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gooooooaod
Title of Invention
0 O Method of Controlling a Brushless Electrical Machine, Control System and Dri
ve
Technical Field
O O This invention relates to the control of brushless electrical machines.O The
invention particularly, but not exclusively, relates to switched reluctance mac
hines.
Background Art
0 O The switched reluctance machine is a type of brushless electrical machine.[
It comprises a rotor, defining rotor poles, a stator, defining stator poles, and
a set of windings arranged in relation to the stator poles to define one or mor
e iIndependently energisable phases.0 In a reluctance machine, energisation of on
e or more phase windings sets up magnetic flux in a circuit which includes the a
ssociated stator poles, urging the rotor into a position where the reluctance of
the circuit is a minimum (and the inductance of the associated phase winding is
a maximum) .0 In motoring operation, timing the sequential energisation of the w
indings according to rotor position induces rotor movement. A general treatment
of electrical drives which incorporate switched reluctance machines can be foun
d In various textbooks, e.g. “ Electronic Control of Switched Reluctance Machine
s” by TJE Miller, Newnes, 2001 which is incorporated herein by reference.l More
detail is provided in the paper ‘' The Characteristics, Design and Applications
of Switched Reluctance Motors and Drives’ by Stephenson and Blake, presented at
the PCIM ' 93 Conference and Exhibition at Nurnberg, Germany, June 21-24, 1993
which s incorporated herein by reference.ld As is well known in the art, these m
achines can be operated as motors or generators by altering the timing of the ap
plication of the energisation to the phase windings.
0 O Unlike conventional induction and synchronous ‘ electromagnetic’ machines,
e.g., so-called brushless DC machines, in which the current is in stator coils a
nd the field is produced by permanent magnets on the rotor, switched reluctance
machines are purely ‘' magnetic’ machines.O The torque is produced solely by the
magnetic field as the reluctance of the magnetic circuit changes.00 1t follows
that the methods of controlling the two types of machine are quite different, si
nce the control is related to the method of torque production.O O In general, th
e control methods used for sinusoidally fed conventional machines are inappropri
ate for switched reluctance machines.
O O Figure 1 shows a typical switched reluctance machine in cross section.O In t
his example, the ferromagnetic stator 10 has six stator poles 12.0 The ferromagn
etic rotor 14 has four rotor poles 16.0 Each stator pole carries a coil 18.0 Th
e coils on diametrically opposite poles are connected iIn series to provide three
phase windings. Only one phase winding is shown, for clarity.O The control of
the switched reluctance machine can be achieved in a variety of ways well known
to the person skilled in the art.0d0 IT information on the angular position of the
rotor is available, e.g. from a position transducer, the excitation can be appl
ied as a function of the position.0 Such machines are often referred to as “ ro
tor position switched machines” .
0 O A typical switched reluctance drive is shown in Figure 2.0 1In this example,
the machine 36 corresponds to that shown in Figure 1.0 The three phase winding
s, A, B and C, are switched in turn onto a DC supply V by a set of power electro
nic switches 48.0 The moments (i.e., the rotor positions) at which the switches
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operate are determined by the controller 38, which may be implemented either in
hardware or in the software of a processing device such as a microcontroller or
digital signal processor.0 O The control signals are sent to the switches via a
data bus 46.0 Closed loop current feedback is provided by sensing the phase curr
ents using a current sensor 44 and feeding back a signal proportional to phase c
urrent which is compared to a demanded current i,.0 The control algorithms may i
nclude a proportional (P), proportional-plus-integral (P+1), time optimal, feedb
ack linearised, proportional/integral/ derivative (PID) function, or one of many
others as is well understood in the art.0O It is also common for an outer contro
1 loop of position or speed to be provided by feeding back a rotor position sign
al from a position detector 40.0
0 O In operation, a signal corresponding to current demand 42 is provided to the
controller. This regulates the current in the windings, according to the partic
ular control scheme adopted, to produce the desired output from the machine.O
0 O The performance of a switched reluctance machine depends, in part, on the ac
curate timing of phase energisation with respect to rotor position.[ Detection o
T rotor position is conventionally achieved by using a physical rotor position t
ransducer (RPT) 40, shown schematically in Figure 2, such as a rotating toothed
disk mounted on the machine rotor, which co-operates, for example, with an optic
al or magnetic sensor mounted on the stator.0 A pulse train indicative of rotor
position relative to the stator is generated and supplied to the processing devi
ce, allowing accurate phase energisation.d Alternative methods of position detec
tion include the so-called “ sensorless” methods, in which there is no physical
position transducer and the position is deduced from measurements of one or mor
e other parameters of the machine.
0 O Since current in the windings is relatively easy to measure, closed-loop con
trol of the machine is conventionally accomplished by monitoring and controlling
the energising current in the windings.[0 However, the desired output of the mac
hine is usually torque, position or speed, and current has a highly non-linear r
elationship to all of these.d The result is that current control techniques gene
rally incur inaccuracies in the output, such as torque ripple, position error an
d/or speed error.0 Many current control schemes have been devised to address the
se shortcomings, as will be discussed further below.[O
O O Many different power converter topologies are known, several of which are di
scussed in the Stephenson paper cited above. One of the most common configurati
ons is shown for a single phase of a polyphase system in Figure 3, in which the
phase winding 32 of the machine is connected iIn series with two switching device
s 21 and 22 across the busbars 26 and 27.0 Busbars 26 and 27 are collectively de
scribed as the “ DC link” of the converter.O Energy recovery diodes 23 and 24 a
re connected to the winding to allow the winding current to flow back to the DC
link when the switches 21 and 22 are opened.O A capacitor 25, known as the * DC
link capacitor” , is connected across the DC link to source or sink any alterna
ting component of the DC link current (i.e. the so-called “ ripple current’” ) wh
ich cannot be drawn from, or returned to, the supply.O In practical terms, the c
apacitor 25 may comprise several capacitors connected in series and/or parallel.
0 Where parallel connection is used, some of the elements may be distributed thr
oughout the converter.O A polyphase system typically uses several “ phase legs’
of Figure 3 connected in parallel to energise the phases of the electrical mach
ine independently.
0 O The phase inductance cycle of a switched reluctance machine is the period of
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the variation of inductance for the, or each, phase between common points in su
ccessive cycles (for example between inductance maxima when the rotor poles and
the relevant respective stator poles are fully aligned).0d As explained in the St
ephenson paper cited above, the maximum inductance region is centred around the
rotor position where a pair of rotor poles are fully aligned with a pair of stat
or poles.O Similarly, the minimum inductance region is centred around the positi
on where the interpolar axis on the rotor is aligned with the stator pole axis,
as shown in Figure 1.

0 O At low speeds, switched reluctance systems generally operate in a current-co
ntrolled or “ chopping” mode.Od A hysteresis current controller using “ hard” c
hopping is often used, as explained iIn the Stephenson paper referred to above.l
This is illustrated in Figure 4(a) where the current cycles between an upper hys
teresis level 1, and a lower hysteresis level 1, in a conduction region of the p
hase in question, between the switch-on angle 6 ,, at which the phase is energis
ed and the switch-off angle 6 _g¢ at which energisation is removed.O An alternat
ive control regime is “ soft” chopping in which only one switch is opened when
the current reaches its upper level.O The current then decays much more slowly t
hrough the winding, the second switch and one diode. This is shown in Figure 4(b
) .0 Depending on the capability of the switches and the current controller, the
width of the hysteresis band can be reduced until the current effectively become
s flat.O If the angular speed of the rotor is slow, then the angle traversed by
the rotor between switch-on and reaching the desired level is very small, so tha
t the current waveshape appears to be rectangular, as will be discussed below.
Other types of current controllers are well known in the art, for example those
described in EP-A-0769844, which is incorporated herein by reference, off-time c
ontrollers, constant frequency controllers, etc., and will not be Ffurther descri
bed here.O

0 O At higher speeds, switched reluctance systems typically operate in the "sing
le-pulse”™ mode of energisation instead of the chopping mode.O This is also expla
ined in the Stephenson paper referred to above.

0 O Thus, systems generally use a chopping mode at low speeds and a single-pulse
mode at higher speeds. The upper and lower chopping current levels are normall
y set to values above the expected peak current of the single pulse mode, so tha
t these parameters do not interfere with single-pulse operation.O It is known to
set the upper current level to a value which would act as a “ safety net” so t
hat if a fault condition developed in the drive, the current would exceed this u
pper level and cause one or more switching devices to be opened, thereby limitin
g the current to a safe value.
0 O While motoring operation has been assumed in the above discussions, it is we
11-known that switched reluctance machines operate equally well in the generatin
g mode, in which the current waveforms are generally mirror images of the motori
ng waveforms.
0 O Unlike some other types of electrical machine, the switched reluctance machi
ne does not generally have a linear relationship between torque and current.O Th
e reasons for this are discussed in greater detail in the Miller book and the St
ephenson paper cited above. The relationship is illustrated in Figure 5, where
the so-called static torque for one phase of the three-phase machine of Figure 1
is shown for a constant current applied over a rotor angle of 45° .0 For a curr
ent low in the working range of the machine (say below 10%), the torque would be
almost rectangular.0 However, as the flux and current levels are raised, the ma
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gnetic properties of the iron carrying the flux become significantly non-linear
and the shape of the torque becomes rounded. The shape of torque curve shown i
s typical for the rated current for the machine.
OO 1t will be realised by those skilled in the art that the current waveform sh
own in Figure 5 is idealised, since the practical waveform would typically have
some chopping ripple superimposed on the average current shown.
0 O Figure 6 shows the relationships between the torque curves of the different
phases of the machine.0 For the machine with 6 stator poles and 4 rotor poles, t
he angular displacement of the curves (the so-called “ ¢ angle” ) is 30° .0 The
simplest method of providing continuous torque from the machine as it rotates 1
s to switch on a phase when the torque curves cross and to switch it off and swi
tch on the next phase after the ¢ angle has been traversed.0 This is illustrat
ed in Figure 7, again for a constant phase current.d While this is a simple con
trol regime to implement, it has the obvious drawback of producing a large torqu
e ripple.d The minimum torque available at any angle is called the ¢ torque and
is shown in Figure 7.0 The average torque produced over the ¢ angle will be so
mewhere between the peak torque and & torque, depending on the exact shape of th
e curve.l This method has another drawback in that each phase is only being used
for one third of the phase period, so the utilisation of the stator and the ele
ctronic controller is poor.
0 O To overcome these disadvantages, it is known to excite every phase whenever
it has the potential to produce torque in the desired direction.d For the 3-phas
e machine shown, this gives an excitation pattern of Phase A alone for 15° , fol
lowed by A+B for 15° , followed by Phase B alone for 15° , etc.O It is illustrat
ed in Figure 8 (which neglects any mutual interaction between the phases).O This
pattern is known variously as phase overlap or as 11/, phases on” .0 1t will
be seen that the ¢ torque has been effectively doubled (because two phases are

“

now producing identical torque at the previous crossover point and the slopes o
f the torque curves have approximately the same magnitude). Because the peak tor
que is unchanged, the torque ripple is much smaller and the average torque has s
ignificantly increased.ll] Each phase is now used for one half of the phase perio
d, so the stator utilisation is increased.

Summary of Invention

Technical Problem

0 O Although this excitation regime is adopted for many drives, there are some a
pplications where a smoother torque is required without undue penalty on the cur
rent rating for the devices used to control the currents.

Solution to Problem

0 O In one aspect of the invention there is provided a method of controlling a b
rushless electrical machine as defined in claim 1.0 Further aspects of the inven
tion provide a control system as defined in claim 15 and a drive as defined in c

laim 16.

0 O In one embodiment, there is provided a method of controlling a brushless ele
ctrical machine to produce an output, wherein the output is torque or force.O Th
e method comprises energising a First phase of the machine in a conduction regio
n between a switch-on point and a switch-off point.0O The machine is energised in

response to an output demand to produce an output between an upper and a lower

output limit, respectively higher or lower than the output demand, compensating

for a non-linear relationship between the output of the brushless electrical mac
hine and current in the first phase.d The output between an upper and a lower ou
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tput limit is produced in response to the output demand from a beginning of the
conduction region to a detent region and from the detent region to an end of the
conduction region.d In the detent region, an output is produced at a detent lev
el .0 The detent level is below the lower limit.O In this way, stalling of the ma
chine at a detent position within the detent region is favoured.
0 O Advantageously, by controlling the brushless electrical machine to produce a
n output between upper and lower output tolerance limits outside the detent regi
on and to control the machine to drop the output below the lower tolerance limit
, a detent region within which the machine is more likely to stall can be define
d.0O This provides control over the stalling behaviour of the machine.
O O In ideal conditions, the upper and lower output limits would be the same (eq
ual to the output demand) so that the output would be ideally smooth or flat in
the conduction region.O In a real world context, the output fluctuations describ
ed above cannot be fully compensated so that the machine is controlled to produc
e an output at the output demand, which is substantially smooth or flat and vari
es between upper and lower limits due to uncompensated output fluctuations.O For
example, the upper and lower limits may be 5% on either side of the output dema
nd, with flatter output potentially achievable, for example with upper and lower
limits of 3% or even 1% or 2% on either side of the output demand (relative to
the output demand) .0 To achieve the substantially smooth or flat output any know
n output conditioning technique may be used, for example profiling of the curren
t (or other controlled quantity, such as flux) to achieve the desired smoothness
of the output.O The control and/or profiling may be based on feed forward contr
ol based on the characteristics of the machine or feedback control based on a su
itable feedback quantity, such as the output or variation of the output.O A comb
ination of feed forward and feedback control is equally possible.O The various p
ossible control schemes may employ sensorless forms of rotor position detection,
or position detection using rotor position detector hardware.d A combination of
sensorless and hardware forms of rotor position detection is equally possible.
0 O In some embodiments, the detent level is less than 96% of the output demand.
O For example, the detent level may be 95%.0 Lower or higher values for the dete
nt level are equally possible, although the detent effect is reduced for higher
values, while lower levels may introduce undesirable torque ripple.
0 O In some embodiments, the method may comprise energising respective second an
d third phases together with the first phase.] The second phase is energised tog
ether with the first phase for a first portion of the conduction region before t
he detent region and the third phase is energised together with the First phase
for a second portion of the conduction region after the detent region to produce
the output between the upper and lower limits.O These embodiments may use the e
nergisation scheme described above with reference to Figure 8 to facilitate smoo
thing the output.
0 O In some embodiments, as a result of controlling the machine to produce a sub
stantially smooth output, the current drawn by the Ffirst phase for a constant ou
tput demand is above a notional level iIn a second and fourth portion of the cond
uction region.0 The second and fourth portions of the conduction region are loca
ted between Ffirst, third and Fifth portions of the conduction region in which th
e current is below the notional level.d Thus, the current profile (whether as re
sult of direct current control or, for example, flux control) has two peaks with
a trough in between.O In some embodiments, the detent position is within the th
ird portion, that is the trough portion between the two peaks of the current pro
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file.O In this way, the detent region is placed such that the detent position is
within a region in which the current drawn by the first phase is relatively low
-0 This means that the thermal load corresponding to the current drawn by the ph

ase while stalling is reduced as compared to a situation in which the current dr

awn would be higher.O The notional level may be less than the average of the max

imum current In the conduction region of a first phase and the minimum current i

n the third portion of the conduction region of the first phase. The notional 1

evel may be less than the sum of 90% of the minimum current and 10% of the maxim

um current in the conduction region of the first phase.d In some embodiments, th

e minimum of current in the third portion of the conduction region of the first

phase occurs in the detent region.0 This results in the phase drawing minimum cu

rrent (or close to minimum current) when stalling in the detent region.

0 O In some embodiments, the brushless electrical machine is coupled to a load b

y a compliant torque transmission arrangement. The compliance of the transmissi

on arrangement means that the machine may move to a stall position within the de

tent region without movement of the load.Od In some embodiments, the brushless el
ectrical machine is coupled to one or more traction wheels of a vehicle, for exa
mple a loader as discussed below.

0 O In some embodiments, the brushless electrical machine has more than one phas

e and the method comprises varying the output demand between at least two levels
to cause the machine to stall at different detent positions, wherein each deten

t position is in a different phase.] This allows the thermal load associated wit

h the stall current to be shared between phases and thus can reduce heating of t

he machine in a stall condition.O In particular, in some embodiments, the output
demand is varied in response to detecting that the machine has stalled.O The di

fferent phases may be mutually adjacent and for brushless electrical machines wh
ich have n phases, the output demand may be varied between n levels (to cause st
all positions associated with each of the n phases to be visited).

O O In some embodiments, the brushless electrical machine has a rotor, that is 1

t Is a rotating machine with a torque output.[ However, the present disclosure 1

s equally applicable to embodiments in which the machine has a movable part arra

nged for linear motion relative to a stationary part and is thus a linear machin

e with an output of force.

0 O In some embodiments, the brushless electrical machine is a switched reluctan

ce machine.d In other embodiments, the brushless electrical machine may be a bru

shless DC machine or any other suitable type of brushless electrical machine.

0 O In some embodiments, the introduction of a detent region with an output at a
detent level is made speed-dependent.] To this end, for example, a speed of the
machine is determined and an output produced in the detent region at the detent
level if the speed is below a first value and at or above the lower level if th

e speed is above a second value.O The second value may be the same as the first

value and act as a threshold level.O Alternatively, the second value could be la

rger than the first value, for example by implementing a gradual transition from
the detent level to no output reduction at all as the speed increases from the

Ffirst to the second value.O This would reduce the risk of resonances being intro

duced in the machine/drive by the torque ripple associated with the periodic red

uction in output to the detent level in the detent region.

O O In other embodiments, there is provided a control system comprising means fo

r controlling a brushless electrical machine in accordance with the methods and

techniques described above.O In yet further embodiments, there is provided a dri
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ve comprising a brushless electrical machine and a control system coupled to the
brushless electrical machine.O The control system comprises a processor configu
red to cause the control system to control the brushless electrical machine in a

ccordance with the methods and techniques described above.

0 O The present invention can be put into practice in various ways, some of whic
h will now be described by way of example with reference to the accompanying dra

wings.

Brief Description of Drawings

Figure 1 shows a schematic axial cross-section of a switched reluctance machine;
Figure 2 shows a schematic diagram of a switched reluctance machine drive system

Figure 3 shows part of a power converter circuit suitable for a switched relucta

nce machine;

Figure 4(a) shows a chopping current waveform and its angular relationship to an
inductance profile;

Figure 4(b) shows a chopping current waveform incorporating freewheeling;

Figure 5 shows torque and current waveforms for one phase of a machine;

Figure 6 shows the waveforms of Figure 5 overlaid for the other phases of the ma

chine;

Figure 7 shows a torque waveform produced by exciting one phase at a time;

Figure 8 shows a torque waveform produced by overlapping phases;

Figure 9 shows a phase current profile for producing smooth torque over a given

rotor angle;

Figure 10 shows a phase current profile which overlaps with another to give smoo

th torque;

Figure 11 shows drive and load torques;

Figure 12 shows torque and current waveforms;

Figure 13 shows torque waveforms according to one aspect of the invention; and

Figure 14 shows torque waveforms according to another aspect of the invention.

Description of Embodiments

0 O Some types of load are particularly susceptible to torque ripple produced by
the prime mover and there are many techniques advocated for producing “ smooth

" torque, i.e. torque which has no significant variation with rotor position.l

Some of these techniques concentrate on mechanical solutions, e.g. modifying th

e profile of the rotor and/or stator poles, as disclosed in EP 0930694 (Randall)
-0 Other methods make the current a function of rotor angle, so that instead of

being constant (as was shown iIn Figures 5 to 8), the magnitude of the current is
varied during the conduction angle, as disclosed in US 6922036 (Ehsani).O These
latter techniques are generally described as “ current profiling” .

0 O The current profiling can be achieved in a variety of ways. One of the simp
lest methods follows from Figure 7 and uses one phase at a time.O During the ¢

angle for any phase, the current is modulated inversely to the shape of the torq

ue to keep the torque constant across the ¢ angle.d This is shown in Figure 9.

O In practice, however, there are three disadvantages to this approach.0 Firstly
, It is not possible to apply or remove the current to the phase instantaneously
.0 Secondly, as already discussed above with reference to Figure 7,0 the ¢ torq

ue is quite low when only one phase is energised at a time, so the output from t

he machine has been reduced from the average torque of Figure 7 (approximately t

wice the ¢ torque, depending on the actual wave shape) to the ¢ torque.O Thir

dly, because the current is only present over a small part of the electrical cyc
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le and because it has high peaks, it has a relatively high RMS value, leading to
relatively high winding losses for the torque produced.
0 O These disadvantages can be at least partly overcome by having two (or more)
phases energised at some rotor angles, In the same manner as was illustrated in
Figure 8 above.0 The rising and falling edges of the phase currents are now pro
Ffiled in such a way that the torque produced by the outgoing phase is co-ordinat
ed with the torque produced by the incoming phase to give the constant value of
torque required.d This is illustrated for one phase in Figure 10, where a consta
nt, ripple-free torque can be achieved for a much smaller current than for the a
rrangement in Figure 9.
0O O While the ¢ torque in Figure 10 is shown as a straight line corresponding t
o0 an ideally flat or smooth torque, in practice the torque output for a given to
rque demand will Fluctuate somewhat about the torque demand, between an upper an
d lower level of acceptable torque fluctuation, for example due to model inaccur
acies or limited feedback gains.O As a result, in a real-world implementation, t
he torque output will be substantially flat or smooth, allowing for noise, inacc
uracies or design constraints in the control process.
0 O There are many different methods available for choosing the profile of the c
urrent to achieve this smooth torque, since there is no unique solution for the
individual phase currents. For example: the paper “ Torque ripple minimisation
for variable reluctance motors” , by Hung, JY in Mechatronics, Vol 4,0 No 8, 199
4,0 pp 785 - 794 discusses a very simple method,O which ignores the problem of s
aturation in the magnetic circuits; “ Optimum commutation-current profile on tor
que linearization of switched reluctance motors” 0O by Schramm, DS, Williams, BW
& Green TC, in the Proceedings of the International Conference on Electrical Mac
hines, 15-17 Sept 1992, Manchester, UK, Vol 2, pp 484 - 488 discloses a more com
plex method using look-up tables; and “ A fuzzy iterative approach for determina
tion of current waveform for switched reluctance motors using a torque sharing F
unction at positive and negative torque production regions” by Gobbi, RO &0 Sah
00, NC in the Proceedings of the 30th Annual Conference of the Industrial Electr
onics Society, 02-06 Nov 04,0 Busan, Korea,O Vol 4,0 pp 3172 - 3177 invokes fuz
zy logic methods to iterate towards a solution for the individual phase currents
0 O Common to all these methods is the energisation of a phase such that it carr
ies a current that varies with rotor position to compensate (as fully as possibl
e or partially) for the nonlinear relationship between the phase current and tor
que generated by the phase.l Generally, the resulting current waveform will have
two peaks with a trough in between to reflect torque generation characteristics
which produce a higher torque for a given current in a middle region of the pha
se conduction region.
0 O While the production of essentially ripple-free torque is often regarded as
the best solution for applications requiring electrical drive systems, there is
a class of applications where, surprisingly, this is not always the best overall
solution.O It is not uncommon that the torque required by the load exceeds that
available from the drive, causing the system to stall_0 This can happen acciden
tally, or can be a deliberate event used to hold the load at a particular positi
on.0 For example, if a hoist is being driven by a drive system and it is desire
d to hold the load at a particular height, then the load could be driven to a po
sition and the torque reduced until the load is held at that position, thus avoi
ding the need to apply a brake.O A further example is a traction drive for a veh
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icle which is scooping up loose material, e.g. a loader, where the vehicle is dr
iven into a pile of material and held there while another operation is performed
-0 This type of system is made more complicated by the presence of significant c
ompliance in the rubber tyres which transmit the torque of the drive system to t
he ground.d When the vehicle is moving along a smooth, constant gradient surface
at steady speed, the compliance in the transmission of torque has no effect on
the drive. However, if a stall condition is encountered, the tyres “ wind up”
as the drive continues to apply torque but the vehicle is prevented from moving.
0 O This is illustrated in Figure 11, where a smooth torque is supplied by the d
rive and winds up the compliance of the tyre until the tyre develops a torque eq
ual to the drive torque, Point X.0O Typically, the gearing of a vehicle is such t
hat the motor will have gone through many phase cycles, and possibly have turned
several revolutions, in the wind-up process.O It follows that a very small vari
ation in the compliance (which could easily be caused by a change in ambient tem
perature, for example) could make a large difference to the particular position
in the phase cycle where the rotor stops.[ Reference to Figure 9 or Figure 10 sh
ows how the stall current could therefore easily change by a factor of 2 or 3. 1
t follows that the associated losses in the winding and switching devices vary g
reatly, which leads to difficulty with the thermal management of the drive.
0 O In order to control or influence the rotor position at which the drive stall
s, the current profile of the phase winding is altered in a detent region in the
conduction region to ensure that the drive will stall at a point (or detent pos
ition) where the phase current is at or near its lowest value, thus minimising t
he associated losses in the drive system.O Figure 12 shows a small dip introduce
d to the current profile of Figure 10 in a detent region DR to encourage stallin
g of the drive at a detent position within the detent region.O This produces a c
orresponding dip in the torque, as shown.O When this torque waveform is applied
to the tyre compliance, it will be seen from Figure 13 that the drive stalls at
the torque dip, corresponding to the lowest current.O This has the beneficial e
ffects of not only controlling the rotor angle at which the drive stalls, but en
suring that the stall point is in the detent region at the lowest point in the c
urrent profile.l Further, if the drive is a 3-phase drive, inspection of Figures
8 and 12 will show that, since the dip is placed in the middle third of the cur
rent waveform, there is no current iIn the adjacent phases at that point.0O This
further eases the thermal management of the drive.
0 O This technique is counter-intuitive, since it re-introduces some torque ripp
le to the output of the machine, which would normally be considered something to
avoid.O However, it is seen from the description above that the controlled depa
rture from the smooth torque of Figure 9 or Figure 10 can be used to bring an ov
erall benefit to the drive system by greatly easing the difficulties of thermal
management under stall conditions.
0 O The amount of torque dip needed will depend, inter alia, on the amount of co
mpliance in the transmission of torque and the gearing between an electrical cyc
le of the machine and the load, but a typical value for a large industrial vehic
le would be to introduce a torque dip of around 5% of the output torque.
0 O Conceptually, a notional current level 30 can be drawn in Figure 12 to divid
e the conduction region into five portions: two flanking portions A and E; a mid
dle portion C in which the current is below the notional level; and two in-betwe
en portions B and D in which the current is above the notional level.O Some bene
Ffit of stall current reduction can be achieved where the current (and hence torq
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ue) dip is introduced in the middle portion, where the current is lower than in
the in-between portions.O The benefit is higher, the lower the notional level. O
ptimum or near optimum stall current reduction may be achieved if the detent reg
ion is chosen to include the lowest point of the middle portion.O By choosing th
e dip to occur in the middle portion, the current drawn by adjacent phases in so
me energisation schemes may also be reduced, depending on the positioning of the
dip, the energisation scheme and the number of phases iIn the machine.
O O 1t may be useful to make the introduction of a detent region speed-dependent
, SO that a detent region is only introduced when the drive is operating at low
speeds or when the speed is approaching zero and a stall condition is likely.O T
his would reduce any possibility of the ripple in the torque causing resonances
in the drive train.
0 O While the technique described above can be used to greatly reduce the proble
m of thermal management in the stall condition, the loss is still concentrated i
n one phase winding and the phase leg of the converter supplying that phase. IFf
the drive is stalled for a prolonged period, thermal limits may still be a consi
deration. A further aspect of the invention will now be described which can bene
Fficially further improve the drive system.O Inspection of Figures 12 and 13 will
show that adjacent torque dips (and hence adjacent detent/stall positions) are
associated with adjacent phases of the machine.O It will be seen that, if the to
rque output is varied by a relatively small amount, the tyre torque line will in
tersect the drive torque profile on different dips.0d This is illustrated in Figu
re 14, which shows an enlarged portion of Figure 13.

O O In Figure 14, the drive torque has been varied from its original value T to
an increased value Ti and to a reduced value Tr.O It will be seen that the load
now causes the system to stall at new detent positions Xi and Xr, depending on
the torque developed.d The positions Xi, X and Xr each correspond to a position
in the three phases of the machine used in this example.O It will be clear that,
for a system with a higher number of phases, a corresponding effect will be pro
duced.d In this way, the thermal load of the stall condition can be spread over
some or all of the phases in the drive.Od For clarity, Figure 14 has shown an exa
ggerated view of the movement on the angular scale but in practice the movement
is relatively small and would not produce adverse effects on the load.O While a
similar effect might be obtained with a system which does not use profiled phas
e currents, the embodiment described above enables a controlled movement from on
e phase to another and ensures that the points at which the drive settles all co

rrespond to the lowest obtainable thermal load on the drive.
O O The description above has illustrated the use of current profiling throughou
t the conduction angle. This can be implemented with the current controllers co
mmonly used in drive systems.[ The invention, however, can be put into effect by
using other parameters to control the level of energisation in the machine, e.g
., the drive may include a flux controller and the energisation may be controlle
d by monitoring the flux in the machine and controlling it to follow a predeterm
ined profile.
0 O The description above has been made in terms of the example of a rotating ma
chine having a rotor arranged for rotation relative to a stator to produce an ou
tput torque.d The above description is equally applicable to linear machines hav
ing a moveable member linearly moveable relative to stationary member to produce

an output force.O 1t will be understood that in such a case reference to “ roto

” “ “ “

rr, rotation” , torque” , angle” , etc, can be replaced accordingly.
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0 O The invention in its various embodiments provides a torque control technique
for electronically switched brushless machines of various types, and is particu
larly suited to switched reluctance machines.O It allows close control of the th
ermal behaviour of the drive system. The disclosed embodiments illustrate a sign
ificant benefit, in that the additional control scheme can be incorporated into
an existing control system with minimal modification. It will be apparent to the
skilled person that various modifications and changes can be made to the specif
ically disclosed embodiments without departing from the invention.O The inventio
n is to be limited only by the scope of the following claims.
1. A method of controlling a brushless electrical machine to produce an output,
wherein the output is torque or force, the method comprising energising a first
phase of the machine, in a conduction region between a switch-on point and a swi
tch-off point, in response to an output demand, compensating for a nonlinear rel
ationship between the output of the brushless electrical machine and current in
the first phase to produce an output between an upper and a lower output limit,
respectively higher and lower than the output demand, wherein the first phase is
energised to produce the output between the upper and lower output limits from
a beginning of the conduction region to a detent region and from the detent regi
on to an end of the conduction region and to produce an output at a detent level
in the detent region below the lower limit, thereby favouring stalling of the m
achine at a detent position within the detent region.
2. A method as claimed in claim 1, wherein, for a constant output demand, the cu
rrent drawn by the Ffirst phase is above a level in a second and fourth portion o
T the conduction region between, respectively, a first and third portion of the
conduction region and the third portion and a fifth portion of the conduction re
gion, the current being below the level in the first, third and Fifth portion of
the conduction region, and wherein the detent position is within the third port
ion of the conduction region.
3. A method as claimed in claim 2, in which the level does not exceed the averag
e of the maximum current in the conducting region and the minimum current in the
third portion.
4. A method as claimed in claim 2 or claim 3, in which the minimum current in th
e third portion occurs in the detent region.
5. A method as claimed in any one of claims 1 to 4, in which the detent level is
less than 96% of the output demand.
6. A method as claimed in any one of claims 1 to 5, the method further comprisin
g energising respective second and third phases together with the first phase fo
r a first portion of the conduction region before the detent region and for a se
cond portion of the conduction region after the detent region to produce the out
put between the upper and lower limits.
7. A method as claimed in any one of claims 1 to 6, wherein the brushless electr
ical machine has more than one phase, each phase being energised as the first ph
ase in any one of the preceding claims, the method comprising varying the output
demand between at least two levels to cause the machine to stall at different d
etent positions, wherein each of the different detent positions is in a differen
t phase.
8. A method as claimed in claim 7, wherein the output demand is varied iIn respon
se to detecting that the machine has stalled.
9. A method as claimed in claim 7 or claim 8, in which the different phases are
mutually adjacent.
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10. A method as claimed in claim 7 or claim 8, wherein the brushless electrical
machine has n phases and the output demand is varied between n levels.

11. A method as claimed in any one of claims 1 to 10, wherein the method compris
es determining a speed of the machine and producing an output in the detent regi
on at the detent level if the speed is below a first value and producing an outp
ut in the detent region at a level at or above the lower level if the speed is a
bove a second value, wherein the second value is equal to or greater than the fTi
rst value.

12. A method as claimed in any one of claims 1 to 11, wherein the brushless elec
trical machine has an output of torque or force and is coupled to a load through
a compliant transmission arrangement for transmitting the output to the load.
13. A method as claimed in any one of claims 1 to 12, wherein the brushless elec

trical machine is coupled to one or more traction wheels of a vehicle.

14_. A method as claimed in any one of claims 1 to 13, wherein the brushless elec
trical machine is a switched reluctance machine.

15. A control system comprising means for controlling a brushless electrical mac
hine in accordance with any one of claims 1 to 14.

16. A drive comprising a brushless electrical machine and a control system coupl
ed to the brushless electrical machine, the control system comprising a processo
r configured to cause the control system to control the brushless electrical mac
hine in accordance with a method as claimed in any one of claims 1 to 14.

1.0 Abstract

A brushless electrical machine has at least one phase winding which produces tor
que to drive a load.O The control system for the machine is able to vary the flu
X and current supplied to a phase so as to vary the torque output as a function

of the rotor position.O The energisation is reduced at particular angles to prod
uce a dip in the torque profile, thus ensuring that, if the drive stalls, i1t doe
s so at a predetermined position, for example where the losses in the drive are

minimised.

2.0 Representative Drawing

Figure 12
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