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A New Sensorless Method for Switched
Reluctance Motor Drives

Gabriel Gallegos-bpez,Student Member, IEEEPhilip C. Kjaer,Member, IEEEand Timothy J. E. MillerFellow, IEEE

Abstract—This paper describes a new method for indirect
sensing of the rotor position in switched reluctance motors
(SRM’s) using pulsewidth modulation voltage control. The
detection method uses the change of the derivative of the phase
current to detect the position where a rotor pole and stator
pole start to overlap, giving one position update per energy
conversion. As noa priori knowledge of motor parameters is
required (except for the numbers of stator and rotor poles), the
method is applicable to most SRM topologies in a wide power
and speed range and for several inverter topologies. The method
allows modest closed-loop dynamic performance. To start up the
motor, a feedforward stepping method is used which assures
robust startup (even under load) from standstill to a predefined
speed at which closed-loop sensorless operation can be applied.
Experimental results demonstrate the robust functionality of the
method with just one current sensor in the inverter, even with
excitation overlap, and the sensorless operation improves with
speed. The method is comparable to the back-EMF position
estimation for brushless dc motors in principle, performance, Fig-1. 6/4 three-phase SRM.
and cost. A detailed operation and implementation of this
scheme is shown, together with steady-state and dynamic
transient test results. TABLE |
MOTOR RATINGS

Index Terms— Adjustable-speed drives, sensorless control,

switched reluctance motors. 3 phases stator/Totor poles 6/4
Stator pole-arc 33.12°
Rotor pole-arc 37.8°
I. INTRODUCTION Phase resistance 479 Q
N RECENT YEARS, the switched reluctance motor (SRM) gt:zzrlgzth ;(1);$$
hgs r_ecelved co_nS|derabIe attention for variable-speed drive Max. inductance L, not saturated | 118 0mH
applications. Its simple construction, due to the absence of Min. inductance Ly 14.66mH
magnets, rotor conductors, and brushes, and high system Ratio La/Ly _ 8.049
efficiency over a wide speed range make the SRM drive Total motor weight 1.895 kg
. . . . Wire diameter 0.6 mm
an interesting alternative to compete with permanent magnet i Y
(PM) brushless dc motor and induction motor drives. However, ... 346 A
the need for a direct rotor position sensor to commutate the Rated torque 0.7 Nm
current from phase to phase synchronously with rotor position Rated speed 800 rpm

has excluded the motor from many cost-sensitive applications. DC-link voltage nv

Fig. 1 shows a 6/4 three-phase SRM.
An encoder, resolver, or Hall sensor attached to the shaft is

normally used to supply the rotor position, but the use of theggnsors may lead to reliability problems in harsh environments

or may become an important part of the overall drive system
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Fig. 2. Classic SRM inverter with lower rails divided showing current sensor placements.

procedure, and conclusions. Table | shows the ratings of the |
motor used.

A. Review !

All SRM’s possess a unique relationship between phase , ‘ : . 0
inductance, phase current, and rotor position, which makes 0, 'eu 8, © 9, 6,
p_rgdiction of rotor position possible. _Severa_ll indirect rotor po- 1r 1r 1r LI Stator pole
sition methods have been proposed in the literature, all making L JL J FL Rotor pole
use of the mdUCtance variation in ‘?”e way _OI’ another. I:Pirg. 3. Typical current waveform in PWM voltage control.
example, the chopping current detection technique by Acarnley
et al. [1], the flux-current detection technique by Lyoesal.
[2] and Hedlund [3], the impedance sensing by Acarné¢y control the average phase voltage:
al. [1] and MacMinn et al. [4], the modulation techniques

[ ] [ ] d vah =D- Vdc (1)

by Ehsaniet al. [5], [6], the mutually induced voltage by

Husain [7], the resonant method by Lauresital. [2_3],_ and whereVy, = dc-link voltage andD = PWM duty cycle which

the open-loop control by Bas al. [9]. A more sophisticated s gefined as the fraction of time that the switch is on with
method is the state observer presented by Lumsdaine [10], Rtf{pect to the period of the switching frequency.

it requires a powerful digital signal processor (DSP). Most of The simplest way is to leav®2, Q4, and Q6 on from 8,

the proposed sensorless methods require some knowledgeyqf .. and chopQ1, Q3, and Q5 at fixed frequency with its
the motor’'s magnetic characteristic. In this paper, a new aEHrresponding duty cycle (Figs. 2 and 3).

attractive CGSM, proposed originally by Kjeet al. [11], is  The main advantage of current control over voltage control
for the first time implemented and analyzed. This particulgs that the phase current can be controlled precisely, which
low-cost method needs @ priori knowledge of the motor means that reduction of torque ripple or noise is possible,
parameters, except the pole configuration, and it is, therefoggyyever, it requires a current sensor for each phase. In

applicable to most SRM topologies. contrast, voltage control typically requires only one current
sensor in the dc link for overcurrent protection.
II. THEORY From the aforementioned, voltage control is attractive for

low-power/low-cost SRM drives, due to the reduced number
Q)tf current sensors and signal processing required. The theory

control or open-loop PWM voltage control. behind CGSM is based on voltage control, and it is explained
There are three types of current control. as follows

1) Hysteresis current contretThe current is controlled The phase voltage can be expressed by

The SRM is usually controlled by either closed-loop curre

between two current levels equal Q. + % where )
iror = reference current andé = hysteresis band. The v=R-i4+w-L- di i aL 2)
switching frequency is uncontrolled. do do

2) Delta modulatior-The current is regulated arourids  whereL = phase inductance? = phase resistance = phase

with maximum switching frequency limited, also callectyrrent,w = % = speed, and = rotor position.

bang-bang current control. _ Now, letd, be defined as the rotor position at which a rotor
3) Current regulation with PWM-The current is regulated pole and a stator pole begin to overlap (i.e., where the phase
close toé,s using PWM. inductance begins to increase), and consider two situations,

In voltage control, a fixed switching frequency is used tone just before reachingy,, referred to asé—,” and other just
modulate the chopping transistor. The PWM duty cycle sfter passing,, referred to asé+.” The voltage equations for
constant during one electrical cycle, but it can be varied these two situations, neglecting the voltage drop in the phase
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resistance, become

dio— ) dL,_
Voo =w-Ly_ - 20 Fw- iy - 20 3)
di, dL,
U0+:CU'LO+' L++(,U"l:0+' + (4) ! 1 0
dé dé ' : .
0, 0,8, 6,86, 0, 0,
The inductance at rotor positiafy, is ideally equal to the Statorpole  J Ni el ® Wl
inductance at the unaligned rotor positidp (see Fig. 3): Rotor pole. JFL RER i i
L, ~L, (5) Fig. 4. Typical generated phase current.
which yields As _the_right—hgnc_i side of (12) is always negative, the
following inequality is always true:
dL,_ ; .
o— _ 0. (6) d’[,b, d’Lb+ 13
d b - (13)

Therefore, the voltage equations for the two rotor positions

can be rewritten as The slope of the generated phase current is always

larger for 6 < 8, than foré > 6,.

di,_
Vo =@ Ly 10 7) Fig. 4 shows a typical generated current waveform. It is
dioy ] dL,y clear that, when the phase inductance reaches its minimum
Vo =W Lo —ogm @ o - — ®)  value L, at#6,, di/df must decrease.
From the aforementioned, we can say that an accurate
A. CGSM indication of the rotor position can be detected for both

motoring(6,) and generatingé, ), simply by detection of the
change indi/dt (assuming constant speed).
The CGSM sense’,, which is given by the motor geome-

As the phase is turned on befoflg, the voltage is main-
tained constant in a stroke

Vo = Vg~ (9) try. One rotor position is estimated per stroke, where the stroke
angle in mechanical degrees is defined as
By manipulation of (7)—(9), we obtain 360°
Al = ~ (14)
dio—  dioy\ oy - ‘G5t T
0 a8 )= I . (10)  whereN, andm are the number of rotor poles and the number

of phases, respectively.

As the right-hand side of (10) is positive, the following 2) Advantages of CGSMThe most important advantages
inequality is always true: of the method are the following.

* No a priori knowledge of inductance profile is required.

dio_ dL0+. (11) « It is applicable to any regular SRRA.
do df * No prestored data of magnetization curves are needed.
« It is applicable in four-quadrant operation of the drive.
The slope of the phase current is always « It does not compromise the performance of the motor.
larger for 6 < 6, than foré > 6,,. « It allows closed-loop speed control by changing the duty

cycle, commutation angles, or both.

This is the core principle of the CGSM. Fig. 3 shows a * The commutation angles can be set freely with the
typical current waveform for PWM voltage control. It is clear ~ condition of6,, < 6, (for motoring).
that, when the phase inductance starts to increaﬁg,a% ¢ Implementation is simple, with a minimum of extra
must decrease, or even become zero. components.

1) CGSM for Switched Reluctance Generatdet us de- * Either the lower transistor bus current wavefofim,s ) or
fine 4, as the rotor position at which the rotor and stator the currents sensed in each phase are used as feedback.
poles seize to overlap. For generating, the phase is usually . allows operation with only one current sensor.
turned on before the aligned positidp and turned off after + No extra computation, control requirements, or compen-
8., but befored, (Fig. 4). Assuming that the phase voltage is  sation factors are needed.
maintained constant while the current freewheels through thes It allows excitation overlap.

diodes, i.e.,Von = —Vae, we obtain « It is suitable for medium and high speed, given that the
peak in the current waveform becomes more prominent
diny iy \ iy b 12 with increased speed.
< de de ) - L, (12)

2«A regular switched reluctance motor is one in which the rotor and stator
poles are symmetrical about their centrelines and equally spaced around the
10ne energy conversion in a single phase. rotor and stator respectively.” [13]
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Fig. 5. Detection stage.
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3) Disadvantages of CGSMOnN the other hand, the disad- (PWM)
vantages are as follows. . RN

. . . P > - ommutation
It is not applicable at standstill. O "@ > Stage [ lnverter
¢ It needs a startup procedure. o' 0,, 6.

. . ' (COMM) .
It is not suitable for low speed. : J;
« It does not allow large load torque transients. ! _

. . . ' 8 Detection
 Current regulation is not allowed for reduction of torque ~ ----1 drdt [ ------ Stage
ripple or noise.

It does not have very good efficiency at low speed and _ _
Fig. 6. Block diagram of sensorless SRM drive.
low torque.

30 pulsebs Res.et, Hold
——"——JM| Signals

I1l. | MPLEMENTATION

The CGSM has been implemented and analyzed for motor-

. R . Resetl J]H()ld
ing. It is comparable to the back-EMF zero-crossing method

" L 32*F F . 32%(30° pul

of position estimation for brushless dc motors [12]. In a threg=s] 1/32— C"“l“tcr o1 Register—| Comparator (30" pulseg)
A . Jnnnnann

phase brushless dc machine, the zero crossing of the bach r

EMF indicates two positions per phase per cycle, while the = C"‘Il;“er< Reset

method presented here, according to (11), indicates one posi-
tion per phase per cycle and, from these pulses, commutatiin 7. Block diagram of phase-locked loop (PLL) position interpolation.
angles can be obtained. Both motors need a startup procedure

(feedforward) when operated without a position sensor. operation. A single pulse train containing all the required

The block diagram for the fully analog electronic detection o : : : . o
L A . : information is obtained from either a single detection circuit
circuit is shown in Fig. 5. It is comprised of a current sensor,

. ; . . sensing,,s or the combination ofdr-gate) sensorless pulses
two low-pass filters, a differentiator, and a zero-crossing d Fbus dr-gate) P

tector. The low-pass filters are used to eliminate the switchirF]Fom each phase. Another option that uses only one detection

frequency and possible noise. For each low-pass 1‘i|ter,cg(T:UIt is to multiplex all phase currents.

second-order Butterworth filter was used, where the cutoff he comt:rutatlon stage Epén;pleg.?medxévs't{]%z f'?ld'
frequency is determined by the PWM switching frequenc rogrammable gate array ( ) (Xilinx ) for

In this case, a cutoff frequency of 8 kHz was used for éexibility in the development stage, but it could be realized

switching frequency of 16 kHz. The differentiator is used t§/ith simple, low-cost digital, or even analog, components.
obtaindi/dt, and the zero-crossing detector gives a pulse when! € Sensorless pulses are used to generate a position counter
di/dt is zero. For simplicitydi /dt = 0 is detected, which puts @S follows. The train of sensorless pulses spaced [a0-
constraints on the current waveform that should have at le§8fding to (14)], obtained from the detection circuit, is used
one peak. However, a detection stage that detects the chalfy@enerate a pulse train with 32 pulses pef.3b other
in di/dt, rather thandi/dt = 0, could be implemented. If WOrds, thg frequency Qf the sensorless puIse; is multiplied
the drive is going to be operated in single-pulse mode (i.&Y 32 (using a PLL). Fig. 7 shows the block diagram of the
D = 1) the low-pass filters are not necessary, and the numti&plemented logic circuitry. There are two counters, counter
of components in the detection stage is reduced significanthfunning at frequency” and counter Il running at frequency
It should be noted that the electronic circuitry required fo2 * F'. Upon the arrival of a sensorless pulse, the value of
the CGSM is minimal (operational amplifiers, resistors, argpunter I is first held in a register, and then, the counter is reset.
capacitors), with obvious scope for implementation as a singiEhe value of counter Il builds up to the value in the register.
chip solution. When its value equals the register’'s value, the comparator
Fig. 6 shows the block diagram of the sensorless SRM drivgenerates a pulse and resets counter Il. So, a resolution of 384
The sensorless position estimation pulses can be genergigi$es per revolution is obtained, which is enough to generate
either by each phase curreff,i, ipi2, ipus) OF the current in . commutation pulses with adequate resolution.
the lower transistor busi(,;, see Fig. 2), which contains the A microcontroller (Motorola MC68332) is used to close
same information as the phase currents required for motorithgg speed loop and to analyze this sensorless scheme (less
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Fig. 8. Hardware overview.

powerful microcontrollers could be used). A classic inverter . . ; . : ; : ; ;
topology with two transistors and two diodes per phase is used
with the variation of splitting the lower rail into two buses, the
lower diode bus and the lower transistor bus (Fig. 2), so that
the current in the commutating transistors can be observed by i
ipus- The experiments have been carried out with both one
single detection circuit and one detection circuit per phase(.a]t
was found that using,,s does not compromise the drive’'s ibuh
performance in any way. ;

A proportional integral (PI) closed-loop speed controller,CGPF% | I l J | | |
which varies the PWM duty cycle for load compensation (as DP _ ‘ |
indicated in Fig. 6), has been implemented. The firing angles T
are programmable and can be varied easily to control the motor ' ‘ ' '
torque, but they remained fixed in the dynamic tests conducted 2ms/div., 1A/div. and 10V/div.
here. The only operating constraint is to asslrg < 4,, ; . ; ; . . :
which is not an onerous restriction at any operating speed or
torque.

phic

! 1 L

IV. EXPERIMENTAL RESULTS Lonise

A fractional horsepower 6/4 three-phase SRM was used to
investigate the performance and limitations of the new methgu. i
The test motor and the load machine were coupled with “Pus<f ' ]
flexible rubber couplings. The load machine was a PM mot(ﬁ:GPI% l l 1 | | l L1 1 L
connected in series with a resistance and a current-controlled pp | ‘ ‘ |
power supply. The complete setup is shown in Fig. 8. *

The experiments include detection of sensorless pulses, . s . : - L s : s
accuracy in rotor position estimation, speed transients, torque 2ms/div., 1A/div. and 10V/div.
transients, and the assessment of torque-speed range where the
motor can be operated sensorless. The angles are represeiffed. Sindle-puise current waveforms. @), = 50°, fou = 507 (no
. . p). (b¥Yon = 50°, 6,4 = 84° (excitation overlap).
in mechanical degrees.

Fig. 9(a) shows one phase currdnty: ), lower transistor
bus current(iy,s), the current gradient position estimation
(CGPE) pulses obtained from,,;, and the decoded pulse
(DP) for phase 1 measured at 1763 r/min with, = 50°,
f.¢g = 80°. Clearly, the correct rotor position is detec
Fig. 9(b) illustrates the case of excitation overlap, showin
iph1, tbus, CGPE, and DP for phase 1 measured at 18
r/min, with 6., = 50°, 6,¢ = 84°. Note that this time, two

sensorless pulses appear per stroke; the first one is erronjH L
(when the previous phase is turned off), and the second Bgan be observed that, for sp_eed§ above 800 r/a#, is
[fluite constant and around .3This difference shows us that

givesd,. A simple logic circuit neglects the first pulse whe i lap differs f th hanical lab b
there is excitation overlap, so DP becomes the decoded sigﬁ) vTrigEeg;:\:/ :S\‘/er ap ditters from the mechanical overiap by

for phase 1. Fig. 10(a) depicts the estimated posiéosmd
the position given by the 1024-line encodein steady state Oom = bog +3° = 55.2° (15)

measured at 2304 r/min, with,,, = 45°, 6,¢ = 80°. Clearly,
StAhe position signals show good agreement. Fig. 10(b) shows
Oom, Oon, NGy, and Ab,,, where Ay, = 6,,, — 6,, and
tedAem = éom — Oom. 0,9 = 52.2° is defined as the position
where the mechanical overlap occurs, i.e., where the rotor and
tor poles start to overlap and it is calculated from the stator
and rotor pole arc4,., is defined as the position where the
E}gnetic overlap occurs, obtained from experimental results.
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this information, the correct phase can be energized
b 1 according to the desired direction of rotation.
Once the first phase in energized, small probing pulses

i 1 are injected in the phase next to be energized. The rotor
¢ : position is extracted by the probing pulses, and it is used
3 ] for phase commutation [1], [4]. It should be noted that

a current sensor for each phase may be needed.

] In both cases, the motor must be accelerated from standstill
0 i to the speed where the waveform conditions are met and,
L 3 therefore, sensorless pulses can be detected. Feedforward was

chosen due to its simplicity and reduction of number of current

(@)

D>

2ms/div., 5V/div. SENsors.
60 ' e e e e e A. Feedforward Method

—_ 20 // T T ] The goal is for the motor to generate enough torque to

3 40 \6 0, ] accelerate up to the speed at which the CGPE pulses can
(b) = 30 ] be detected. The takeover speed is defined as the speed at

= 207 AB ] which the motor goes from being operated in feedforward to

;% 10 1 g\ ] true sensorless operation (feedback). This method permits a

é S-S reliable and smooth, but neither efficient nor optimal, startup

O £ '/_.7_4—,.’—-.——"—._:
10 // \ ] of the motor, even under load. A train of pulses is applied to
i A9

0 “ - ‘ ,‘ each phase in a sequence according to the direction of rotation.
200 400 600 800 1000 1200 1400 1600 1800 Thg QWeII anglé_is fixed and equal to 30 Each phase pulse
train is phase shifted 3q(120° elec.). To accelerate the motor,
Speed [rpm] the frequency is increased linearly to a value determined by a
Fig. 10. (a) CGSM position estimation at 2304 r/min in single pulse witPredefined takeover speed, while a 100% PWM duty cycle is
fon = 45°, B, = 80°. (b) Measured accuracy of CGSM in steady state. gpplied and is decreased linearly to a final value according to
the load torque at the takeover point. The startup procedure for
a takeover speed of 500, 750, and 1000 r/min was simulated,
whered, ., represents the real position. Hence, the firing anglesad the PWM duty cycle was decreased to 33%, 50%, and
are shifted 3 (only 6., is shown). Also, we observed thatg7%, respectively, in order to assure the current waveform
above 800 r/minAg,, is close to zero, which means thatvhere CGPE pulses can be detected. Fig. 11(a) shows the
the position estimation hardly differs from the real positionesults. For the case of takeover at 1000 r/min, three traces
In contrast, at low speed, there is a deviation of positiadre shown which correspond to different accelerations. The
estimation. This deviation in position estimation is caused bﬁmp time can be adjusted depending on the load torque. It is
the accuracy in detectingi/dt = 0. The most important important to mention that the condition required for the CGSM
factors influencing this detection are that the gain of th@ay not be met for speeds below 200 r/min, for the particular
differentiator is sensitive to frequency, and the comparatgfive analyzed here.
amplifier may be offset, i.eV.r # 0. On the other hand, at  Fig. 11(b) depict®,,, andf.;, corresponding to a takeover
high speed, the pulses may be delayed by the phase lag of$peed of 1000 r/min with a ramp time of 2 s. The ripple shows
low-pass filters. However, position deviations can be correctggw the commutation angles move in order to match the load
in the commutation angle controller as a function of speed.torque during the startup sequence (as a stepper). It is clear
that 6., occurs beforef,, and 6,5 occurs afterd,. At the
V. STARTUP takeover speed,,, is around 43 andf, g is around 73; at this

It is a requirement of the CGSM that the phases conddée 6. can be estimated. Fig. 11(c) depicts the instantaneous
nonzero current, but, also, that the waveform resembles tfdue during startup. It shows that, at the beginning, there
of Fig. 3. To bring the motor into running mode, the followind"® significant torque oscillations, but these are limited at the
two options can be used. takeover point. . .

1) Feedforward—The motor is controlled feedforward in Fig. 12(a) depicts the experimental result during startup.
open-loop as a stepper motor [12]. A train of pulseThe signal is measured with a 1024-line encoder. Initially,
with initial frequency is applied to tr;e motor windings%'Hz (380 r/min) excitation frequency is applied for a short

in a sequence according to the desired direction Tﬁ)eriod, and then, the frequency is increased linearly up to 230
. ¢ at which the takeover speed of 1150 r/min is reached. The

frequency is increased linearly, and it is assumed th . L 0
the rotor follows it. guty cycle is maintained at 100%. Once the takeover speed has

2) Active probing—This method makes use of small curren?een reached, the CGPE pulses can be used to commutate the

PUIseS in all phase WlndlngS n .qrder to 'dent!fy th.e 3Dwell angle is defined as the commutation period over an electrical cycle,
inductance and. hence, rotor position at standstill. Witke., 6,4 — 6...

+ t
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20 ¢ Take-over point 1 CGPEALLLLL LI L]
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0.3 s/div. 10mS/diV., 1A/div. and 10V/div.
3 Fig. 12. (a) CGSM feedforward startup (the signal is measured with
a 1024-line encoder). (b) Zoom of takeover at 1339 r/min with
eon = 5007 Hoﬁ‘ = 80°.
B
Z
L
©) = : _
& 1t Take-over point . |
H H
21
22— @
0.3 s/div. .
lphl .
Fig. 11. CGSM feedforward startup (simulated). (a) Speed for different M
accelerations-A: 500 r/min, 1 s;B: 750 r/min, 1.5 s;C: 1000 r/min, 2 s;
D: 1000 r/min, 1.5 sE: 1000 r/min, 1 s. (b) Firing angles. (c) Instantaneous
torque. ]
h 4|

I il L
Lttt h‘;‘l‘}uil.u 1 L

phases in closed loop. Fig. 12(b) shoiyg; , ius, and CGPE l””ﬁr
measured during transition from open-loop to sensorless mode ' T e
at takeover speed of 1339 r/min with,, = 50°, 6,z = 80°. 0.50 s/div., 1.5A/div.
Fig. 13(a) shows,,,; andi.,. measured during the startup " AR AR A
sequence. It can be seen that, at the beginning , the current is
limited through chopping by a preset maximum current value
and, as the speed goes up, the peak current is reduced. Once 1,
the takeover speed has been reached, the CGPE pulses ca(g)be 4
used for commutation. g
Now, examples of sensorless closed-loop speed control ’
are discussed. A PI controller acts on the PWM duty cycle i,,m

L.

for dynamic compensation. The firing angles remain fixed =

at O = 48°, Bog = 78°. Fig. 13(b) showsipn and ip.e lopen-loop closed-loop
measured during transition from open-loop to sensorless mode T
with closed-loop speed control with a reference speed of 1092 50ms/div., 1A/div.

r/min. An example of the drive’s response to steps in speed

f . h in Eig. 14 f | d Fig. 13. (a) Current waveform measured during feedforward startup. (b)
rererence Is shown In Fig. (a) for sensorless mode a eover measured at speed 1339 r/min withf,, = 50°,6,¢ = 80°,

Fig. 14(b) with a 1024-line encoder. Clearly, the performanegapping to closed-loop speed control with a reference speed of 1092 r/min.
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E 1600 72 g Fig. 16. Measured torque-speed characteristic with and without position
g 1400 60 % sensor.
73 1000 3 9 . N o
& 800 24 = to approximately 200 r/min, estimation of rotor position is not
600 e A R A possible. However, at higher speeds, CGSM does not put any
400 o e ) limitation on the torque-speed motor characteristic.
200 — : -12

0.20 s/div.
VI. CONCLUSION
This paper has experimentally demonstrated for the first
time the functionality of a new rotor position estimation
method for SR motors operated in PWM voltage control,

Fig. 14. Zoom of speed transients. (a) Sensorless CGSM = 48°,
O = 78°. (b) With sensof,, = 42°, 6,4 = 72°.

2200 1 108 detecting one rotor position per phase per electrical cycle, with
fggg gg no a priori knowledge of motor parameters. The method is
— 1600 £ n s comparable in performance and complexity to the back-EMF
g 1400 £ 160 o method for brushless dc motors.
1200 F—= - o 248 S Experimental results confirm the theory and prove the
@ 8 1000 ¢ 36 E; concept of the new CGSM. The position estimation can
800 G . 24 R be detected with either one detection circuit per phase or,
600 ¢ . ] 12 preferably, with just one for the lower transistor bus current,
‘2188 E I E (1)2 even with excitation overlap. It should be noted that the only
0.40 S’/div_ ) cost added by this scheme is the detection circuit, which uses
1200 T S — 200 a few low-cost components.
1080 |- s : 180 The firing angles can be varied freely with the condition of
960 Speed 160 fon < 0,, Which is otherwise necessary to produce adequate
g 840 : 140 & torque at high efficiency [13]. Feedforward (open loop) is
& 720 W 120 5 used to accelerate the motor smoothly from zero speed up
(b) § Zgg ] _ 21380 9) to a maximum frequency which is determined by the desired
) 360 Duty 60 2 takeover speed. A closed-loop speed PI controller was imple-
240 £ * 40 a mented in sensorless mode, and a series of speed and torque
120 : : 20 transients demonstrated the feasibility of closing the speed
0 e G 0 loop by controlling the PWM duty cycle.
0.20 s/div.

In summary, we may conclude that the CGPE allows estima-
Fig. 15. (a) Measured sensorless speed transients. (b) Transient responé®to Of one rotor position per stroke with rgpriori knowledge
a load torque step of 0.42-M (0.6 p.u.). of the motor parameters, except the pole configuration. It
is, therefore, applicable to most SRM topologies in a wide
is comparable both with and without encoder feedback. power and speed range and for most inverter topologies.
Fig. 15(a) depicts a series of speed transients and Fig. 15(e method allows the control of the SRM drive in two
shows the sensorless drive’s response to a step of 0-A42 Mjuadrants by controlling the commutation angles and PWM
in load torque (0.6 p.u.), with,, = 50° andf.g = 79°. This duty cycle, but could be expanded to four-quadrant operation
demonstrates that closed-loop CGSM could be acceptableoircontinuous generator operation. The scheme is mainly suited
many low-cost variable-speed applications. for medium- and high-speed applications, and this simple
Finally, Fig. 16 depicts the torque-speed characteristic ahd low-cost implementation may allow the SRM technology
the three-phase 6/4 SRM used and also shows in which reginto a range of air-moving and pump applications and even
the CGSM can be applied. It is clear that in the range fromdbmestic appliances.
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