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Abstract—This paper presents a novel sensorless control
strategy for a salient-pole permanent-magnet synchronous motor
(PMSM). A new model of a salient-pole PMSM using an extended
electromotive force (EMF) in the rotating reference frame is
utilized to estimate both position and speed. The extended EMF is
estimated by a least-order observer, and the estimation position
error is obtained from the extended EMF. Both estimated position
and speed are corrected so that the position error becomes zero.
The proposed system is very simple and the design procedure is
easy and clear. Several experimental drive tests are demonstrated
and the experimental results show the effectiveness of the proposed
sensorless control system.

Index Terms—Extended electromotive force, interior per-
manent-magnet synchronous motor, observer, salient-pole
permanent-magnet synchronous motor, sensorless control.

I. INTRODUCTION

T HE permanent-magnet synchronous motor (PMSM) is
widely used in many applications, such as high-perfor-

mance variable-speed drives. In particular, an interior PMSM
(IPMSM) can offer a high-efficiency drive by utilizing the
reluctance torque and a constant-power operation by the
flux-weakening technique. In order to control a stator current
vector suitably and then achieve a high-performance drive,
the information of rotor position and speed are necessary. In
most variable-speed drives, some type of shaft sensor such as
an optical encoder or resolver is connected to the rotor shaft.
However, such sensor presents several disadvantages, such
as drive cost, machine size, reliability, and noise immunity.
Therefore, the sensorless control of an PMSM is desired, and
various sensorless control strategies have been investigated
[1]–[15].
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The sensorless control in a PMSM drive is fundamentally
classified into two kinds of strategies: 1) fundamental excita-
tion method and 2) saliency and signal injection method [1],
[14]. In the saliency and signal injection method, the feature
of a salient-pole PMSM such that the inductance varies de-
pending on the rotor position is used to estimate the rotor po-
sition. A suitable test signal such as a high-frequency voltage or
current component is injected from the inverter in order to de-
tect inductance variation [2]–[6]. The position can be estimated
even at standstill and low speeds by this method. On the other
hand, the fundamental excitation method does not need any ad-
ditional test signal and estimates the rotor position and speed
from the stator voltages and currents. However, it is hard to es-
timate position at the low-speed region. The sensorless strategy
proposed in this paper belongs to this fundamental excitation
method. Various approaches in this category have been sug-
gested. Some approaches are based on the estimation of the
back electromotive force (EMF) or flux linkage due to per-
manent magnets by means of a state observer or an extended
Kalman filter [7]–[11]. Other simple methods are based on the
voltage or current error between the detected variables and the
calculated variables from the motor model [12]–[14]. Most fun-
damental excitation methods are applied to a nonsalient-pole
PMSM. Some approximations are necessary to apply such sen-
sorless algorithms to the salient-pole PMSM. The approxima-
tion might cause the estimation error and the decrease in perfor-
mance, and might make the system unstable in the worst case.
A novel IPMSM model is obtained by using an extended EMF.
The sensorless control scheme based on the model with the ex-
tended EMF in the stationary reference frame was proposed in
[15], where the approximation is not required.

In the proposed strategy in this paper, the mathematical model
of the IPMSM using the extended EMF in the rotating reference
frame is utilized in order to estimate both position and speed.
The extended EMF is estimated by a least-order observer, and
the estimation position error is obtained from the extended EMF.
The proposed scheme corrects the estimated position and speed
so that the estimation position error becomes zero. The pro-
posed system is very simple and the design procedure is easy
and clear. Several experimental drive tests are demonstrated,
where the current vector of the IPMSM is effectively controlled
not only by a maximum torque-per-ampere control but also by a
flux-weakening control over the base speed. The experimental
results show the effectiveness of the proposed sensorless control
system.
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Fig. 1. Space-vector diagram of IPMSM.

II. M ODEL OF SALIENT-POLE PMSM

Fig. 1 shows the space-vector diagram of IPMSM, which
indicates the relations of three reference frames used in this
paper. The – frame is fixed to the stator winding and the
axis coincides with the phase axis. The– frame corresponds
to the synchronously rotating reference frame, and theaxis
coincides with theN pole of the rotor. The voltage equation
of a salient-pole PMSM such as an IPMSM in the stationary

– frame is given as follows:

(1)

where
- and -axes armature current;
- and -axis stator voltage;

rotor angular velocity;
rotor position;
armature resistance;
magnet flux linkage;

and are the - and -axes inductances; andis the dif-
ferential operator.

The voltage equation in the rotating– reference frame is
expressed as follows by transforming (1) into the– coordi-
nate:

(2)

where and are the - and -axes armature currents, and
and are the - and -axes stator voltages.
The above – model is usually used for a high-performance

PMSM drive. In the position-sensorless drive system, however,
such – model cannot be utilized because the rotor position is
not detected. The mathematical model in the estimated rotating

– frame, which lags by from the – reference frame as

shown in Fig. 1, is derived as follows by transforming (1) into
the – frame:

(3)

where

(4)

(5)

(6)

(7)

It seems that the expression of (3) is the same as (2), however,
the second term of each equation is quite different as shown
in (4). The second and third terms in (4) become zero if the
PMSM is a nonsalient-pole machine , but they are
very complex in the salient-pole machine such as the IPMSM.
In some sensorless control methods, such effects due to saliency
are ignored.

The model in the – frame given by (2) can be rewritten as
follows [15]:

(8)

where

(9)

The second term of (8) is called an extended EMF. Transforming
this equation into the – frame, the following novel model in
the rotating reference is obtained:

(10)

where

(11)

This model is very simple compared with (3) and it can be uti-
lized by any type of synchronous motor such as a surface PMSM

, interior PMSM , and synchronous re-
luctance motor . The proposed sensorless scheme in
this paper is based on this new mathematical model, where the
approximation is not needed at all. The extended EMF in the
rotating reference frame, which includes the information of es-
timation position error , is utilized for the estimation of rotor
position and speed.
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Fig. 2. Equivalent block diagram of least-order observer for estimation of
extended EMF.

III. ESTIMATION ALGORITHM

A. Estimation of Extended EMF

From the model of (10), the state-space equation for esti-
mating the extended EMF is obtained when it is assumed that the
differentiation of the time of the extended EMF is zero
and

(12)

(13)

where

(14)

The input voltages are compensated in order to eliminate the
cross coupling between the- and -axes as shown in (14).
Thus, the state-space equation is decoupled and becomes simple
as (12) and (13). The extended EMF can be easily estimated by
a least-order observer. Fig. 2 shows the equivalent block dia-
gram of the least-order observer for estimating, where
represents the gain of the observer. The-axis component of
the extended EMF is also estimated in the same way as.
Assuming that the error between the estimated speedand the
actual speed is sufficiently small, the extended EMF is esti-
mated as follows:

(15)

B. Estimation of Speed and Position

From the estimated extended EMF ( and ), the estima-

tion position error can be derived by the following two ways:

Scheme A:

(16)

Scheme B:

(17)

Fig. 3. Equivalent block diagram of position and speed estimator.

Fig. 4. Block diagram of position and speed estimation algorithm.

The estimated speed and the estimated position are com-
pensated by compensator so that the position error be-
comes zero. This scheme can be comparatively represented as a
simple feedback system as shown in Fig. 3. The estimated po-

sition follows the actual one as (18) when the proportional
and integral (PI) compensator is selected as

(18)

and in (18) are proportional and integral gains. The
estimating performance is designed only by the PI gains of
and . When the natural frequency and the damping ratio

in the feedback system in Fig. 3 are designed, the PI gains
are automatically determined by

(19)

The transfer function from the actual speedto the estimated

speed is the same as that fromto given by (18).
The position and speed estimation algorithm is summarized

as shown in Fig. 4. In practical use, the estimated speed
is filtered through a low-pass filter to reduce the influence of

noise. The filtered estimated speedis used to motor control
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Fig. 5. Block diagram of proposed sensorless speed control system.

TABLE I
SPECIFICATIONS OFTESTEDIPMSM

and estimation of extended EMF. The proposed algorithm is of
simple structure and the process of design is clear and easy.

IV. EXPERIMENTAL RESULTS

A. Experimental Test Setup

Fig. 5 shows the block diagram of the proposed sensorless
speed control system. The specifications of the tested IPMSM
are listed in Table I. The-axis inductance of the IPMSM
usually varies due to the magnetic saturation. The variation of

is considered by (20) in the experiments

(20)

The position estimation error occurs although the speed es-
timation error is not caused when there is an error of-axis
inductance between a motor model and actual motor. The
control system might become unstable when the error of the
motor parameter is very large. The control algorithms are im-
plemented on a Texas Instruments TMS320C32 floating-point
digital signal processor (DSP). The sampling period is 5 ms
for speed control and 0.1 ms for the other control parts, in-
cluding the speed and position estimation. The speed controller
generates the- and -axes current references and . The
-axis current reference is produced by a PI compensator

according to the speed error and the-axis current reference
is determined by the current vector control algorithm such as
a maximum torque-per-ampere control and a flux-weakening
control [16]. In the experiments, the current vector is controlled

by the maximum torque-per-ampere control below the base
speed of 2000 r/min and by the flux-weakening control above
the base speed.

The observer gain is selected as , which cor-
responds to the cutoff frequency of a first-order low-pass filter
in the observer which is 600 rad/s. The PI compensator in the
estimated speed correction is designed as rad/s and

. The cutoff frequency of a low-pass filter in the speed
estimation is selected as 100 rad/s. Scheme A given by (16) is
applied for the calculation of position estimation error in the ex-
periments of Sections IV-B and C.

B. Steady-State Performance

Fig. 6 shows the steady-state performance at rating
(2000 r/min, 1.77 Nm). Both an estimation position error and
an estimation speed error are very small and, as a result, the
high-performance drive equal to that using the position sensor
can be achieved by the proposed sensorless control.

Fig. 7 shows the steady-state torque–speed characteristics.
The flux-weakening control is applied above the base speed
of 2000 r/min in order to control the stator voltage within
the ceiling voltage and, thus, the constant-power operation is
achieved over twice rated speed. The speed range below the
base speed is the constant-torque region. The speed fluctuation
becomes large as the speed decreases below 200 r/min. The op-
eration at 100 r/min with about 40% load has been confirmed,
but a stable operation cannot be obtained below 100 r/min.

In the proposed method, which is a kind of fundamental exci-
tation method, the effective information of voltage and current
vanishes as the speed decreases, and the estimation performance
deteriorates just as in other kinds of the fundamental excitation
method. In order to drive to lower speed, the accurate voltage
and current information, an accurate motor model and its param-
eters are necessary. In the proposed method, the position estima-
tion at standstill is impossible just as in other kinds of the fun-
damental excitation method. Therefore, it is necessary to apply
other methods such as a saliency and signal injection method to
estimate the initial rotor position and drive the motor at lower
speed. In the other starting method, by the open-loop V/F con-
trol method, the motor is also accelerated up to the speed where
the proposed sensorless method can estimate the rotor position.
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(a)

(b)

Fig. 6. Steady-state performance of proposed sensorless drive at rating.
(a) Detected position and estimated position. (b) Estimation position error,
estimated speed, and current.

Fig. 7. Steady-state torque–speed characteristics.

C. Transient Performance

Fig. 8 shows the responses for step change of speed reference.

The estimation position error ( ) and the estimation

(a)

(b)

(c)

Fig. 8. Responses for step change of speed reference (1900! 2000! 1900
r/min, 28% load). (a) Detected speed, estimated speed, and estimation speed
error. (b)- and�-axes currents. (c) Estimation position error.

speed error ( ) are sufficiently small and good speed re-
sponse is achieved.

Fig. 9 shows the responses for a step change of 100% load
torque. The estimation position error and estimation speed error
reach 15 and 40 r/min, respectively, when the load changes
rapidly, but they decrease at once. Good performance against
load disturbance is obtained.

Fig. 10 shows the acceleration performance from 500 to
4000 r/min, which corresponds to twice the base speed. Below
the base speed of 2000 r/min, the current vector is controlled
in order to produce the maximum torque under the current
limitation, thus, the motor is accelerated by the maximum
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(a)

(b)

(c)

Fig. 9. Responses for step change of load torque (Speed reference: 2000 r/min,
Load: 0! 100%! 0). (a) Detected speed, estimated speed and estimation
speed error. (b)- and�-axis currents. (c) Estimation position error.

available torque. The stator voltage exceeds the maximum
available voltage of the inverter above the base speed and, thus,
the current controller is saturated. Avoiding voltage saturation,
the flux-weakening control is applied over the base speed. The
current vector is effectively controlled according to the motor
speed, and the transition from the maximum torque-per-ampere
control to the flux-weakening control has been smoothly
achieved as shown in Fig. 10. Good accelerating performance
from low speed to high speed is achieved. The estimation
position error over 10appears during acceleration in Fig. 10.
It can be reduced by changing the compensator in
the speed and position estimator. When is selected
as (21), the transfer function from the actual rotor position

(a)

(b)

(c)

Fig. 10. Acceleration performance from 500 to 4000 r/min by flux-weakening
control. (a) Detected speed, estimated speed, and estimation speed error. (b)-
and�-axes currents. (c) Estimation position error.

to the estimated position becomes (22), and the decrease of es-
timation error during acceleration is expected

(21)

(22)

Fig. 11 shows the experimental results of the same drive test
of Fig. 10, where the compensator of (21) is used and three gains
in (21) are determined so as to satisfy the following condition:

(23)
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(a)

(b)

(c)

Fig. 11. Acceleration performance from 500 r/min to 4000 r/min with
compensator of (21). (a) Detected speed, estimated speed and estimation speed
error. (b)- and�-axis currents. (c) Estimation position error.

and are the same values as in the foregoing experiments
( rad/s, ). The effect of reducing estimation
position error during acceleration is confirmed.

D. Simplification of Sensorless System

It is possible to make the speed and position estimator sim-
pler by using Scheme B for calculation of estimation position
error, where the position estimation error is assumed to be small
enough. The estimation position error is calculated as follows by
applying some approximation to (9) and (17):

(24)

(a)

(b)

(c)

Fig. 12. Operating performance of simplified algorithm (1900! 2000!
1900 r/min, 28% load). (a) Detected speed, estimated speed, and estimation
speed error. (b)- and�-axes currents. (c) Estimation speed error.

The -axis component of the extended EMF is estimated as only
one least-order observer shown in Fig. 2. The algorithm of esti-
mating speed and rotor position is the same after the estimation
position error is calculated by (24).

Fig. 12 shows the performance of this simplified algorithm,
where the change of speed reference is the same as in Fig. 8.
It seems that the estimation position error and speed error are
somewhat increasing compared with Fig. 8, however, good op-
erating performance is obtained.

V. CONCLUSIONS

This paper has proposed a novel sensorless control strategy
for a salient-pole PMSM, which is based on a novel motor
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model in the rotating reference frame with an extended EMF.
The sensorless drive system was implemented on a DSP and
several drive tests were carried out. When the speed reference
or the load torque changes rapidly, the position estimation
error and the speed estimation error are caused. However, such
errors are very small, and their influence on the motor drives
is little. The effective current vector control strategy including
a flux-weakening control over the base speed was applied to
the IPMSM sensorless drive, and it has been confirmed that
the proposed sensorless control strategy is effective for the
salient-pole PMSM drives.
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