of slip experienced by the 
wheel may be limited to a predetermined upper limit value 
by setting the speed of rotation of the wheel , in the speed 
control mode of operation , to a value that is determined in 
dependence at least in part on the speed of the vehicle over 
ground . 
[ 0045 ] Within the scope of this application it is expressly 
intended that the various aspects , embodiments , examples 
and alternatives set out in the preceding paragraphs , in the 
claims and / or in the following description and drawings , and 
in particular the individual features thereof , may be taken 
independently or in any combination . That is , all embodi 
ments and / or features of any embodiment can be combined 
in any way and / or combination , unless such features are 
incompatible . The applicant reserves the right to change any 
originally filed claim or file any new claim accordingly , 
including the right to amend any originally filed claim to 
depend from and / or incorporate any feature of any other 
claim although not originally claimed in that manner . 
[ 0046 ] For the avoidance of doubt , it is to be understood 
that features described with respect to one aspect of the 
invention may be included within any other aspect of the 
invention , alone or in appropriate combination with one or 
more other features . 

BRIEF DESCRIPTION OF THE DRAWINGS 
10047 ] One or more embodiments of the invention will 
now be described , by way of example only , with reference 
to the accompanying drawings , in which : 
[ 0048 ] FIG . 1 is a schematic illustration of a known 
vehicle propulsion motor control arrangement ; 
[ 0049 ] FIG . 2 is a plot of wheel speed as a function of time 
( upper trace ) and corresponding brake torque as a function 
of time ( lower trace ) during regenerative braking in a 
vehicle having the wheel control arrangement of FIG . 1 ; 
[ 0050 ] FIG . 3 shows a schematic illustration of ( a ) a 
vehicle propulsion motor control arrangement 205 accord 
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ing to an embodiment of the present invention and ( b ) a 
vehicle in which the arrangement shown in ( a ) is installed ; 
[ 0051 ] FIG . 4 is a plot of wheel speed as a function of time 
during regenerative braking in a vehicle having the wheel 
control arrangement of FIG . 3 ; and 
[ 0052 ] FIG . 5 is a plot of wheel speed as a function of time 
during a period of acceleration in a vehicle having the wheel 
control arrangement of FIG . 3 . 

DETAILED DESCRIPTION 
[ 0053 ] FIG . 3 ( a ) is a schematic illustration of a vehicle 
propulsion motor control arrangement 205 according to an 
embodiment of the present invention . Like features of the 
embodiment of FIG . 3 ( a ) to the arrangement 190 of FIG . 1 
are shown with like reference signs incremented by 100 . 
FIG . 3 ( b ) is a schematic illustration of a vehicle 200 in 
which the arrangement 205 is installed . It is to be understood 
that the arrangement 205 illustrated in FIG . 3 ( a ) is replicated 
at each front left and front right wheel 290F , 290F ' , and each 
rear left and rear right wheel 290 , 290 ' , of the vehicle 200 , 
the respective arrangements 205F , 205F ' , 205 , 205 ' sharing 
a common controller 210C . In the illustrated embodiment 
the electric machine 230 is a permanent magnet DC electric 
machine having stator windings that are configured to pro 
duce a rotating magnetic field , although it will be understood 
that the present invention could be implemented using other 
types of electric machine , especially , but not exclusively , 
other types of synchronous electric machine . 
[ 0054 ] The controller 210C may be referred to as a pow 
ertrain controller 210C in some embodiments . In some 
embodiments the controller 210C may be referred to as a 
motor controller . 
[ 0055 ) . The controller 210C is configured to receive a 
signal 255 indicative of the amount of travel of an accel 
erator pedal 280 of the vehicle 200 and signals 256 , 256 ' , 
256F , 256F ' indicative of the speed of each wheel 290F , 
290F ' , 290 , 290 ' of the vehicle 200 . The controller 210C also 
receives a signal 257 from a brake controller 212C indica 
tive of the amount of brake torque that is required to be 
provided by the motor control arrangements 205 , 205 ' , 205F , 
205F ' in order to meet driver brake force demand . Brake 
force demand is determined by the brake controller 212C at 
least in part according to a signal 258 received by the brake 
controller 212C indicative of the amount of travel of a brake 
pedal 282 of the vehicle 200 . 
[ 0056 ] Operation of the controller 210C with respect to the 
control of a single motor control arrangement 205 will now 
be described . Control of the remaining arrangements 205 , 
205F , 205F ' may be understood by extension . 
[ 0057 ] The motor control arrangement 205 has an inverter 
220 to control the individual stator windings of the machine , 
a permanent magnet DC electric machine 230 and gearbox 
240 arranged to drive rear left - hand vehicle wheel 290 . It 
will be understood that the invention may be implemented 
with other types of electric machine , and that for other types 
of electric machine the inverter may instead control the rotor 
windings , and possibly also the field ( stator or rotor ) wind 
ings in the case of a separately excited motor . 
[ 0058 ] The electric machine 230 is configured to provide 
a commutation feedback signal 231 to the inverter 220 
indicative of the position ( and hence also the speed of 
rotation of the electric machine 230 . 
[ 0059 ] The controller 210C monitors wheel speed signal 
256 and compares the signal 256 to a vehicle reference speed 

value calculated by the brake controller 212C . The reference 
speed value is an estimate of vehicle speed and is set by the 
brake controller 212C to be , for example , the speed of the 
fastest turning wheel 290F , 290F ' , 290 , 290 ' of the vehicle 
200 . It is to be understood that , in the case of the vehicle 
decelerating , the fastest turning wheel is typically indicative 
of the true speed of the vehicle , whilst in the case of the 
vehicle accelerating , the slowest wheel is typically indica 
tive of the true speed of the vehicle . Other methods , for 
example using accelerometers , radars , vision systems or 
GPS may be used to provide estimates of true vehicle speed 
in some embodiments . 
[ 0060 ] The controller 210C calculates two parameters that 
are transmitted to the inverter 220 . The first parameter is a 
respective torque command in the form of a torque com 
mand signal 251 indicative of the amount of torque to be 
developed by the respective electric machine 230 . 
[ 0061 ] This is determined by the controller 210C in 
respect of each wheel individually in order to meet driver 
torque demand . The second is a speed command in the form 
of a speed command signal 253 indicative of the maximum 
or minimum allowable respective wheel speed , depending 
on whether the vehicle 200 is accelerating ( in which case the 
speed command signal is indicative of the maximum allow 
able wheel speed ) or decelerating ( in which case the speed 
command signal is indicative of the minimum allowable 
wheel speed ) . 
[ 0062 ] In the case that the vehicle is accelerating , the 
speed command signal 253 is calculated to indicate a wheel 
speed that exceeds the ground speed of the respective wheel 
( taking into account cornering ) by a predetermined accel 
eration slip value S1 . In the case that the vehicle is decel 
erating , the speed command signal 253 is calculated to 
indicate a wheel speed that is less than the ground speed of 
the wheel ( taking into account cornering ) by a predeter 
mined deceleration slip value S2 . In the present embodiment 
the values S1 and 52 are set to the same value of slip . The 
ground speed of a given wheel is determined by the con 
troller in dependence on the vehicle reference speed , being 
an indication of vehicle speed over ground . 
[ 0063 ] In the present embodiment , the values of slip Si , 
S2 are set in dependence on an estimated value of surface 
coefficient of friction , ' mu ' , between a given wheel and the 
driving surface at a given moment in time . It is to be 
understood that the estimated value of mu is maintained by 
the brake controller 212C and communicated to the control 
ler 210C . Methods of estimating surface mu are well known . 
In the present embodiment the brake controller 212C cal 
culates the value of mu in dependence on the values of 
vehicle reference speed , individual wheel speed and the 
amount of torque applied to a wheel at a given moment in 
time . 
[ 0064 ] The inverter 220 is arranged to monitor the speed 
of the electric machine 230 by reference to the commutation 
signal 231 and to compare this speed with the value of speed 
indicated by the speed command signal 253 . If the inverter 
220 determines that the vehicle 200 is accelerating , and the 
commutation signal 231 indicates that the motor speed 
corresponds to a wheel speed that is less than or equal to the 
speed indicated by the speed command signal 253 , the 
inverter 220 controls the electric machine 230 to develop an 
amount of torque corresponding to that indicated by the 
torque demand signal . However , if at any time the wheel 
speed exceeds that indicated by the speed command signal 
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trolling the commutation speed of an electric machine 
associated with an already - slipping wheel to return the 
wheel to a speed that is closer to the speed that the wheel 
would turn at for the instantaneous vehicle speed if the 
wheel were not slipping does not cause excessive torque to 
be required of the electric machine . Furthermore , this 
approach and can quickly reduce the slip of the wheel back 
to an acceptable amount , thereby improving vehicle stabil 
ity . 

253 , the inverter 220 switches control of the electric 
machine 230 from a torque control mode to a speed control 
mode . In the speed control mode , the inverter 220 controls 
the electric machine 230 to maintain a substantially constant 
speed , substantially equal to that indicated by the speed 
command signal , unless the amount of torque developed by 
the electric machine 230 in order to do so would be required 
to exceed that indicated by the torque demand signal . 
[ 0065 ] When operating in the speed control mode the 
controller 210C controls the inverter 220 to set the commu 
tation speed ( or the commutation frequency ) to match a 
desired speed , without reference to the actual position of the 
motor . This may be referred to as " stepping ” the commuta 
tion . It will be understood that , for a synchronous electric 
machine such as the permanent magnet DC electric machine 
230 , control of the commutation speed of the motor to match 
a desired speed will enforce a desired rotation speed on the 
magnetic field produced by the motor ( in the illustrated 
embodiment the rotating magnetic field is produced by 
energising the windings on the stator , although it will be 
understood that for other types of electric machine the 
rotating magnetic field may be produced by energising 
windings on the rotor ) . 
[ 0066 ] The rotor of permanent magnet DC electric 
machine 230 , and hence wheel , aligns to the rotation speed 
of the magnetic field , because a difference between the 
rotation speed of the rotor and the magnetic field causes 
increasing misalignment between the rotor and the magnetic 
field . This misalignment causes a torque to act on the rotor 
in a direction that decreases the misalignment between the 
rotor and the magnetic field . The torque acting on the rotor 
increases with increasing misalignment between the rotating 
magnetic field and the rotor , so if the rotor rotates more 
slowly than the magnetic field produced by the stator the 
torque applied to the rotor will increase until it is sufficient 
to cause the rotor to rotate at the same speed as the magnetic 
field . 
[ 0067 ] It will be understood that in a conventional control 
methodology for a propulsion motor the commutation is 
controlled to produce a target torque as indicated by a torque 
control signal . This is typically achieved by substantially 
continuously estimating the position of the rotor , and con 
trolling to commutation to maintain a target misalignment 
between the position of the magnetic field and the position 
of the rotor . The target misalignment will typically corre 
spond to the misalignment required to produce the target 
torque . Direct control of the commutation to enforce a 
desired speed on the rotation of the magnetic field is not 
used , because enforcing a speed on the commutation could 
result in excessive loads being applied to the rotor if more 
torque than the motor is rated to produce is required to cause 
the rotor to rotate at the rotation speed enforced by control 
of the commutation . Enforcing a speed on the commutation 
may also cause very significant slip to occur if it results in 
a high torque requirement that causes the wheels to lose 
traction . 
[ 0068 ] The present inventors have recognised that when 
excessive wheel slip is already occurring the commutation 
speed can be directly controlled without causing excessive 
load to be applied to the electric machine or causing exces 
sive slip , as the initial occurrence of excessive wheel slip is 
associated with a drop in the torque applied at the slipping 
wheel , and the drop in torque is maintained until the 
excessive slip ceases to occur . Accordingly , directly con 

[ 0069 ] It is to be understood that , in normal driving on a 
surface where the value of mu is substantially unity , the 
speed of each wheel will be close to the vehicle reference 
speed and the speed of each wheel will not reach the speed 
indicated by the speed command signal ( whether above or 
below the reference speed ) . 
[ 0070 ] Taking the example of a braking scenario , the 
electric machine 230 may be controlled by the inverter 220 
to operate as a generator in order to develop the required 
( negative ) brake torque . The inverter 220 will attempt to 
cause the electric machine 230 to develop the required 
amount of brake torque according to the torque command 
signal 251 . However , if the speed of the wheel 290 as 
determined by reference to the commutation signal 231 falls 
below that indicated by the speed command signal 253 , the 
inverter 220 switches to control the speed of the electric 
machine by setting the commutation speed to a value that 
causes the magnetic field to rotate at a speed substantially 
equal to that indicated by the speed command signal 253 . 
This initially causes the electric machine to apply a positive 
torque to the slipping wheel to increase its speed back to the 
speed indicated by the speed command signal 253 . At this 
point the wheel is able to grip the driving surface and 
produce a braking effect at the optimum slip value , S2 . As 
the vehicle slows , the vehicle reference speed falls and the 
speed indicated by the speed command signal 253 also falls . 
10071 ] It should also be noted that , unlike conventional 
friction brakes , additional torque can be automatically ( in 
herently ) applied by the motor , so as to accelerate the wheel 
back to the desired slip level , without relying on the adhe 
sion with the road . This can be important , for example where 
lateral stability is required and a large excursion in slip 
levels would be detrimental to the safety of the vehicle . 
[ 0072 ] If the wheel 290 encounters a surface of higher 
surface mu value whilst the controller 210C is operating in 
the speed control mode , the braking torque ( measured by the 
inverter 220 ) will naturally increase . If the braking torque 
reaches a value corresponding to the torque command signal 
251 , the inverter 220 returns to the torque control mode and 
controls the electric machine 230 to develop an amount of 
torque corresponding to the torque command signal 251 . 
Similarly , if a user reduces the pressure on the brake pedal 
when operating in the speed control mode then the torque 
command signal 251 may reduce to a value below that 
provided in the speed control mode ( as measured by the 
inverter 220 ) , whereupon the inverter will return to the 
torque control mode . 
[ 0073 ] FIG . 4 is a plot of wheel speed as a function of time 
in a braking scenario similar to that illustrated in FIG . 2 for 
the known motor control arrangement . During a braking 
operation starting at time to , the inverter 220 initially 
operates in a torque control mode , causing the electric 
machine 230 to develop an amount of brake torque corre 
sponding to that indicated by the torque command signal 
251 . At time t1 , after period P1 has expired , the speed of 
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wheel 290 falls below that indicated by the speed command 
signal 253 . The inverter detects the drop in wheel speed and 
switches to a speed control mode of operation in which the 
inverter is controlled to maintain the wheel 290 at a speed 
corresponding to that indicated by the speed command 
signal 253 by controlling the commutation so that the 
magnetic field generated by the stator rotates at a speed 
corresponding to that indicated by the speed command 
signal 253 . Accordingly , the inverter 220 causes the electric 
machine 230 to maintain a speed that is lower than the 
vehicle reference speed by the predetermined slip value S2 , 
which is the same as the value S1 as noted above . 
[ 0074 ] Importantly , in some embodiments the electric 
machine speed control implemented by controlling the 
inverter 220 to set the commutation speed so that the 
magnetic field rotates at a desired speed allows excessive 
slip to be corrected very much faster than a conventional 
ABS ( torque based ) control architecture . Accordingly , per 
formance of the motor control arrangement 205 shows a not 
insubstantial improvement over that of known vehicle con 
trol systems . 
[ 0075 ] FIG . 5 is an example plot of wheel speed as a 
function of time in a scenario in which the vehicle 200 is 
accelerating rather than braking . During a period of accel 
eration starting at time to , the driver increases the amount of 
demanded torque by depressing the accelerator pedal 280 . In 
response , the inverter 220 initially operates in a torque 
control mode , causing the electric machine 230 to develop 
an amount of drive torque corresponding to that indicated by 
the torque command signal 251 . At time t1 , after period P1 
has expired , the vehicle traverses an area of relatively low 
surface mu during period P2 . The speed of wheel 290 rises 
above that indicated by the speed command signal 253 . The 
inverter 220 detects the increase in wheel speed and 
switches to a speed control mode of operation in which the 
inverter maintains the wheel 290 at a speed corresponding to 
that indicated by the speed command signal 253 by control 
ling the commutation so that the magnetic field generated by 
the stator rotates at a speed corresponding to that indicated 
by the speed command signal 253 . Accordingly , the inverter 
220 causes the electric machine 230 to maintain a speed that 
is higher than the vehicle reference speed by the predeter 
mined slip value S1 as described above . 
[ 0076 ] A particular advantage of this arrangement is that , 
when the speed of the wheel 290 is above that indicated by 
the speed control signal 253 control of the electric machine 
230 in the speed control mode inevitably causes a negative 
torque to be applied to the wheel 290 by the electric machine 
230 . This causes the speed of the wheel to rapidly reduce to 
the speed indicated by the speed commend signal , thereby 
reducing the amount of time during which excessive slip 
occurs . 
[ 0077 ] An alternative approach to implementing the speed 
control mode would be for the inverter 220 to execute a local 
speed control algorithm using the motor position informa 
tion provided by the commutation signal 231 to estimate the 
speed of the electric machine 230 . An internal closed loop 
control algorithm such as a proportional - integral - differential 
( PID ) algorithm may be used to control the motor torque and 
implement a local speed controller . However , this approach 
may produce a slower response to an occurrence of wheel 
slip than direct control of the commutation speed as 
described above . 

[ 0078 ] More sophisticated control methodologies may be 
employed in some embodiments . For example , in some 
embodiments , the speed control loop implemented by the 
inverter 220 may be further improved by controlling or 
influencing directly the rotor position using the stiffness 
afforded by the magnetic alignment . 
[ 0079 ] In this configuration , preferably implemented by 
means of a full state feedback structure , the electric currents 
in the windings are controlled directly to align the magnetic 
flux in a way that both inherently performs the commutation 
function and controls the entire rotational states of the 
compliantly coupled drivetrain , wheel , tyre and non - linear 
slip characteristic to the road . 
[ 0080 ] In this form , the following primary sources of 
information are combined together to form a full state 
estimate of the vehicle ' s motion over the road surface , and 
internal states of the wind up of compliant elements ( such as 
engine mountings or suspension movement ) : 

[ 0081 ] Motor rotor position 
[ 0082 ] Wheel speed or position sensors 
[ 0083 ] Vehicle inertial measurements , potentially auto 

calibrated from GPS signals 
[ 0084 ] Other vehicle movement detectors , such as 

radar , vision and map matching techniques 
[ 0085 ] Based on this state estimation , the motor commu 
tation , that is the current applied by the power electronics to 
the motor ' s windings , is determined for the best composure 
and driver ( or autonomous system ) control . 
[ 0086 ] Extensions can be applied to cover uneven ( off 
road ) surfaces , deformable surfaces and varying surface 
characteristics , including predictions ( forward looking mea 
surements ) or anticipation ( from a - priori knowledge from 
either on or off board maps ) . 

TR Modes 
[ 0087 ] In some embodiments , the vehicle 200 may have a 
driving mode controller configured to implement a Terrain 
Response ( TR ) ® System in which the driving mode con 
troller controls settings of one or more vehicle systems or 
sub - systems such as settings associated with powertrain 
controller 210C , a transmission system ( where present ) , a 
steering system such as an electric power assisted steering 
system ( EPAS ) ( where present ) , settings of the brakes sys 
tem via brake controller 212C and a suspension system 
( where present ) in dependence on a selected driving mode . 
The driving mode may be selected by a driver by means of 
a driving mode selector dial . Alternatively the driving mode 
may be selected automatically by the driving mode control 
ler . The driving modes may also be referred to as terrain 
modes , terrain response modes , or control modes . 
0088 ] . In an embodiment , four driving modes are pro 
vided : an ‘ on - highway ' driving mode or ‘ special programs 
off ( SPO ) mode suitable for driving on a relatively hard , 
smooth driving surface where a relatively high surface 
coefficient of friction exists between the driving surface and 
wheels of the vehicle ; a “ sand driving mode ( SAND ) 
suitable for driving over sandy terrain ; a ' grass , gravel or 
snow ' ( GGS ) driving mode suitable for driving over grass , 
gravel or snow , a “ rock crawl ' ( RC ) driving mode suitable 
for driving slowly over a rocky surface ; and a ‘ mud and ruts ' 
( MR ) driving mode suitable for driving in muddy , rutted 
terrain . Other driving modes may be provided in addition or 
instead . 
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tive 
[ 0089 ] It is to be understood that the powertrain controller 
210C may be configured to determine the value of surface 
mu of the driving surface at least in part in dependence on 
the selected driving mode in which the driving mode con 
troller is causing the vehicle to operate . Thus , in some 
embodiments the predetermined slip value may be deter 
mined according to the selected driving mode . 
[ 0090 ] Throughout the description and claims of this 
specification , the words " comprise ” and “ contain " and varia 
tions of the words , for example " comprising ” and “ com 
prises ” , means “ including but not limited to ” , and is not 
intended to ( and does not ) exclude other moieties , additives , 
components , integers or steps . 
[ 0091 ] Throughout the description and claims of this 
specification , the singular encompasses the plural unless the 
context otherwise requires . In particular , where the indefi 
nite article is used , the specification is to be understood as 
contemplating plurality as well as singularity , unless the 
context requires otherwise . 
[ 0092 ] 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 incompat 
ible therewith . 

1 . A motor vehicle control system for controlling an 
electric propulsion motor to drive a wheel of the vehicle , the 
control system configured to operate in one of a first mode 
and a second mode in dependence at least in part on an 
amount of slip experienced by at least one driven wheel , 

wherein , in the first mode , the control system is config 
ured to cause the at least one electric propulsion motor 
to generate a predetermined amount of drive torque , 

wherein , in the second mode , the control system is 
configured to cause the at least one electric propulsion 
motor to rotate at a predetermined speed by controlling 
commutation of the motor so as to enforce a desired 
speed on rotation of a magnetic field of the motor , and 

wherein the control system is configured to operate in the 
first mode if the amount of slip experienced by the at 
least one driven wheel is below a predetermined slip 
amount and to operate in the second mode if the amount 
of slip experienced by the at least one driven wheel 
exceeds the predetermined slip amount . 

2 . The control system according to claim 1 , wherein the 
electric propulsion motor is a synchronous motor . 

3 . The control system according to claim 2 , wherein the 
electric propulsion motor is a switched reluctance motor or 
a permanent magnet DC electric motor . 

4 . The control system according to claim 1 , wherein 
control of the motor in the first mode is performed in 
dependence on an estimate of an angular position of a rotor 
of the electric propulsion motor . 

5 . The control system according to claim 1 , wherein the 
control system is further configured to calculate the amount 
of slip experienced by the of at least one driven wheel in 
dependence on a reference speed signal indicative of a speed 
of travel of the vehicle over ground and at least one driven 
wheel speed signal . 

6 . The control system according to claim 1 , wherein the 
control system is further configured to receive information 
indicative of a surface coefficient of friction between the at 
least one driven wheel and a driving surface , and wherein 
the control system is further configured to set the predeter 

mined slip amount in dependence on the information indica 
tive of the surface coefficient of friction . 

7 . The control system according to claim 6 , wherein the 
control system is further configured to receive information 
indicative of a driving mode in which the vehicle is being 
operated . 

8 . The control system according to claim 7 , wherein the 
control system is further configured to receive information 
indicative of a state of a user - operable driving mode control 
input for selecting a driving mode of the vehicle . 

9 . The control system according to claim 7 , wherein the 
driving mode is one of a plurality of control modes of at least 
one subsystem of the vehicle . 

10 . ( canceled ) 
11 . The control system according to claim 9 , wherein the 

control system is further configured to initiate control of the 
at least one subsystem of the vehicle in a selected one of the 
plurality of subsystem control modes , each of the subsystem 
control modes corresponding to one or more different driv 
ing surfaces . 

12 . The control system according to claim 1 , wherein the 
predetermined slip amount is calculated in dependence on 
whether the control system is causing a positive torque to be 
applied to the at least one driven wheel or a negative torque 
to be applied to the at least one driven wheel . 

13 . The control system according to claim 1 , wherein the 
predetermined slip amount is set to a first value if the control 
system is causing a positive torque to be applied to the at 
least one driven wheel and a second value if the control 
system is causing a negative torque to be applied to the at 
least one driven wheel . 

14 . The control system according to claim 1 , wherein the 
control system is further configured to control a plurality of 
electric propulsion motors each configured to drive a respec 
tive wheel of the vehicle . 

15 . The control system according to claim 1 , wherein the 
control system is further configured to determine that the 
amount of slip experienced by the at least one driven wheel 
exceeds the predetermined slip amount if a speed of the at 
least one driven wheel exceeds a speed indicated by a speed 
control signal . 

16 . A vehicle comprising : 
a plurality of wheels ; 
a powertrain to drive the plurality of wheels ; 
a braking system to brake the plurality of wheels ; and 
a control system , configured to operate in one of a first 
mode and a second mode in dependence at least in part 
on an amount of slip experienced by at least one of the 
wheels , 

wherein , in the first mode , the control system is config 
ured to cause the powertrain to generate a predeter 
mined amount of drive torque , 

wherein , in the second mode , the control system is 
configured to cause the powertrain to rotate at a pre 
determined speed by controlling commutation of a 
motor of the powertrain so as to enforce a desired speed 
on rotation of a magnetic field of the motor , and 

wherein the control system is configured to operate in the 
first mode if the amount of slip experienced by at least 
one of the wheels is below a predetermined slip amount 
and to operate in the second mode if the amount of slip 
experienced by at least one of the wheels exceeds the 
predetermined slip amount . 
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17 . A method of controlling an electric propulsion motor 
to drive at least one wheel of a vehicle , the method com 
prising : 

causing a control system to operate in one of a first mode 
and a second mode in dependence at least in part on an 
amount of slip experienced by the at least one wheel , 

whereby in the first mode the method comprises causing 
the electric propulsion motor to generate a predeter 
mined amount of drive torque , and 

in the second mode the method comprises causing the 
electric propulsion motor to rotate at a predetermined 
speed by controlling commutation of the electric pro 
pulsion motor so as to enforce a desired speed on a 
rotation of a magnetic field of the electric propulsion 
motor , 

whereby the control system is configured to operate in the 
first mode if an amount of wheel slip is below a 
predetermined slip amount and to operate in the second 
mode if an amount of wheel slip exceeds the predeter 
mined slip amount . 

18 . A non - transitory computer readable carrier medium 
carrying computer readable code that , when executed by one 
or more processors , causes the one or more processors to 
control a vehicle to carry out the method of claim 17 . 

19 - 23 . ( canceled ) 


