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Sensorless Control of Interior Permanent-Magnet
Machine Drives With Zero-Phase Lag

Position Estimation
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Abstract—This paper presents an improved method to estimate
rotor motion states for an interior permanent-magnet machine
drive. This approach is based on the estimation of a saliency-based
electromotive force (EMF) in the stationary reference frame using
a state filter. The spatial information obtained from the estimated
saliency-based EMF is used in an observer to estimate the motor
motion states. By using the commanded torque as a feedforward
input to the observer, the motion state estimation has zero-phase
lag, providing a very-high-bandwidth estimate.

Index Terms—Interior permanent-magnet machine drive,
observer-based control, sensorless control, state filter estimation.

I. INTRODUCTION

W ITHIN the last decade, significant improvements
have been made in the area of sensorless control of

permanent-magnet synchronous machines (PMSMs). The
primary methods for sensorless position estimation can be
divided into two main categories: approaches using back-elec-
tromotive-force (EMF) estimation with fundamental excitation
[1]–[5] and spatial saliency image tracking methods using
excitation in addition to the fundamental [5]–[10]. The saliency
tracking methods are suitable for zero-speed operation, whereas
the back-EMF-based methods fail at low speed.

Application of back-EMF-based methods to the symmetric
PMSM is straightforward. However, when applying the methods
to salient machines, such as the interior PMSM (IPMSM), nec-
essary approximations lead to estimation errors and decreased
performance. To solve this problem, a model was developed
using a “saliency-based EMF” term in the stationary reference
frame [2]. This saliency-based EMF consists of the salient terms
of the machine model in addition to the EMF term. Application
of the saliency-based EMF model was further improved by
transformation to the rotor reference frame [3]. In [3], a state
filter was used to estimate the saliency-based EMF, and anarctan
functionwasused toestimate rotorposition.Then, therotorspeed
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and position were estimated using a state filter with inherently
lagging properties. Improvements to these methods can be
realized with observer-based position and velocity estimation
techniques using feedfoward torque command [14]. With the
observer-based methods, torque accuracy is required to improve
motion state estimation for dynamic trajectories.

For the IPMSM, inherent saliency, i.e., the difference be-
tween -axis and -axis inductance, beneficially changes both
the air-gap torque production and the field weakening character-
istics [11]. To take full advantage of these properties, the con-
troller would ideally have accurate machine parameters. Max-
imum torque-per-amp control has been introduced to improve
torque production in the constant torque region. The maximum
torque-per-amp trajectory was calculated using fixed parame-
ters. With this trajectory, the torque command is converted to

and commands for a synchronous frame current regu-
lator [11], [12]. A simple model based on measuring, which
depends on-axis current, was developed to improve not only
torque production but also torque accuracy [13]. Torque accu-
racy is achieved by a maximum torque-per-amp trajectory, in-
cluding saturation [15].

This paper improves the saliency-based EMF methods by
using an observer to estimate the motion states. By using the
commanded torque from maximum torque-per-amp including
saturation as feedforward into the observer, the lagging proper-
ties of the state filter can be eliminated. The result is zero-phase
lag estimation of the motion states.

II. IPMSM MODEL IN THE ROTORREFERENCEFRAME

The model of the IPMSM in the rotor reference frame is out-
lined for the development of the position and velocity estimation
method (1)

(1)

where
differential operator;
stator resistance;
total -axis stator inductance ;
total -axis stator inductance ;
permanent-magnet flux linkage;
stator -axis current in the rotor frame;
stator -axis current in the rotor frame;
stator -axis voltage in the rotor frame;
stator -axis voltage in the rotor frame.
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Fig. 1. Block diagram of the simulation comparing (a) observer-based, (b) state-filter-based, and (c)arctan-calculation-based position estimation.

In the application of standard back-EMF-based methods to
IPMSM, transformation of the IPMSM model into an estimated
rotor frame results in undesirable terms due to the saliency. In
some methods of position estimation, the terms are ignored,
resulting in performance degradation. In order to solve this
problem, the IPMSM model can be rewritten to explicitly
isolate the saliency-based EMF [2] in the rotor reference frame
(2). The saliency-based EMF includes both the back-EMF

and the terms produced by the saliency in (3)

(2)

where

(3)

Equations (2) and (3) can be transformed into the stationary
reference frame (4). The saliency-based EMF results in a ro-
tating vector (5) and can be represented in complex vector form
(6)

(4)

where

(5)

(6)

The saliency-based EMF (6) has spatial information in the
vector angle that can be used for position estimation. The
saliency-based EMF can exist at zero speed ifvaries: the
second term of (3), exists at zero speed as the
magnitude of the saliency-based EMF.

III. Z ERO-PHASE LAG POSITION ESTIMATION

Several methods can be used to estimate the position of
a saliency-based rotating vector, including direct calculation
using thearctangentof the two input signals [3], [10] and

using a tracking observer [7]–[9]. The presence of noise on the
measured signals results in noisy position estimates when using
direct calculation methods such as thearctan. To reduce the
noise problem, filters have been applied to either the estimated
position or the input signals, adding lag to the estimate. By
using an observer, noise on the position signals can be filtered
without adding lag to the estimate.

To demonstrate the differences between the various topolo-
gies, a discrete-time simulation was performed. Fig. 1 is a block
diagram of the simulation. Three position estimation methods
were considered: tracking observer based, tracking state filter
based, andarctancalculation based. The tracking state filter (or
phase-locked loop) topology is similar to the observer except
that it does not have the feedforward reference and thus
has inherently lagging estimation properties. TheUnit Vector
Model creates a rotating vector based on a harmonicof the
estimated position.

The eigenvalues of the tracking observer not only depend on
the gains of the observer controller and the mechanical system
model, but also on the magnitude of the input vector and the
harmonic number of the saliency. Since the magnitude of the
saliency-based EMF vector depends on the machine velocity, it
must be decoupled from the input signal.

The arctan calculation has no intrinsic lag, but is sensitive
to the signal-to-noise ratio. Advantages of the tracking ob-
server include that it can track a signal with a much smaller
signal-to-noise ratio than by using thearctan, it can be built
in any reference frame, and can be used to track multiple
saliencies [9]. Thearctan calculation can only be used unam-
biguously on a single saliency.

In the simulation setup of Fig. 1, a commanded position tra-
jectory is used to calculate a rotating unit vector. A random
noise limited to 10% of the vector magnitude is added to the
unit vector. This sum is used to test the dynamic tracking of the
three position estimation methods.

The position estimation of thearctan direct calculation has
no lag, but suffers from a large position estimate error due to
the noise, Fig. 2. The effect of the noise can be mitigated using
a state filter, but the estimate then has lagging properties, Fig. 3.
Similar results occur when applying a low-pass filter to the di-
rect calculation method. By using an observer topology with the
appropriate feedforward command, zero lag properties can be
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Fig. 2. Simulated position, estimated position, and position error for anarctan
position estimator.

Fig. 3. Simulated position, estimated position, and position error for a tracking
state filter position estimator (eigenvalues: 5000, 110, 20, and 4 Hz).

Fig. 4. Simulated position, estimated position, and position error for a tracking
observer position estimator (eigenvalues: 5000, 110, 20, and 4 Hz).

achieved, Fig. 4. It is also possible to construct the state ob-
server topology using thearctan to generate the observer ref-

Fig. 5. Proposed state filter for estimation of the saliency-based EMF within
the state filter bandwidth.

erence. This produces similar results to the vector-tracking ob-
server, but requires use of thearctan function.

IV. ESTIMATION METHOD

A. State Filter for Estimation of the Saliency-Based EMF in
the Stationary Reference Frame

The saliency-based EMF can be estimated using a state filter,
Fig. 5, based on a current observer. The state filter consists of
two parts: the IPMSM model without the saliency-based EMF
terms (6) and a proportional–integral (PI) compensator. Since
the saliency-based EMF is unmodeled, it is inherently estimated
by the PI compensator. However, the estimation bandwidth is
limited by the state filter bandwidth and inherently has lagging
properties.

The estimation of the saliency-based EMF from the proposed
state filter is represented by (7)

(7)

The estimation accuracy of the saliency-based EMF state
filter is determined by the bandwidth of the state filter and the
errors in parameter estimation and reference voltage. Fig. 6
is a plot of the theoretical estimation accuracy frequency
response function (FRF) for the saliency-based EMF state filter
assuming no parameter estimation and reference voltage errors.
The closed-loop eigenvalues are set at 200 and 250 Hz. Phase
lag can be seen above the bandwidth of the state filter, Fig. 6.
The bandwidth of the state filter is limited by undesirable har-
monics due to inverter nonlinearities and secondary machine
harmonics.
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Fig. 6. Estimation accuracy FRF for the saliency-based EMF state filter with
eigenvalues set to 200 and 250 Hz.

For high-speed applications, care must be taken when imple-
menting the saliency-based EMF state filter in the digital do-
main. Because the state filter uses the commanded voltages for
feedforward and the measured currents as the state reference, the
timing delays in the controller and inverter should be included
in the model. This can be accomplished by using the modified
-transform [16].

B. Saliency Tracking Observer for Estimation of Position and
Velocity With Zero-Phase Lag

The estimated saliency-based EMF from the state filter,
Fig. 5, contains rotor position information (8)

(8)

If the arctanfunction method is used, then the electrical rotor
position is directly estimated by using (9)

(9)

Either a vector tracking observer or state filter (based on
phase-locked loop methods) can be used to estimate the motion
states from the estimated saliency-based EMF without using
the arctan function. The phase error between the estimated
saliency-based EMF (from the previous state filter) and the
saliency-based EMF model is fed in to the observer controller,
Fig. 7.

A vector cross product is one method of detecting the phase
error between between the estimated saliency-based EMF and

Fig. 7. Proposed observer in cascade with the state filter of Fig. 5 for tracking
the angle of the saliency-based EMF.

Fig. 8. Constant torque loci and maximum torque-per-amp trajectory
including saturation assuming fixed parameters.

a saliency-based EMF model. This results in an error term that
only has a single phase error component (10)

(10)

The physical system model consists of a second-order system
with one parameter, the estimated inertia. The error between
torque command and actual torque depends on current regulator
bandwidth and estimated parameter accuracy in the calculation
of maximum torque-per-amp trajectory which is converted to
-axis and -axis current. Since parameters (including and

) change with operating conditions due to magnetic satura-
tion, continuously estimated parameters should be used for the
calculation [15]. By using the continuously estimated parame-
ters, the error between the commanded torque and actual torque
is reduced. Cross saturation will cause some small errors in the
estimated parameters during transient operation.

Fig. 8 shows the maximum torque-per-amp trajectory con-
sidering magnetic saturation, derived from experimental data.
The maximum torque-per-amp is a function of , and

. With this calculation, is assumed to be constant.
and change nonlinearly with increasing current. Therefore,
the trajectory of Fig. 8 is calculated by using fixed nominal
values and adjusting the current commands to produce a



1730 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 39, NO. 6, NOVEMBER/DECEMBER 2003

maximum torque-per-amp trajectory. The actual maximum
torque-per-amp trajectory including magnetic saturation could
also be calculated by using the measured parameters as they
vary with operating conditions. If an off-line parameter es-
timation method is used to obtain parameters for a range of
operating conditions, this trajectory can be calculated. How-
ever, this is computationally intensive due to the nonlinearity
of the saturation. Such calculations are usually unreasonable in
real time unless simple online parameter estimation methods
are employed [15].

With a high-bandwidth current regulator, the estimated elec-
tromagnetic torque command for the observer can be expressed
as follows:

(11)

where is the number of poles.
The velocity and position estimation transfer functions are

represented by (12) or (13) using (11) and assuming
or , respectively,

(12)

or

(13)

The error between commanded torque and actual torque is
a function of parameter errors (, and ). While the
torque error results in velocity estimation error, it can be miti-
gated using a maximum torque-per-amp trajectory that includes
magnetic saturation.

Fig. 9 is a plot of the theoretical estimation accuracy
frequency response for the saliency tracking observer. The
closed-loop eigenvalues are set at 500, 100, and 20 Hz. The ob-
server (and previous state filter) must have adequate bandwidth
in order to maintain adequate dynamic stiffness (disturbance
rejection) in the motion controller.

The observer is insensitive to mechanical parameter estima-
tion error and torque error within the bandwidth of the observer.
These errors will result in position estimation error at frequen-
cies above the observer bandwidth.

V. SENSORLESSTORQUECONTROL

Fig. 10 shows a block diagram of the IPMSM controller in-
cluding position estimation and the maximum torque-per-amp
trajectory tables. The current commands are based on a max-
imum torque-per-amp trajectory which includes saturation [15].

VI. EXPERIMENTAL RESULTS

The saliency-based EMF position estimation method was
tested on a DSP controlled IPMSM coupled to a load motor,
Fig. 11. The switching and sampling rate of the hardware
system is 8 kHz. Nominal parameters for the test motor are
provided in Table I.

Fig. 9. Estimation accuracy frequency response for the saliency tracking
observer showing^J and ^T parameter insensitivity.

Fig. 10. Block diagram of the proposed IPMSM controller including
sensorless position estimation and maximum torque-per-amp trajectory tables.
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Fig. 11. Experimental test setup.

TABLE I
IPMSM NOMINAL PARAMETERS

Fig. 12. Estimated torque load change at rotor speed= 2700 r/min.

Fig. 12 is a plot of the estimated and measured electrical rotor
position with a step change to rated torque while the motor is
running at constant speed (2700 r/min). Position estimation is
robust under the transient step torque change, due to the feed-
forward torque command path to the observer. The magnitude
of saliency-based EMF is determined by operating conditions
( , , ) and parameters ( , , ) in (3). Since the
back-EMF term is relatively dominant at high speeds
in the saliency-based EMF (3), the change in magnitude due to
the change in load is relatively small. The state filter in Fig. 5

Fig. 13. Estimated and measured electrical rotor position with varying speed
(1000–5000 r/min) at half rated load.

Fig. 14. Estimated position error versus motor speed at rated and no load with
constant speed, and at half rated load with varying speed (�300 r/min).

extracts the saliency-based EMF, filtering out higher frequency
harmonics. Therefore, the observer of Fig. 7 properly tracks the
estimated saliency-based at high speeds under a step rated load
change.

Fig. 13 is plot of the estimated and measured electrical posi-
tion with varying motor speed at half rated load. This demon-
strates that phase-lag is kept to a minimum during a transient
command due to the feedforward input of the observer. The pro-
posed speed estimation algorithm is also suitable over a wide
speed range.

Fig.14isaplotof theestimatedpositionerrorversusrotorspeed
at rated load and no load with constant speed, and at half-rated
load with varying speed (operating speed300 r/min). Due to
computational limitations in the test setup, parameter estimation
could not be implemented concurrently with the saliency-based
EMF tracking techniques. The resulting inductance parameter
estimation errors affect the position accuracy at low speeds
when the back-EMF is small. In addition, at low speed and
voltage the saliency-based EMF state filter is sensitive to the
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stator resistance estimation. Other sources of error that affect
the accuracy at low speeds include inverter harmonics and
secondary machine harmonics. If these harmonics are within
the bandwidth of the state filter, they will lead to position
estimation errors. At higher speeds, the position estimation
errors result fromthebandwidth limitationsof thesaliency-based
EMF state filter. The state filter bandwidth is limited by the
quantization noise and inverter nonlinearities.

The position estimation errors decrease the torque production
of the machine. The sensitivity of the torque production to po-
sition estimation errors depends on the machine design and the
amount of reluctance torque for the machine.

With varying speed, the effect of the torque feedforward path
to the tracking observer reduces the amount of position error.
The primary function of the torque feedforward in the tracking
observer is to handle the dynamic torque command trajectories
of the machine.

VII. CONCLUSION

This paper has presented an improved method of estimating
the rotor position using a saliency-based EMF. A state filter
is used to estimate the saliency-based EMF. In cascade, a
tracking observer is used to estimate the rotor position. While
the tracking observer topology does not introduce phase lag
to the estimate, the state filter does. This is a limitation of the
proposed method. The following points summarize the work
presented.

• An IPMSM model in the stationary reference frame with
a saliency-based EMF is used for position estimation.

• A state filter is developed for saliency-based EMF estima-
tion and a tracking observer is developed, including the
mechanical model for position estimation.

• Directarctancalculation-based methods for position esti-
mation are sensitive to signal noise. Filtering reduces the
problem caused by the input signal noise, but adds phase
lag to the estimate. By properly forming an observer, a fil-
tered position estimate with zero-phase lag is realized.

• Nearly zero-phase lag estimation for rotor position and ve-
locity can be achieved using a cascaded observer with a
feedforward torque command. This allows substantially
improved dynamic response of the IPMSM motion con-
troller.

• Maximum torque-per-amp trajectory, including iron satu-
ration, was used to improve the torque control accuracy.
This reduces the error between torque command and ac-
tual airgap torque, minimizing errors in the motion state
observer.
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