CONTROLLER-FOR A :SW TCHED RELUCTANCE MACHI NE This invention relates to
contfol systens for swi tched reluctance nachines. Mre particularly, this
5 " invention relates to circuitry and a- nethod fomntrolling a
swi tched rel uctance nmachine that elimnates the need for a Bl | aw
tablig. The circuit and nmethod of the presenl invention are applicable to
all four quadrants of the torque/speed plane of operation. 10

Electric notors turn electrical energy into nechanical energy to
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rotor) and 2hereby energizing the windings to produce a resultant

r_nagne_tic' field. Mechanical forces of attraction caused

15 - Dby the magnetic field cause a rotor in an electric motor

~to move. The efficiency of the electric motor depends in

part on the timing and magnitude of each application of

voltage to the motor. Timing of the voltage being
applied is particularly important in the case of switched
20 reluctance motors.

Historically, the switched reluctance motor was
thought to be incapé.ble of competing effectively with
other types of motors. Moré recently however, a better
understanding of motor design and the application of

25 electronically controlled switching has resulted in a
robust switched reluctance drive capable of high levels
of performance over a wide range of sizes, powers and
speeds. Note that the term ‘motor’ is used here, but it
will be appreciated by those skilled in the art that the

30 term covers the same machine in a generating mode unless
a particular distinction is made.

The switched reluctance motor is generally
constructed without conductive windings or permanent
magnets on the rotating part | (called the rotor) and



I ncl udes wi ndings carrying currents on the stationary part (called the
stator). Comuonl vy, pairs of dianmetrically opposed stator poles may
be connected in series or parallel to formone phase of a potentially 5

mul ti - phase switched reluctance notor. Mtoring torque is devel oped by
appl ying voltage to each of the phase w ndi ﬁgs,i n a predeterm ned sequence
that is synchroni-zed with the angul ar position of the rotor so that a
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The general theory of design and operation of

d

15 switched reluctance motors is well known and discussed,
for example in The Characteristics Desi and

Applications of Switched Reluctance Motors and Drives, by
Stephenson and Blake and presented at the PCIM ‘93
Conference and Exhibition at Nirnberg, Germahy, June 21-

20 24, 1993.
There have been various strategies proposed in the

paét for controlling switched reluctance motors as part
' of an overall variable speed drive system. In general,
' these strategies may be divided into two broad groups:

25 systems that employ current magnitude control over a
" fixed angle of rotor rotation, and systems that employ
voltage control over varying angles of rotor rotation.
The present invention is directed to systems that employ
voltage control. . .

30 In general, "phase period" herein refers to the
period between the rotor’s position when a first rotor'_
pole is completely aligned with the stator pole of
interest and the rotor’s position when an adjacent rotor
‘polé is aligned with that stator pole. Depending on the



3 nunber of rotor and stator poles there may be a nunber of phase periods
for each conplete rotation of the rotor. Typically, systens that enploy
curfent magni tude. control operate to control the torque of a switched 5
reluctance notor by controlling the anplitude of the current in the phase-
wi nding during each phase period. In known3swi tched reluctance notor
systens, the motoring firing control is arranged such that the current in

t he phase windings drops to _zero at or near the point where 10 a rotor
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15 _ At standstill and at low speeds,'the torque can be
' controlled by varying the current in the phase over the
portion of the phase period during which the desired
polarity of torque is produced. This can be achieved by
chopping the current using a current reference with phase
20 current feedback or by pulse width modulation (PWM)
voltage control. These control strategies, though
Qenerally understood, are described briefly below to aid

the later description of the invention.
Figure 1 generally illustrates typical motoring
25 phase winding current waveforms in the low-speed region
when chopping is used. As is illustrated in Figure 1,
the current increases until it reaches the current
reference where it is chopped, i.e. prevented from
increasing further, by the controller. It then decays to
30 a lower control level whereupon the voltage'is re-applied
and the current rises again. This process repeats until

the end of the phase period.

As the angular speed of the motor increases, a point
is reached where there is insufficient time for more than



4 a single "chop" of current to be produced during each phase peri od.

. Accordingly, at these speeds chopping strategies and pul se w dth nodul ation
bot h* becone ineffective. At these speeds, the torque of the notor is 5 _
comonly controlled by controlling the position and duration of the

vol t age pul se applied to the wi nding durings4the phase period. Because a
single pulse of voltage is applied during each phase period, this form of
control is referred to as "single pulse control." 10 Figure 2
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a circuit that S\;é)f,t?ggéi;gﬁaées which, in turn, is generally determined by:
15 . the angular speed of the rotor; the point during the

rotor’s rotation when voltage is applied to the phase

winding (referred to as the "turn-ON angle”"); the point

during the rotor’s rotation when the application of

voltage to the winding is halted (referred to as the

20 _ "turn-OFF angle"); and the magnitude of the voltage

applied to the phase winding. The turn-ON and turn-OFF

éngleé define a "conduction angle.” The conduction angle

is the angular distance between the turn-ON and the turn-

OFF angles. Figure 2 generally illustrates the

25 approximate positions of the turn-ON and turn-OFF angles

- and the duration of the conduction angle for the
exemplary waveform.

The relationship between a required value of torque

'and the appropriate turn-ON and turn-OFF angles for each

30 speed of the motor (assuming a constant DC link voltage)

can not be defined accurately by any simple mathematical

equation. In known switched reluctance motor systems,

this complex relationship is typically implemented

through the use of a circuit that stores signals



5 representative of the relationship between the turn-ON and turn-OFF

.angl es, and the speed and torque denmand of the notor. GCircuits of this
type’are commonly referred to as "control law tables." 5 . ~I'n many
known controllers for switched reluctance notors, the control law table
conpeises a circuit that includes turn-ON asd turn-OFF angle information
for various rotor speed and torque demand conbi nations. In nost systens the
information that is stored in the 10 control law table is derived
empirical ly . threappesentgatoiés sof otlren| xelatvienskip chatweenr ithe | twrn+@N
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15 information _is"th'en stored in the control-law table,
sometimes together with information relating to non-
tested speeds and torque. demands which has been
interpolated from the empirically derived information.
Figure 3 illustrates in- simplified block. form an
20 - exemplary variable speed controller for single pulse
control of the type us’ing a control law table. ' As
~illustrated, the controller 30 receives a signal
representative of the desired speed of the motor and
compares it in an error detector 31 to a signal
25 representing the actual speed of the motor. The output
of the error detector 31 is an analog signal that varies
linearly according to the difference between the desired
speed and the actual speed and corresponds to the torque
demand necessary to bring the motor to the desired speed.
30 - The torque demand signal and the feedback signal
representing the angular speed of the rotor are provided
to a circuit containing a control law table 32 which
provides signals répresentative of the appropriate turn-
ON and turn-OFF angles. The information concerning the



é appropriate conduction angle is provided to a power converter 34 that

. al so receives a representation of the angular position of the rotor. The
powef converter 34 conpares the signal repfresenting the angul ar position of
‘5 the. rotor with the signals representing the appropriate turn-ON and
~ turnyOFF angl es and controls the power sw t€hing devices such that voltage
is applied to the appropriate phase w ndi ng when the angul ar position of
the rotor is equal to the desired turn-ON angle and 10 | renoved fromthe
phase wi ndi ng WAPRTORE 3fi€or cONPYSEaran #BItQuals t PuALded nEoFFaaripeer
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D.M. Sugden, P.D. Webster, J.M. Stephenson, "The Control
15 ‘of SR Drives: Review and Current Status," Proceedings of

the 3rd European Confererice on Power Electronics
Applications (EPE ’'89) at Aachen, Germany, October 1989,
pp. 35-40. ' '

One disadvantage of controllers using control law

20 tables is the necessity of providing for the control law
circuitry. In particular, the digital memories commonly

used to store the control law information are relatively
expensive and add to the cost of the overall control
system. Moreover, the use of control law tables adds to

25 the cost and time required to develop a new control
systein_in that the process of characterizing the motor

may be required for each new motor and controller. A

still further disadvantage of control law tables is that

- they suffer from discretisation. In other words, the
30 control law table can store the . conduction . angle '
information for only a discrete number of speed/torque
demand combinations. If the actual speed/torque demand
combination is different from that contained in the
control law table, the control system will typically



control law table, the control systemw /| typically 7 provide the
conduction angle information for the speed/torque denmand poi nt nearest the
actual speed/torque denmand-point. This results in the use of conducti-on
angle information that is not necessarily optimal for 5 each
speed/torque demand point. In the past, sevéral approaches have been
attenpted to provide controllers for switched reluctance notors that do not.

rely on costly contrql |aw tables As di scussed pel ow, npst of. the known
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use of interpol BPWEEK. SWifched (RELUeHIRER MOBPFEr A5E| U)eﬁiﬁﬁﬁhﬁﬁggﬂﬁﬁﬂheed
for a Conference on Power Electronics and Applications (EPE
15 *91) at Florence, Italy, September 1991, pp. 1-7. In the
proposed controller, the turn-ON and turn-OFF angles are

programmed into a controller such that they vary with
speed, but not torque. Because the torque inforthation in
this system is not considered in the generation of the
20 . conduction angle signals, the described control system
will not provide continuously smooth operation over a
wide operating range. Moreover, the disclosed system has
the potential for speed loop instability.
' Another alternative to the use of large, costly
25 " control law tables is disclosed in Bose et al.,
*Microcontroller Control of Switched Reluctance Motor",
IEEE Trans. on Industry Applications, IA-22 July/August
1986, pp. 708-715. 1In the controller disclosed by Bose,
a relatively small, coarse control law table is provided
30 and the actual conduction angle information is computed
in real-time through the use of interpolation. While
this proposed alternative eliminates the need for a
large, costly control law table, it does so at the
expense of greatly increased computational power and



| arge, costly control law table, it does so at the expense of greatly

. i ncreased conputational power and 8 conmplexity wthin the control

systém Further, due to the addi ti onal time overhead associ at ed
with interpolation, such alternatives are unable to cope well with rapid
changes in |l oad torque and speed. 5 8 The present invention provides
a systemand a nmethod for controlling a switched reluctance nmachine in the
single pulse region without the use of large, costly control |aw tables and
wi t hout the use cdmpbepity wdtunatihenatostral egiyeteml0 Further, Thee to
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the conduction angle 1s also  nof controlled as a parameter froma

g . { X ¢
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exenpl ary enbodi nent reference to the drawi ngs in which:

ith 3 .
Figure 1 general \:lﬂ}eia?émgf’aﬁf’gsc&abf’i‘%e current of a

The  control system and method of the present

invention provides_a simple system for deriving firing
15 .= pulses from rotor position information using a delay
which triggers the firing pulse.

In accordance with one embodiment of the present
invention, the foregoing disadvantages of known switched
reluctance motor controllers are overcome by employing an

20 - edge-triggered monostable circuit with an output having
a pulse width which corresponds to the conduction angle
and increases for increasing torque demand and which is

synchronized to the actual rotor position. In this
embodiment, the pulse width of the monostable that
25 = corresponds to the conduction angle is also not

controlled as a parameter from a control law table.

Other aspects and advantages of the present
invention will become apparent upon reading the following
detailed description of exemplary embodiments with

30 reference to the drawings in which:

Figure 1 generally illustrates a phase current of a
switched reluctance motor when current chopping is used
as a method of torque control;

Figure 2 illustrates an exemplary phase current



.swi tched reluctance notor when current chopping is used as a nethod of
. torque control; Figure 2 illustrates an exenplary phase current 9
wavef orm for a sw tched reluctance notor operating according to single
pul se voltage control; Figure 3 illustrates in sinplified block form an
exenpl ary variabl e speed controller for a seitched 5 rel uct ance not or
utilizing a control law table; Figure 4 illustrates in block forma
vari abl e speed controller for a single-phase switched reluctance notor
constructed i n awaveflorme fibrh & hespwitessed irvhnttance Fimptier 5 opdyetimg es
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i nvention. Wiile the I nvention i's suscepti arious nodi ons and
al ternat iMe forneransduapsr Bratspeayr ke cudedi ont tnplerenfe e fhehdawressntay
of exanple in thendeawisgs and will be described in detail herein. It 30

shoul d be under st ood, _however Lqﬁt'this is not intended .
Figure 6 i ustrates the operational blocks and

characteristics of an éngle controller constructed in
accordance with the present invention;

15 . Figures 7a and 7b illustrate signals and signal
levels for an exemplary operational state of the angle
controller of Figure 6;

Figures 8a and 8b illustrate power circuitry and the

. control signals that may be wused to - implement

20 ' freewheeling in an angle controller constructed in
accordance with the present invention; and

Figures 9a and 9b illustrate an angle control
circuit and exemplary signals and signal levels for a
freewheeling angle controller constructed and operated

25 according to the present invention. -

While the invention is susceptible to various
modifications and alternative forms, a number of specific
embodiments have been shown by way of example in the
drawings and will be described in detail herein. It

30 should be understood, however, that this is not intended
to limit the invention to the particular forms disclosed.
On the contrary, the intention is to cover all
modifications, equivalents and alternatives falling
within the spirit and scope of the invention as defined



tolimt the invention to the particular forms disclosed. On the contrary,
the intention is to cover all nodifications, equivalents and alternatives
falling within the spirit and scope of the invention as defined 10 by
the appended clainms. In contrast to known controllers for swtched
~reluctance notors, the present invention ekPninates the need for a large,
costly control Iam/table 5 In general, the present invention

i npl ements a vari abl e speed contrqgller that receives a speed command
signal and an abYukhesppeendegn&laimd produces a torque demand signal. The
Eg; SUEeSEgggﬁt:I tgnal %gs bbaaru%ied te gﬁﬁgmt ecanmf]ﬁﬁﬁljérsonfaﬁgl switghet
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‘simlar parts set the turn-ON and turn-OFF angles such at ' the
_ application of voltage to the phase winding occurs durlng
15 the desired portion of the phase period.
For clarity, the following discussion is limited to
a single-phase switched reluctance motor. As those
- skilled in the art will recognize, the present invention
is also applicable to multi-phase switched reluctance
20 machines. To apply the present invention to multi-phase
machines it is simply necessary to add additional
circuitry to identify the appropriate phase winding for
energization -during each phase pericd. ‘Given the
disclosure of the present invention contained herein, the
25 construction of multi- -phase switched reluctance machines
embodylng the present invention is within the ability of
one of ordlnary skill in the art and is not discussed in -
detail. '
Similar reference characters indicate similar parts
30 throughout the several views of the draw1ngs |
Figure 4 illustrates in block form a varlable speed
controller for a single-phase switched reluctance machine
in accordance with the present invention. The controller
of the present invention is applicable to many types of



30 t hroughout the several views of the drawings. Figure 4 illustrates

. in block forma variable speed controller for a single-phase sw tched

rel Uct ance machi ne in accordance with the present invention. The controtler
of the present invention is applicable to many types of
i swiiched rel uctance machine and the
construction of the machine nmay be carried out in accordance with known

met hods and techni,ques.. The controller .40 includes a shaft sensor 41 for 5
Creating an CoBMBLATES FRIMENACE wRting dnd e CeapSLEFEISR of e e
enbodi nent of Fmgehdné mnay deaf cagehedr chit cdmprasesrdanceorwipdsi known
t ransducer (RPT%ekﬁgﬁsf%%?ﬁ%%%ﬂﬂﬁigggq pul ses having rising and falling
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edges that correspon e ang ~position of the 10 rotor over the
phase period. FigureThe |¢ertrellert b dmaiwdest a hehRPt tsensaonpli fex

shaft sengor 419bakligi € #h a%&ﬁwctérg}‘ﬂ L REpFOLONEt S PPST L bEN Rty Ve
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mark region to the spFi@inesgd od ldptrateiss fiehenoutpyt ot the; RFT that

illustrated in Koiprdgbs Mafthdemdes 20 bEOWigube ldhaadesi ednbelivaenreach
falling edge def énes a_"phase period. " |

_ _ ( t he enbodi pent of Figure 4, %pe
Circuitry is cdfb® rFOEeran BRPHARIL dBISLAYE the PR \SFRFGTOPRIR ©
' _ interest. The RPT that comprises shaft sensor 41 is
15 configured such that a first falling edge 50 occurs when
a rotor pole is completely aligned with the stator pole
of interest and a second falling edge 52 occurs when an
adjacent rotor pole.is aligned with the stator pole of
interest. In the embodiment of Figure 4, the RPT is
20 ~configured such that the relationship of the mark region
(the iogic high region) to the space region (the logic
low region) is near unity although this is not necessary
for operation of the circuit. The relatioﬁship of the
mark region to the space region may be different from
25 that illustrated in Figure 4. As indicated on Figure 5,
the period between each falling edge defines a "phase
period." In the embodiment of Figure 4, the circuitry is
edge-triggered and hence does not primarily rely on the
width of the pulse but on the edges that define the phase
30 period. '
It should be appreciated that the RPT which
comprises shaft sensor 41 of Figure 4 is but one example
" of a number of sensors that may'be used to implement the
present invention. For example, shaft sensors or



wi dt h of the pul se but on the edges that define the phase 30 period. It
shoul d be appreciated that the RPT which conprises shaft sensor 41 of
Figure 4 is but one exanple of a nunber of sensors that may be used to

i npl ement the present invention. For exanple, shaft sensors or 12
resol.vers that provide digital signals representative of the actual
position of the rotor nmay be used, and RPTs configured to produce voltage
pul ses with different rising or falling edge points may al so be used. The
5 present invERsPdéMers hbat| prpvidet digihadr signalpereppesensativedof

above but is appl trabhetiaia goyialofofli RET 88LoLY RS He LA, PRRR! DTS

sensor by which rotor position inforpation can be derived. This includes

the so-called 'SeR§6PNEES toi RIRFYRRSs Voltage wRulses ( watiy different

information i s depiygtlgf loym £4D1 ik aedge, fmwrma t 1360 b@gesed\d/ Ofrhe
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in the rotor position signal omthe shaft” sensor OVEr ‘a' ermned
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42 is a digital wrd corres ondlng t.o the averﬁgf'rotor speed.  over a given.

period of ¥?Pme. 1PACEMRELRBt e it P RFRIPLE  t hespuggents,

measur enent bl ockv42taBEsbearly Anainguet ghakst Ralsowildsd | wiRhORed | phake
t he 25 rotor'vsv.sEeed.S Ehﬁ use_of ;a speed neasurenent circuit that
operates from t he SHERHBSoP t FBSsRAFPL88nsor 41 is not essential to the

present invention and Befierringnback to Figure 4, the controller 40 of the
' present invention also includes a speed measurement block
15 42 that receives the output of the shaft sensor 41. The
speed measurement block 42 monitors the number of changes
in the rotor position signal from the shaft sensor 41
over a predetermined time to produce a signal that
corresponds to the angular speed of the rotor. 1In one
20 embodiment, the output of the speed measurement block 42
is a digital word 'corresporiding to the average rotor
| speed over a given period of time. In alternative
embodiments the output of the speed measurement block 42
may be an analog signal that varies in propoftion to the
25 rotor’s speed. The use of a speed measurement circuit
that operates from the output of the shaft sensor 41 is
not essential to the present invention and other forms of
speed sensing circuits (such as tachogenerators or the
like) can be used without departing from the scope of the

30 . present invention. _

As discussed above, at low speeds, current chopping
may be used to control the torque of a switched
reluctance motor. Figure 4 illustrates one example of a
chopping circuit that may -be used 'in a controller



sheed sensing circuits (such as tachogenerators or the like) can be used

W thout departing fromthe scope of the 30 present invention. As

di scussed above, at | ow speeds, current chepping may be used to control the
torque of a switched reluctance nmotor. Figure 4 illustrates one exanple of
a chopping circuit that nmay be used:in a coniBoller 13 constructed in

accordance with the present invention. Referring to Figure 4, a chopping
current conparator 43 is provided that receives a signal representative of
a desired refererfRnetFeredaia accerdpacr Wighaths preseasr dswiandiiiane of

the actual current in gdeePPESE ¥b NEifrof4, tah%hggb‘ih?_ curkeat ebrpard¢or
of, a

current conparator , 43 rodgcas g Iog!c_skgggl rst logic |eyel
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can be used to coa¥bogatbedsppeovides a firing signal commanding a power
| converter (not shown) to apply voltage to the appropriate

15 phase winding whenever both of its inputs are logic high.

In the embodiment of Figure 4 the second input to

the AND gate 44 is the output of a multiplexer 45. The

multiplexer 45 receives two input signals and one control

signal (not shown). The input signals comprise the
20 . output of the shaft sensor 41 and the output of an angle
control circuit 46. The control signal comprises a

signal derived from the output of the speed measurement
block 42. '
When the output of the speed measurement block 42
25 indicates that the motor is operating at a low speed,
such that chopping can be used to control the motor’s
torque, the control signal applied to the multiplexer 45
will be such that its output is the output of the shaft
sensor 41. At these low speeds, the current chopping
30 comparator 43 operates as a standard current chopper to
control the current in the motor. '
In embodiments where the current chopping comparator
43 will be used to implement.' torque control through
current chopping at low speeds, the current chopping



torque, the control signal applied to the nultiplexer 45 will be such that
its output is the output of the shaft sensor 41. At these | ow speeds, the’
current choppi ng 30 conpar at or 43 operates as a standard current
chopper to control the current in the notor. In enbodi ments where the
current chopping conparator 43 will be used 14 inplenent torque control

t hrough current chopping at | ow speeds, the current -chopping 14 '

conparator 43 may be a single discrete |IC conparator and_the current ,
ref erence signal SPRPAFARINAIRAY Re 2 sthnghe AEerreer EF reompasatesrandd
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i s used, the cur n@fess®fpi fhe orprErebrsignahyapel ieddte othephekbiplexer
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defined by the c@y @verzsirrenty gmgt@nision fwiction. To implement such an
overcurrent protection function the current reference
15 should be set to the maximum acceptable phase current.’
- When the current reference is set to such a high value,
the output comparator 43 will be logic high .dur:i.ng normal
operation such that the firing signal provided by the AND
gate 44 will follow the output of the multiplexer 45
20 (i.e., the output of the angle control circuit 46). When
the comparator 43 is used as an overcurrent protection
circuit, firing signals from the AND gate 44 will be
inhibited whenever the actual motor current exceeds the
maximum acceptable current as defined by the current
25 reference signal.
As discussed above, when the speed of the rotor as
indicated by the output ¢f the speed measurement circuit
42 indicates that single pulse control is necessary, the
signals that control the firing of the power devices are
30 generated by the angle control circuit 46 in response to
a torque demand signal.
In the present invention, the torque demand signal
is generated through the use of a compensator, for
example, a proportional plus integral controller 47, that



As di scussed above, when the speed of the rotor as indicated by the output
of the speed nmeasurenent circuit 42 indicates that single pulse control is
necessary, the signals that control the firing of the power devices are 30
generated by the angle control circuit 46 in response to a torque demand
signal. In the present invention, the torquel®emand signal is generated
through the use of a conpensator, for exanple, a proportional plus integral
controller 47, that , receives eed error gnal that ,varies with the
G TTerence bet wedtPeRAveRs i SPoee: *BEEEH (BLOPAY’ Cohaki BRTiNe oHLER: LRe
sEeed rreastjlrerrentdbfmkeﬂé’é patweerlesheedcturad mimmbéecﬂneés Py eegled 0
the controller. . rr| g.to Figure 4, the cifeuitr enerates a
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desi.red speed in éesiare@rsplee@cqzonmaﬂﬁdtslgnablupeouldpéedoethe)rccmtgrrallehat

varies in proportion t f @l eng f?k)f en t

the 10 I%de5| red speﬁe)%fé]%%é’ e cont \é\? 47é convg%?gbf-%g %ren%g%?rér%?g
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conponents of the _P+l 15 contro be determ ned ena lrically
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fuzzy logic corrpen or W par Ing fro
" invention. of known P+I control techniques. The values for the

proportional and integral components of the P+I
15 controller 47 may be determined empirically such that the

controller operates stably over the expectéd operating

speeds, or may be calculated using standard P+I control

theory. The specific values of the proportional and

integral éompbnents of the P+I controller 47 are not
20 critical to the present invention.

- Those skilled in the art will be aware that the
compensator could be implemehted as a proportional,
proportional-plus-integral-derivati_ve, sliding mode or
fuzzy logic compensator without departing £from the

25 present invention.

The output of the P+I controller 47 is a torque
demand signal that is applied as one input to the angle
control circuit 46. The other input to the angle control
circuit 46 is the output of the shaft sensor 41. In

30 response to the torque demand signal and the output of
the shaft sensor 41, the angle control circuit 46
generates firing signals when the controller is operating
in the single pulse control mode.

The structure and operation of the angle control



The output of the P+l controller 47 is a torque demand signal that is
applied as one input to the angle control circuit 46. The other input to
the angle control circuit 46 is the output of the shaft sensor 41. In 30
response to the torque demand signal ‘and the output of the shaft sensor 41,
the angle control circuit 46 generates firingésignals when the controller
is operating in the single pulse-control npde. The structure and operation
of the angle control 16 circuit 46 is nore ciearly illustrated in Figure
6. Figure 6 diseivcest #6 ciscunerei gdlegdilyy idluperatednsasuFégune B ock
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60 receives the output of the shaft sensor 41 and
generates a signal that varies in proportion to the
15 °  length of time between, for example, successive falling
_édges of the output of shaft sensor 41 ki.e., the length
of time of the phase period). The signal produced by the
period measurement block 60 is therefore a signal that
corresponds to the intexrval of time requlred for one
- 20 phase period.

As ‘discussed above, in single pulse control, a
single pulse of voltage is applied to the phase winding
for the duration of the conduction angle in each phase

- period. In the present embodiment, the conduction angle

25 is determined by the period of time over which the firing

' signal is present. 1In general, a longer firing signal

provided during a phase period (i.e., a greater

conduction  angle), results in greater torque.

Accordingly, the greater the torque demand signal, the

30 greater the conduction angle and the longer the duration
of the firing signal. '

In the angle control circuit 46 illustrated in
Figure 6, the duration of the firing signal (i.e. the
conduction angle) is determined by multiplying the signal



25 is determ ned by the period of tine over which the firing signal is
present. In general, a longer firing signal provided during a phase
period (i.e., a greater conduction angl e), results in greater
torque. Accordingly, the greater the torque demand signal, the 30
greater the conduction angle and the |onger g7e duration of the firing
signal. In-the angle control circuit 46 illustrated in Figure 6, the
duration of the firing signal (i.e. the conduction angle) is determ ned by
mul tiplying the stqegspondimgoteethentiengthoofhtinengfhtbe phaseofpentieod
hase period fro r rom
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time interval ondJHaIfrepaesehtsheIlomb i horeguel Kdemandsd forAmﬁernaU1ve
conpl ete phase peérhl%‘dl dbe o pﬁ&s@%bf!?l noun {ch? JiRY Qﬁ g %‘té’f'ts A2

hal f of the phase'perl ecause 0 ase peri o presen
t heor eti cdl® maxi rEPREPHLRY | bas Abf Eexent Wﬁlueﬂﬂlcwvthe phase current to.

drop to zero during theyphage fbb@fnent Aft NBidoFdle420ind edenGREn Sival

decr eases, the out put ofé%% lti,plier 62 will correspond to a tlnE
interval that is ofigRal i h8 MANMME. réﬁﬁ. r SUtPet oifi%et e
phase peri od. multiplier 62 will be a signal representing a time

interval one-half that of the time interval required for

15 a complete phase period. ~ The output of multiplier 62
may be limited to half of the phase period because one-
half the phase period represents the theoretical maximum
conduction angle that will allow the phase current to
drop to zero during the phase period. As the torque

20 demand signal decreases, the outpuﬁ of the multiplier 62
will correspond to a time interval that is some fraction

- of the time interval required for a complete phase
period. _
The output of multiplier 62 is applied to the PULSE

25 WIDTH input of the edge-triggered monostable 66. The

' edge-triggered monostable 66 is configured such that it
produces a logic high voltage pulse for a time interval
proportional to the value of the PULSE WIDTH signal'in
response to a falling edge occurring at its TRIGGER

30 input. '

' The TRIGGER input to edge-triggered monostable 66 is
coupled to the output of edge-trlggered monostable 64.
Edge-triggered monostable 64, 1like monostable 66,
produces a 1logic high pulse for a time interval



The output of nmultiplier 62 is applied to the PULSE 25 W DTH i nput of
the edge-triggered nonostabl e 66. The edge-triggered nonostable 66 is
conf1 gured such that it produces a logic high voltage pulse for a time _
interval proportional to the value of the PULSE WDTH signal in response to
afalling edge occurring at its TRIGGER 30 1g input. The TRIGGEER input to
edge-triggered nonostable 66 is coupled to.the output of edge-triggered
nonost abl e 64. Edge-triggered nonostable 64, |ike nonostable 66, produces a
| ogi ¢ hi gh pul se properticeal nter vidhe valfleprafpothéosdlgniad tde YekbucPULSE he

"t TR GEER § nput™ O FPRRET SRR f PpblinbGlad R A R
edge-triggered nokustERIGGER impwbupl ed to the output of shaft sensor 41.

As di scussed above, thgssiafiis ﬁﬁ%@ea es¢ fﬁiﬁ@ﬁ%hﬁ?ﬁu eled Ney

initiation of each_phase, peri o I'1™n rom-t sensor 41

will cause & he no?igEe-briogered W@%ﬂ}él% 4 a’g% ?QHE]@GLO:O the QuUERIE | 9

with a falling edgigafthadertsstiigl SONRt HiBcakbel hBsveal thadsiksse déwsoshaf t
sensor 41. The tine interval ween the initiatjon of the ase .per.i od

(defined by the fIFPTRESUR ing af the, d it ation PhaRe ut
from nonostabl e pédiodi | | A t&]lﬁng efgeparbmorndle tshafte segsalr an twidll -

From the monost atfa-es. Vit MRS id st Y0 p st oA Tihed ?sm?%se"“t

pul se’ progdr ti onatextindteing glwa,lthatai tfalRungF #AEFH tihatut o¢ehrsh sqmetlme
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nonostable 64 is m kgbetween the initiation o the phase per:.od

(defined by the falling edge shaft sensor 41) and the

_ falling edge output from monostable 64 . will be

15 proportional to the signal on the PULSE WIDTH input of

monostable 64. 1In response to the falling edge output

from the monostable 64, the monostable 66 will produce an

output ' firing pulse proportional to the signal at its

PULSE WIDTH input (which is proportional to the torque

20 demand signal from P+I controller 47).

In the embodiments of Figures 4 and 6 the PULSE

WIDTH signal of edge-triggered monostable 64 is generated

by summers 67 and 68. The length of time between the

point the firing angle pulse from the monostable 66 is

25 terminated and the point representing the end of the

‘phase period is referred to herein as the TURN-OFF time.

In the embodiments of Figures 4 and” 6, a signal

corresponding to the TURN-OFF time is subtracted by the

. summer 67 from a second signal corresponding to the

30 difference between the signal representing the duration

of the phase period from the block 60 and the signal

representing the time interval of the conduction angle

from the multiplier 62. The output of the summer 67

represents the time interval between the initiation of



by summers 67 and 68. The length of tine between the point the firing
angl e pul se fromthe nonostable 66 is 25 term nated and the point
représenting the end of the phase period is referred to herein as the
TURN-OFF time. In the enbodinents of Figures 4 and 6, a signal
corresponding to the TURN-OFF tinme is subtragped by the sunmer 67 froma
second signal corresponding to the 30 di fference between the signal
representing the duration of the phase period fromthe block 60 and the

si gnal representihgetp@aﬂaﬂpénﬁqﬂwmdefﬁnaﬁebyoadmahkﬂngugﬂgeffnamth@aft
mul tiplier 62 T, p o] h r r

bet ween t he |n|t|§§PgﬁkoPH) E?g e gggﬁéhlod§€ee%?ngggthéng%gﬁkﬁngqggbe
froni shaft sensorthﬁ)maﬁesFﬁélﬁnﬁﬁlatlon of the firing signal fromthe

rmnogt ablle 6|6 tlg t he Qﬁbﬁﬁbnléilﬁboaﬁ.ttnghﬁUbEZFfigﬁBés64 EHBNﬁQfﬁukuﬁbp‘@ ftltmﬁ
may be ca ated or enpirica et erm ned for er nce o e
i ver S Enbod moReE Bhs catalabed GhEATC IR, SFESThraed T8, optiath
blrjr'{) \éari es with tberf&lﬁgvahee aipeeleolritviee  r Bmbbdiments Sré| enistibsed
enbodi nents are en sion TURN—CFF tlne | t ant,
fraction of the p ?5 p§$$%gﬁﬁ&ﬁfﬁge %tg%&sggFeaggﬁ%ﬁawlth
correspondi ng to the fmmgnlar(ﬁspdﬁdphaﬁe phE|o¢onmncibe guililpl fedther
- the signal repres PR3 . QéﬁﬂH§ gﬁﬁ@ t | d 4t hen
be used as the Tugﬁg m%?gﬁag %&ﬁ¥é§€§ e |%€€egg g gﬁ Eﬁ
i || ustratel@ari ousosp§aats ﬁmc@@mapﬁ ethes phase mﬂﬁlﬁé’%sed I8 ayghi an

.the operation of E%oﬁ':.h%ﬁ'tt rx Qéafé&l”é &1 F e ing tPtde Ifi'actlon
rotating at a constant speed he .sca i%t(” gue_de nal

0.4. In Figure 96 %ﬁ?%% npemaflsw n‘?%rB"s‘éE&ng&chgW eEB%n lﬁ&atlo

the signals in thegepregenting the phase period to produce a value that
could then be used as the TURN-OFF signal of Figures 4
15 and 6. '

Flgures 7a and 7b illustrate various 51gnals and
signal levels that may be used to explain the operation
of the circuitry of Figures 4 and 6 when the rotor is
rotating at a constant speed and the scaled torque demand

20 signal is 0.4. In Figure 7b the time intervals (in
microseconds) corresponding to the signals in the circuit
are delineated by brackets [].

Waveform 70 in Figure 7a represents the output of
shaft sensor 41. In the example illustrated in Figure 7a

25 it is assumed that the rotor is rotating at a: constant
speed of approximately 16,600 revolutions per minute and
that the phase period defined by the falling edges of the
waveform 70 occurs over -a time interval of 1800
microseconds. Accordingly, in the example corresponding

30 to Figures 7a and 7b, the output of the period

' measurement block 60 will be a signal corresponding to
1800 microseconds. This is illustrated in Figure 7b
where the output of period measurement block 60 is 1800.
In the present example,'the scaled torque demand signal



are del i neat ed by brackets []. V\aveform 70 in Figure 7a represents the
output of shaft sensor 41. In the exanple illustrated in Figure 7a 25

it is assumed that the rotor is rotating at a constant speed of
approximately 16,600 revolutions per mnute and that the phase period
defined by the falling edges of the waveform@070 occurs over a tine
interval of 1800 m croseconds. Accordingly, in the exanple correspondi ng
30 to Figures 7a and 7b the output _of _the period neasurenent

bl ock 60 will bePassignaalus refpdhding APamiinglyosskgndutputihiof | the
illustrated in Ftrﬂtlﬁ;e.pmémesz Wwie10Wa Uy 20f wh&bho%d%éﬁ&mt Bl oK, H0«i s -

1800. In the pre t .ex the scal ed t ue.demand sigha 0 has a
val ue of 0. 4. i?@(?r)dﬁ\’gf -Nq1EALRE p%?asf gf’get‘r'?'ﬁl FPﬁﬂrers%@?%?fP bECTaEe
whi ch correspondsletnan(cD -y &B@O)emlaﬂl atiees filding osighalr Otshbuiaeelde
P B P A 4O SRS g coner
conducti on angl ewomdtsespmh% tapredudmeon ntaargls (ﬁormmzmdmset@nda. e ng
determ ned the |g te%vg ¥ 740 i dShbnd®r the conduction angle) the

control circuit |n t present exanp e nmust then determ ne when in.
the phase period to |rHaNld¥§e @%emmﬁ@ Ebgndiengkdh efathet fhiginchasignal a

poi nt where the |@z9tenhef édd&éteﬂdi?eanll;ﬂlé)t%ﬂé NabheRodf diechi¢ing strwal
and the end of the phaseggerlo S gu he TURN- OFF ti ne. This 1s 15 !

acconpl i shéd t hr BFGFeRHe stlb‘%“ aﬁﬁtﬁﬁ‘“mﬁn when piasdhe Rbase e
it is assunmed thglertikal de re@hﬁlﬂarde Cthet | PRrifig308igh&loseaendsthat it

Referring to the exarrpl of Figure Zb,and perfarm cessary

subtraction oper &EFIHEA5S% ﬁJ JEPRHBTH Y b naltqf%r{l%%ggt 3% et jRetyeen

780 whi ch corres;tdnedstetmmaﬂﬁtbnncfoeheoﬁdrdagaylbaameand the end of the
phase period is equal to the TURN-OFF time. This is

15 accomplished through the use of summers 67 and 68. In
the present example it is assumed that the desired TURN-
OFF time is 300 microseconds. Referring to the example
of Figure 7b and performing the necessary-éubtraction
'operations, the PULSE WIDTH signal for monostable 64 is
20 780 which corresponds to a 780 microsecond deiay between
‘the initiation of the phase period and the initiation of

the firing signal. '
Waveform 72 in Figure 7a 1llustrates the firing
signal from monostable 66 for the previous example.
25 Referring to the waveform 70, the initiation of the phase
period is indicated by the falling edge 71. Falling edge
71 triggers the monostable 64 which will produce a pulse
having a falling edge that occurs 780 microseconds after
the initiation of the phase period. The falling edge
30 generated by the monostable 64 will trigger the
monostable 66 which will produce a signal (that is the
firing signal) for 720 microseconds. The initiation of
the firing signal is represented by a rising edge 73 of
waveform 72 in Figure 7a. Because the PULSE WIDTH input



the initiation of the phase period and the initiation of the firing signal.
Waveform 72 in Figure 7a illustrates the firing signal from nonostable 66
for the previous exanple. 25 Referring to the waveform 70, the
initiation of the phase period is indicated by the falling edge 71. Falling
edge 71 triggers the nonostable 64 which wilRlproduce a pul se having a
falling edge that occurs 780 m croseconds after the initiation of the phase
peri od. The falling edge 30 generated_ by the nonostable_ 64 wl|
“trigger the nond® AMCOHARIE GF GFMTreFRRRAR P & geaductisn ABILRePEYEPAg

signal) for 720 ragrpsecaideosébends,! itdd ofi©ind Neidhdl NBeshinatebSafter
r epr esent ed by’&1455|ng %%ge 73, of $§3eforn172 |n_F|gure 7a, Becausi t he
PULSE W DTH i nput729 ®icToReaoRds »nf 80 cBLEHPPESRBAGs PEEORE cERRUEPRE USHGRe
period of 720 nm wHsehendss8o0henicrovgecshdnghdss npeatied.af t &s 72fidicated
m cr oseconds, 300,,m Ccroseco be e ncl.usi th .

m crosecongsphasea}:gp’)ro:a‘gi’od.fﬁ @'ﬁgsi récf?%%%% %88 ?hla g%eg,c%hist %%B%Q%W%Fgl§88
m croseconds is tTERNIQFF celim@RN- OFF tinme. Wiile Figures 4, 6, and 7a and

7b illustrate the use ypfj g Siﬁif\if‘e§m,szaﬁ@nfhstﬁﬁ &d 319uetRateCthellke:
np that 10

t he present invention may be I emented in a controller . . uses
one or nore °ohgigcrete; supnrerRs, oppePStabies ppdopEheEsgbrguits, rEhe

exanple, all of ghesdnt Girvent Loty ask iimg st d baxceht Follee ¢haRY
be inplenented in a single mcrocontroller, gfléhh as the Motorol a 68HCI11,
t hrough hdPdwar e BRE sof PW@r e. ©Fn siFe5 & ¢ entBHFRRFPREXRELBRS chi BT

main tiner systemidmsprofesdiersi croFant r ekheplePoralld) chnthe peograivey
ot 2t S LR, B! AN 20 SR %P oA onk"e

implemented in a single microcontroller, such as the
Motorola 68HC11, through hardware and software. In such
15 an erﬁbodime’nt, the on-chip main timer system block of the
‘microcontroller (Port A) can be programmed to act as the
firing signal edge-triggered monostables 64 and 66 and

as the multiplexer 20. .
When a Motorola microcontroller is used, the phase
20 period measurement function of the block 60 may be
. accomplished through the use of the input capture
function of the timer port. The turn-ON time and the
conduction time can be computed and loaded into the timer
port to effect monostable performance. To avoid numeric
25 overflow in the digital system, the phase period and the .
torque demand signals should be scaled so that the
. maximum scaled result of the multiplication is half of
the actual phase period. As discussed above, this
scaling ensures that the conduction angle is limited to
30 the theoretical maximum continuous/discontinuous current
boundary condition for a system as shown in Fig.8A and

may be done in software.

When a mic:;'oéontroller'is used, the P+I controller
47 may be implemented solely in software where the speed



20 peri od neasurenent function of the block 60 may be acconpli shed
t hrough the use of the input capture function of the timer port. The
turn:ON tinme and the conduction tinme can be conputed and | oaded into the
timer port to effect nonostable performance. To avoid numeric 25
overflow in the digital system the phase pe2Zod and the torque demand
signal s should be scaled so that the maxi mum scal ed result of the

multiplication is half of the actual phase_peri od. As di scussed above,
this scaling ensB#EEO¥hdf (FRRYRACRFOR afﬂb%‘%d §imen intervlso. set e 'a

t heor St i cal WEXI rﬂt&ﬁ:ﬁ%ﬁéhgﬁ@lﬁéﬁl gLRed ﬂﬂ@esmﬂéfﬁﬂpt boauiulaé ypféwltﬁi&ihi or
a system as snown n a. one I n

o ocont rol Tor Rl cifteeasdl a TR RERRRTLE aBoREstLES the chResR S TR 1
sof tware where the peekddic basbs te updpteethat tarfueedenand.i nterval, set

by a microgontroller f‘fﬁgddé{/gﬁog{ﬁ%ﬁ{:r Wt o %t@,ﬂ(?ogp%&gl%a't&' i.fégﬁ?exﬁ%al

algorithmis applied to speeti error on a perio asi's to up
torque demand. 5 the methotheantbveivpubhs of ethmfpmasentounvnetnon on a

i npl enent the matlppgr@ggog'égg t o0f nf.J?:‘i' tlll E.\é gl?l B ithin the

m cr opr ocessor or COﬂtI’O er WI one of

ordi nary skill iralphbibyt ofagngy Q @%#‘Y 81‘1““ ingithe @k havipg the

In addition to %éﬁégleubgethggnaﬁ_gb]_%ggg the applicati on of a single
vol tage pul se is defined %g conduction angl e Wwhich is d
LRgIaddi

turn-ON afd turn- OFF FLOBr knted th‘r:f'Sr‘?ayCBQ Ed Y’ngﬁpl‘é}?‘%nt
a control |l er whergppbecatighe ofura esainglieseoltadef ipuekseyidSdefinedt biyn-ON

angle, a freewheel a&&{:gioﬁngnglé%ﬂlgﬁ': ”%Ein@ﬁ B{)Oiet&i%{x'éﬁ b & 2rt

wi || appreciate, reewhee I'STusée ere-are’ genéra
swi t chi ng devi cesORE sang ke ot tpr%semlagélmntd;mgﬂ@wbeauﬁeéhh@elm&¢wltan

be divided into: idohth&]ValSuHEEE i WA current pulse is defined by

15 a turn-ON angle, a freewheel angle, and a turn-OFF angle.
As those skilled in the art will appreciate, when
freewheeling is used there are generally two switching
devices associated with a phase winding and each phase
period can be divided into: (i) intervals when no voltage
20 is applied to the phase w1nd1ng (i.e., both power
switches are  off and the return - diodes are
nonconducting); (ii) intervals when the DC link voltage
is appliéd to the phase winding (i.e., both power deviées
~are on); (iii) intervals when the current in the phase
25 winding is allowed to "freewheel” through one of the
switches and one of the diodes (i.e., one power device is
"on and one diode is conducting); and (iv) intervals when
the negative of the available DC voltage is applied to
the phase winding (i.e., both power switches are off and

30 the return diodes are'conducting).

A typical circuit arrangement for implementing
freewheeling, and typical control signals from such a
circuit are illustrated in Figures 8a and 8b. In a
freewheeling arrangement there are typically two power



20 is applied to the phase winding .(i.e., both power swtches are
off . and t he return di odes are nonconducti ng); (| 1) intervals when
the DC link voltage is applied to the phase w ndi ng (i.e., both power
devices are on); (iii) intervals when the current in the phase 25

winding is all owed to "freewheel " through orgg of the switches and one of

t he di odes (i.e., one power device is on and one diode is conducting); and
(iv) intervals when the negative of the available DC voltage is applied to

. the phase w ndi ngleMiaes, o huppese destdicec B8s andeaocldwendiadfice 82 .he Thefrer n

di od d d - | nQ
fodes e ConCULi e D BRSSO B AR T Men
‘illustrated in Fm VBBH@MEBSb Figure 8l ridduatestatep aheafjoring stilgnadsare

‘typically two pouRfy tnhg3gdetbns eng!HBQSr ge¥h&es§oo%§g 8 Fﬁ‘é{%’é RYIGY

82. There are also two return |o 6 associ at each phase
wi nding. Bi gure igh whigdy r fresvwhaeling; nf spyrar¥edor tﬁé shindier in

devi ces 80 and 82;1 eaewh@ﬁ@r@eis%h&mtlaun pwfcta fviH%Qilet'H ReriitThing
enpl oyed. |cated in Fi ur%’ﬁa ﬁere | S .a olﬁ r|od when hoth
swi t chi ng deV| ce SHEETH AE t | EBf e AAYY #ad‘é‘ Yohtade 1o
the phase w ndiagpliedTheoe the phase awihdéagheel | Therperied thene ane -
of the switching, C " r f, I od
when bot h devi CeSF@’ée ur#é)ﬁn%ff[g&?# Sﬁééfr egﬁ 11§|t’tr%lglé pggﬁt%f&l@ge&}?:ﬁéent
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phase wi nding. Figur&sSe éé}l(yﬁrat ggiq 13n
controller 90 in accor ance WI t resent | nvent 10n that oﬁ [ zee

freewheel i ng. ThCWIFRRB fﬁ?eUheFﬂ-ﬁuPEC’Q&dl &hej ArPRr fPé"“Fﬁebé’or?threolqeé’r’-C@f
Figure 4 with thp e @X688t 8HNakE! Flge t PlRasEdvindingf an additi onal

edge- Figures 9%9a and Sb illustrate one example of an angle
15 controller 90 in accordance with the pfesent invention
that may utilize freewheeling. The controller of Figure
9a is similar to the controller of Figure 4 with the
major exception being the addition of an additional edge-
triggered monostable 92 and an additional summer 94. The
20 additional edge-triggered monostable 92 and summer 94
produce a separate firing signal for the lower switching
device 82. In this embodiment of Figure 9a, a signal
corresponding to the time duration of the desired
freewheeling period is applied as one input to the summer
25 94. This wvalue is subtracted from the signal
representing the time interval of the desired conduction
angle to produce the PULSE WIDTH signal for the
monostable 92. In a manner similar to that described
above in connection with the circuitry of Figure 4, the
30 summer 94 and edge-triggered monostable 92 will control
the lower switching device 82 to enable freewheeling.
The signals that will be generated by the controller
of Figure 9a for an example of a motor opérating with a
phase period of 1800 microseconds, a turn-off time of 300



tri.ggered nonostabl e 92 and an additional sumer 94. The 20 addi ti onal
edge-triggered nonostable 92 and summer 94 produce a separate firing signal

for the |ower switching device 82. 1In this enbodi nent of Figure 9a, a
signal corresponding to the tine duration of the desired freewheeling
period is applied as one input to the sumerag£5 94. . This value is

subtracted from the signal representing the time interval of the desired
conduction angle to produce the PULSE WDTH signal for the nonostable 92.
I'n a manner sim Imtctrasddendsiesa i bedladoveorgueordemdndnofi t b.ghe and a

circuitry of Fig r g e
92 will control %lee? ol'\l/\‘/;eér‘fl%t%%rlé&gg?\;l%@é@%&%‘*&éﬁ %ggmﬁewﬁ%ﬁ
signal s that wllimbeFigmeest 8 El}dt Ab tbmough| theotse @fr braskiehs @8 was

exanpl e of a not c&oﬂ@%ﬁh ngléoﬁfgsaﬁ)hgﬁ& fgriod of 1800 m cr oseconds a
turn-of f time of 300 m<Troseconds, _a scaled torque demand_ of

and a freewheeling per?‘bdﬂ’tﬁ %@Pqﬁ@ﬁ%&foﬁégur&r ga; H‘%sﬁ’%ﬁ‘é’ﬂeﬂa P—Tﬁlrb%

9a and 9b throughy tfidis &aliudtditetis 881828ed0p8 mitinftdWSudRi@bide 5
I n the enbodi ment f Flgure 9 he freewheel tinme is a fixed vaI ue_that is

sel ected to nini rf? he SRR TOHPE AR RAPL S iM er T STRQAMERE 4
t hi s enbodi ment, ﬁlﬁm freewheel time may be selected based on tthe rmatuu:edl
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| east acoustic noj5g. rﬁﬂécﬁf:{l?o t%@bOQEBEQE§carr§of§lé" fonﬁﬂe""“%sté&le to

free-wheeling tine |s contro and vari es
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where the free-wheeling time is controllable and varies,
15 for example, with the speed of the motor or other
' operating parameters.  Still further embodiments are
envisioned wherein the switching device used to initiate
freewheeling alternates betweeﬁ‘the-upper and the lower
devices. Alternate freewheeling has been used in the
20 past to equalize the thermal losses between the power
devices and to ease the design of the controller. This
technique may be implemented by feeding the two firing
signals of Figure 9(a) to a multiplexer or similar device
to alternately feed the signals to the two switching
25 ~ devices.

The above examples and discussions address the
operation of the controller of the present invention when
the switched reluctance machine to which the controller
is coupled is functioning as a motor. The controller of

30 the present invention can also be used when the switched
reluctance machine is acting as a generator. When the
switched reluctance machine is acting as a generator, the
timing of the control circuit should be triggered from an
edge of the signal from shaft sénsor'41 which corresponds



freewheel ing alternates between the upper and the | ower devices.
Alternate freewheeling has been used in the 20 past to equalize the
thermal | osses between the power devices and to ease the design of the-
controller. This technique may be inplenmented by feeding the two firing
signals of Figure 9(a) to a nultiplexer or ®6nilar device to alternately
feed the signals to the two switching 25 devi ces. The above exanpl es
and di scussi ons address the operation of the controller of the present

i nvention when t @ siiie chriPy wekan el sreemi tee t sotprcheing sdiogned siths
coupl ed is functiOrHfEHs gi‘:l@t OFPhl-Qh%anOBU eboh¥endently achibvell 3R a

i nvention can al so be used when the switched reluctance nmachine |s acting
as a generator. REferWith 3uHRiRRIMREK:EPAREe HREdR S i uthtized BY asing
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circuit may be usatagnizen blaathi hbtgpaaawqgmshs)dgermﬁ amanipuhatingkithesd
inthe art wll ;gﬁpgaigﬁawasral tﬁs’%"f‘ﬂl\ée r@téwdstata fﬂiﬁé&"@ﬂﬁﬂ doradT

si‘gnal s are possi se . train coul have a erlod

added to pRase shate |lf-"ﬂ-g%r""tﬁ%"ﬁl”qr added £e MP«&? oﬂutfrfe ¥ot oPT shhet

appropriate angl esouiaTobdi gved t 88 MY I @btk HA£1Of byhearprappﬁrbpnate

i nvention may be uselselnﬁll fé)ur %a ants of the tor ue/ s egg1 pl ane

machi ne oper at i o9 WITe (1 | SRRWEPbnChAS b'éeﬂ d&Ser PES&

connection wth tihmevéerntdict r mayveeninsedidrenns allkcfosed gbadrantbosE the
torque/speed plane of machine operation.

15 While the invention has been described in connection
with the illustrative embodiments discussed above, those
skilled in the art will recognize that many variations
may be made without departing from the present invention.
Accordingly, the above description of several embodiments -

20 is made by way of example and not for purposes of
limitation. The present invention is intended to be
limited only by the spirit and scope of the following
claims.



- skilled in the art will recognize that nmany variations may be nmade w t hout
departin t invention. Accordingly, the above description of
sever al g}mmmmaml“mﬁﬂm is made by way of exanpl e and-not -for purposes
of limtatioh. * TheSprésent invention is intended to be limted only by
the spirit and scope of the follow ng clai ns26 26 CLAIMS: 1. A control
systemfor a switched reluctance machine conprising a rotor, a stator and
‘at | east one phase wi.nding, the system conprising: position neans for
deriving a positi%%hal 5 i ndicative of the rotor position; firing
means, including del ay neans triggerable by the position signal to produce

a dela ulse, and firjn uIs nea er abl, ela ul se t
produeg 2 firi ng ul s %ﬁlg f ay8ten’ gﬁs Sf"d‘% g#/?&t’ es]? %‘h@ a‘Pa‘F‘éh’%?
one phase w ndi ng:miplrnsimgf ar |ngtcpmj sa -gtatoA syxri eataslezisat: mexhel nphidaem
1! e the i o) Shape: g SbibageLapl o by the end of the delay
conpri sing: speed neaslm%xmn maegans orfater |d¢ﬂ“ﬂg¢m9;pe%a pogihkior0 signal

i ndi cativesof t he pesstt e tEE 18 ot r@g%gfﬁﬂus for producing a torque
© 2 &eon 0 e

demand signal proportional to a conparis speed signal with a speed
demand signal ; and nednting !mmcma%uﬁhasedséayo&eﬁn@n rigarrahle ops

of the duration afhe wem&ersmhalhﬁ:fpfédwcmmm :Bééﬁnﬂﬁd fPring

recei ve the phase period sign and t tor d nd si and to roduce
a fi Ir;/ng S| gP\aI Sf se mean @rlggeragfe Bngﬁe ﬁmiay pu%.se to prodx?

firing pulse; and
10 means for energising the at least one phase winding
with the firing pulse.

2. A system as claimed in claim 1 in which the firing
pulse means are triggerable by the end of the delay
15 pulse.

3. A system as claimed in claim 1 or 2, further
comprising:
‘speed measurement means for deriving a speed Signal
20 . indicative of the speed of the rotor;
demand means for producing a torque demand signal
proportional to a comparison of the speed signal with a
speed demand signal; and
means for producing a phase'period signal indicative
25 of the duration of a phase period, the firing means being
' arranged to receive the phase period signal and the
torque demand signal and to produce a firing signal for
regulating the firing pulse to have a duration which is
a fraction of the phase period proportional to the
30 magnitude of the torque demand signal.



regul ating the firimg—putse to have a duration which is a fraction of the
phase perj ' to the.30 magni t ude of the torque demand
‘signal . ”"mmﬂmm'mgQWem as clainmed ia.claim3, in which the speed

measur eneht qreans »ar e anged to be responsive to the position signal to
deriyve the speed signal. 5 - 5. A systed@s clained in claim3 or 4 in
whi ch the demand neans conprise a conparator arranged to receive the speed
signal and the speed demand signal and to produce an error signal output
from a conpari sof-t hefedfystem as ¢laimedsynt eAra® 3l ailedhick|then speed . -
including an err gieasfetidiit! iedfis 288ed arFahRER] o L HE 2ebPbnEidedltnghé O
produce the torque demand si gnal indiegggns%ltheret . A system as
claimed in clai mP&SHrLAH (,sr'?'ﬁ’r?g' & Sfenkve t %oﬁﬁ%ﬁgaﬂﬁnali ncludes a
proportional -plus-integral controller. 8. A system as clainmed in any- of
claims 3t 7 inwhich t Lrin ns_incl ud first copparataqr. arranged
to 20 %roducg'a fﬁs&##@e?gng é?nfﬁglll? n%?‘%?i i :7.e ol héndi%lé&énalég :
bet ween t he phasdepemnidodneanss t bempribseg asigprparatcecantdangepgartat areceive
arranged to prod n ' r e Shgn lndi | : di rence
bet ween the fi rs;é(l;1 i ??é?%ﬁc%%hg%\% sggd gé\go%#)esﬁ%ng?ﬁ%%‘&agfém anr €8
pr edet er ni ned ' duPFECHFe RoREERE Sigral eutPuRelpAls? GRMPIGLSORLrRTQL .
means bei ng responsive to the position signal to produce the delay pul se
having a dyration determ ned by the. second,difference si% al,, the firin

pul se nean$ bei n&‘resg‘oﬁsffee“f A% helalPey pBi Séadp 30 1n AR Herror
firing pul se havicompembataiy arrigedi tedrbgeibe thei egreoxrgrdlgndl and\ to
system as cl ai neq_i f | I n. which, L .Lncl ude
conputing means grofagg;% utt‘i}en;épaﬂ&@e tadfards | S MULN A "FedpEADE CRAPELS'

7. A system as claimed in claim 6 in which the error
15 compensator includes a proportional-plus-integral

controller. ' '

8. AISYStem as claimed in any of claims 3 to 7 in which

the firing means include a first comparator arranged to

200  produce a first difference signal indicative of the

difference between the phase period and the firing

signal, a second comparator arranged to produce a second

difference signal indicative of the difference between

| ‘the first difference signal and an .off signal at a

25 predetermined duration from the start of the phase

period, the delay means being responsive to the position

signal to produce the delay pulse having a duration

determined by the second difference signal, the firing

pulse means being responsive to the delay pulse to

30 produce the firing pulse having a duration determined by
the firing signal.

9. A system as claimed in any of claims 1 to 8 in which
the firing means include computing means for computing



28 t he—fi+rimg pufse duration fromthe phase period signal and the torque
demand sj temas clained in claim9 in which the 5

corrputl Wg“ mwmn;aﬁ a multiplier arranged to receive the phase period
si gnal ox que demand signal and to produce the firing signal as a
product of t he magni tude of the two signal s.28l0 11. . A system as
clained in any of clains 1 to 10 in which the firing neans are operabl e to

produce the firing pul se having a maxi mnumduration of one half of the phase
peri od indicatedtb¢tﬂﬁriﬂgwpub@eiddrﬂQymﬂ fxkim the 1ghasé pgxtied asignal

clainmed in any OLnﬁ'@.@Ft%ﬂﬁﬁ 1 Lenl £ multiplexer arranged to
receive the firing pu se ShE T he posi gnal to tinme the firing pul se
i n accordance mnth the rotor position. 20 13. A systemas clained in

any of claims - 110 13 i Q%&@wga%onb&allm@aananha&wﬂma 6 e £f eRAG GUI [GY
i nput and a phase current “f eedback input and elng oper abl e to produce a
control si3nal i FORPYIPS REARSIEOTPRE Sey 8t B FiPLieF ¥oranged i Fecadve

gate arranged tOthQCph‘a%et b@r&%d 31g11§]plﬁnd)ftﬁdfl&:d}.€lﬁid’ @en@fﬂlf‘si@iﬁlt knd
firing pul se, refergnce C ut beln settable at(i Verg cq{rent
protection Ievel Po BASHM gﬁ 58198 e Bed®t P Q%e
machi ne and belngagmmnm&aaqﬁ uhd(nuu SIQnalSO enabl e t he control signal to
be used to control the 30 machi ne in the chopping node. 14. A method of
- controlling a switched reluctance nachine conprising a rotor,:a stator and
at | east bPe phadd.wi Adis¥ptemeagetHRinetpinsiany ok §ﬂ-épmsoﬂ- to 20 in

determ ning the Qﬁib%!QﬁeotlkﬁﬁgrﬂbahstQr@réﬂéﬁﬁbﬁe to produce the firing
pulse having a maximum duration of one half of the phase
period indicated by the phase period signal.

15 12. A system as claimed in any of claims 1 to 11,
including a multiplexer arranged to receive the firing
pulse and the position signal to time the firing pulse in
accordance with the rotor position.

20 13. A system as claimed in any of claims 1 to 12
including'control means having a reference current input
and a phase current feedback input and being operable to
prdduce-a control signal in a chopping mode, the system
further comprising an AND gate arrahged to receive the

25 output of the control means and the firing pulse, the

| reference current input being settable at an over-current
protection level to enable the firing pulse to be uséd_to
control the machine and being settable at a lower level
to enable the control signal to be used to control the
30 machine in the chopping mode. '

14. A method of controlling a switched reluctance
machine comprising a rotor, a stator and at least one
phase winding, the method comprising the steps of:



pdsition_ngnaL——p%educfng“a delay pulse triggered by the position sighal;

5 pr oduci ng pul se triggered by the delay pul se; and
enerTgi Si ngn“““ \B |‘§ ﬁl{m»o phase wi nding in . accordance with the firing

pul se. d as claimed in claim 14 conprising the steps of:
detern1n|ng t e speed of the rotor; conparigg the speed of the rotor with a
demanded speed to derive a torque denand signal; 15 : determ ni ng
the phase period for the said speed to produce a phase period signal; and
producing a firing si geserminisg: tihey posd tdemataforths I¢E9r|t¢ngrQGUGe as a
fraction of - the Bgiglgﬁrgq@ngqoportlonal to the magni tude of the torque
demand 20 - g . nmet hod_as claimed in_claim15 in which the
speed of the rotor |SPHQﬂPFéﬂgfﬁmﬁ?*ﬁYdﬁFéFﬁ1ﬁéﬁﬂﬁﬁnﬂdtbﬁaEk%|PP§ﬁtéPnthe
rotor. 25 17. A seghad;as clainmed in claim15 or 16 in which the conparison

f th d of th t th the d ded d t t d
the' tor que denand si gREPOE 1Pa o SORATE (FUTBRSHACIEN { RE dobbddBHaY: o
30 ~ demanded ppisd; a8d A nmethod as clained in any of clains 15 to 17
in which the firing pgh%%g%%&grodgﬁgd Q¥ CQEB%E'”SnEhe BQ@%G Rﬁhdgg S|gﬂal

with the firing signa ce rst fferencB i dna
the first differaacordancsl wiithhtae @ﬂtl@ggmwlaa= a predeterm ned duratlon
fromthe start of the phase period, and in which the delay pulse has a

dur ati on determ ned bx t he_second difference _!
10 15. method as claimed in claim 14 comprising the steps

of:
determining the speed of the rotor;
comparing the speed of the rotor with a demanded
speed to derive a torque demand signal; ' '
15 _ determining the phase period for the said speed to
| produce a phase period signal; and
producing a firing signal for setting the duration
of . the firing pulse as a fraction of the'phase period
proportional to the magnitude of the torque demand
20 - signal. ‘ |

16. ‘A method as claimed in claim 15 in which the speed
of the rotor is derlved from the determination of the
p091tlon of the rotor.

25
17. A method as claimed in claim 15 or 16 in which the
comparison of the speed of the rotor with the demanded
speed is compensated to produce the torque demand signal
to reduce the difference between the speed and the

30 demanded speed.

'18. A method as claimed in any of claims 15 to 17 in
which the firing pulse is produced by comparing the phase
period signal with the firing signal to produce a first



5 signal . the fH++ng—putse being initiated on the trailing edge of the
del ay pulse and havi ration determned by the firing signal. 19. A
nmet hod as M&iﬂ@“claim 14 to 18, 10 i ncl udi ng mul tiplying
"the phase the torque demand signal to produce the firing
signal . 20. A nethod as claimed in any of cl3® nms 14 to 19 in which the
firing pul se has a maxi nrum duration of one half 15 of the phase peri od.

21. A method as clainmed in any of clains’ 14 to 20 |nclud|n% controlling_the
machi ne in a chogdffgrense wignal. femparing shee fdustedifippenceosignal

_cpntroller at a ¢Ath artoPPi S £$§£Webf0£ ﬁ?é&é@éfhﬂﬂb&h@ufﬁﬁbbﬁefkamathe
e reference current |evel to her _l evel

si ngl e- pul se node ti.n
and AND gating t ¥ éiﬁ§¢§§ Qﬁéaﬁﬁﬁﬁ%h??5+? r WELEHEREER R epaﬁgé pulse

has. a duration determined by the second difference

5 signal, the firing pulse being initiated on the trailing
edge of the delay pulse and having a duration determined
by the firing signal.

, 19. A method as claimed in any of claims 14 to 18,
10 including multiplying the phase period signal by the
o torque demand signal to produce the firing signal.

20. A method as claimed in any of claims 14 to 19 in
which the firing pulse has a maximum duration of one half
15 of the phase period.

21. A method as claimed in any of claims 14 -to 20
including controlling the machine in a chopping mode by
setting a reference current input to a controller at a

20 chopping level or controlling the machine in a single-
pulse mode by setting the reference current level to a
higher level and AND gating the output of the controller
with the firing pulse. | :



