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(57) ABSTRACT 

A switched reluctance machine uses a Hall-effect device to 
detect the ?ux in the ?ux path for each machine phase. The 

(73) Assignee; Switched Reluctance Drives Limited ?ux signal from the Hall-effect device is fed back to a 
controller Which compares the ?ux feedback With a demand 

(21) App1_ NO_; 09/738,468 signal to produce an error signal. The error signal is used to 
control the machine ?ux using a control laW function 

(22) Filed: Dec. 15, 2000 actuating timed sWitches for each phase. 
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BRUSHLESS MACHINE CONTROL 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] The subject matter of this application is related to 
the subject matter of Application No. GB 9929995.0, ?led 
Dec. 17, 1999, priority to Which is claimed under 35 U.S.C. 
§ 119 and Which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates to the control of electroni 
cally sWitched, brushless machines, such as sWitched reluc 
tance machines, permanent magnet machines and hybrids 
thereof. 

[0004] 2. Description of Related Art 

[0005] The typical sWitched reluctance machine, for 
example, comprises a rotor, de?ning rotor poles, a stator 
de?ning stator poles, and a set of Windings arranged in 
relation to the stator poles to de?ne one or more phases. In 
a reluctance machine, energiZation of one or more phase 
Windings sets up a magnetic ?ux circuit including the 
associated stator poles, urging the rotor into a position of 
minimum reluctance. Timing the sequential energiZation of 
the Windings according to rotor position induces rotor move 
ment. SWitched reluctance machines are Well knoWn. 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, Jun. 
21-24, 1993 Which is incorporated herein by reference. As is 
Well knoWn in the art, these machines can be operated as 
motors or generators simply by altering the timing of the 
application of the excitation to the phase Windings. 

[0006] As explained in the above paper, the method of 
torque production in a sWitched reluctance machine is quite 
different from that in conventional machines, e.g. induction 
or synchronous machines, Which are operated by rotating 
Waves of magneto-motive force and in Which the 
torque is produced by the interaction of a magnetic ?eld With 
a current ?oWing in a conductor. Such machines are knoWn 
as ‘electromagnetic’ machines and encompass, e.g., so 
called brushless DC machines in Which the current is in 
stator coils and the ?eld is produced by permanent magnets 
on the rotor. By contrast, sWitched reluctance machines are 
purely ‘magnetic’ machines, Where the torque is produced 
solely by the magnetic ?eld as the reluctance of the magnetic 
circuit changes. These machines require the use of perma 
nent magnets. The rotor and the stator are made of unmag 
netiZed, but magnetiZable metal, such as electrical sheet 
steel Which is a typical “soft” magnetic material. It folloWs 
that the methods of controlling the tWo types of machine are 
quite different, since the control is related to the method of 
torque production. In general, the control methods used for 
conventional sinusoidally fed conventional machines are 
quite inappropriate for sWitched reluctance machines. 

[0007] FIG. 1 shoWs a typical sWitched reluctance 
machine in cross section. In this example, the stator 10 has 
six stator poles 12, and the rotor 14 has four rotor poles 16. 
Each stator pole carries a coil 18. The coils on diametrically 
opposite poles are connected in series to provide three phase 
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Windings. Only one phase Winding is shoWn, for clarity. The 
control of the sWitched reluctance machine can be achieved 
in a variety of Ways. The machine could be controlled in an 
open-loop fashion, i.e. as commonly used for stepping 
motors. In this regime, the phase Windings in the machine 
are sent pulses in turn and it is assumed that the rotor lines 
up With each pair of stator poles in turn, i.e. the position of 
minimum reluctance for that phase Which is excited. Of 
course, because the system is open-loop, there are no means 
of knoWing if the rotor has moved or not. To remove this 
uncertainty, it is conventional to use a rotor position detec 
tion scheme of some sort Which provides a signal represen 
tative of rotor position. The excitation can then be applied as 
a function of the position. Such machines are often referred 
to as “rotor position sWitched machines”. 

[0008] Since current in the Windings is relatively easy to 
measure, closed-loop control is commonly accomplished by 
monitoring and controlling the energiZing current in the 
Windings. HoWever, the desired output of the machine is 
usually torque, position or speed, and current has a highly 
non-linear relationship to all of these. The result is that 
current control techniques generally have inaccuracies in the 
output, such as torque ripple, position error or speed error. 

[0009] A typical sWitched reluctance drive is shoWn in 
FIG. 2. In this example, the machine 36 corresponds to that 
shoWn in FIG. 1. The three phase Windings A, B and C are 
sWitched onto a dc. supply V by a set of poWer electronic 
sWitches 48. The moments at Which the sWitches operate are 
determined by the controller 38, Which may be implemented 
either in hardWare or in the softWare of a microcontroller or 
digital signal processor. The ?ring signals are sent to the 
sWitches via a data bus 46. Closed loop current feedback is 
provided by sensing the phase currents by a current sensor 
44 and feeding back a signal proportional to phase current. 
The control algorithms often include a proportional (P), 
proportional-plus-integral (P+I), time optimal, feedback lin 
eariZed, proportional/integral/derivative (PID) function, or 
one of many others as is Well understood in the art. It is also 
common for an outer control loop of position or speed to be 
provided by feeding back a rotor position signal from a 
position detector 40. 

[0010] In operation, a current demand iD on line 42 is 
provided to the controller and this regulates the current in the 
Windings, according to the particular control scheme 
adopted, to produce the desired output from the machine. 
Those skilled in the art Will be familiar With the many 
variations of current controllers Which exist, each of Which 
has its oWn merits, but all of them suffer from the problems 
of non-linearity betWeen the controlled variable and the 
machine output described above. 

[0011] It has been recogniZed by the inventor that the more 
fundamental control variable in a sWitched reluctance 
machine is the ?ux Which is set up in the magnetic circuit in 
the machine When a phase Winding is energiZed. The ?ux is 
directly responsible for the force Which acts on the rotor to 
urge it to a position of minimum reluctance, i.e. to pull the 
rotor round, With respect to the energiZed stator poles. 
Embodiments of this invention use closed loop determina 
tion and control of ?ux to achieve much better performance 
from the machine than has hitherto been possible With 
closed loop control of current. 

[0012] In the paper ‘Torque Control of SWitched Reluc 
tance Drives’ by P. G. Barrass and B. C. MecroW, ICEM 96 



US 2001/0004196 A1 

Proceedings, International Conference on Electrical 
Machines, Sep. 10-12, 1996, Vigo, Spain, Vol 1, pp 254-259, 
incorporated herein by reference, there is a proposal to 
provide torque control by reference to ?ux linkage reference 
Waveforms using a look-up table that stores ?xed values of 
?ux ramps for co-ordinates of supply voltage, phase current 
and rotor position. The ?ux values and co-ordinates are 
speci?c to a particular motor. At any instant the pre-stored 
values of ?ux and torque are chosen from fed back mea 
surements of phase current and the stored machine data. 
There is a ?xed relationship betWeen the monitored vari 
ables and the values of the ?ux Waveforms in the look-up 
table that are used to produce an output for a given motor. 
This system is essentially still a closed loop current con 
troller, since the parameter fed back and the parameter 
controlled is current. 

[0013] Up to noW it has not been proposed to control ?ux 
Without deriving or estimating values based on stored ?xed 
values particular to a machine and its characteristics, based 
on the feedback of phase current. 

SUMMARY OF THE INVENTION 

[0014] According to embodiments of the present invention 
there is provided a brushless electrical machine comprising: 
a rotor; a stator; at least one phase Winding arranged to 
establish ?ux in a magnetic circuit in the machine; and 
transducer means arranged in relation to the magnetic circuit 
to produce a ?ux signal indicative of the ?ux in a ?ux path 
associated With the at least one phase Winding. 

[0015] According to embodiments of the invention the 
machine, Which can be run as a motor or a generator, derives 
the ?ux signal indicative of the ?ux itself from the magnetic 
circuit. The ?ux signal may be the output of a transducer 
arranged to measure directly the ?ux in the magnetic circuit. 

[0016] The transducer means may be arranged directly in 
the ?ux path. To avoid the transducer being an excessive 
contributor to the reluctance of the magnetic circuit, it may 
be arranged in the ?ux path but so that it only takes up a 
fraction of the area of the ?ux path. The transducer means 
can conveniently be arranged in a recess of a pole face of a 
stator pole or be deposited on a pole face. 

[0017] The transducer means can be any device knoWn to 
produce an output that is indicative of the ?ux present. One 
example is a Hall-effect device that produces a voltage 
output that is directly proportional to the ?ux. 

[0018] Embodiments of the invention enable direct ?ux 
control of the machine Which has been found to be more 
accurate and is more amenable to on-line adaptation than the 
current-based control previously used. It uses a real-time 
determination of ?ux, as opposed to a selection from a set of 
stored values. It is, thus, adaptable to different types of 
machine and is not dedicated to a speci?c machine. 

[0019] Embodiments of the invention also extend to a 
brushless electrical machine drive system comprising a 
brushless electrical machine having a rotor, a stator and at 
least one phase Winding arranged to establish ?ux in a 
magnetic circuit in the machine; transducer means arranged 
in relation to the magnetic circuit to produce a ?ux signal 
indicative of the ?ux in a ?ux path associated With the at 
least one phase Winding; sWitch means electrically con 
nected With the at least one phase Winding; and ?ux control 
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means having an input signal representing the demanded 
output of the machine, Which control means are responsive 
to the input signal and the ?ux signal to produce control 
signals for controlling the ?ux in the or each phase Winding. 

[0020] The ?ux control means are responsive to the input 
signal and the ?ux signal to produce the control signals 
according to a proportional, proportional-plus-integral, pro 
portional/integral/derivative, time optimal or feedback lin 
eariZed control laW. 

[0021] Preferably, the ?ux control means further includes 
means for timing the control signals for actuating the 
excitation means. 

[0022] Embodiments of the invention also extend to a 
method of controlling a brushless electrical machine having 
a rotor, a stator and at least one phase Winding, the method 
comprising: arranging transducer means in a magnetic cir 
cuit of the machine to produce a ?ux signal indicative of the 
?ux in the at least one phase Winding; producing an input 
signal representing the demanded output of the machine; 
controlling energiZation of the at least one phase Winding in 
response to the input signal and the ?ux signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] The present invention can be put into practice in 
various Ways, some of Which Will noW be described by Way 
of example With reference to the accompanying draWings in 
Which: 

[0024] FIG. 1 is a schematic diagram of a knoWn sWitched 
reluctance machine; 

[0025] FIG. 2 is a schematic diagram of a knoWn closed 
loop current controller for a sWitched reluctance machine; 

[0026] FIG. 3 is a schematic block diagram of a control 
system for a sWitched reluctance machine incorporating an 
embodiment of the invention; 

[0027] FIG. 4a is a schematic axial cross-section of a 
reluctance machine according to the invention; and 

[0028] 
FIG. 4a. 

FIG. 4b is a radial cross-section of the machine of 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0029] Referring to FIG. 3, a ?rst embodiment of a 
sWitched reluctance drive system according to the invention 
includes a sWitched reluctance machine 36 having a lami 
nated stator 10 and a laminated rotor 14, both made from soft 
magnetic material, for example electrical sheet steel, in 
relation to Which is arranged a rotor position transducer 
(RPT) 40. A ?ux controller 50 produces ?ring signals for 
actuating poWer electronic sWitches 48 for controlling the 
energiZation of the phase Windings A, B and C associated 
With the stator 10. The schematically illustrated connection 
of only one phase Winding is shoWn for the sake of clarity, 
but each phase is independently excitable by actuation of the 
sWitches. In an alternative embodiment, the excitation for 
the Windings is provided by an ampli?er of knoWn type. 

[0030] The ?ux controller 50 is provided With three feed 
back signals: rotor position signals 0 from the RPT 40; phase 
current signals i from the current transducer 44; and ?ux 
signals 11) proportional to the measured ?ux in the phase 
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Winding. It Will be appreciated that each phase Winding Will 
have associated With it a current transducer 44 for the current 
signals 1. Only one is shoWn for the sake of clarity. The input 
42‘ to the ?uX controller 50 is a signal representing the 
desired ?uX wD in the machine to produce a desired output. 
In operating the machine as a motor, the desired output is 
torque, speed or position. In operating the machine as a 
generator, the desired output is electrical poWer. 

[0031] The ?uX controller of FIG. 3 is quite different in 
operation from the controller of FIG. 2. Instead of a current 
demand controlling the output of the machine, the output is 
controlled directly by a ?uX demand: instead of current 
being the principal parameter fed back to correct the output, 
?uX is noW the principal feedback parameter. This is quite 
different from all knoWn practicable controllers for sWitched 
reluctance machines. 

[0032] FIG. 3 shoWs the ?uX controller receiving a ?uX 
feedback signal. In one embodiment of the invention, shoWn 
in FIG. 4, this signal is produced by a Hall-effect device 60 
Which gives an electrical output that is directly proportional 
to the ?uX. FIG. 4(a) shoWs an aXial cross-section of a 
machine 36‘ suitable for use in the present invention. VieWed 
along the aXis of the machine, at a point along the stator core 
10‘ of the machine, a recess is formed in the pole face. The 
Hall-effect device 60 is mounted in the recess. A radial 
cross-section AA through the device is shoWn in FIG. 4(b). 
The device 60 could be mounted on the surface of the 
unmodi?ed pole face of the stator pole, but space in the air 
gap betWeen aligned rotor and stator poles is limited. In 
either case the device is in the ?uX path. While the presence 
of the Hall-effect device 60 increases the reluctance at the 
position in Which the rotor and stator poles are aligned, the 
effect of its presence on the reluctance of the ?uX path is 
negligible as a proportion of the overall ?uX path in the stack 
of laminations. The Hall-effect device 60 is directly in the 
?uX path for that phase. As is Well-knoWn, the output of the 
Hall-effect device is a voltage signal directly proportional to 
the magnitude of the ?uX to Which it is eXposed. Therefore 
it acts as a ?uX transducer indicating the ?uX in the ?uX path 
for that phase, and the signal is fed back to the ?uX controller 
50 as shoWn in FIG. 3. For the sake of clarity, only the 
Hall-effect device for one phase is shoWn but it is to be 
understood that a similar device is provided for each phase 
or in each airgap of the machine. 

[0033] The Hall-effect device 60 is situated in the main 
?uX path of phase A and gives a reliable measurement of the 
?uX to Which it is eXposed. Its output can be scaled to 
account for the length of the stator core 10‘ and also for any 
fringing effects Which occur at the ends of the core. The ?uX 
transducer 60 need not be positioned as shoWn in FIG. 4—it 
may be placed anyWhere in relation to the magnetic circuit 
Where it can give an output Which reliably transduces the 
magnitude of the ?uX in the machine. The indication of the 
?uX is preferably directly or inversely proportional to the 
transducer output. It need not be linearly proportional as 
long as the output can be scaled and is an unambiguous 
indication of ?uX Without reference to other machine param 
eters or operating conditions. 

[0034] FIG. 4 shoWs a Hall-effect device Which is small 
relative to the dimensions of the pole 18. In an alternative 
embodiment, a thin layer of Hall-effect material is deposited 
on the pole face to form a larger transducer. In a yet further 
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embodiment, a layer of magneto-resistive material is placed 
in the ?uX path to provide a signal proportional to ?uX in the 
magnetic circuit. It Will be clear to the skilled person that any 
transducer Which indicates the magnitude of ?uX and pro 
vides a suitable output signal can be used in this invention. 
Examples of other useful transducers are a Gaussmeter and 
a superconducting interference device (SQUID). 

[0035] In the ?uX controller 50 of FIG. 3, the ?uX feed 
back signal 11) is compared With the demanded ?uX on line 
42‘ to produce an error signal. The ?uX controller can folloW 
any one of a range of control laWs, such as proportional, 
proportional-plus-integral, proportional/integral/derivative, 
time optimal, feedback lineariZed. 

[0036] The machine 36‘ also has a conventional RPT 40, 
Whose output 0 provides timing information to the ?uX 
controller 50 in conventional manner. Alternative embodi 
ments use so-called sensorless position detection systems 
Which estimate position from other parameters of the 
machine, as is knoWn in the art. The ?uX controller 50 may 
also receive a current signal i from the current transducer 44, 
though this is not used in the manner of a conventional 
current controller: rather, it is used simply to provide overall 
monitoring of current to ensure that it stays Within a prede 
termined safe level. The ?uX controller 50 produces ?ring 
signals for the sWitching devices 48 that control energiZation 
of the phase Windings. 

[0037] The invention provides a ?uX control technique for 
electronically sWitched brushless machines of various types. 
It produces a real-time signal of the ?uX in the magnetic 
circuit of the machine to Which a reference value of ?uX can 
be compared to control the machine output. It Will be 
apparent to the skilled person that various modi?cations and 
changes can be made to the speci?cally disclosed embodi 
ments Without departing from the invention. The invention 
is to be limited only by the spirit and scope of the folloWing 
claims. 

What is claimed is: 
1. A brushless electrical machine comprising: 

an unmagnetiZed rotor; 

an unmagnetiZed stator; 

at least one phase Winding arranged to establish ?uX in a 
magnetic circuit in the machine including the rotor and 
stator; and 

transducer means arranged in relation to the magnetic 
circuit to produce a ?uX signal indicative of the ?uX in 
a ?uX path associated With the at least one phase 
Winding. 

2. A machine as claimed in claim 1 in Which the trans 
ducer means includes a Hall-effect device. 

3. A machine as claimed in claim 1 in Which the trans 
ducer means is arranged in the ?uX path. 

4. A machine as claimed in claim 3 in Which the rotor 
de?nes rotor poles and the stator de?nes stator poles, the 
rotor and the stator being arranged for relative rotation to 
de?ne an air gap betWeen coincident rotor and stator poles, 
the transducer means being disposed adjacent the said air 
gap. 

5. A machine as claimed in claim 1 in Which the trans 
ducer means is attached to the stator pole of the at least one 
phase Winding. 
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6. A machine as claimed in claim 5 in Which the stator 
poles de?ne pole faces, the transducer means being mounted 
on one of the pole faces of the at least one phase Winding. 

7. A machine as claimed in claim 6 in Which the stator has 
an aXial dimension, the transducer means being mounted 
part Way along the said aXial dimension. 

8. A machine as claimed in claim 1 in Which transducer 
means is operable to produce the ?ux signal as a voltage or 
current directly proportional to the ?uX. 

9. A machine as claimed in claim 1 constructed as a 
reluctance machine. 

10. Abrushless electrical machine drive system compris 
mg: 

a brushless electrical machine having a rotor, a stator and 
at least one phase Winding arranged to establish ?ux in 
a magnetic circuit in the machine; 

transducer means arranged in relation to the magnetic 
circuit to produce a ?uX signal indicative of the ?uX in 
a ?uX path associated With the at least one phase 
Winding; 

sWitch means electrically connected With the at least one 
phase Winding; and 

?uX control means having an input signal representing the 
demanded output of the machine, Which control means 
is responsive to the input signal and the ?ux signal to 
produce control signals for controlling the ?ux in the or 
each phase Winding. 

11. A system as claimed in claim 10 in Which the 
transducer means is a Hall-effect device. 

12. A system as claimed in claim 10 in Which the 
transducer means is arranged in the ?uX path of at least one 
phase Winding. 

13. A system as claimed in claim 12 in Which the rotor 
de?nes rotor poles and the stator de?nes stator poles, the 
rotor and stator being arranged for relative rotation to de?ne 
an air gap betWeen coincident rotor and stator poles, the 
transducer means being disposed adjacent the air gap. 

14. A system as claimed in claim 12 in Which the 
transducer means is attached to the stator pole for the at least 
one phase Winding. 
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15. A system as claimed in claim 14 in Which the stator 
poles de?ne pole faces, the transducer means being mounted 
on the pole face of one of the stator poles for the at least one 
phase Winding. 

16. A system as claimed in claim 15 in Which the stator 
has an aXial dimension, the transducer means being mounted 
part Way along said aXial dimension. 

17. A system as claimed in claim 10 in Which the 
transducer means is operable to produce the ?ux signal as a 
voltage or current directly proportional to the ?uX. 

18. A system as claimed in claim 10 constructed and 
arranged as a sWitched reluctance machine drive. 

19. A system as claimed in claim 10 in Which the ?uX 
control means is responsive to the input signal and the ?uX 
signal to produce the control signals according to a propor 
tional, proportional-plus-integral, proportional/integral/de 
rivative, time optimal or feedback lineariZed control laW. 

20. A system as claimed in claim 10, including rotor 
position detection means operable to produce a rotor posi 
tion signal indicative of the position of the rotor relative to 
the stator, and in Which the ?ux control means include 
timing means responsive to the rotor position signal for 
timing the control signals for controlling the ?uX in the at 
least one phase Winding. 

21. A system as claimed in claim 10 in Which the input 
signal to the ?uX control means is a ?ux demand signal. 

22. Amethod of controlling a brushless electrical machine 
having a rotor, a stator and at least one phase Winding, the 
method comprising: 

arranging transducer means in a magnetic circuit of the 
machine to produce a ?ux signal indicative of the ?uX 
in the at least one phase Winding; 

producing an input signal representing a demanded output 
of the machine; and 

controlling energiZation of the at least one phase Winding 
in response to the input signal and the ?ux signal. 


