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rotor angle for a phase in the switched reluctance machine. The relative angle estimation circuit estimates a phase voltage and thereby

calculates phase flux linkage to estimate the rotor angle.
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RELATIVE ANGLE ESTIMATION APPARATUS
FOR A SENSORLESS SWITCHED RELUCTANCE MACHINE SYSTEM

BACKGROUND AND SUMMARY OF INVENTION

The present invention relates generally to motors/generators, more particularly,
to high speed switched reluctance machines capable of starting a prime mover as well as
generating electrical power for use on aircraft.

The aerospace industry has consistently driven the leading edge of technology
with the requirement for lightweight, high efficiency, high reliability equipment. The
equipment must be lightweight because each additional pound of weight translates directly
into increased fuel burn, and therefore, a higher cost of ownership and shorter range. The
need for high efficiency results from the fact that each additional cubic inch required for
equipment displaces the amount of revenue-generating cargo and passengers that can
be carried on an aircraft. High reliability is important because every minute of delay at the
gate increases the cost of ownership, and likewise, increases passenger frustration.

For aircraft electric power generation systems, these pressures have precipitated
great advancements in technology, but have also caused problems. Aircraft have typically
used synchronous brushless AC generators or permanent magnet generators for electric
power generation needs. Unfortunately, both of these types of generators require
components which can fail due to the conditions under which they are required to operate
(usually mounted directly on the aircraft jet engine).

In addition to an electrical generator, an engine starter is also typically installed
on the aircraft engine. This component is used only during starting, which occupies only
a very small fraction of each operational cycle of the aircraft. In effect, the starter
becomes excess baggage during the remainder of the flight, increasing overall weight, fuel
burn, and cost of ownership, and decreasing overall range. This problem has been
recognized and efforts have been expended to combine the starter and generator into a

single package, thus eliminating the need for an additional piece of equipment used only
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a fraction of the time. Unfortunately, using synchronous AC or permanent magnet
generators for this purpose, in addition to creating new problems associated with the start
function, does not eliminate the inherent problems with these machines as described
above.

As an alternative to the use of the synchronous AC or the permanent magnet
generator for this combined starter/generator function, a switched reluctance machine can
be used. A switched reluctance machine is an inherently low cost machine, having a
simple construction which is capable of very high speed operation, thus yielding a more
lightweight design. The rotor of the switched reluctance machine is constructed from a
simple stack of laminations making it very rugged and low cost without the containment
problems associated with rotor windings or permanent magnets. Further, the rotor does
not require rotating rectifiers, which contribute to failures, as does the AC synchronous
machine.

In order to properly operate a switched reluctance machine, it has been found
necessary in the past to determine the rotor position in order to properly commutate the
currents flowing in the phase windings of the machine. Resolvers are used, particularly
in high speed systems, or sometimes encoders in lower speed systems, to obtain a
measure of rotor position. However, resolvers and required associated apparatus (chiefly,
a resolver-to-digital converter and an excitation circuit) are expensive and both resolvers
and encoders are a source of single point failure.

In order to obviate the need for position sensors, such as resolvers or encoders,
sensorless operational techniques have been developed. The most trivial solution to
sensorless operation is to control the switched reluctance machine as a stepper motor in
the fashion disclosed in Bass, et al. U.S. Patent No. 4,611,157 and MacMinn U.S. Patent
No. 4,642,543, In an alternative technique, machine inductance or reluctance is detected
and utilized to estimate rotor position. Specifically, because the phase inductance of a
switched reluctance machine varies as a function of angle from alignment of the stator
pole for that phase and a rotor pole, a measurement of instantaneous phase inductance

can be utilized to derive an estimate of rotor position. See MacMinn, et al. U.S. Patent
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No. 4,772,839, MacMinn, et al. U.S. Patent No. 4,959,596, Harris "Practical Indirect
Position Sensing for a Variable Reluctance Motor," Masters of Science Thesis, MIT, May
1987, Harris, et al. "A Simple Motion Estimator for Variable Reluctance Motors," IEEE
Transactions on Industrial Applications, Vol. 26, No. 2, March/April, 1990, and MacMinn,
et al. "Application of Sensor Integration Techniques to Switched Reluctance Motor
Drives," IEEE Transactions on Industry Applications, Vol. 28, No. 6, November/December,
1992.

More particularly, the phase inductance L, for a given phase current Ionase @Nd @
given flux linkage ¥, is defined as:

L =%/ |neso
wherein the flux linkage for the particular phase can be calculated for a given phase
voltage V.. and a given phase resistance R,,,,, as follows:
P = [ (Vonase - lphaseRpnase)dlt + C

Previous techniques for sensorless determination of rotor position have actually
measured phase voltage and current magnitudes. However, measurement of the phase
voltage magnitude resuits in the need for additional sensors and conductors between the
inverter and the controller, thereby introducing additional costs and potential for failures.

In a further technique, phase inductance can be determined using a frequency
modulation approach whereby a non-torque producing phase forms part of a frequency
modulation encoder. See Ehsani, et al. "Low Cost Sensorless Switched Reluctance Motor
Drives for Automotive Applications," Texas A&M Power Electronics Laboratory Report
(date unknown), Ehsani, et al. "An Analysis of the Error in Indirect Rotor Position Sensing
of Switched Reluctance Motors," IEEE Proceedings IECON '91, Ehsani "A Comparative
Analysis of SRM Discrete Shaft Position Sensor Elimination by FM Encoder and Pulsed
Impedance Sensing Schemes," Texas A&M Power Electronics Laboratory Report, (date
unknown) and Ehsani, et al. "New Modulation Encoding Techniques for Indirect Rotor
Position Sensing in Switched Reluctance Motors," IEEE Transactions on Industry
Applications, Vol. 30, No. 1, January/February, 1994.
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A model-based approach to rotor position estimation has been developed by
General Electric Company and is disciosed in Lyons, et al. "Flux/Current Methods for SRM
Rotor Position Estimation," Proceedings of IEEE Industry Applications Society Annual
Meeting, Vol. 1, 1991, and Lyons, et al. U.S. Patent No. 5,097,190. In this technique, a
multi-phase lumped parameter model of the switched reluctance machine is developed
and utilized. However, the model has been developed only for a three-phase machine
wound in a north-south-north-south-north-south configuration.

A position estimation subsystem has been developed by the assignee of the
instant application and includes a relative angle estimation circuit, an angle combination
circuit and an estimator in the form of a Kalman filter. The relative angle estimation circuit
is responsive to the phase currents and voltages of the switched reluctance machine and
develops an angle estimate for each phase. The angle combination circuit combines the
phase angle estimates to obtain an absolute angle estimate which eliminates ambiguities
that would otherwise be present. The Kalman filter utilizes a model of the switched
reluctance machine system as well as the absolute angle measurement to form a better
estimate of the rotor position and velocity and, if necessary or desirable for other
purposes, the rotor acceleration.

The simplest approach is to utilize the estimated rotor position developed by the
Kalman filter to directly control commutation. However, the time required to estimate rotor
position limits the number of position estimates that can be developed per electrical cycle
by the Kalman filter, and hence an instantaneous position generation circuit is provided
to convert the output of the Kalman filter to a signal that can properly control commutation.

An object of the present invention is to provide a flux integrator for use in the
above-noted relative angle estimation circuit for deriving an estimate of rotor angle
utilizing estimates of the phase voltage dependent upon a logic state of the commutation
circuitry. It is further an object to provide a control for a sensorless switched reluctance
machine wherein the control has a minimum number of components, thereby reducing
complexity and costs. It is yet a further object to increase reliability without any sacrifice

in precision.
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These and other objects and advantages are attained by the provision of an
apparatus that estimates the phase voltage and thereby computes the flux linkage for
each phase to estimate the relative angular position of the rotor.

In one embodiment of the invention, the flux linkage is calculated by an analog
flux integrator.

In another embodiment of the invention, a digital flux integrator calculates the
flux linkage to improve reliability, decrease costs by reducing the number of components
and increase the speed by removing analog to digital conversion steps. Still further, the
digital flux integrator has the flexibility to be implemented through discrete digital logic
hardware, a programmable logic device, a custom logic device, software or some
combination thereof.

In yet another embodiment of the invention, in the event of a sufficiently high DC
bus voltage magnitude, the flux integrator can be simplified.

These and other objects, advantages and novel features of the present invention
will become apparent to those skilled in the art from the drawings and following detailed

description.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 comprises a block diagram of a starting/generating system for an aircraft;

Fig. 2 comprises a block diagram of a prior art inverter control, inverter and
switched reluctance machine;

Figj 3 comprises a block diagram of an inverter control including a current
control together with an inverter and a switched reluctance machine according to the
present invention;

Fig. 4 comprises a block diagram of the position estimation circuit of F ig. 3;

Fig. 5 comprises a block diagram of an inverter topology incorporating the

present invention;



10

15

20

25

WO 97/38484 PCT/US97/05620

Fig. 6 comprises a block diagram of an analog flux integrator together with the
inverter and current control of Fig. 3 according to one embodiment of the present
invention,

Fig. 7 comprises a block diagram of a low current threshold sensor together with
a portion of the relative angle estimation circuit, current control and inverter of Fig. 6;

Fig. 8 comprises a block diagram of a digital flux integrator together with the
inverter and current control of Fig. 3 according to another embodiment of the present
invention;

Fig. 9 comprises a block diagram of a portion of the digital flux integrator of Fig.
8 shown in greater detail together with a clock and a digital look-up table;

Fig. 10 comprises a block diagram of a low threshold current sensor together
with the portion of the digital flux integrator of Fig. 9; and

Fig. 11 comprises a block diagram of a digital flux integrator according to yet

another embodiment of the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring first to Figure 1, a power conversion system 10 is provided on-board
an aircraft (shown diagrammatically at 12) or other aerospace, land or water vehicle and
includes a prime mover, for example, a gas turbine engine 14, which is coupled by a
motive power shaft 16 to a switched reluctance machine 18. The machine 18 includes
phase windings which are coupled to an inverter 20 operated by an inverter control 22.
In a starting mode of operation, DC power is supplied to the inverter 20 and the inverter
control 22 develops control signals for switches in the inverter 20 to cause the switched
reluctance machine 18 to operate as a motor and supply motive power via the shaft 16 to
the gas turbine engine 14 for starting purposes. During operation in a generating mode,
motive power is supplied by the gas turbine engine to the switched reluctance machine
18 via the shaft 16 and the resulting electrical power developed by the switched

reluctance machine 18 is converted by the inverter 20 into DC power for one or more
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loads. If necessary or desirable, the inverter 20 could be modified to develop constant
frequency AC power for one or more AC loads.

Referring now to Fig. 2, a prior art inverter control for operating the switched
reluctance machine 18 includes a resolver 30, which is coupled by a motive power shaft
32 to the rotor of the switched reluctance machine 18. Excitation is provided by a resolver
excitation circuit 34. The resolver 30 develops first and second signals over lines 36 and
38 that have a phase quadrature relationship (also referred to as sine and cosine signals).
A resolver-to-digital converter 40 is responsive to the magnitudes of the signals on the
lines 36 and 38 and develops a digital output representing the position of the rotor of the
switched reluctance machine 18. The position signals are supplied along with a signal
representing machine rotor velocity to a control and protection circuit 42. The rotor
position signals are also supplied to a commutation and current control circuit 44 having
an input coupled to an output of the control and protection circuit 42.

The circuits 42 and 44 further receive phase current magnitude signals as
developed by the inverter 20. The circuits 42 and 44 develop switch drive signals on lines
46 for the inverter 20 so that the phase currents flowing in the windings of the switched
reluctance machine 18 are properly commutated.

As noted previously, the resolver 30 is expensive and inherently a source of
single point failure. Further, the resolver-to-digital converter 40 is also an expensive
component and, hence, it is desirable to eliminate these and other components (including
the excitation circuit 34), if possible.

Fig. 3 illustrates an inverter control 50 that incorporates the present invention
together with the inverter 20 and the switched reluctance machine 18. A position
estimation circuit 52 is responsive to the phase current magnitudes developed by the
inverter 20, switch command or drive signals for switches in the inverter 20 and DC bus
voltage magnitude to develop position and velocity estimate signals for a control and
protection circuit 54. In addition, the position estimate signals are supplied to a
commutation circuit 56. A current control circuit 58 is responsive to the phase current
magnitudes developed by the inverter 20, as well as phase enable output signals
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developed by the commutation circuit 56 and a reference current signal developed by the
control and protection circuit 54. The current control circuit 58 produces the switch
command or drive signals on lines 60 for the inverter 20.

Fig. 4 illustrates the position estimation circuit 52 in greater detail. A relative
angle estimation circuit 62 is responsive to the switch drive signals, the DC bus voltage
and the phase current magnitudes developed by the inverter 20 and develops a set of
output signals 8,, 8g, d¢ on lines 64 each representing an estimate of instantaneous angle
from rotor/stator pole alignment for a particular phase of the machine 18. It should be
noted that, while three angle estimate signals 8,, 8, 8¢ are developed by the circuit 62 of
Fig. 4 wherein each represents the estimated instantaneous angle for the phases of a
three-phase switched reluctance machine 18, a different number of signals would be
developed on the lines 64 if the machine has a different number of phases, one for each
of the machine phases.

Each angle estimate signal 8,, 8g, & represents two possible solutions for
estimated rotor position, either phase advanced with respect to (i.e., moving toward) the
respective phase pole or phase delayed with respect to (i.e., moving away from) the
respective phase pole. This ambiguity is removed by an angle combination circuit 66
which combines the signals 5,, 8g, 8¢ to obtain an absolute angle estimate 8,. The angle
estimate 0, is provided to an estimator €8, preferably including a Kalman filter, which
improves the estimate of rotor position to obtain a value 6. In addition, the estimator 68
develops a velocity estimate w and further develops an estimated acceleration signal o
representing the estimated acceleration of the machine rotor. The acceleration signal o
may be used by other circuits (not shown). The signals 0 and w are supplied to an
instantaneous position generation circuit 70 according to the present invention which
develops a signal representing estimated rotor position.

If desired, the estimator 68 may include an implementation other than a Kalman
filter.
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The signal w is further supplied to a scaling circuit 72 which in turn develops a
velocity estimate signal in the correct units (e.g., rpm's) for the control and protection
circuit 54 of Fig. 3.

The inverter 20 preferably has a topology including a plurality of phases or
inverter legs wherein each phase or leg is connected to one phase winding. Fig. 5
illustrates a portion of the inverter 20 showing a single inverter phase A connected to a
phase winding 78A including first and second switches 80A and 80B coupled with first and
second diodes 82A and 82B between positive and negative lines 84A and 84B of a DC
bus 84 and the phase winding 78A. A current sensor 86 detects the magnitude of current
flowing through the phase winding 78A, and preferably is of the Hall effect type.

Fig. 6 illustrates the relative angle estimation circuit 62 in greater detail together
with the inverter 20 and the current control 58. The current sensor 86 provides an analog
signal on a line 88 representative of the magnitude of the phase current to an analog flux
integrator 92 which calculates the phase flux linkage ¥ for a particular phase (here, phase
A) according to the mathematical formula described hereinabove. As in other
embodiments described hereinafter, the analog flux integrator 92 for the phase winding
78A is replicated for each additional phase and may be implemented with any suitable
hardware known in the art to be capable of performing the required calculations.

The analog flux integrator 92 is responsive to first and second switch command
signals on lines 94A and 94B developed by the current control 58. The first and second
switch command signais on the lines 94A and 94B control the first and second inverter
switches 80A and 80B, respectively, (Fig. 5) and define a plurality (i.e., four) of logic states
for the phase. These logic states include both switches on, both switches off and two
states where one switch is on and the other is off. In accordance with the logic state of
the phase, a multiplexer 96 selects from among three signals a value to be utilized in
calculating an estimate of a phase voltage magnitude developed across the phase winding
78A. The multiplexer 96 then provides the value over a line 97 to a noninverting input of
an adder 98.
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A multiplying digital-to-analog converter 100 includes a first input terminal that
receives the current magnitude signal developed by the current sensor on the line 88 and
a second input terminal that receives a digital scale factor signal R from a digital signal
processor (DSP) or any other suitable hardware and/or software components. The
multiplying digital-to-analog converter 100 multiplies the phase current magnitude signal
on the line 88 with the digital scale factor R. In the preferred embodiment, the scale factor
R is representative of a particular resistance, or combination of resistances (to be defined
hereafter), and may either be a constant value or variable value, for example, to account
for temperature effects on the various resistances utilized in calculating the flux linkage.

The multiplying digital-to-analog converter 100 develops a signal on a line 101
coupled to an inverting input of the adder 98. The adder 98, in turn, provides a signal on
a line 102 representative of the difference between the signal on the line 97 and the
scaled phase current magnitude signal on the line 101 to an analog integrator 104.

The analog integrator 104, which may be an op-amp integrating circuit, provides
an analog signal 106 representative of the flux linkage ¥ to an analog-to-digital converter
108 to develop a digital signal on a line 110 coupled to a digital look-up table (LUT) 112.
The LUT 112, which may be implemented by the DSP or any other memory device, is
further responsive to a digital signal developed by an analog-to-digital converter 113
representing phase current magnitude. The LUT 112 stores values of 6, representing
pairs of potential angular positions of the rotor at table addresses defined by particular
values of the flux linkage ¥ and magnitudes of phase current and provides the values of
8, to the angle combination circuit 66 of Fig. 4, as previously noted.

The values of 85 and 5., are developed by identical circuitry or are developed by
the same circuitry on a time-multiplexed basis and are provided to the angle combination
circuit 66 of Fig. 4, as previously noted.

The analog integrator 104 is initialized by a low current threshold sensor 114,
which is responsive to the first and second switch command signals on the lines 94A and
94B and the analog phase current magnitude signal on the line 88. As seen in greater

detail in Fig. 7, the low current threshold sensor 114 includes a current comparator 116

10
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for comparing the phase current magnitude signal on the line 88 with a predetermined low
current threshold value |,z which may be provided by the DSP. The first and second
switch command signals on the lines 94A and 94B are provided to a NOR gate 118 having
an output which is coupled together with an output of the current comparator 116 to an
AND gate 120. The AND gate 120, in turn, provides a first or control reset signal on a line
122 to an OR gate having an output coupled to the analog integrator 104. The OR gate
124 is also responsive to a second or forced reset signal on a line 125, which may be
provided by the DSP. It should be noted that the low current threshold sensor 114 is
preferably implemented by hardware, although software could alternatively be used.
Further, the current comparator 116 may alternatively be a digital comparator, in which
case the digital current magnitude signal developed by the analog-to-digital converter 113
may be provided thereto instead of the analog signal from the inverter 20.

In operation, if the first and second switch command signals on the lines 94A and
94B are both high, both the first and second inverter switches 80A and 80B are closed and
the phase A is said to be in a forward conduction condition. In the forward conduction
condition, the phase winding 78A is thus directly connected across the DC voltage bus 84.
Accordingly, using circuit analysis techniques and neglecting the effects of such
components as the current sensor 86, the phase voltage Vohaseorwarq) CaN be estimated as
follows:

Vonasatorward) = Vous = lohase(2R1eeder + 2Reuiten) = 2Vauiten
where:

Vi  represents the voltage across the DC voltage bus 84 and is measured

by the control and protection circuit 54 through a high impedance
connection to the DC voltage bus 84:

bnase  FEpresents the current magnitude through the phase winding 78A and
is measured by the current sensor 86;

Rieer  represents the resistance of a pair of feeder lines 124 (Fig. 5)

connecting the inverter 20 to the phase winding 78A;

11
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R,.n represents the main current path resistance of either the first or second
inverter switch 80A or 80B (assumed to be equal for both inverter
switches); and

V,..n represents the voltage across either the first or second inverter switch
80A or 80B (assumed to be a constant value and equal for both inverter
switches).

Similarly, if the first and second switch command signals on the lines 94A and
94B are low, then both the first and second inverter switches 80A and 80B are open, and
the phase A is said to be in a flyback condition. In the flyback condition, current flows
through the first and second diodes 82A and 82B and, therefore, the phase voltage
\

chase(tyback) C2N De estimated as follows:

Vonasetiyback) = ~Vbus = Ipnase(2Rreeder + 2R yiode) = 2Vdiode
where:

Ruwe represents the forward resistance of either the first or second diode 82A

or 82B (assumed to be equal for both diodes); and

Va4 Tepresents the forward voltage across either the first or second diode

82A or 82B (assumed to be a constant value and equal for both diodes).

Finally, when only one of the first or second switch command signals on the lines
94A or 94B is high, either the first or second inverter switch 80A or 80B is closed and the
other is open and the phase A is said to be in a flywheel condition wherein the phase
VORAGE Vruwmmneny €8N DE @stimated as follows:

Vrasottypanon = ~lonase(2R1ceder + Raiode + Rewitch) = Vaiode = Vauiteh:

As seen in Fig. 6, the multiplexer 96 is responsive to the switch command signals
on the lines 94A and 94B to provide one of the three signals or values Vi, Vayoack OF
Vool t0 the adder 98. Each of the three values represents the sum of those terms in the
above-identified equations for estimating the phase voltage not multiplied with the phase
current magnitude. For example, Vi, is defined as follows:

Vfocward=vbus"2szitch

12
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and, accordingly, the phase voltage can be rewritten as:
Viohase torward) = Vioward = Iphase(2Rsoader + 2Rsuien)-
Likewise, the other two signals, Vppack @8Nd Ve, Provided to the multiplexer 96 are
defined as follows:
Viyback = “Vbus = 2Vigiode
Viywhoe! =-Vaiode = Vsuitch-

It should be noted that the multiplexer includes four inputs and that the signal
Viwnee IS Provided to the two inputs of the multiplexer 96 selected by the two possible logic
states of the signals on the lines 94A and 94B when one inverter switch is open and the
other is closed. Further, the signals Vi,yaa, Vaack @Nd Viynee May be calculated by op-
amp circuitry from which data representing the above voltage terms are provided.

Once the appropriate signal is provided on the line 97 by the multiplexer 96, the
adder 98 computes the integrand of the flux linkage equation by subtracting those terms
having an |, factor (i.e., those terms represented by the signal on the line 101) from
those terms in the appropriate V.., €quation not having an |, factor (i.e., those terms
represented by the signal on the line 97). For example, if phase A is in the flyback
condition, the flux linkage equation can be rewritten as follows:

¥ = [([-Vieus - 2Viode] - Iphase [2Rseader + 2Rgiode + Rpnasel)dt + C.
In order to calculate the above equation, the scale factor R provided to the multiplying
digital-to-analog converter 100 is set equal to [2R;, e + 2Ryoge + Rpnase] @nd the multiplexer
96 selects the Vy,,,.« Signal, which is representative of [-V,,. - 2V iuqa).

In practice, the calculation of the scale factor R is simplified by assuming that
Rewieh = Ruode: Under this assumption, the scale factor R does not change in dependence
upon the conduction states of the switches 80A, 80B and hence R is calculated once and
is provided to the converter 100.

However, the low threshold current sensor 114 must additionally initialize or
reset the analog integrator 104 whenever the phase winding 78A is not being energized
to set the constant C generated by the integration computation equal to zero. As seen in

Fig. 7, the integrator 104 is reset by the AND gate 120 of the low current threshold sensor

13
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114 when both the first and second switch command signals on the lines 94A and 94B are
low (i.e., when the phase winding 78A is not being energized by the DC voltage bus 84)
and when the phase current magnitude falls below the predetermined low threshold value.
The integrator 104 can also be reset by the DSP simply through the forced reset signal
on the line 125.

Another embodiment of the present invention performs the above calculations
digitally rather than using analog signals as described above. This embodiment of the
present invention may increase the speed of the calculation by eliminating the time
required for analog-to-digital conversions and further eliminates the need for certain
components, such as the analog-to-digital converter 108. Still further, it has been found
that the digital implementation may provide greater precision and is less likely to
experience performance degradation during the lifetime of the system. This embodiment
may be implemented by one or more suitable digital components, such as a suitably
programmed DSP.

Accordingly, as seen in Fig. 8, the analog flux integrator 94 of the previous
embodiment is replaced by a digital flux integrator 199 having a digital accumulator 200,
which preferably is a high speed bidirectional accumulator having variable
increment/decrement capability. A digital multiplexer 202 is coupled to an adder 204
which, in turn, is coupled to the accumulator 200. The adder 204 computes the difference
between a signai on an output line 206 of the multiplexer 202 and a signal developed on
a line 208 by a multiplier 210. The multiplier 210 receives a signal R for multiplication with
a digital phase current magnitude signal developed by an analog-to-digital converter 214
which receives the phase current magnitude signal developed by the current sensor 86
(Fig. 5). The analog-to-digital converter 214 further provides the phase current magnitude
signal to a low threshold current sensor 216 and a look-up table (LUT) 217 identical to the
LUT 112 of Fig. 6.

As in the previous embodiment, the multiplexer 202 selects one of the three
values associated With Vi qegomady Venasetybacky O Venaseywheey ON the basis of the logic state
of the phase switches. In this embodiment, however, software is preferably implemented
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for the computation of the values, after which the values are then stored in first through
third registers 218A-C, labeled INC, DEC1 and DEC2, respectively. As seen in Fig. 8,
each register 218 is labeled in accordance with whether the value will lead to an increment
(INC) or decrement (DEC) of the sum calculated by the accumulator 200. Thus, for
example, Vpnasemback) 1S @pproximately equal to -\, for high voltage applications, and,
therefore, constitutes a decrement DEC1 to the sum in the accumulator 200.

As seen in greater detail in Fig. 9, the accumulator 200 includes a summer 220
having an output bus coupled to a register 222. The summer 220 is preferably sufficiently
large so that a precise representation of the phase flux linkage ¥ may provided by a
number of upper order bits of the summer 220.

The summer 220 further includes first and second inputs coupled to first and
second input buses 224A, 224B, respectively. Output lines of an n-bit wide AND gate 226
are coupled to the first inputs via the first input bus 224A, while outputs of the adder 204
are coupled to the second input terminal via the second input bus 224B.

The AND gate 226 has an inverting input coupled to the low current threshold
sensor 126 via a line 227 and a set of non-inverting inputs coupled to an output bus 228
of the accumulator 200. The AND gate 226 feeds back the value appearing at the output
of the accumulator 200 to the first inputs of the summer 220 via the first input bus 224A
as long as the low current threshold sensor 216 provides a low signal on the line 227 to
the inverting input of the AND gate 226. When the sensor 216 provides a high signal on
the line 227, the output of the AND gate 226 comprises a plurality of zeroes which are
provided to the first inputs of the summer 220 over the bus 224A, and hence the summer
220 is reset to the value appearing on the bus 224B. The AND gate 226 may be
implemented using appropriate hardware and/or software, for example, by the DSP noted
above.

The output of the accumulator 200 is provided via the output bus 228 to a tri-
state buffer 230. The tri-state buffer 230, in turn, provides the output signal of the
accumulator 200 on an output bus 232 to the LUT 217 upon receipt of a clocking signal
READ_FLUX on a line 234. As in the previous embodiment, the signal on the output bus
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232 constitutes a representation of the magnitude of the flux linkage for phase A and,
together with the phase current magnitude signal, are used to address the LUT 217 to
obtain a value representative of the estimated instantaneous rotor angle for phase A.

With continued reference to Fig. 9, a clock 236 provides clock pulses on a line
238 to the accumulator 200 to synchronize and control the summer 220 and the register
222 1t should be noted that the frequency of the clock 236 should greatly exceed the
frequency associated with the rotor speed to thereby add more precision to the phase flux
linkage calculation.

As seen in greater detail in Fig. 10, the low threshold current sensor 216
includes a digital current comparator 240 that compares the digital phase current
magnitude signal provided by the analog-to-digital converter 214 to the predetermined
reference value |z The digital current comparator 240, which may be an analog
comparator if the phase current magnitude signal is received directly from the sensor 86,
develops a digital output signal on a line 242 which is coupled to an AND gate 243. A
NOR gate 244 receives the first and second switch command signals on the lines 94A and
94B from the current control 58 and provides an output signal on a line 246 to the AND
gate 243. The AND gate 243, in turn, provides a signal on a line 247 to an OR gate 248
having an output coupled by the line 227 to the inverting input terminal of the n-bit wide
AND gate 226 in the accumulator 200. Again, the accumulator 200 can be reset by a
forced reset signal developed by the DSP.

As seen in Fig. 11, yet another embodiment of the present invention for
applications having a high DC bus voltage, e.g., 270 volts, includes a digital flux integrator
250 having reduced complexity due to further estimations in the calculation of the phase
voltage. In such applications, the bus voltage term V,.s dominates the phase voltage
equations defined hereinabove such that the I'R terms involving the resistances of the
feeder line R4, the inverter switches R, and the inverter diodes R4 are rendered
negligible, as are the Vs, and V., terms. Still further, the | ohaseRphase t€rm in the flux

linkage equation may also be neglected. Accordingly, the forward conduction condition
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increment rate, the flyback condition decrement rate and the flywheel condition decrement
rate become V,,,, -V, and zero, respectively.

The digital flux integrator 250 includes an accumulator 252 having a first input
terminal coupled to an n-bit wide AND gate 253 (identical to the AND gate 226) and a
second input terminal coupled to a multiplexer 254, which, in turn, receives signals from
first through third registers 256A-256C. However, in consideration of the above
approximations, the register 256C may provide logic zero states to represent an
estimated V,,,semwheey VOItage of zero.

The registers 256A and 256B are preferably coupled to a data bus 257 from
which the respective phase voltage estimate Vonass(torward) OF Vphasettyback IS r€trieved upon
receipt from the DSP of a first load signal LD_INCR on a line 258A or a second load signal
LD_DECR on a line 258B, respectively. The same data bus 257 also provides an output
of the digital flux integrator 250 to the LUT 217.

As in the previous embodiment, a low current threshold sensor 260 similar to the
sensor 216 provides a signal to an inverting input of the n-bit wide AND gate 253. Asin
the previous embodiment, the low current threshold sensor 260 may include an analog
comparator if it obtains the analog representation of the phase current directly from the
current sensor 86, as shown, rather than requiring an intermediate analog-to-digital
conversion.

The digital flux integrator 250 otherwise operates in the exact same manner as
the previous digital embodiment of the present invention. Further elements found in Fig.
11 common to other figures are assigned like reference numerals.

It should be noted that, rather than approximating in the above fashion, the
phase current can aiternatively be estimated as a constant from a commanded current
chopping level. The commanded current chopping level is developed by the control and
protection circuit 54 in controlling commutation. Accordingly, the phase voltage equations
can be calculated without requiring multiplication, and, thus, can be easily performed. The

increment and decrement rates can likewise be pre-adjusted to incorporate the lphaseR phase
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term in the flux linkage equation, thereby completely eliminating the need for the muitiplier

210 of Fig. 8.
Numerous modifications and alternative embodiments of the invention will be

apparent to those skilled in the art in view of the foregoing description. Accordingly, this
description is to be construed as illustrative only and is for the purpose of teaching those
skilled in the art the best mode of carrying out the invention. The details of the structure
may be varied substantially without departing from the spirit of the invention, and the
exclusive use of all modifications which come within the scope of the appended claims is

reserved.

18



WO 97/38484 PCT/US97/05620

We Claim:

1. An apparatus for estimating rotor position of a switched reluctance
machine having a plurality of phases, each phase having a phase winding
across which a phase voltage is developed and through which a phase current
flows, comprising:

first means for developing an estimate of phase voltage magnitude, the
first developing means including second means for developing a scaled
magnitude of the phase current: and

means responsive to the first and second developing means for

developing an estimate of rotor position.

2. The apparatus of claim 1, wherein the second developing means

is responsive to a current sensor which detects phase current magnitude.

3. The apparatus of claim 1, wherein the second developing means

utilizes a constant value to obtain an estimate of phase current magnitude.

4. The apparatus of claim 1, wherein each phase may be in one of a
plurality of conduction logic states and wherein the first developing means is

responsive to the conduction logic state of the phase.
5. The apparatus of claim 4, wherein the third developing means includes

an integrator for computing a flux linkage magnitude for the phase winding

and further includes means for initializing the integrator.
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6. The apparatus of claim 5, wherein the initializing means initializes the
integrator when both the phase is in a flyback conduction logic state and a

magnitude of the phase current is less than a predetermined value.

7. The apparatus of claim 5, wherein the integrator develops an

analog representation of the flux linkage magnitude.

8. The apparatus of claim 5, wherein the integrator comprises a digital
accumulator for developing a digital representation of the flux linkage

magnitude.

9. The apparatus of claim 5, further including a look-up table storing values

representing rotor position.

10. In a switched reluctance machine having a plurality of phases, each
phase having a phase winding across which a phase voltage is developed and
through which a phase current flows, an apparatus for estimating rotor position,
comprising:

a current controller capable of developing a plurality of conduction signals
for controlling the phase current;

developing means responsive to the plurality of conduction signals for
developing an approximate magnitude of the phase voltage and a scaled
magnitude of the phase current; and

an accumulator responsive to the developing means for computing a
digital representation of a flux linkage magnitude to obtain an estimate of rotor

position.

11, In a switched reluctance machine having a plurality of phases and a DC
bus having a high DC voltage wherein each phase includes a phase winding

20
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across which a phase voltage is developed, an apparatus for estimating rotor
position, comprising:

means for estimating a magnitude of the phase voltage according to the
DC voltage; and

means for integrating the magnitude of the phase voltage to obtain an

estimate of rotor position.
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