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Abstract—This paper proposes and implements a novel rotor
position sensorless technique for PM ac motor drives, which allows
acceleration from standstill and can operate under various prac-
tical operating conditions including transient speed changes. The
technique developed here relies on the measurement of the phase
voltages and currents of the motor. It uses the incremental values of
flux linkage, and the back-EMF functions to estimate incremental
rotor position. Using a phase-locked loop (PLL) algorithm, an in-
ternal closed-loop correction algorithm can correct rotor position
estimation drift, which may be due to the motor parameter varia-
tions or measurement inaccuracies. The method is implemented in
closed-loop using a digital signal processor (DSP), and details of the
implementation are provided in the paper. To demonstrate accu-
racy, robustness and reliability of the position estimation scheme,
the paper presents a number of real-time experimental results, in-
cluding dynamic operating conditions.

Index Terms—DSP based motor control, permanent magnet mo-
tors, position estimation, sensorless operation.

I. INTRODUCTION

ONE of the most active areas of research in permanent
magnet (PM) ac motor controls during recent years

has been the investigation of new techniques for eliminating
the rotor position sensor that is normally required for self-
synchronization.

Elimination of the shaft-mounted position sensor is a very
desirable objective in many applications since such sensor is
often one of the most expensive and fragile components in
the entire drive system. The expected benefits of the indirect
rotor position sensing technique are: elimination of electrical
connections to sensors, reduction in size, insusceptibility to
environmental factors, and improved reliability. In addition,
when absolute rotor position sensors are considered, operation
at zero and low speeds are also desirable features of an indirect
rotor position detection method.

A number of indirect rotor position detection techniques have
been proposed in the literature for PM ac motor drives. These
techniques can broadly be classified in three groups.

The first group is based on back-EMF sensing [1]–[3]. Since
the back-EMF voltages of a PM ac motor are functions of
the rotor position, the most common approach to estimate the
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rotor position is to extract the rotor position information from
the back-EMF waveform of an unexcited phase. However, the
back-EMF voltages of the PM ac motors are too small to be
sensed at low speeds. In addition, the method is affected by the
switching transients from the other current carrying phases.
Therefore, it is not suitable for PM ac motors with continuous
current conduction and is not suitable for low-speed operation.

The second group is based on estimation techniques that
usually utilize phase voltages and currents of the motor. By
using these quantities, the rotor position of the motor can be
determined using a state observer [4]–[6], or a Kalman filtering
technique [7], [8], or by direct calculations [9]–[11]. However,
these techniques are computationally intensive, and large rotor
position detection errors may occur because of quantization and
truncation errors, and measurement inaccuracies. Moreover,
variation in the motor parameters due to temperature changes
and magnetic saturation significantly affect the estimated rotor
position data. Furthermore, the estimation performance may
suffer under low-speed operation, mainly due to drift of the
integration functions used in the algorithms. Therefore the
problems listed above make the previous methods not suitable
for the practical motor drives.

Finally, the third group of indirect rotor position detection
techniques is based on the detection of the rotor saliency in PM
ac motors, which occurs due to the asymmetrical rotor struc-
ture or magnetic saturation [12], [13]. In this group, the rotor
position information can also be extracted from responses of an
injected high frequency test signal [14], [15]. This method is not
dependent upon the motor speed and hence can operate at low
speeds including standstill. However, these techniques are not
suitable for nonsalient PM motors, such as surface mount PM
ac motors that have no rotor saliency.

The principal aims of this paper are to overcome the problems
of the previous methods and to propose a robust solution that is
suitable for practical PM ac motor drives.

The position estimation and the practical implementation is-
sues of the proposed method are discussed in the subsequent
sections of this paper. In this novel method, three phase flux
linkage increments (hence no integration is required) are cal-
culated using the measured three-phase voltages and currents,
which is the main source of the estimation error in the previous
techniques. Then the flux linkage increments and back-EMF
functions of the motor are utilized to derive a single rotor po-
sition increment and the corresponding rotor position informa-
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 the
position drift that may be caused by the deviations of the motor
parameters and/or by the measurement inaccuracies.

As will be demonstrated in the results section, this novel
method can accurately estimate the rotor position over a
wide range of operating speeds, and is robust with respect
to parameter variations of the motor and measurement errors
in the system. In addition, the proposed estimation scheme
is not computationally intensive, which makes the real-time
implementation of the method possible with a commercially
available DSP (Analog Devices ADMC300).

In addition, while the motor drive operating in closed-loop
without a conventional rotor position sensor, a number of
real-time experimental results are obtained to demonstrate the
robustness, the reliability and the performance of the novel
position estimation scheme under various practical operating
conditions [16].

II. PRINCIPLES OF THEALGORITHM

The method developed here is suitable for a wide range of
PM ac motors. However, a three-phase surface-mounted PM ac
motor is considered in the development of the position estima-
tion algorithm.

The surface-mounted PM ac motor has identical direct and
quadrature inductances, so that the rotor saliency does not exist,
and thus it is not possible to use methods which rely on rotor
saliency. Under ideal conditions, however, a possible solution
to obtain the rotor position data is to utilize the relationships
with the three-phase flux linkages that are established by the
permanent magnets. This approach is considered in this study.

A. Mathematical Model of the Motor

In order to obtain a general algorithm, the three-phase a-b-c
modeling approach is used in this paper. Under ideal conditions,
a three-phase star-connected PM motor can be modeled by a net-
work consisting of a winding resistance, an equivalent winding
inductance, and a back EMF source per phase, all connected in
series. If it is assumed that the stator resistances of the windings
are identical and the self and mutual inductances are constant,
which is correct in the motor type considered (no rotor saliency),
the voltage equations of the motor can be given in a matrix form
as

R
R

R

L
L

L
(1)

Here , , and are the phase voltages; R is the winding re-
sistance; , , and are the phase currents; L is the equivalent
winding inductance and is equal to
where L is the self inductance and Mis the mutual inductance
of the winding; and , , are the back-EMF voltages in-
duced in each phase winding due to the flux linkages of PMs.

In the PM ac motor, the back EMF voltages are functions of
the rotor position and the angular speed. Hence, for the motor

with sinusoidal back-EMF’s, the three-phase back-EMF volt-
ages can be expressed as

K
K
K

K
K
K

(2)

where K is the back EMF constant, is the rotor angular
speed, , and are defined as the back EMF
functions that varies with the rotor position, andis the elec-
trical rotor position that can be given by

p (3)

where p is the number of pole pairs in the motor.

B. Position Increment Estimation

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
of the motor.

The approach used to determine the rotor position here is
based on the relationship between the rotor position and the flux
linkage of the permanent magnets or the back-EMF voltages.

However, if the relationship between the rotor position and
the back-EMF voltages is used, the position estimation scheme
may not operate accurately at low speeds due to the small
induced back-EMF voltages. Furthermore, if the relationship
between the rotor position and the flux linkage of the perma-
nent magnets is utilized to calculate the total flux linkages
of the windings, some form of digital integration is needed.
However, digital integration is difficult to accurately realize in
the real-time systems. This is due to motor parameter variations
and measurement errors such as DC offsets, quantization and
truncation errors. All these errors can cause integration drift
and pose a significant problem in the estimation of the flux
linkages, specifically at low speeds.

To overcome the drawbacks discussed above, a novel posi-
tion estimation scheme is proposed here. In the new method,
the calculation of the flux linkage by digital integration is elim-
inated and a direct calculation of the flux linkage increment
change using the voltage equations is utilized. In addition, the
back-EMF voltages are disassembled as the multiplication of
the angular speed and the unit back-EMF functions, so that the
estimation of the back-EMF function becomes independent of
the angular speed.

Substituting (2) into (1), the voltage equations can be
rewritten as

R
R

R

L
L

L

K
p

(4)

As can be seen in the above equation, if the sampling fre-
quency is high enough in a practical measurement system, the
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rotor position increment within one sample cycle can be derived
in the discrete form as

p
K

v R t L

v R t L

v R t L

p
K

(5)
where t is the sampling interval, , and are the
current increments within the sampling interval of the three-
phase currents, , and are defined as the flux
linkage increments within the sampling interval of each phase.

Ideally, each motor phase should produce identical rotor po-
sition increment . In practice,
however, any estimation errors could cause variations in the es-
timated rotor position increment. In this study, a single value of
position increment is obtained by averaging the three values of
the position increments estimated in (5).

(6)

In addition, assuming that the previous value of the rotor posi-
tion estimation is known, an updated value of the rotor position
can be estimated simply by

k k k (7)

where, is an integer representing the estimation of discrete
data at the th instant of time.

C. Position Estimation Algorithm

As can be seen in (5), since the back EMF function of each
phase becomes zero at the corresponding rotor pole, the rotor
position increment estimation under this condition may produce
an infinitely high value. However, the remaining two phases can
provide a finite and more accurate rotor position value. This
means that each phase has its own optimal sensing region, where
the rotor position increment estimation is most accurate. Al-
though (6) can be used to calculate the single value of rotor po-
sition increment, in a more practical algorithm, the three rotor
position increments should be weighted or adjusted with respect
to their optimal sensing regions in order to prevent the loss of
rotor position information and the reduction of the accuracy.

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:

p
K

v R t L
v R t L
v R t L

p
K

(8)

In (8), if the two sides of the equations inside the matrix are
multiplied by , and respectively, and the

three equations are summed, a single rotor position increment
can be obtained as

p
K

(9)

The above equation is the basis of the incremental rotor posi-
tion estimation, which can be considered as a weighted average
which takes into account the optimum regions for accurate po-
sition estimation for each phase. In a very noisy environments
however, a more selective range filtering may be required.

The position estimation algorithm in this study utilizes
(7)–(9). Equation (8) is used to calculate the flux linkage
increments using the measured phase currents and voltages.
Then, the flux linkage increments and the back EMF functions
are utilized to determine the rotor position increment by (9),
and the final rotor position is estimated by (7). It should be
noted here that the back EMF functions are produced using
their waveform functions and the estimated position signal,
which form an internal closed-loop.

The algorithm has several advantages. Firstly, it is simple and
not mathematically intensive, which makes it very practical to
be used in DSP based control systems. Secondly, the algorithm
is independent of the shape of back-EMFs, hence is suitable for
both sinusoidal and trapezoidal PM ac motors (or for any other
PM motors with nonideal back EMFs). Finally, the calculation
of the flux linkages does not include an integration algorithm,
so that integration related errors are eliminated.

Although a simple integration algorithm still exists in the po-
sition calculation (7), the internal closed-loop produced by the
back-EMF function feedbacks stabilizes the position integration
and corrects the position drift. This is the most important fea-
ture of the novel algorithm. In other words, the method moves
the integration from the flux linkage calculations to the position
calculation level and hence the problems of the integration drift
are solved by the internal closed-loop correction. Furthermore,
this internal correction loop improves the robustness of the rotor
position estimation, which would otherwise be sensitive to pa-
rameter variations and measurement errors.

It should be noted here that further improvements were done
to the position estimation algorithm to enhance the accuracy of
the estimation, which is illustrated in Fig. 1. In this figure, the
basic algorithm described above unchanged and two additional
blocks are added to the left side of the diagram: Back-EMF
Functions and Phase Difference.

III. 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
as temperature rise or magnetic saturation. In addition, there are
no ideal measurement circuits in reality. Practical measurement
circuits can be affected by electromagnetically noisy environ-
ment. Therefore parameter deviations and measurement inaccu-
racies need to be considered in real-time motor control systems
as they directly affect the reliability and the robustness of the
control algorithm.
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Fig. 1. Block diagram of the improved algorithm.

A. Theoretical Analyzes of Robustness

In a practical motor drive, the motor equivalent circuit pa-
rameters are nonlinear functions of time, temperature and var-
ious other parameters. Therefore, the accurate prediction of the
measurement errors and noise is a challenging issue in the soft-
ware/hardware integrated power electronics systems, which is
difficult to predict.

It can be seen from the basic algorithm described earlier
that any parameter variations or measurement inaccuracies can
cause position increment errors. If no corrective action is taken,
the position error may accumulate over the integration period
and may cause a catastrophic failure in the drive, such as loss
of synchronism.

As can be seen in (8), if the back EMF functions are ideal
sinusoidal waveforms, three-phase flux linkage increments
should also be ideal sinusoidal waveforms. Hence, the esti-
mated position increment value only depends on the amplitude
of the flux linkage increments. However, disturbances may
occur in a nonideal (practical) system causing an error in the
estimated position increment. If this error is fed back to the
back-EMF functions via the internal closed-loop, it causes a
phase difference between the flux linkage increments and the
back-EMF functions.

Let us assume that the flux linkage increments have a phase
angle of , which reflects the actual rotor position value. Then
the estimated rotor position increment based on the basic algo-
rithm can be rewritten as

(10)

where, is the amplitude of the flux linkage increment.
As can be seen from the auto-correction function given in

(10), in ideal conditions, the rotor position is equal to the
phase angle of the flux linkage increments , and the
estimated rotor position increment is directly proportional to the
amplitude of the flux linkage increments.

If an error causes the estimated rotor position to differ, the
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

For example, if the estimated rotor position leads the phase
angle of flux linkage increments , the phase differ-
ence produced by the feedback reduces the new estimated value
of the position increment. Conversely, if the estimated rotor po-
sition lags the phase angle of flux linkage increments ,
the phase difference increases the new estimated value of the po-
sition increment.

B. Improvements

As discussed above, the position estimation algorithm is ro-
bust with respect to some of the measurement errors and can op-
erate accurately within a range of position. However some static
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-
rection ability. This results in the estimated rotor position laging
the flux linkage increments.

To make the position estimation algorithm resistant to static
errors, a phase-locked loop (PLL) is implemented, which is
proven to be very effective.

In the PLL, the three-phase flux linkage increments and the
three-phase back-EMF functions are considered as vectors. By
using the vector product, the phase difference between the two
quantities are expressed approximately as

(11)

Using the above equation in the PLL, the phase difference be-
tween the phase angle of the flux linkage increments and the es-
timated rotor position can be estimated. Then the value is then
utilized to compensate the incremental position errors, which
may be in error due to the parameter variations and/or the mea-
surement inaccuracies.

The block diagram of the improved algorithm is given in
Fig. 1, where the basic algorithm remains unchanged. If there
are any parameter deviations or measurement inaccuracies in the
system, however, the predicted values may be in error. There-
fore, the back-EMF functions generated by the predicted rotor
position will have a different phase angle from the functions
generated using the flux linkage increments.

The PLL calculates the phase difference and compensates the
predicted rotor position to rectify the rotor position value in the
consecutive step. Therefore, the improved rotor position estima-
tion algorithm is called the “prediction-rectification” method.
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C. Computer Simulation Results

To demonstrate the effectiveness of the algorithm explained
above and to give some quantitative results, extensive simula-
tion studies were performed on a sample motor, which has the
parameters given in the Appendix.

The simulation studies were carried out under the steady-
state conditions with a dc link voltage of 150 V and under the
following parameter changes of the motor:20% R, 20%
Ke and 20% L (the winding resistance, the back-EMF con-
stant, and the equivalent inductance errors respectively), and
under the stator winding imbalances. A PWM current controller
with modulation frequency of 5 kHz is also included in the
simulation.

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

It can be concluded from the simulation results that if the
parameters of the position estimator and the motor are identical,
the estimated rotor position can accurately follow the actual
rotor position both in the basic and in the improved algorithms.
When the parameters of the motor vary by20%, the position
estimation errors do occur, but are limited to 2–3% by the
basic algorithm with the help of auto-correctional action. This
is an acceptable position error in a practical position sensorless
motor drive, which demonstrates a degree of robustness in the
basic algorithm.

However, the basic algorithm cannot eliminate static position
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
estimation errors as shown in Fig. 2. It can be seen in the figure
showing the position errors that the static position errors caused
by the winding resistance and the back-EMF constant variations
can be almost eliminated using the improved algorithm.

However, the position estimation errors caused by the
equivalent inductance variations are still relatively high. This
is because the variations of equivalent inductance can affect
the phase of the flux linkage increments, and therefore the
estimated phase of the flux linkage increments may different
from the actual value if the equivalent inductance is in error.

As mentioned above, the stator winding imbalance was also
studied under two different settings ( R , R ; and

R , R ). The result indicated that there is no ben-
efit of the improved algorithm on the stator winding imbalance.
Therefore, the PLL cannot produce accurate values to rectify the
errors in the rotor position estimation.

It should be emphasised here that in a practical nonsalient PM
ac motor, the equivalent inductance is more stable than the other
motor parameters under normal operation conditions.

Therefore, it is recommended in a practical position sensor-
less drive system that the equivalent inductance should be mea-
sured accurately in order to minimize the position estimation
errors further.

Further simulations studies were also carried out to observe
the effects of voltage and current measurement errors (10%).
In this study, the motor parameters are not changed and the sim-
ilar control settings as in Fig. 2 are used. The results indicated
that the basic algorithm can also limit the position errors due

Fig. 2. Computer simulation results under the parameter changes of the motor:
�20% R,�20% Ke and�20% L, with a command current of 2.5 A and at
a steady-state speed of 25 Hz. The figure shows the rotor position (top), the
position errors between the actual and the estimated position signals with the
basic algorithm (middle) and the position errors with the improved algorithm
(bottom).

to measurement errors but the presence of the static estimation
errors limit the operation at slower speeds. The improved algo-
rithm, however, reduces the static estimation errors and extends
the operating range of the motor.

IV. REAL-TIME EXPERIMENTAL RESULTS

To test the proposed position estimation algorithm to see
if it is suitable for the practical applications, a real-time
experimental setup is implemented. This includes a three-phase
inverter board (IRMDAC3, International Rectifiers, 460 V,
3 hp) and a DSP-based motor controller from Analog Devices
(ADMC 300). In addition, a PM ac motor (which has the spec-
ifications given in the appendix), a two channel incremental
encoder to verify the estimated rotor position, and three high
bandwidth voltage and two high bandwidth current transducers
are used in the experimental setup.

A. Open Loop Operation

In the open loop test, the motor drive is synchronously con-
trolled using the shaft mounted encoder. In the DSP, a standard
PWM current controller with a PWM frequency of 5 KHz is
used to modulate the currents of the motor. In addition, a Lab-
VIEW based data acquisition system is used to sample the real
data of the motor drive at a sampling frequency of 100 KHz.
Then, the measured voltage and the current data can be used to
estimate the rotor position of the motor off-line and compare it
with the measured rotor position.

In this section, as in the simulation studies, various degrees
of artificial errors are introduced to the motor parameters of the
position estimator and to the measured voltage and the current
data. The performance of the algorithm has been tested under
these synthetic errors.

The test results are illustrated in Fig. 3 and Fig. 4. It was
observed that the position estimation algorithm can still estimate
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Fig. 3. Open-loop operation experimental results to demonstrate the
robustness with respect to the parameter variations: the actual rotor position
(top), the position estimation error using the basic algorithm (middle), and the
position estimation error using the improved algorithm (bottom).

Fig. 4. Open-loop operation experimental results to demonstrate the
robustness with respect to the measurement errors: the actual rotor position
(top), the position estimation error using the basic algorithm (middle), and the
position estimation error using the improved algorithm (bottom).

the rotor position accurately (3–4%). Although the improved
algorithm generates larger estimation noise, its static errors are
smaller than the estimation errors of the basic algorithm.

B. Closed-Loop Operation

To implement position sensorless motor drive, the encoder is
eliminated from the control loop, but is utilized to verify the
estimated rotor position.

Fig. 5 illustrates the complete block diagram of the position
sensorless motor drive system, where the position estimator re-
places the shaft mounted position sensor.

Since the DSP used in this study has only five A/D converter
channels, three phase voltages and only two phase currents are

Fig. 5. Block diagram of the closed-loop position sensorless PM ac motor
drive system.

measured in real-time. The third phase current that is required
in the algorithm is calculated using the two measured phase
currents.

For the nonsalient motor, if the current waveforms are in
phase with the rotor position, the electromagnetic torque is pro-
portional to the amplitude of the excitation current. Therefore,
to generate the three-phase current commands using the esti-
mated rotor position and the current amplitude, a look-up table
for a sinusoidal function is established in the DSP as the current
waveform command generator. A PI speed controller is imple-
mented in the motor drive, which is considered as the torque
command of the motor drive. Finally, the three-phase command
currents are compared with the measured three-phase currents
and the results are used as the duty cycle signals to generate
the three-phase PWM signals for the switching power devices
(IGBTs).

As known, in a digital motion control system, the duty cycle
value can be updated once (or twice if the double update PWM
mode is used) in each PWM cycle. In a conventional motor con-
troller with a position sensor, there is only one interruption ser-
vice routine, which has the same frequency as the PWM. In
the position sensorless motor controller, however, the position
sensorless algorithm requires high bandwidth voltage measure-
ments. Therefore, two different interruption service routines are
required.

In the method implemented, one of the routines is used to es-
timate the rotor position signals, and the second routine is used
to employ the conventional motor control algorithms. This is be-
cause when three phases are excited with currents, the voltage of
one phase has 6 possible values in each PWM cycle. Therefore,
in order to sample the values of the phase voltages accurately,
the A/D converter should have much higher sampling rate than
the PWM frequency.

It should be emphasised here that the accuracy of the position
estimation is directly proportional to the sampling frequency.
Experiences indicate that the frequency of the interruption ser-
vice routine should be at least 6 times the PWM frequency.

The highest possible sampling rate of the A/D converter
used in this study is 31.5 kHz. Therefore, the frequency of
PWM and the motor control interruption service routine of
the position sensorless motor drive is selected as 5208 Hz.
So, the sampling rate of the A/D converter is 6 times higher
than the PWM frequency.
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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 sensor:
three-phase measured currents (top), measured position (middle) and estimated
position (bottom).

Since the estimated rotor position values are used only once
in the motor control interruption service routine per PWM
cycle, the six estimated rotor position values within one PWM
cycle are averaged in the real time system. Therefore, the
estimation noises are reduced by this averaging method, and
the closed-loop sensorless position estimator was implemented
successfully.

C. Starting Strategy in the Real Time Drive

Since there is no rotor position data available at standstill,
most of the position sensorless techniques presented in the liter-
atures are not self-starting. Therefore, a special starting strategy
should be accommodated in the controller until the position al-
gorithm generates an accurate estimation of the rotor position.

In the position estimation method proposed in this paper, an
initial value of the rotor position is required. Fortunately, the
auto-correctional feature of the algorithm not only responds to
the parameter variations and the measurement errors but also
corrects the initial position value. For example, if the predeter-
mined initial position is different than the actual rotor position,
the phase difference between the initial rotor position and the
phase angle of the flux linkage increments is fed back through
the internal loop of the algorithm. Using the phase difference,
the robust algorithm corrects the rotor position increment and
updates the rotor position value, and after few sampling cycles,
the estimated rotor position can converge to the actual value.

As will be demonstrated later, the proposed method can be
used to start the PMAC motor from standstill in real time. This
implies that the position estimation algorithm can predict the
rotor position from a random initial value (such as zero). If the
estimated rotor position is used as the position feedback in the
controller, the motor may produce lower or even negative elec-
tromagnetic torque initially, which may affect the starting per-
formance of the motor drive slightly. However, the estimated

Fig. 7. Measured dynamic starting performance of the closed-loop position
sensorless motor drive: Phase currents (top), the estimated rotor position
(middle) and the estimated speed (bottom).

position can converge to the actual position within the first elec-
trical cycle and can thus implement synchronous control from
standstill.

In comparison with other open-loop starting strategies, it
was demonstrated experimentally that this method has shorter
starting time and a higher dynamic performance, and it was
observed that the starting procedure is smooth.

D. Real-Time Experimental Results (Without the Shaft Position
Sensor)

To demonstrate the effectiveness of the position estimation
algorithm, a number of real time experiments have been per-
formed at various operating conditions.

Fig. 6 provides a set of steady-state test results while the
sensorless motor drive operates at a speed of 107 rpm (about
50 Hz). The figure illustrates the waveforms of the measured
three-phase currents, the measured rotor position and the esti-
mated rotor position of the motor. As can be seen in the position
waveforms, there is a negligible discrepancy between the esti-
mated and the measured position data, and the actual current
waveforms are very close to the desired waveforms (sinusoidal)
that are generated using the estimated rotor position data.

The real-time experimental results were also obtained from
the closed-loop motor drive operating at 10.7 rpm (about 5 Hz).
A very good agreement between the estimated and the measured
rotor position is also found in this test. The position errors in
these tests were less than 3%. However, significant variations
were observed on the actual phase currents of the real motor.
The main reason for this is the small mechanical load of the real
drive at the low speeds, which was difficult to rectify. A low
inertia PM ac generator is used as a load that is attached to a
three-phase resistive load bank.

Finally, a dynamic test was performed and the results are
given in Fig. 7. In this experiment, the position sensorless motor
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drive was accelerated from standstill to 107 rpm. The results
demonstrate that the position sensorless motor drive can start
smoothly without the help of any special starting strategy, and a
reasonable dynamic performance is achieved.

V. CONCLUSION

The paper has proposed a novel position sensorless technique
suitable for a wide range of PM ac motors. Although, the princi-
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 and
uses the real-time voltages and current of the motor. In addition,
with the help of the phase-locked loop algorithm, the internal
closed loop can eliminate the problems associated with the in-
tegration drift, which exists in the previous methods. It was also
demonstrated using the real data and some synthetic errors that
the method has high robustness and reliability against parameter
changes of the motor and various measurement errors.

The position estimation algorithm is simple and not mathe-
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 from
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 an
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 to
the parameter variations and the measurement errors and hence
is suitable for practical applications. Secondly, the auto-correc-
tional ability of the method makes it applicable for starting and
operation at a wider speed range, including slower speeds.

APPENDIX

The parameters of the experiment motor.

Back EMF constant, : 3.785 V/rad/s.
Number of poles pair, p : 28.
Winding resistance, R : 6.4.
Equivalent winding inductance, L : 32.8 Mh.
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