US005982117A

United States Patent 19] 11] Patent Number: 5,982,117
’ ’
Taylor et al. 45] Date of Patent: Nov. 9, 1999
’
[54] METHOD AND APPARATUS FOR CONTROL 4,959,596  9/1990 MacMinn et al. ....cooeveunnnennn. 318/254
OF A SWITCHED RELUCTANCE MOTOR 4,961,038 10/1990 MacMinn ......... 318/696
4,990,843  2/1991 Moren et al. ... 318/701
[75] Inventors: David G. Taylor, Marietta, Ga.; Saeed 5,097,190  3/1992 Lyons et al. ..ccocevivvrverernnnnne 318/701
Ur Rehman, Rawal Pindi, Pakistan
Primary Examiner—David Martin
[73] Assignee: Georgia Tech Research Corp., Atlanta, Attorney, Agent, or Firm—Deveau, Colton & Marquis
Ga.
[57] ABSTRACT
[21]  Appl. No.: 08/978,316 A method for estimating and controlling the rotor position of
[22] Filed: Nov. 25. 1997 a SRM comprises the steps of sampling phase currents and
’ estimating phase fluxes from at least one excited phase of the
Related U.S. Application Data SRM, sampling phase currents and estimating phase induc-
tances from at least one unexcited phase of the SRM, and
[63] Continuation of application No. 08/530,839, Sep. 20, 1995, estimating the rotor position by determining a rotor position
abandoned. that is common to the estimated phase flux and the estimated
[51] HO2K 23/00 phase inductance solutions to predetermining flux and
s Us. L 3 18/2 54: 318/701 inductance models. The estimation of rotor position can be
[52] > less sensitive to measurement noise by applying a least
58 318/254, 701 e
[58] Field of Search ... > squares technique. Once the rotor position has been esti-
. mated by the above method, the position of the rotor can be
[56] References Cited controlled so as to provide an overall effective control of the
U.S. PATENT DOCUMENTS SRM. In particular, once the position of the rotor is
estimated, the excitation provided to the motor is then
37%49‘7506 3/ iggg f/{aszm,ann """ [ ; }g/ égg adjusted to urge the rotor from its current position, velocity
4’772’§§8 9;1 088 MZEﬁiﬁﬁ Z: Zl. ’ T3 18; 606 or torque toward a desired position, velocity or torque.
4,806,080 11990 Kilman et al. ..... .. 318/701
4,933,620 6/1990 MacMinn et al. ..................... 318/696 20 Claims, 9 Drawing Sheets
oo
I
|
I
I
|
I 50A 508 Z
i o
| 38 <
+ ! C
1@ ) i
: - -I—Cljs I—“Clj7 S( T{
| A W [
4
i 4 41 42 43
i
i
I
I
|
i
: ;
| ld\./? i
! do_>»
MICRO [
PROCESSOR| |
s Y W

36~




U.S. Patent Nov. 9, 1999 Sheet 1 of 9 5,982,117

PHASEA 10

PHASE C

26a

22b
PHASE B
—— 0

—28b

30b

PHASE C

PHASE A

FIG. 1



U.S. Patent Nov. 9,1999 Sheet 2 of 9 5,982,117

<"Y3>
l PHASE A
EX | EX EX | EX | EX
t
|
|
A :
| ! PHASE B
|
Ex | Ex | Ex E Ex | Ex | Ex
1; —>
l *
|
|
A |
\I
<— 21 > | PHASE C
EX | EX | EX EX

h
>
*

A AB B BC C AC A AB B BC

FIG. 2

~>r

(D_/

A1 B1

FIG. 10



5,982,117

Sheet 3 of 9

Nov. 9, 1999

U.S. Patent

208 gos ém\MN

€ Old %€

e I et s S

|_|4oss3008d

< — +—  OHOIN
p [
. _
|
1
|
{
!
e € |
|
|
|
Gp . EF 2 N !
v Lol

- w _- WII L\d _- T “
|
! W m
|
|
i
i
|
|
|
|
1
|
|
|
|
|
|




e d ‘SN

36

- A | 10
| ( COMPENSATOR COMMUTATION | 34 C
| E Ty WITH ) y | SR
X T >| INSTANTANEOUS [ 17| AMPLIFIER [—9=>I MOTOR

S| T ,
! 35~ | 9 !
| A ISR U ) SVUQ U, Q
| X 29 f 27 |
| C 5 LA Gy
| % | ROTORPOSITION [¢—=~—| FLUXAND |!
| o { | INDUCTANCE | |
: ESTIMATOR  [€ | ESTIMATOR | |
D e e —p—htt————erhrhro imn—m—m———— ettt —mmm— |

6661 ‘6 "AON

6 JO ¥ 194§

LITT86'S



U.S. Patent

Nov. 9, 1999 Sheet 5 of 9 5,982,117
51
PERFORM THE START-UP /
SEQUENCE TO FIND THE
INITIAL ROTOR POSITION
N
52
CALCULATE AND APPLY |/
THE INITIAL MOTOR
EXCITATION
55

ESTIMATE ROTORPOSITION |/

Y

CALCULATE NEW MOTOR 6
EXCITATION

l

APPLY THE NEW EXCITATION o7

TO MOTOR _,/

FIG. 5



U.S. Patent

Nov. 9,1999 Sheet 6 of 9

ENTER

PROBE UNEXCITED PHASES FOR
THEIR INDUCTANCE ESTIMATES

SAMPLE EXCITED PHASES FOR
THEIR FLUX-LINKAGE ESTIMATES

4

SEARCH THE DOMAIN SETS FROM ALL
PHASES FOR A COMMON VALUE

IS A
COMMON DOMAIN

5,982,117

FOUND

FIND A PAIR OF ADJACENT DOMAINS
FROM THE SET OF DOMAINS

y

FIND THE STEEPEST SLOPE IN
THESE DOMAINS FOR EACH PHASE

\ 2 /

WRITE AN EQUATION FOR EACH PHASE
INDUCTANCE OR FLUX-LINKAGE ESTIMATES

A4

SOLVE THESE EQUATIONS FOR POSITION
ESTIMATE USING LEAST-SQUARES

\ 4

TRANSLATE IT INTO THE ESTIMATES OF
MECH. ROTOR POSITION AND SPEED

FIG. 6



5,982,117

Sheet 7 of 9

Nov. 9,1999

U.S. Patent

ve'e

v6'0

V90

VveEo

V00

(pel-8) NOILISOd HOLOY
9 e g Z I 0
_ _ _ [ | 0
/(l\\.\\/\\\\lo _.
02
-0¢
08
-
—0S
09

(Hw)
JONVLONANI
3ASVHd



U.S. Patent Nov. 9,1999 Sheet 8 of 9 5,982,117

L
— 10
<t
L—on
—cy
—

o

2.5A
2.0A
1.6A
1.2A

ROTOR POSITION (e-rad)
FIG. 8

60



PHASE-A
INDUCTANCE

(mH)(-)

I I
3 4
ROTOR POSITION (e-rad)

FIG. 9

D,
vs)
N

%2

20

PHASE-B
FLUX
(mWb)(—)

juared ‘SN

6661 ‘6 "AON

6 30 6 1US

LITT86'S



5,982,117

1

METHOD AND APPARATUS FOR CONTROL
OF A SWITCHED RELUCTANCE MOTOR

RELATED APPLICATIONS

The present application is a continuation application of
application Ser. No. 08/530,839 filed Sep. 20, 1995 aban-
doned. The disclosure of Taylor, et al. is hereby incorporated
by reference herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates, in general, to a method and
apparatus for controlling switched reluctance motors
(SRMs) and, more specifically, is directed to a sensorless
position and velocity control for SRMs using rotor position
estimation based on the measurement of flux and inductance
of the phases of the SRM.

2. Description of Related Art

ASRM is a brushless, salient pole electrical machine with
multiple poles on both the rotor and stator. The stator has
phase windings, unlike the rotor which is unexcited and has
no windings or permanent magnets mounted thereon.
Rather, the rotor of a SRM is formed of a magnetically
permeable material, typically iron, which attracts the mag-
netic flux produced by the windings on the stator poles when
current is flowing through them. The magnetic attraction
causes the rotor to rotate when excitation to the stator phase
windings is switched on and off in a sequential fashion in
correspondence to rotor position.

For a SRM, the direction of the torque of a phase depends
on rotor position and phase current magnitude, but not on the
polarity of the current. Hence, not every phase of an SRM
can produce torque in a desired direction at any given rotor
position. When commutating a SRM, it is customary to
associate each phase with either a productive phase group
(phases which can presently generate torque of a desired
direction) or an unproductive phase group (phases which
presently can only generate torque of the opposing
direction). Naturally, the membership in these phase groups
is rotor position dependent and constantly changing. Opti-
mal commutation of a SRM for maximum torque can be
produced when every member of the productive phase group
is excited and every member of the unproductive phase
group remains unexcited.

For example, in a 3-phase SRM, either one or two phases
(depending on the rotor position) can produce torque of a
desired direction at one time. Therefore, an optimally com-
mutated 3-phase SRM should normally be operated such
that, at all times, at least one productive phase is excited and
at least one unproductive phase remains unexcited. On the
other hand, it should be noted that the optimal commutation
of a 3-phase SRM will never lead to the occurrence where
there are two or more simultaneously excited phases at all
times, or two or more simultaneously unexcited phases at all
times.

To provide this optimal commutation and control for a
SRM, accurate and timely rotor position information must
be obtained. Traditionally, the rotor position information
required for stator phase current switching has been pro-
vided by such devices as Hall-effect sensors, optical
switches, optical encoders, or resolvers. More recently,
efforts have been made to dispense with the use of such
mechanical position sensors in favor of rotor position esti-
mators based on parameters determinable from the motor
terminals. Two parameters which could be usefull in this
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endeavor are phase flux and phase inductance. They are
known to be nonlinear functions of rotor position for a SRM
but can be relatively easily calculated from motor phase
currents and voltages. However, the rotor position informa-
tion obtained is a double-valued function (within each
electrical cycle) for either phase flux or phase inductance,
for any fixed value of phase current. Thus, given a mea-
surement of phase current and a calculation of either phase
flux or inductance alone, only a pair of possible rotor
positions can be determined.

For example, U.S. Pat. No. 4,772,839 issued to MacMinn
(MacMinn I) discloses a rotor position estimator for SRMs
which simultaneously measures changes in current in two
unexcited phases, processes the measurements to provide a
pair of possible rotor positions for each phase, and combines
the positions in a fashion which attempts to yield a unique
estimate of instantaneous rotor position. But, if the two
phases of the SRM do not remain unenergized throughout
the sampling period, or if any phase of the motor experi-
ences a change of state during the sampling period, the
MacMinn I estimator only provides an extrapolated rotor
position in place of the estimated instantaneous rotor posi-
tion. Moreover, the estimator disclosed in MacMinn I esti-
mates rotor position based on the assumption that the IR
drop (voltage drop due to electrical resistance of a phase)
and the back EMF (the electromotive force caused by self
induction of a phase) terms of the phase voltage equation are
so small as to be negligible when estimating phase
inductance, whereas such assumptions are not always valid.
Specifically, back EMF may be a substantial portion of the
phase voltage equation at high rotor velocities.

U.S. Pat. No. 4,959,596 issued to MacMinn, et al.
(MacMinn II) discloses a SRM drive system in which a
phase inductance sensing technique is used to indirectly
estimate certain rotor positions. This technique involves
applying voltage sensing pulses to an unexcited phase,
which results in a change in phase current. The change in
phase current is inversely proportional to the instantaneous
phase inductance. Commutation time is determined by com-
paring the change in phase current to a threshold current,
thus synchronizing phase excitation to a relative rotor posi-
tion. Since no explicit determination of rotor position is
obtained, the excitation to the phases cannot be shaped with
respect to the position, limiting the control performance that
can be achieved (e.g., position control is not possible).

U.S. Pat. No. 5,097,190 issued to Lyons, et al., (Lyons)
discloses a rotor position estimator for a SRM based on
instantaneous phase flux and phase current measurements.
Phase current and flux sensing are performed for the phases
in a predetermined sequence that depends on the particular
quadrant of SRM operation, i.e., forward motoring, reverse
motoring, forward generating, or reverse generating. For
each phase in the predetermined sequence of sensing, phase
flux and phase current measurements are made during
operation in a pair of predetermined sensing regions, each
defined over a range of the rotor positions. The rotor position
estimates are derived from the phase flux and phase current
measurements for each respective phase during the respec-
tive sensing regions thereof The rotor position estimates for
each phase are normalized with respect to a common refer-
ence phase, and a rotor position estimate for the SRM is
computed according to an equation which accounts for the
fact that for any given rotor position determined, the rotor
poles of the SRM may be approaching alignment or unalign-
ment.

Therefore, the prior art generally fails to provide a con-
tinuously accurate and unambiguous determination of rotor
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position for all configurations of SRMs at all times, and a
need exists for completely eliminating ambiguity in rotor
position estimations for a SRM. It is to the fulfillment of this
need that the present invention is directed.

SUMMARY OF THE INVENTION

In the preferred form, the present invention comprises a
method and apparatus for estimating the rotor position of a
SRM. The estimated rotor position can then be used in a
closed loop SRM position or velocity control as the actual
position of the rotor.

The method generally comprises the steps of sampling the
phase currents and voltages of the SRM, estimating the
phase flux for at least one excited phase of the SRM from the
phase currents and voltages, estimating the phase inductance
for at least one unexcited phase of the SRM from the phase
currents and voltages, estimating the indicated rotor position
domain from the estimated phase flux, estimating the indi-
cated rotor position domain from the estimated phase
inductance, and resolving the ambiguity in rotor position
obtained from the indicated phase flux domain and the
indicated phase inductance domain.

In the implementation shown, the ambiguity in the dual
positions provided by the phase flux estimate on the one
hand, and the dual positions provided by the phase induc-
tance estimate on the other hand, is resolved effectively by
determining which rotor position domain is unambiguously
common to both estimates. This is accomplished according
to the invention in a facile manner by using piecewise
representations of the motor characteristics of phase flux and
phase inductance. Each piecewise representation (one for
phase flux as a function of phase current and rotor position
and one for phase inductance as a function of phase current
and rotor position), forming a surface in 3-dimensional
space, is divided into a number of rectangular regions or
domains which are assigned unique domain indicators. By
choosing the common region where the domain indicators
match, the ambiguity in rotor position is resolved. A unique
rotor position estimate can then be reported as the common
position calculated from the phase flux function and phase
inductance function in the common domain using least
squares data fitting.

According to one feature of the invention, the step of
estimating the phase flux of at least one excited phase
includes sampling the phase voltage and phase current, and
taking an integration of the sampled phase voltage and phase
current to obtain a phase flux estimate. This is advantageous
because while phase flux is a function of both phase current
and rotor position, its variation with respect to rotor position
is greater for larger currents than for smaller currents.
Therefore, by using an excited phase for phase flux
measurement, noise errors can be reduced significantly.

According to another feature of the invention, the step of
estimating the phase inductance includes applying a voltage
pulse to at least one unexcited phase and measuring the
change in current due to the voltage pulse. Although phase
inductance varies with phase current and rotor position, the
rotor position variation is more pronounced at low values of
current than at higher values because magnetic saturation of
the phase reduces the phase inductance. Therefore, by using
an unexcited phase for phase inductance measurement, noise
errors can be reduced significantly.

According to still another feature of the invention, the
method provides for determining an accurate rotor position
in a noisy environment where there may be some error in the
measurements of phase flux and phase inductance. If the
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functions for the common domain do not yield solutions for
the rotor position which are close enough to each other, then
the functions in that domain can be written in their linear
form of:

L=A,()+A,()6;
and
W=B,(})+B,()0

where L is the estimated phase inductance,
W is the estimated phase flux,
0 is the angular rotor position
1 1s the measured phase current, and

A, A,, B,, B, are constants particular to that common

domain.

The rotor position estimate is determined from a least-
squares solution of these phase flux and phase inductance
equations for the unknown rotor position 6. In addition, the
least-squares solution can be evaluated using different
weights for each phase equation.

According to another aspect of the invention, a flux
estimate for all excited phases and an inductance estimate
for all unexcited phases is determined at all times. This is
advantageous in several instances because these extra mea-
surements can (a) assist in the resolution of the ambiguity in
the common domain, (b) be used in the least squares solution
as additional data points, or (c) be used in the weighting of
the least squares equations to provide a more accurate rotor
position estimate.

Once the rotor position has been estimated by the above
method, the position of the rotor can be controlled so as to
provide effective operation of the SRM. In particular, once
the position of the rotor is estimated, the excitation or
voltage provided to the motor is then adjusted to urge the
rotor from its current position towards a desired position or
to follow a desired position trajectory. In this way, a position
controller is obtained, and the method of the present inven-
tion can be extended to obtain velocity, torque or other types
of closed loop control as well.

A major advantage of the present invention is that the
estimation made of the rotor position is unambiguous for all
types of SRMs at any time and can be continuously updated
at each sampling interval. This is in contrast to the prior art
in which two different possible rotor positions exist for a
given inductance or given flux estimation alone. By elimi-
nating this ambiguity in the position information, much
more effective control of the motor can be effected without
needing to know other parameters, such as a prior history of
rotor position or quadrant, the present direction of rotation,
etc.

Accordingly, it is the primary object of the present inven-
tion to provide a method for estimating rotor position of a
SRM which is simple, effective, and reliable in operation.

It is another object of the present invention to provide a
method for estimating rotor position for a SRM which
results in an unambiguous estimate of the position of the
rotor for each sampling period.

It is another object of the present invention to provide
accurate position estimations of the rotor of a SRM so as to
provide or enable effective position, velocity, torque, or
other control.

These and other objects, features and advantages of the
present invention will become more apparent upon reading
the following specification in conjunction with the accom-
panying drawing figures.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a mechanical and electrical schematic of a
conventional 3-phase SRM which can be controlled to
advantage according to the method of the invention;

FIG. 2 is a pictorial waveform diagram of a typical
excitation commutation sequence for the SRM illustrated in
FIG. 1,

FIG. 3 is a schematic system block diagram of an SRM
and controller for carrying out the method of the present
invention;

FIG. 4 is a functional block diagram of a control scheme
implemented using the present invention to control the SRM
illustrated in FIG. 3;

FIG. § is a system flow chart of the controller illustrated
in FIGS. 3 and 4;

FIG. 6 is a detailed flow chart of the position estimation
routine of the system flow chart illustrated in FIG. 5;

FIG. 7 is a pictorial representation of phase inductance as
a function of rotor position for various values of phase
current for one phase of the SRM;

FIG. 8 is a pictorial representation of phase flux as a
function of rotor position for various values of phase current
for one phase of the SRM;

FIG. 9 is a pictorial representation of an overlay of the
common domains of the phase flux estimate and phase
inductance estimate demonstrating the resolution of the
ambiguity regarding rotor position between the estimates;
and

FIG. 10 is a partially fragmented pictorial representation
of the common domain used for ambiguity resolution when
the solutions are not exactly the same.

DETAILED DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a conventional SRM 10 in electrical and
mechanical schematic format along with its drive configu-
ration for a three phase machine. The SMR 10 includes a
rotor 14 rotatable in either a forward or reverse direction
within a stationary stator 16. The rotor 14 has two pairs of
diametrically opposite rotor poles 184 and 18b, and 20a and
20b, respectively. The stator 16 has three pairs of diametri-
cally opposite stator poles 22a and 22b, 24a and 24b, and
26a and 26D, respectively. Each of the stator poles 22-26 has
an associated stator pole winding 28a and 28b, 30a and 30b,
and 32a and 32b, respectively. Conventionally, the stator
pole windings on each pair of opposing or companion stator
poles pairs are connected in series or parallel to form a
machine phase. The example shown for SMR 10 is series
wound with stator poles 26a and 265 and windings 32a and
32b forming phase A, stator poles 22a and 22b and windings
28a and 28b forming phase B, and stator poles 24a and 24b
and windings 30a and 30b forming phase C of the machine.

Each phase A, B and C is electrically coupled to a power
source which is then commutated or excited in a timed
sequence to provide motion of the rotor 14 by magnetically
attracting the rotor poles to the stator poles. The power
source can be either current or voltage controlled, and either
on the full time of a phase commutation or pulsed. In the
illustrated implementation, the motor phases are driven by a
variable voltage power source which is pulse width modu-
lated (PWM).

A typical and optimal commutation scheme for a three
phase SRM of the configuration shown is to excite one
phase, and then that phase again and the next sequential
phase, then that next phase alone and so on. This excitation

10

15

20

25

30

35

45

50

55

60

65

6

sequence is shown in FIG. 2 and is a commutation such that
the excited phases cycle in sequence as Phases A, AB, B,
BC, C, and CA over 2 = electrical radians before repeating.
Because the illustrated SMR 10 has a four pole rotor 14, this
electrical sequence is repeated every m/2 mechanical radians
or four times for one full revolution of the rotor 14. It is
readily seen from FIG. 2 that the phase excitation alternates
between one excited phase, two unexcited phases and two
excited phases, one unexcited phase with each phase being
rotated into and out of the sequence for one half of the
electrical cycle. Therefore, a control based upon the mea-
surement of a parameter for only an excited phase (or two
excited phases) or for only an unexcited phase (or two
unexcited phases) would be useful only 50% of the time.
Conversely, there is always in the commutation sequence at
least one excited phase and at least one unexcited phase.

Referring now to FIG. 3, an illustrative preferred imple-
mentation of an apparatus for carrying out the method of the
present invention is depicted. In this illustrative configura-
tion a SMR 10 is controlled without any traditional mechani-
cal sensors connected to it by measuring only the input
variables of the motor terminals, i.e., the phase voltages and
phase currents. The SMR 10 as previously described con-
tains internal phase or stator windings 28, 30 and 32 which
are electrically connected to an amplifier 34. The amplifier
34 is modeled as a switchable DC voltage source 38 whose
output connection to the windings is controlled by a micro-
processor 36 to produce variable voltage excitations to each
phase of the SMR 10 at controlled times. The amount of
voltage excitation commanded at any time is determined by
a closed loop control program being executed by the micro-
processor 36. The excitation may be changed every program
cycle, approximately every several tens of milisecs., for any
phase and thus provides close control of the motor 10. Each
phase A, B and C is commutated or switched between an
excited state or unexcited state by its connection to the
output of the amplifier 34 though a series of associated solid
state switches (transistors, FETs, SCRs, or the like) 40, 42
and 44 which are controlled by the microprocessor 36 via its
output lines. Comparators 41, 43, and 45 are connected to
the control terminals of the switches 40, 42, and 44 and
provide current control for the windings by having a feed-
back input (-) monitoring the actual current flow through the
windings. Diodes 50a, 50b, and 50c, conventionally, allow
current flow in the windings a recirculation path when the
switches 40, 42, and 43 are opened. In this way, the amplifier
34 applies the controlled phase input voltages or excitations
to the stator windings 28, 30 and 32 according to the
commutation scheme illustrated in FIG. 2. The amplifier 34
in another preferred form is a conventional regulated switch-
ing power supply commonly used for SRMs. A set of current
sensors 46, 47 and 48 measure the individual stator currents
caused by the input voltages to the windings. These phase
current measurements are input to the microprocessor 36 by
way of sensor input lines and are available for updating the
estimated parameters every program cycle.

An illustrative closed loop sensorless position control for
the system illustrated in FIG. 3, is shown in more detail in
FIG. 4. The amplifier 34 and SMR 10 are controlled by the
microprocessor 36 executing a closed loop control program
which samples the phase voltages, v, and phase currents, i,
at discrete intervals and supplies them to a flux and induc-
tance estimator 27. Instantaneous estimations of the values
of phase flux and phase current are calculated and transmit-
ted to a rotor position and speed estimator 29. The estimated
electrical rotor position is first calculated from the phase flux
and phase inductance values and then translated into an
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estimated mechanical position X. This estimated mechanical
position X is used in a difference node 31 as representative
of the actual position of the rotor to form an error term
between it and the demanded position X, from a user input.
The error is fed to a PID compensator 33 having
proportional, integral and derivative gain terms to change
the error signal into a demanded torque which should null
the position error. The demanded torque is input to a second
control loop and commutator 35 of the control which also
has input the estimated rotor position X which with a torque
inverse model will give an representation of the required
phase current to be developed by the SRM 10. An excitation
command is output to the amplifier 34 which will tend to
null the difference between the demanded and actual torque.

Referring now to FIG. 5, a functional system block
diagram of the control method is depicted. As illustrated in
the figure, a start-up sequence is performed to find the initial
rotor position at Block 51. This may be accomplished by
probing all the motor phases, estimating their phase
inductances, and then estimating the initial rotor position
from these inductance estimates. Alternatively, one motor
phase may be energized to bring the rotor to a known
position. Once the initial position is known, the initial
excitation is calculated and applied to the motor at Block 52.
After this initial excitation to the motor, the rotor position is
estimated by the inventive method in Block 55. The new
rotor position estimate is then used to calculate a new
excitation to command the motor in Block 56 and the new
excitation is applied to the motor in Block 57. This cycle
continues as long as the motor is being operated under
closed loop control.

The routine used by microprocessor 36 to estimate rotor
position and implement Blocks 27 and 29 of FIG. 4 will be
now more fully described with reference to FIG. 6. The
routine is called for each sampling time of the main control
to provide continuous and accurate updated estimates of
rotor position. When it returns to the main control program
it provides an updated estimate of mechanical rotor position
and velocity.

Initially, the unexcited phases are probed for inductance
estimates in block 60. The commutator of element 35 in FIG.
4 tracks the sequence of excitations for the different phases
according to the schedule of FIG. 2 and transfers this
information to the rotor position estimator in order to
determine which phases for the sampling period are unex-
cited. Inductance estimates are calculated for the phases
from the respective phase currents and phase voltages. There
are a number of methods for computing estimates of phase
inductance for a SMR 10, given measurements of phase
voltage and phase current which are disclosed in the prior
art. A preferred method of the invention for estimating phase
inductance for an unexcited phase is by evaluating the
right-hand side of the equation:

W) = Ri(t) — e(?)

Lo= 0

where v is the probing phase voltage, 1 is the phase current,
R is the phase resistance, ¢ is the back-emf, and the ' denotes
time-differentiation. The computation can be reduced in
complexity by making some approximations. For example,
if the motor is operating in a relatively low-speed regime,
then the back-emf can be assumed to be zero.

Thereafter, the excited phases are sampled for their flux
estimates in block 62. The position estimator knows which
phases are excited from the sequencer information stored for
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the sampling period in block 60. The flux estimates are
calculated for the phases from the respective phase currents
and phase voltages. There are a number of methods for
computing estimates of phase flux for a SMR 10, given
measurements of phase voltage and phase current which are
disclosed in the prior art. A preferred method of the inven-
tion for estimating phase flux for an excited phase is by
evaluating the right-hand side of the equation

b0 =9, + f (@) - Ri())d 1

where v is the phase excitation voltage, i is the phase current,
R is the phase resistance, and t, is the instant at which
time-integration begins. The computation can be reduced in
complexity by making some approximations. For example,
if the integration is synchronized with the excitation of the
phase, then the initial phase flux at t, is zero.

Once at least one estimate of phase flux for an excited
phase is made and at least one estimate of phase inductance
for an unexcited phase is made, the process in block 64 then
determines the domain sets produced by the solutions of the
two models for the particular values of currents, phase
fluxes, and phase inductances. Each phase will produce two
domain indications for each value of current and phase flux
or two domain indications for each value of current and
phase inductance. The domain common to this set of at least
four indications is chosen as the domain which contains the
unambiguous solution.

There may be instances in which no common domain is
found. These would occur when the error in measurement is
relatively high and one of the solutions was near a domain
boundary. In other words, the error may have pushed the
solution into a neighboring domain. When the answer to the
inquiry in block 66 is negative and no common domain is
found, the process seeks solutions that have adjacent
domains in block 68. When an adjacent domain case is found
there must be some way to resolve the ambiguity between
the adjacent domains. In such a case, the common domain is
taken as the combination of the adjacent domains. But now
there are two sets of coefficients to chose from to form the
linear equations. Normally, it is the case that the function
with the steeper slope at the parameter value (flux or
inductance) will contain less error. Therefore, the slopes of
the functions are measured in block 70 and that set of
coefficients which produces the function with the steeper
slope is chosen. Therefore, the coefficients for one domain
may be chosen for the inductance function and coefficients
for the adjacent domain may be chosen for the flux function.
However, the equations for the functions are written to cover
the expanded or joined domains.

When the common domain is found the equations for
phase inductance and phase flux are formed in block 72
using the coefficient values stored for the particular domain.
The equations can then be solved simultaneously using a
least squares method in block 74 for the optimal estimate
available for rotor position. This electrical position estimate
is then translated into a mechanical position estimate in
block 76 before the routine returns to the main control
program.

The method of the present invention combines inductance
estimates and flux estimates in the position estimation
process and provides a unique single estimate at every
sampling instant, generated using the latest phase current
and voltage measurements, and hence never needs to
extrapolate previous estimates. The method is capable of
providing continuous estimates of rotor position and hence
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can be used either to simply commutate the motor at proper
instants for average torque control, or can be used as part of
a sensorless control scheme for instantaneous torque control.

The method uses a piecewise representation or model of
the motor including a function of phase inductance 1.(6, i)
and a function of phase flux W(8, i). Each of these functions
is dependent upon the two variables of rotor position, 8, and
phase current, i, and thus represents a surface in a three-
dimensional space. Each surface can be divided into a
number of rectangular domains which overlap on the 6 axis,
and within each domain these functions can be modeled
using simple linear equations, such as:

L(0,0)=A, (i)+A()0
W(0,i)=B, ({)}+B,()0

The coefficients used to evaluate A(i) or B(i), in the above
equations, vary from domain to domain and may be deter-
mined off-line from measured data. The model can be stored
in the memory of the microprocessor 36 by storing the
coefficients in look up tables associated with each domain.
Thus, for the SMR 10 indicated in the drawings, six surfaces
are modeled, one surface for phase flux and one surface for
phase inductance for each of the three phases. As will be
shown later, this piecewise representation makes it possible
to estimate position using a linear least-squares formulation,
thus adding a degree of noise immunity. For illustrative
purposes, the six surfaces have been chosen to have six of
such overlapping domains along the 8 axis.

Although phase inductance varies with rotor position and
phase current, this variation is more pronounced at low
values of current than at higher values because magnetic
saturation reduces the phase inductance. This can be seen
from an inspection of the phase inductance model of the
SMR 10 in FIG. 7. The invention uses this phenomenon to
advantage by selecting an unexcited phase, instead of an
excited phase, for the estimation of phase inductance.
Therefore, by using an unexcited phase for phase inductance
measurement, noise errors can be reduced significantly.

FIG. 7 is the model of phase inductance for one phase and,
since the SMR 10 has 3 phases, each phase will have a
similar model offset some number of electrical degrees from
the model of the other phases because of its mechanical
location with respect to the other phases. The model illus-
trates that, for each value of phase current, there is phase
inductance function, for example at 80, which is dependent
upon rotor position. However, the representation of rotor
position as a function of phase inductance for any fixed
phase current is dual valued and the inversion of one
function knowing the phase inductance will yield an
ambiguous answer of two possible values of rotor position.

Conversely, phase flux is also a function of rotor position
and phase current, but its variation with respect to rotor
position is greater for larger currents than for smaller cur-
rents. This can be seen from an inspection of the phase flux
model of the SMR 10 in FIG. 8. The invention uses this
phenomenon to advantage by selecting an excited phase,
instead of an unexcited phase, for the estimation of phase
flux. Therefore, by using an excited phase for phase flux
measurement, noise errors can be reduced significantly.

FIG. 8 is the model of phase flux for one phase and, since
the SMR 10 has 3 phases, each phase will have a similar
model offset some number of electrical degrees from the
model of the other phases because of its mechanical location
with respect to the other phases. The model illustrates that,
for each value of phase current, there is phase flux function,
for example at 82, which is dependent upon rotor position.
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However, the representation of rotor position as a function
of phase flux for any fixed phase current is dual valued and
the inversion of one function knowing the phase flux will
yield an ambiguous answer of two possible values of rotor
position.

Because rotor position is a double-valued function of
either phase inductance or phase flux, for any fixed value of
phase current, there is a need to resolve the ambiguity. With
reference to FIG. 9, the present invention overcomes this
hurdle by the use of at least two pieces of simultaneous data
from at least two different phases, one or more phase
inductances from unexcited phases and one or more phase
fluxes from excited phases, to solve for a unique rotor
position estimate. The figure illustrates phase inductance as
a function of rotor position for phase A at a particular phase
current as waveform 84. Overlapping this is illustrated phase
flux as a function of rotor position for phase B at a particular
phase current as waveform 86. For representative purposes
the overlapping domain indications I-VI of the two func-
tions along the 6 axis have also been shown. The use of a
single inductance estimate provides two rotor position esti-
mates (6, in domain I and 6,, in domain VI), and use of a
single flux estimate provides two rotor position estimates
(85, in domain I and 6, in domain IV). By utilizing both
the phase inductance and phase flux estimates, a unique
position estimate is made by the common solution between
the two, the angle indicated by 6,, and 65, in common
domain I.

The method of the present invention solves the ambiguity
problem by determining the common solution for the phase
flux and phase inductance estimates. In the normal mode of
operation for a SRM, as discussed previously, there will
always be at least one phase which is excited and at least one
phase which is unexcited, and hence the two pieces of data
needed to resolve position ambiguity are always available.
Each excited phase can be used to produce an estimate of
phase flux W, while each unexcited phase can be probed to
get an estimate of phase inductance f.. Therefore, each
estimate, together with its phase current, generates two
possible domain indications. The two sets of domain values
are then matched to determine the common domain and the
common estimated rotor position.

But, typically as shown in FIG. 10, the two solutions in
the common domain do not exactly match. The solutions 6 ,;
and 0, are close in value for rotor position but there is a
difference without knowing which solution is in error and by
how much. If they are really close, then the process can
declare that either value or an average is the estimate.
However, much of the time there is more difference than is
acceptable. This difference occurs because of noise in the
measurement of the phase voltages and currents and errors
during the estimation processes for the phase flux and phase
inductance values. The invention conveniently solves this
problem by using the information obtained from the com-
mon domain matching, and the original piecewise model to
more accurately estimate the rotor position. Once the com-
mon domain is known, a system of linear equations can be
written to estimate the rotor position. For each unexcited
phase an equation of the form

L=A,()+A, ()6

is considered, and for each excited phase an equation of the
form

W=B,(D)+B,()6

is considered. The coefficients A, B that are used are the ones
stored for the original model for the particular common
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domain. Once the system of constraint equations is
formulated, a least-squares solution for 0 is used to estimate
the optimal rotor position. Moreover, weighted least-squares
methods can also be used to take advantage of any knowl-
edge regarding which phases are the best indicators of
position at any given point in time. R

More specifically, note that equations above containing L
and W together represent two competing constraints on the
rotor position estimate 0. If the noise on the phase voltage
and phase current measurements were negligible, and if the
error introduced in the estimation of phase inductance and
phase flux were also negligible, then either of the two
equations could be solved separately to yield an accurate,
double-valued estimate of rotor position 6. However, since
measurement noise and other sources of estimation error are
typically too large to neglect, a preferred approach is to
compute the rotor position estimate which solves the
weighted least-squares optimization problem set forth
below:

MIN W, (£~(4, ()-A4,()8)+ W ¥=~(B1(1)-B,(1)6))

where W ;>0 and W,>0 are the weights which affect how
well the rotor position estimate must fit the given
inductance and flux estimates, respectively.
The rotor position estimate which minimizes the above
penalty function is:

WiA (DL~ ALG) + WaBo (D - BL (D)

Estimated 6 =
WAL ()% + W2 By (i)?

Those skilled in the art will appreciate that the above rotor
position estimation method may be easily extended to the
case where more than one inductance estimate and/or more
than one flux estimate per sampling period is included in the
set of constraint equations and is subsequently used in the
weighted least-squares computation of the rotor position
estimate 6.

The present invention combines both flux and inductance
estimates in the rotor position estimation procedure, and
addresses the measurement noise issue through the use of
least-squares data fitting. Unlike prior art methods, the
method of the present invention is not confined to deriving
rotor position estimates from inductance measurements
alone or from flux measurements alone. The estimates of
phase inductance from at least one phase and phase flux
from at least one other phase are processed together to
estimate a unique rotor position. The present invention does
not require use of extrapolation, nor does it need information
about the particular mode of operation (e.g., forward or
reverse motoring or generating). By combining flux esti-
mates and inductance estimates, the present invention elimi-
nates rotor position ambiguity 100% of the time for 3-phase
SRMs.

Although the invention has been described with reference
to preferred embodiments thereof, it is to be understood that
these embodiments are merely illustrative of the application
of the principles of the invention. Numerous modifications
may be made therein without departing from the scope and
spirit of the invention as set forth in the following claims.

What is claimed is:

1. Amethod for estimating the rotor position of a switched
reluctance motor of the type operating with at least one
excited phase and at least one unexcited phase, comprising
the steps of:

measuring phase voltages and phase currents for the at

least one excited phase and for the at least one unex-
cited phase;
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calculating an indirect estimate of phase flux for the at
least one excited phase and an indirect estimate of
phase inductance for the at least one unexcited phase
using the measured phase voltages and phase currents;

selecting a first set of domain values from a predeter-
mined flux model based upon the phase voltage and the
phase current for the at least one excited phase;

selecting a second set of domain values from a predeter-
mined inductance model based upon the phase voltage
and the phase current for the at least one unexcited
phase;

determining a final domain value based upon both the first
set of domain values and the second set of domain
values; and

determining an estimated rotor position utilizing said final

domain value.
2. The method of claim 1 wherein said step which
includes estimating phase flux comprises time integration of
phase voltage and phase current from said at least one
excited phase.
3. The method of claim 1 wherein said step which
includes estimating phase inductance comprises applying a
voltage pulse to said at least one unexcited phase and
measuring the resulting change in current.
4. The method of claim 1 wherein one of either a flux
estimate or an inductance estimate is continuously deter-
mined for all phases at all times.
5. The method of claim 1 wherein said estimated rotor
position is determined from a least-squares solution of flux
and inductance characteristics.
6. The method of claim 5 wherein said least-squares
solution is evaluated using different weights for each phase
equation.
7. A method for controlling the rotor position of a
switched reluctance motor of the type operating with at least
one excited phase and at least one unexcited phase, com-
prising the steps of:
measuring phase voltages and phase currents for at least
one excited phase and for at least one unexcited phase;

calculating an indirect estimate of phase flux for the at
least one excited phase and an indirect estimate of
phase inductance for the at least one unexcited phase
using the measured phase voltages and phase currents;

selecting a first set of domain values from a predeter-
mined flux model based upon the phase voltage and the
phase current for the at least one excited phase:

selecting a second set of domain values from a predeter-
mined inductance model based upon the phase voltage
and the phase current for the at least one unexcited
phase:

determining a final domain value based upon both the first

set of domain values and the second set of domain
values;

determining an estimated rotor position utilizing said final

domain value;

estimating the rotor velocity from the estimated rotor

position; and

applying excitation to the motor in response to the esti-

mated rotor position and rotor velocity to urge the rotor
position to a desired rotor position or to follow a
desired rotor position trajectory.

8. The method of claim 7 wherein said step which
includes estimating phase flux comprises time integration of
phase voltage and phase current from said at least one
excited phase.
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9. The method of claim 7 wherein said step which
includes estimating phase inductance comprises applying a
voltage pulse to said at least one unexcited phase and
measuring the resulting change in current.
10. The method of claim 7 wherein one of either a flux
estimate or an inductance estimate is continuously deter-
mined for all phases at all times.
11. The method of claim 7 wherein the estimated rotor
position is determined from a least-squares solution of flux
and inductance characteristics.
12. The method of claim 11 wherein said least-squares
solution is evaluated using different weights for each phase
equation.
13. The method of claim 7 wherein said step of estimating
rotor velocity comprises approximate time-differentiation of
the estimated rotor position.
14. A method for controlling the rotor velocity of a
switched reluctance motor of the type operating with at least
one excited phase and at least one unexcited phase, com-
prising the steps of:
measuring phase voltages and phase currents for at least
one excited phase and for at least one unexcited phase;

calculating an indirect estimate of phase flux for the at
least one excited phase and an indirect estimate of
phase inductance for the at least one unexcited phase
using the measured phase voltages and phase currents;

selecting a first set of domain values from a predeter-
mined flux model based upon the phase voltage and the
phase current for the at least one excited phase;

selecting a second set of domain values from a predeter-
mined inductance model based upon the phase voltage
and the phase current for the at least one unexcited
phase;
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determining a final domain value based upon both the first
set of domain values and the second set of domain
values;

determining an estimated rotor position utilizing said final
domain value;

estimating the rotor velocity from the estimated rotor

position; and

applying excitation to the motor in response to the esti-

mated rotor position and rotor velocity to urge the rotor
velocity to a desired rotor velocity or to follow a
desired rotor velocity trajectory.

15. The method of claim 14 wherein said step which
includes estimating phase flux comprises time integration of
phase voltage and phase current from said at least one
excited phase.

16. The method of claim 14 wherein said step which
includes estimating phase inductance comprises applying a
voltage pulse to said at least one unexcited phase and
measuring the resulting change in current.

17. The method of claim 14 wherein one of either a flux
estimate or an inductance estimate is continuously deter-
mined for all phases at all times.

18. The method of claim 14 wherein the estimated rotor
position is determined from a least-squares solution of flux
and inductance characteristics.

19. The method of claim 18 wherein said least-squares
solution is evaluated using different weights for each phase
equation.

20. The method of claim 14 wherein said step of estimat-
ing rotor velocity comprises approximate time-
differentiation of the estimated rotor position.

#* #* #* #* #*



