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A Novel, Robust DSP-Based Indirect Rotor Position
Estimation for Permanent Magnet AC Motors
Without Rotor Saliency

Li Ying and Nesimi ErtugrulMember, IEEE

Abstract—This paper proposes and implements a novel rotor rotor position is to extract the rotor position information from
position sensorless technique for PM ac motor drives, which allows the back-EMF waveform of an unexcited phase. However, the
acceleration from standstill and can operate under various prac- back-EMF voltages of the PM ac motors are too small to be

tical operating conditions including transient speed changes. The o .
technique developed here relies on the measurement of the phasesensed at low speeds. In addition, the method is affected by the

voltages and currents of the motor. It uses the incremental values of SWitching transients from the other current carrying phases.
flux linkage, and the back-EMF functions to estimate incremental Therefore, it is not suitable for PM ac motors with continuous

rotor position. Using a phase-locked loop (PLL) algorithm, an in-  current conduction and is not suitable for low-speed operation.
ternal closed-loop correction algorithm can correct rotor position The second group is based on estimation techniques that

estimation drift, which may be due to the motor parameter varia- v utili h it d ts of th tor. B
tions or measurement inaccuracies. The method is implemented in usually utilize phase voltages and currents of the motor. By

closed-loop using a digital signal processor (DSP), and details of the USing these quantities, the rotor position of the motor can be
implementation are provided in the paper. To demonstrate accu- determined using a state observer [4]-[6], or a Kalman filtering

racy, robustness and reliability of the position estimation scheme, technique [7], [8], or by direct calculations [9]-[11]. However,
the paper presents a number of real-time experimental results, in- yhese techniques are computationally intensive, and large rotor
cluding dynamic operating conditions. - . .Y
position detection errors may occur because of quantization and
Index Terms—DSP based motor control, permanent magnet mo- truncation errors, and measurement inaccuracies. Moreover,

tors, position estimation, sensorless operation. variation in the motor parameters due to temperature changes
and magnetic saturation significantly affect the estimated rotor
|. INTRODUCTION position data. Furthermore, the estimation performance may

NE of th t acti f hi suffer under low-speed operation, mainly due to drift of the
of tn€ most active areas ol research in permanqmegration functions used in the algorithms. Therefore the

magnet .(PM) ac motor controls QUrmg recent years oplems listed above make the previous methods not suitable
has been the investigation of new techniques for eliminati % the practical motor drives

the rotor position sensor that is normally required for seli- Finally, the third group of indirect rotor position detection

synchronization. techniques is based on the detection of the rotor saliency in PM

Elimination of the shaft-mounted position sensor is a VERL motors, which occurs due to the asymmetrical rotor struc-

desirable objective in many appllcatlons since such SENSOL1Pe or magnetic saturation [12], [13]. In this group, the rotor
often one of the most expensive and fragile components

th tire dri ; Th ted benefits of the indi Bsition information can also be extracted from responses of an
€ entire drive system. 1he expected benetits of the indir }ected high frequency test signal [14], [15]. This method is not
rotor position sensing technique are: elimination of electric

; R . o pendent upon the motor speed and hence can operate at low
connections to sensors, reduction in size, insusceptibility

éBeeds including standstill. However, these techniques are not

environmental factors, and improved reliability. In addltlon$uitable for nonsalient PM motors, such as surface mount PM

when absolute rotor position sensors are considered, operatlan, . o< that have no rotor saliency

at zero and low speeds are also desirable features of an indire<;|1;he principal aims of this paper are to overcome the problems

rotor position (_jet_ect|on methoql_. . . of the previous methods and to propose a robust solution that is
A number of indirect rotor position detection techniques ha\é%itable for practical PM ac motor drives

been _proposed in the literature f.o.r PM ac motor drives. TheseThe position estimation and the practical implementation is-
technlqges can bfoad'y be classified in three groups. . sues of the proposed method are discussed in the subsequent
The first group is based on back-EMF sensing [1]{3]. Sincg, o of this paper. In this novel method, three phase flux
the back-EM_F_ voltages of a PM ac motor are func_t|ons 9 kage increments (hence no integration is required) are cal-
the rotor position, the mast common approach fo estimate tg\.ﬁated using the measured three-phase voltages and currents,
which is the main source of the estimation error in the previous
Manuscript received October 18, 2002; revised October 22, 2002. Recoiéchniques. Then the flux linkage increments and back-EMF
mended by Associate Editor S. B. Leeb. , _ functions of the motor are utilized to derive a single rotor po-
The authors are with the Department of Electrical and Electronics En%ition increment and the corresponding rotor position informa-

neering, Adelaide University, Adelaide 5005, Australia. S ]
Digital Object Identifier 10.1109/TPEL.2003.809377 tion is calculated. In the method, with the help of a phase-locked
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loop (PLL) algorithm, an internal closed-loop can correct theith sinusoidal back-EMF’s, the three-phase back-EMF volt-
position drift that may be caused by the deviations of the motages can be expressed as
parameters and/or by the measurement inaccuracies.

As will be demonstrated in the results section, this novel | ¢ Kewres(fe) Ee‘“’“ S}n(ee) o
method can accurately estimate the rotor position over a | © | = Kewrea(fe) | = | Kewr S}n( et g) )
wide range of operating speeds, and is robust with respect L ¢ Kewres(fe) Kew, sin (0 — )

to parameter variations of the motor and measurement erQlifere K, is the back EMF constanty, is the rotor angular
in the system. In addition, the proposed estimation schemGeeq,, (4,), e, (6.) andes(d.) are defined as the back EMF

is not computationally intensive, which makes the real'timf%nctions that varies with the rotor position, afidis the elec-
implementation of the method possible with a commerciallyj-5| rotor position that can be given by

available DSP (Analog Devices ADMC300).

In addition, while the motor drive operating in closed-loop g —

. i e e=p [ wedt 3)
without a conventional rotor position sensor, a number of .
real-time experimental results are obtained to demonstrate \t/veere i the number of pole pairs in the motor
robustness, the reliability and the performance of the nove P pole p '
position estimation scheme under various practical operatisg psition Increment Estimation

conditions [16].
[16] In the above voltage equations, the three-phase currents and

voltages are directly measurable quantities. It can be seen that
there is only one possible solution to derive the rotor position
information from the measurable quantities and the ideal model

The method developed here is suitable for a wide range fothe motor. ) » )
PM ac motors. However, a three-phase surface-mounted PM adN€ @pproach used to determine the rotor position here is
motor is considered in the development of the position estinﬁased on the relationship between the rotor position and the flux
tion algorithm. linkage of the permanent magnets or the back-EMF voltages.

The surface-mounted PM ac motor has identical direct andHowever, if the relationship between the rotor position and
quadrature inductances, so that the rotor saliency does not e, Pack-EMF voltages is used, the position estimation scheme
and thus it is not possible to use methods which rely on rotB}2y not operate accurately at low speeds due to the small
saliency. Under ideal conditions, however, a possible solutig#fiuced back-EMF voltages. Furthermore, if the relationship
to obtain the rotor position data is to utilize the relationshig&€tween the rotor position and the flux linkage of the perma-
with the three-phase flux linkages that are established by fgnt magnets is utilized to calculate the total flux linkages
permanent magnets. This approach is considered in this stuﬁ‘;. the windings, some form of digital integration is needed.
owever, digital integration is difficult to accurately realize in

) the real-time systems. This is due to motor parameter variations
A. Mathematical Model of the Motor and measurement errors such as DC offsets, quantization and

In order to obtain a general algorithm, the three-phase a-irencation errors. All these errors can cause integration drift
modeling approach is used in this paper. Under ideal conditiod§ld pose a significant problem in the estimation of the flux
athree-phase star-connected PM motor can be modeled by a ié¢ages, specifically at low speeds. _
work consisting of a winding resistance, an equivalent winding To overcome the drawbacks discussed above, a novel posi-
inductance, and a back EMF source per phase, all connecteldf estimation scheme is proposed here. In the new method,
series. If it is assumed that the stator resistances of the windifig@ calculation of the flux linkage by digital integration is elim-
are identical and the self and mutual inductances are constétdted and a direct calculation of the flux linkage increment
which is correct in the motor type considered (no rotor saliencyphange using the voltage equations is utilized. In addition, the

the voltage equations of the motor can be given in a matrix ford@ck-EMF voltages are disassembled as the multiplication of
as the angular speed and the unit back-EMF functions, so that the

estimation of the back-EMF function becomes independent of

Il. PRINCIPLES OF THEALGORITHM

Ve R o 0o][i,JL 0 0 i1 Te. the angular speed.
wl=10 R of |i|+]o L o L] in|+|ep| . ()  Substituting (2) into (1), the voltage equations can be
v 0 0 R||i| lo o L|®]i]| |e rewritten as
Vo R 0 O la
Herev,, vy, andv, are the phase voltages; R is the windingre; v, | = [0 R 0 n
sistancei,, i,, andi. are the phase currents; L is the equivalenf v, 0 0 R ie

winding inductance and is equalfa — M; = Lg + 3/2 Ly L er(6
where L is the self inductance and s the mutual inductance 9 4
il _ +10 e2(fe) | -(4)
of the winding; ance,, e}, e. are the back-EMF voltages in- 0 es(6.)
duced in each phase winding due to the flux linkages of PMs. ‘
In the PM ac motor, the back EMF voltages are functions of As can be seen in the above equation, if the sampling fre-
the rotor position and the angular speed. Hence, for the motprency is high enough in a practical measurement system, the

d l:a + & dee ( S)

at |7 p dt

o o
r oo

2
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rotor position increment within one sample cycle can be derivéltree equations are summed, a single rotor position increment

in the discrete form as can be obtained as
N [(VafRia)(.eAt)fL.Aia] A, AG. — p Atpgea(0.) + Appes(0.) + Avpeer(6.) ©)
€ e e (6, e— 73, ° .
A | P | [RstLan] | P | A Ke” er(Be)ea(be) + ca(Be)es(Be) + ea(Be)er (0.
°l K. 2(02) T K, | 200
Aee [(Ve—Ric). at-L . Aic] ef{gg) The above equation is the basis of the incremental rotor posi-

es(0e) tion estimation, which can be considered as a weighted average

whereAt is the sampling intervalAi;, Ai, and Ais are the which takes into account the optimum regions for accurate po-
current increments within the sampling interval of the thre&ition estimation for each phase. In a very noisy environments
phase currentsA¥,, AT, and AU, are defined as the flux however, amore se[ectlye range f,ltenng may be reqU|req.
linkage increments within the sampling interval of each phase, "€ Pposition estimation algorithm in this study utilizes
Ideally, each motor phase should produce identical rotor pd?—(9)- Equation (8) is used to calculate the flux linkage
sition incremen({Af = Af,. = Afp. = Af,.). In practice increments using the measured phase currents and voltages.
however, any estimation errors could cause variations in the é§1€, the flux linkage increments and the back EMF functions
timated rotor position increment. In this study, a single value 8f€¢ Utilized to determine the rotor position increment by (9),
position increment is obtained by averaging the three values®td the final rotor position is estimated by (7). It should be

the position increments estimated in (5). noted here that the back EMF functions are produced using
their waveform functions and the estimated position signal,

Ab,. + Aby. + AD... which form an internal closed-loop.
Afe = 3 : (6) The algorithm has several advantages. Firstly, itis simple and

not mathematically intensive, which makes it very practical to
In addition, assuming that the previous value of the rotor posie used in DSP based control systems. Secondly, the algorithm
tion estimation is known, an updated value of the rotor positids independent of the shape of back-EMFs, hence is suitable for

can be estimated simply by both sinusoidal and trapezoidal PM ac motors (or for any other
PM motors with nonideal back EMFSs). Finally, the calculation
fe(k) =0.(k—1)+ A, k=1,2,3... (7) of the flux linkages does not include an integration algorithm,

so that integration related errors are eliminated.
where, k is an integer representing the estimation of discrete Although a simple integration algorithm still exists in the po-

data at the:th instant of time. sition calculation (7), the internal closed-loop produced by the
back-EMF function feedbacks stabilizes the position integration
C. Position Estimation Algorithm and corrects the position drift. This is the most important fea-

_ _ _ ture of the novel algorithm. In other words, the method moves
As can be seen in (5), since the back EMF function of eaghe integration from the flux linkage calculations to the position

phase becomes zero at the corresponding rotor pole, the re@iculation level and hence the problems of the integration drift
position increment estimation under this condition may produgge solved by the internal closed-loop correction. Furthermore,
an infinitely high value. However, the remaining two phases cafjs internal correction loop improves the robustness of the rotor
provide a finite and more accurate rotor position value. Thispsition estimation, which would otherwise be sensitive to pa-
means that each phase has its own optimal sensing region, Whgfgeter variations and measurement errors.

the rotor position increment estimation is most accurate. Al- |t should be noted here that further improvements were done
though (6) can be used to calculate the single value of rotor Rgthe position estimation algorithm to enhance the accuracy of
sition increment, in a more practical algorithm, the three rot@ke estimation, which is illustrated in Fig. 1. In this figure, the
position increments should be weighted or adjusted with respggkic algorithm described above unchanged and two additional

to their optimal sensing regions in order to prevent the loss gfycks are added to the left side of the diagram: Back-EMF
rotor position information and the reduction of the accuracy. ynctions and Phase Difference.

In order to utilize the optimal sensing region of each phase
fully and to improve the position estimation accuracy, (5) should
be rewritten in the format given as follows: I1l. A NALYSIS OF ROBUSTNESS ANDIMPROVEMENTS

Under ideal conditions, the algorithm described above can
produce accurate rotor position estimates. In practice, however,
the parameters of the motor may vary for various reasons, such

Ab,ce1(6.) o [(Va — Rig).At — L.Ad,]
Abpeez(0e) | = P [(Vy — Rip). At — L.Ady)]
0 e

Afcces(fe) [(Ve — Ric).At — L.Aic] as temperature rise or magnetic saturation. In addition, there are
D A, no ideal measurement circuits in reality. Practical measurement

= Ay | . (8) circuits can be affected by electromagnetically noisy environ-
° | Ay, ment. Therefore parameter deviations and measurement inaccu-

racies need to be considered in real-time motor control systems
In (8), if the two sides of the equations inside the matrix ames they directly affect the reliability and the robustness of the
multiplied by e2(6.), es(f.) ande;(f.) respectively, and the control algorithm.
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V¥ a,p,c iWa,b,e where, A, is the amplitude of the flux linkage increment.

As can be seen from the auto-correction function given in

71 (10), in ideal conditions, the rotor positidti is equal to the

h | phase angle of the flux linkage incremef#$ = 6.), and the
flux linkage estimated rotor position increment s directly proportional to the

i - amplitude of the flux linkage increments.

increments | ik-la, s, . If an error causes the estimated rotor position to differ, the
ﬁ"W(k)a,b,c difference is fed back to the loop via the back-EMF functions

and the next step value of the position increment estimation is
- corrected within a range of position
posmon _ E(k-1)1,2,3 For example, if the estimated rotor position leads the phase
increment angle of flux linkage increment®’ < 6.), the phase differ-
ence produced by the feedback reduces the new estimated value
of the position increment. Conversely, if the estimated rotor po-
6‘1,(1:—1) back-EMF sition lags the phase angle of flux linkage increméfts> 6.),

il functions thg phgse difference increases the new estimated value of the po-
sition increment.

¥

back-EMF
functions

B. Improvements

L L £01,2.3 As discussed above, the position estimation algorithm is ro-

phase bust with respect to some of the measurement errors and can op-
difference erate agcurately within a range of position. However some static
VA estimation errors also occur in practice, which is mainly due to

the parameter variations and/or the measurement inaccuracies.
The auto-correction ability is directly proportional to the motor
speed. In high-speed operation, the static errors are acceptable
in practical applications. At slower speeds, however, the static
. errors accumulate via the integration due to the poor auto-cor-
A. Theoretical Analyzes of Robustness rection ability. This results in thg estimated rotor pgsition laging
In a practical motor drive, the motor equivalent circuit pathe flux linkage increments.
rameters are nonlinear functions of time, temperature and varTo make the position estimation algorithm resistant to static
ious other parameters. Therefore, the accurate prediction of #iors, a phase-locked loop (PLL) is implemented, which is
measurement errors and noise is a challenging issue in the spftven to be very effective.
ware/hardware integrated power electronics systems, which isn the PLL, the three-phase flux linkage increments and the
difficult to predict. three-phase back-EMF functions are considered as vectors. By
It can be seen from the basic algorithm described earligsing the vector product, the phase difference between the two
that any parameter variations or measurement inaccuracies gaantities are expressed approximately as
cause position increment errors. If no corrective action is taken,
the position error may accumulate over the integration period [[A% x &= Athaea(8e) +Atyes(0e) +Atpeer (6, )

Fig. 1. Block diagram of the improved algorithm.

and may cause a catastrophic failure in the drive, such as loss —Atpaes(fe) = Adhper () — Ageea(fe)
of synchronism. 33 33
As can be seen in (8), if the back EMF functions are ideal = —1/Jms (6%—0.)~ —1/Jm (62—0.) (11)

sinusoidal waveforms, three-phase flux linkage increments
should also be ideal sinusoidal waveforms. Hence, the estiUsing the above equation in the PLL, the phase difference be-
mated position increment value only depends on the amplituitéeen the phase angle of the flux linkage increments and the es-
of the flux linkage increments. However, disturbances mdinated rotor position can be estimated. Then the value is then
occur in a nonideal (practical) system causing an error in thiélized to compensate the incremental position errors, which
estimated position increment. If this error is fed back to th@ay be in error due to the parameter variations and/or the mea-
back-EMF functions via the internal closed-loop, it causessarement inaccuracies.
phase difference between the flux linkage increments and thelhe block diagram of the improved algorithm is given in
back-EMF functions. Fig. 1, where the basic algorithm remains unchanged. If there
Let us assume that the flux linkage increments have a phase any parameter deviations or measurementinaccuracies in the
angle off*, which reflects the actual rotor position value. Thesystem, however, the predicted values may be in error. There-
the estimated rotor position increment based on the basic alff@gre, the back-EMF functions generated by the predicted rotor

rithm can be rewritten as position will have a different phase angle from the functions
generated using the flux linkage increments.
Abe= g The PLL calculates the phase difference and compensates the
Avm [sm 07 sin(0.— 2% )4sin(0; — 22 ) sin(0.+ 22 )+sin(07 + 22 )sino. ] predicted rotor position to rectify the rotor position value in the
sin 0 sin(0e — 27 ) +sin(0c— 27 ) sin(0c+2F ) +sin(0c+ 2F ) sin 0. consecutive step. Therefore, the improved rotor position estima-

= PA¥m cos(9)—60.— % (10) tion algorithm is called the “prediction-rectification” method.
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C. Computer Simulation Results 3600
,300.0
To demonstrate the effectiveness of the algorithm explain: § ;00-

above and to give some quantitative results, extensive simu
tion studies were performed on a sample motor, which has t
parameters given in the Appendix.

The simulation studies were carried out under the steac b
state conditions with a dc link voltage of 150 V and under th &

following parameter changes of the motar20% R, +20%
Ke and+20% L (the winding resistance, the back-EMF con
stant, and the equivalent inductance errors respectively), ¢
under the stator winding imbalances. A PWM current controlle
with modulation frequency of 5 kHz is also included in the
simulation.

Fig. 2 shows a set of simulation results, which aims t
demonstrate the robustness with respect to the motor param
variations.

=
@
o

£ 100.0

—
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.
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It can be concluded from the simulation results that if the
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parameters ofthe position estimator and the motor are Identh?l’. 2. Computer simulation results under the parameter changes of the motor:

. - i
the estimated rotor position can accurately follow the aCtU@EO% R,+20% Ke andt=20% L, with a command current of 2.5 A and at

rotor position both in the basic and in the improved algorithms.steady-state speed of 25 Hz. The figure shows the rotor position (top), the
When the parameters of the motor vary-b20%, the position position errors between the actual and the estimated position signals with the

. . S ' basic algorithm (middle) and the position errors with the improved algorithm
estimation errors do occur, but are limited to 2-3% by thgotom).

basic algorithm with the help of auto-correctional action. This

is an acceptable position error in a practical position sensorlgssneasurement errors but the presence of the static estimation
motor drive, which demonstrates a degree of robustness in figyrs limit the operation at slower speeds. The improved algo-

basic algorithm. . o _ __rithm, however, reduces the static estimation errors and extends
However, the basic algorithm cannot eliminate static positiqfe operating range of the motor.

estimation errors and the auto-correctional ability of the basic
algorithm is poor at the lower speed range. By using the PLL,
however, the improved algorithm significantly reduces the static N o )
estimation errors as shown in Fig. 2. It can be seen in the figure!© st the proposed position estimation algorithm to see
showing the position errors that the static position errors caudbdt 1S suitable for the practical applications, a real-time
by the winding resistance and the back-EMF constant variatigh§’€rimental setup is implemented. This includes a three-phase
can be almost eliminated using the improved algorithm. inverter board (IRMDAC3, International Rectifiers, 460 V,

However, the position estimation errors caused by trehP) and a DSP-based motor controller from Analog Devices
equivalent inductance variations are still relatively high. Thi"DMC 300). In addition, a PM ac motor (which has the spec-
is because the variations of equivalent inductance can affé{gations given in the appendix), a two channel incremental
the phase of the flux linkage increments, and therefore tR8coder to verify the estimated rotor position, and three high
estimated phase of the flux linkage increments may differep@ndwidth voltage and two high bandwidth current transducers
from the actual value if the equivalent inductance is in error. @re used in the experimental setup.

As mentioned above, the stator winding imbalance was alio
studied under two different setting$ (0% R., —10% R.; and "~
—10% Ra, +10% R.). The result indicated that there is no ben- In the open loop test, the motor drive is synchronously con-
efit of the improved algorithm on the stator winding imbalancdtolled using the shaft mounted encoder. In the DSP, a standard
Therefore, the PLL cannot produce accurate values to rectify tR&/M current controller with a PWM frequency of 5 KHz is
errors in the rotor position estimation. used to modulate the currents of the motor. In addition, a Lab-

It should be emphasised here thatin a practical nonsalient MUEW based data acquisition system is used to sample the real
ac motor, the equivalent inductance is more stable than the otflafa of the motor drive at a sampling frequency of 100 KHz.
motor parameters under normal operation conditions. Then, the measured voltage and the current data can be used to

Therefore, it is recommended in a practical position sens@stimate the rotor position of the motor off-line and compare it
less drive system that the equivalent inductance should be meith the measured rotor position.
sured accurately in order to minimize the position estimation In this section, as in the simulation studies, various degrees
errors further. of artificial errors are introduced to the motor parameters of the

Further simulations studies were also carried out to obseqesition estimator and to the measured voltage and the current
the effects of voltage and current measurement erebt9%). data. The performance of the algorithm has been tested under
In this study, the motor parameters are not changed and the sihese synthetic errors.
ilar control settings as in Fig. 2 are used. The results indicatedThe test results are illustrated in Fig. 3 and Fig. 4. It was
that the basic algorithm can also limit the position errors dubserved that the position estimation algorithm can still estimate

IV. REAL-TIME EXPERIMENTAL RESULTS

Open Loop Operation
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‘g‘ Fig. 5. Block diagram of the closed-loop position sensorless PM ac motor

@ drive system.

5.0, Lol v

H | $20%R | 1 +20%Kel | *20%L |

-20.0-F T T T

g 2 10 10 20 2% 30 o a0 measured in reaI.-tlme. The third phase current that is required
Time (ms) N the algorithm is calculated using the two measured phase
currents.

Fig. 3. Open-loop operation experimental results to demonstrate theFor the nonsalient motor, if the current waveforms are in
robustness with respect to the parameter variations: the actual rotor posi

(top), the position estimation error using the basic algorithm (middle), and tﬂqase with the rotor position, the electromagnetic torque is pro-

position estimation error using the improved algorithm (bottom). portional to the amplitude of the excitation current. Therefore,
to generate the three-phase current commands using the esti-
4000~ mated rotor position and the current amplitude, a look-up table
éann,n- for a sinusoidal function is established in the DSP as the current
é 200,04 waveform command generator. A Pl speed controller is imple-
S 10004 mented in the motor drive, which is considered as the torque
00- command of the motor drive. Finally, the three-phase command

0  s0 100 150 200 20 a0n 30 40 currents are compared with the measured three-phase currents
and the results are used as the duty cycle signals to generate
5 the three-phase PWM signals for the switching power devices
g 00- (IGBTS).

;é As known, in a digital motion control system, the duty cycle

|
|
2“—”'0 T i 0 3 0 %; ho  value can be updated once (or twice if the douple update PWM
T 20.0- T T T I mode is used) in each PWM cycle. In a conventional motor con-
Z 100 | : | | troller with a position sensor, there is only one interruption ser-
E 00- ' vice routine, which has the same frequency as the PWM. In
g 10.0- | the position sensorless motor controller, however, the position
& o0p |_Li0%cument | | F10% voltage | sensorless algorithm requires high bandwidth voltage measure-
0 T &?S ments. Therefore, two different interruption service routines are
required.

Fig. 4. Open-loop operation experimental results to demonstrate theln the method implgmented, one of the routines is qseq to es-
robustness with respect to the measurement errors: the actual rotor positionate the rotor position signals, and the second routine is used
(top), the position estimation error using the basic algorithm (middle), and thg emp|0y the conventional motor control algorithms. Thisis be-
position estimation error using the improved algorithm (bottom). . .
cause when three phases are excited with currents, the voltage of
. . one phase has 6 possible values in each PWM cycle. Therefore,
the rotor position accurately-3—4%). Although the improved i, order to sample the values of the phase voltages accurately,

algorithm generates larger estimation noise, its static errors g§8 A/D converter should have much higher sampling rate than
smaller than the estimation errors of the basic algorithm.  the pWM frequency.

It should be emphasised here that the accuracy of the position
estimation is directly proportional to the sampling frequency.

To implement position sensorless motor drive, the encoderigperiences indicate that the frequency of the interruption ser-
eliminated from the control loop, but is utilized to verify thevice routine should be at least 6 times the PWM frequency.
estimated rotor position. The highest possible sampling rate of the A/D converter

Fig. 5 illustrates the complete block diagram of the positiomsed in this study is 31.5 kHz. Therefore, the frequency of
sensorless motor drive system, where the position estimator P®/M and the motor control interruption service routine of
places the shaft mounted position sensor. the position sensorless motor drive is selected as 5208 Hz.

Since the DSP used in this study has only five A/D convert&o, the sampling rate of the A/D converter is 6 times higher
channels, three phase voltages and only two phase currentstlaa@ the PWM frequency.

B. Closed-Loop Operation
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Fig. 6. The real-time experimental results obtained from the closed-loop
motor drive operating at 107 rpm without the shaft mounted position Senspr. o \1oasured dvnamic starting performance of the closed-loop position
three-phase measured currents (top), measured position (middle) and estimg't%‘d ' y 9p pp

position (bottom). ensorless motor drive: Phase currents (top), the estimated rotor position

(middle) and the estimated speed (bottom).

Since the estimated rotor position values are used only o
in the mot(_)r cor_1tro| mterruptlon_ service rout!ng per PW rical cycle and can thus implement synchronous control from
cycle, the six estimated rotor position values within one PW

) X andstill.
cycle are averaged in the real time system. Therefore, t

8n comparison with other open-loop starting strategies, it
estimation noises are reduced by this averaging method, W% P b P d gles,

- . . demonstrated experimentally that this method has shorter
the closed-loop sensorless position estimator was |mplemeng? ting time and a higher dynamic performance, and it was
successfully. '

observed that the starting procedure is smooth.

ition can converge to the actual position within the first elec-

C. Starting Strategy in the Real Time Drive D. Real-Time Experimental Results (Without the Shaft Position

Since there is no rotor position data available at standstiﬁ,ensor)
most of the position sensorless techniques presented in the literfo demonstrate the effectiveness of the position estimation
atures are not self-starting. Therefore, a special starting strategtyorithm, a number of real time experiments have been per-
should be accommodated in the controller until the position d#brmed at various operating conditions.
gorithm generates an accurate estimation of the rotor position. Fig. 6 provides a set of steady-state test results while the

In the position estimation method proposed in this paper, sensorless motor drive operates at a speed of 107 rpm (about
initial value of the rotor position is required. Fortunately, th&0 Hz). The figure illustrates the waveforms of the measured
auto-correctional feature of the algorithm not only responds tioree-phase currents, the measured rotor position and the esti-
the parameter variations and the measurement errors but atstted rotor position of the motor. As can be seen in the position
corrects the initial position value. For example, if the predetewaveforms, there is a negligible discrepancy between the esti-
mined initial position is different than the actual rotor positionmated and the measured position data, and the actual current
the phase difference between the initial rotor position and theaveforms are very close to the desired waveforms (sinusoidal)
phase angle of the flux linkage increments is fed back throughat are generated using the estimated rotor position data.
the internal loop of the algorithm. Using the phase difference, The real-time experimental results were also obtained from
the robust algorithm corrects the rotor position increment afige closed-loop motor drive operating at 10.7 rpm (about 5 Hz).
updates the rotor position value, and after few sampling cyclg@svery good agreement between the estimated and the measured
the estimated rotor position can converge to the actual valuerotor position is also found in this test. The position errors in

As will be demonstrated later, the proposed method can theese tests were less than 3%. However, significant variations
used to start the PMAC motor from standstill in real time. Thiwere observed on the actual phase currents of the real motor.
implies that the position estimation algorithm can predict thEhe main reason for this is the small mechanical load of the real
rotor position from a random initial value (such as zero). If therive at the low speeds, which was difficult to rectify. A low
estimated rotor position is used as the position feedback in thertia PM ac generator is used as a load that is attached to a
controller, the motor may produce lower or even negative eldtiee-phase resistive load bank.
tromagnetic torque initially, which may affect the starting per- Finally, a dynamic test was performed and the results are
formance of the motor drive slightly. However, the estimategiven in Fig. 7. In this experiment, the position sensorless motor
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drive was accelerated from standstill to 107 rpm. The results[5] J. S. Kim and S. K. Sul, “High performance PMSM drives without ro-

demonstrate that the position sensorless motor drive can start
smoothly without the help of any special starting strategy, and 6]

reasonable dynamic performance is achieved.

The paper has proposed a novel position sensorless technique
suitable for a wide range of PM ac motors. Although, the princi- [g]
ples of the method are developed and explained for the motors
without rotor saliency, the method is also applicable to rotors
with saliency. Here the position sensing is much easier as the
variations of the inductance with position can be utilized.

The method described here is based on an incremental flux-
linkage algorithm, which can form an internal closed loop and11j
uses the real-time voltages and current of the motor. In addition,
with the help of the phase-locked loop algorithm, the internahz]
closed loop can eliminate the problems associated with the in-

V. CONCLUSION

tegration drift, which exists in the previous methods. It was also

demonstrated using the real data and some synthetic errors Y
the method has high robustness and reliability against parameter

changes of the motor and various measurement errors.

matically intensive, which makes the real-time implementation

possible. By using the DSP based real-time system, it was

demonstrated that the algorithm developed here can start fro

standstill and can estimate the rotor position accurately under

the practical operating conditions, including the static and dy-

namic performance. The starting from standstill requires aft®

initial value that need not be correct. An incorrect starting

position influences the starting dynamics only, and in the worst

scenario it is corrected within one electrical cycle.

In comparison with previous position sensorless techniques,
it can be concluded that this novel method has two major fea-

tures. Firstly, the algorithm has high robustness with respect
the parameter variations and the measurement errors and he
is suitable for practical applications. Secondly, the auto-corre
tional ability of the method makes it applicable for starting an
operation at a wider speed range, including slower speeds.

APPENDIX

The parameters of the experiment motor.

(1]

(2]

(3]

(4]

Back EMF constant;, : 3.785 V/rad/s.
Number of poles pair, p : 28.

Winding resistance, R : 6.9.

Equivalent winding inductance, L : 32.8 Mh.

REFERENCES

K. lizuka and H. Uzuhashet al,, “Microcomputer control for sensor-
less brushless motolEEE Trans. Ind. Applicatvol. 21, pp. 595-601,
May/June 1985.

J. C. Moreira, “Indirect sensing for rotor flux position of permane
magnet AC motors operation over a wide speed range,Proc.
IEEE-IAS Annu. Meetindl994, pp. 401-407.

S. Ogasawara and H. Akagi, “An approach to position sensorless drive
for brushless DC motor,IEEE Trans. Ind. Applicat.vol. 27, pp.
928-933, Sept./Oct. 1991.

(10]

The position estimation algorithm is simple and not mathe!'4!

tational position sensors using reduced order observePtdc. Conf.
IEEE IAS Annu. Meetindl995, pp. 75-82.

M. Tomita and T. Senjyet al.,, “New sensorless control for brushless DC
motor using disturbance observers and adaptive velocity estimations,”
IEEE Trans. Ind. Electronvol. 45, pp. 274-282, Apr. 1998.

R. Dhaouadi, N. Mohan, and L. Norum, “Design and implementation of
an extended Kalman filter for the state estimation of a permanent magnet
synchronous motorfEEE Trans. Power Electronvol. 6, pp. 491-497,
July 1991.

S. Bolognani, R. Oboe, and M. Ziglitto, “Sensorless full-digital PMSM
drive with EKF estimation of speed and rotor positiofEEE Trans.

Ind. Electron, vol. 46, pp. 184-191, Feb. 1999.

W. Rusong and G. R. Slemon, “A permanent magnet motor drive without
a shaft sensor,” ifProc. IEEE IAS Annu. Meetind 990, pp. 553-558.

A. Consoli and S. Musumeeit al., “Sensorless vector and speed con-
trol of brushless motor drives|EEE Trans. Ind. Electronvol. 41, pp.
91-96, Feb. 1994.

N. Ertugrul and P. P. Acarnley, “A new algorithm for sensorless opera-
tion of permanent magnet motorsEE Trans. Ind. Applicatvol. 30,

pp. 126-133, Jan./Feb. 1994.

A. B. Kulkarni and M. Ehsani, “A novel position sensor elimination
technique for the interior permanent magnet synchronous motor drive,”
IEEE Trans. Ind. Applicatvol. 28, pp. 144-150, Jan./Feb. 1992.

S. Ogasawara and H. Akagi, “Implementation and position control per-
formance of a position-sensorless IPM motor drive system based on
magnetic saliency,TEEE Trans. Ind. Applicat.vol. 34, pp. 806-812,
July/Aug. 1998.

M. J. Corley and R. D. Lorenz, “Rotor position and velocity estima-
tion for a salient-pole permanent magnet synchronous machine at stand-
still and high speedsJEEE Trans. Ind. Applicatvol. 34, pp. 784-789,
July/Aug. 1998.

] A. H. Wijenayake, J. M. Bailey, and M. Naidu, “A DSP-based posi-

tion sensor elimination method with an on-line parameter identification
scheme for permanent magnet synchronous motor driveBroin IEEE

IAS Annu. Meetingl995, pp. 207-215.

L. Ying and N. Ertugrul, “A novel position sensorless control for perma-
nent magnet AC motors,” iRroc. Int. Power Electron. Motion Control
Conf. (IPEMC’00) Beijing, China, 2000, pp. 169-174.

LiYing received the B.Sc. and M.Sc. degrees in elec-
trical and electronic engineering from the China Uni-
versity of Mining and Technology, China, in 1983
and 1986, respectively, and the Ph.D. degree from the
University of Adelaide, Adelaide, Australia.

From 1987 to 1998, he was with Yunnan Poly-
technic University, China. His research interests
include real time control of motor drives, DSP-based
applications, high efficiency and high performance
motor drive design, and intelligent control systems
in power electronics.

Nesimi Ertugrul (M'95) received the B.Sc. and
M.Sc. degrees from the Istanbul Technical Univer-
sity, Istanbul, Turkey, in 1985 and 1989, respectively,
and the Ph.D. degree from the University of
Newcastle upon Tyne, U.K., in 1993.

He joined the University of Adelaide, Adelaide,
Austrial, where since 1994, he has been a Senior
Lecturer. He is the author dfabVIEW for Electric
Circuits, Machines, Drives and Laboratories
(Englewood Cliffs, NJ: Prentice-Hall, 2002). His
research topics include sensorless operation and real

time control of switched motor drives, fault tolerant motor drives, condition
monitoring, and electric vehicles. His recent interests are macro machines and

L. A. Jones and J. H. Lang, “A state observer for the permanent magiétman machine interfaces.

synchronous motor,JEEE Trans. Ind. Electronvol. 36, pp. 374-382,
Aug. 1989.

Dr. Ertugrul serves on the Editorial Advisory Board for thrgernational
Journal of Engineering Education



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


