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Abstract—This paper proposes a programmable low pass
filter (LPF) to estimate stator flux for speed sensorless stator
flux orientation control of induction motors. The programmable
LPF is developed to solve the dc drift problem associated with a
pure integrator and a LPF. The pole of the programmable LPF is
located far from the origin in order to decrease the time constant
with the increasing speed. In addition, the programmable LPF
has the phase/gain compensator to estimate exactly stator flux
in a wide speed range. Consequently, the drift problem is much
improved and the stator flux is exactly estimated in the wide speed
range. The validity of the proposed programmable LPF is verified
by speed sensorless vector control of a 2.2 [kW] three-phase
induction motor.

Index Terms—Induction motor, sensorless vector control, stator
flux estimator.

I. INTRODUCTION

I NDUCTION motors have been used more in the industrial
variable speed drive system with the development of the

vector control technology. This method requires a speed sensor
such as a shaft encoder for speed control. However, a speed
sensor cannot be mounted in some cases such as motor drives in
a hostile environment and high-speed drives. In addition, it re-
quires careful cabling arrangements with attention to electrical
noise. Moreover, it causes to become expensive in the system
price and bulky in the motor size. Recently several speed sen-
sorless vector control schemes have been proposed [1]–[10].

The stator flux for speed sensorless vector control is esti-
mated by the integration of back emf. The integration of back
emf by pure integrator has the drift and the saturation problems
by the initial condition and the dc offset. To solve the problems,
the pure integrator should be replaced by a low pass filter (LPF)
[2]. When the motor frequency is lower than the cutoff fre-
quency of the LPF, an estimation error will be produced. To es-
timate exactly stator flux in a wide speed range, the LPF should
have a very low cutting frequency. However, there still remains
the drift problem due to the very large time constant of the LPF.
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Some efforts have been made to solve the problem [3]–[6].
A digital filter was proposed to solve the drift problem [3]. In
this method, the magnitude of stator flux is estimated by a pure
integrator, and the synchronous angle and speed are estimated
by a digital filter with the pole farther from the origin. However,
the magnitude of stator flux vector estimated by pure integrator
is not correct due to the drift and the saturation. In addition,
when the motor frequency is lower than the cutoff frequency of
the digital filter, an error will be produced in the computation of
the synchronous angle.

A programmable cascaded LPF was proposed to solve the
drift problem and to estimate exactly stator flux [4], [5]. How-
ever, the scheme has a drawback in that when the motor speed
is very close to zero, the time constant of the LPF will be very
large.

This paper proposes a programmable LPF with the phase/gain
compensator to estimate precisely the stator flux in a wide speed
range. In addition, the pole of the programmable LPF is located
far from the origin in order to decrease the time constant as the
speed increases. Consequently, the stator flux is exactly esti-
mated and the drift problem is much improved by the small time
constant in a wide speed range. The proposed programmable
LPF is applied to speed sensorless stator flux-oriented induc-
tion motor drive. The validity of the proposed programmable
LPF has been proved by the simulation and experiments.

II. DESCRIPTION OFPROGRAMMABLE LPF

The principle of the programmable LPF method of integra-
tion can be explained as follows.

In the stationary reference frame, the stator flux is given
by

(1)

where stator voltage, stator resistance, and
stator current.

The integration of (1) by pure integrator involves the
drift and the saturation problems. To solve the problems, the
pure integrator is replaced by a LPF. The estimated stator flux
by the LPF can be given as

(2)
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where ‘ ’ estimated value, estimated stator flux by LPF,
pole, and back emf .

The phase lag and the gain of (2) can be given as

(3)

(4)

where estimated synchronous angular frequency.
Fig. 1 shows the phase lag of estimated by the LPF, and

the phase lag of estimated by the pure integrator. The phase
lag of is 90 and the gain is . However, the phase lag of
the LPF is not 90 and the gain is not . Consequently, an
error will be produced by this effect of the LPF. When the motor
frequency is lower than the cutoff frequency of the LPF, the
error is more severe. In order to remove this error, the LPF in (2)
should have a very low cutting frequency. However, there still
remains the drift problem due to the very large time constant of
the LPF. For the exact estimation of the stator flux, the phase lag
and the gain of in (2) have to be 90and , respectively.
In addition, to solve the drift problem, the pole should be located
far from the origin.

In this paper, the decrement in the gain of the LPF is compen-
sated by multiplying a gain compensator,in (5) and the phase
lag is compensated by multiplying a phase compensator,in
(6). The new integrator with the gain and the phase compensator
can be given as (7).

(5)

(6)

(7)

When the programmable LPF is transformed into the sam-
pled-data model using the difference approximation, the sam-
pled-data model has a modeling error which, in turn, produces
an error in the stator flux estimation. This error is more severe
when the motor frequency is lower than the cutoff frequency of
the LPF. Accordingly, the cutoff frequency can not be located at
fixed point far from the origin. If the pole is varied proportion-
ally to the motor speed, the proportion of the motor frequency to
the cutoff frequency of the LPF is constant. If the proportion is
large, the estimation error will be very small. Consequently, the
pole is determined to be varied proportionally to the motor
speed as (8). Therefore, the pole is located close to the origin
in very low speed range and far from the origin in high speed
range.

(8)

where constant.
The time constant of the programmable LPF, , is de-

creased with the increase of the motor speed.

Fig. 1. Vector diagram of LPF and pure integrator.

Fig. 2. Block diagram of the programmable LPF.

The complete equation for stator flux estimator can be derived
as

(9)

where

Fig. 2 shows the block diagram of the programmable LPF.

III. D IRECT STATOR FLUX ORIENTATION SYSTEM

The control scheme of the proposed drive system is speed sen-
sorless stator flux orientation. The stator flux orientation con-
trol of induction motor is used more in industrial variable speed
drive system because stator flux estimation accuracy is depen-
dent only on the stator resistance variation. In addition, it is in-
sensitive to the variation in the leakage inductance of the ma-
chine.

Fig. 3 shows the control block diagram of speed sensorless
stator flux orientation control drive that incorporates the pro-
posed programmable LPF. The stator flux magnitude and the
transformation angle can be written as follows from the flux in
stationary reference frame

(10)



314 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 15, NO. 2, MARCH 2000

Fig. 3. Block diagram of speed sensorless stator flux orientation control drive.

(11)

(12)

The estimated slip speed and the decoupling compensation
current are represented in rotating- reference frame as fol-
lows [7].

(13)

(14)

where is the total leakage factor;
is the rotor time constant; is the magnetizing induc-

tance; is the stator and rotor inductance; and
is the differential operator.

The synchronous speed and the rotor speed can be given as

(15)

(16)

The torque can be written as

(17)

where is the number of poles in the machine.
When the slip speed in (13) and decoupling compensation

current in (14) are calculated, a differentiator is very sensitive
to the noise. The system could be unstable by the noise. To in-
crease the noise immunity of the system, the derivative term is
eliminated and steady-state form is used as follows.

(18)

(19)

The control system could be unstable due to the very high
peak components included in the slip speed. To make the system
stable, a limiter is used to eliminate the very high peak compo-
nents. The error included in the rotor speed is removed by the
use of low pass filter.

TABLE I
INDUCTION MOTOR PARAMETERS.

The stator voltage is reconstructed from the inverter switching
states. The algorithm of the stator voltage estimation is as fol-
lows [10]. A switching function SA for phase A is 1 when upper
switch of phase A is on. SA is 0 when lower switch of phase A
is on. A similar definition is adopted for phase B and C. The
stator phase voltages can be given in terms of switching states
and the dc link voltage as follows.

(20a)

(20b)

(20c)

Applying the 3 to 2 phase transformation to (20), stator
voltage in stationary reference frame can be given as

(21a)

(21b)

The processor reads the outputs of prefilter
through an A/D converter. The signal aliasing is prevented by
the prefilter. The phase lag and the decrement of gain caused by
the prefilter can be neglected because the pole of the prefilter is
located so far from the origin.

IV. SIMULATION RESULTS

The proposed programmable LPF was studied by simulation
with the drive system shown in Fig. 3. ACSL was used for sim-
ulation. The constant in (9) was determined as 3 for good per-
formance of the drive. The lower limit of is 1 to
prevent the time constant of the programmable LPF from being
much increased when the motor speed is close to 0 [rpm]. The
motor parameters are shown in Table I.

Fig. 4 shows the speed and the flux waveforms by the LPF in
(2) with fixed pole . Because the pole is close to the
origin, the flux and the speed estimation are unstable due to the
large time constant of the LPF when the speed is changed from
1500 to 400 [rpm]. Fig. 4(a) shows that the estimated speed is
delayed by the use of the LPF. Fig. 4(d) shows that the LPF
produces a flux estimation error.



SHIN et al.: AN IMPROVED STATOR FLUX ESTIMATION 315

Fig. 4. Step response by LPF with fixed pole(s = �1) (load torque: 6 [N·m],
speed reference(! ): 1500 ! 400 [rpm]).

Fig. 5 shows the speed and flux waveforms by the proposed
programmable LPF. Because the pole of the programmable LPF
is located far from the origin, it can be seen that the speed and the
flux estimation are stable when the speed is changed. Figure 5(d)
shows the time constant of the programmable LPF. The time
constant of the programmable LPF varies between 0.0095 and
0.045. Fig. 5(e) shows that the stator flux is exactly estimated.

V. EXPERIMENTAL RESULTS

In order to verify the proposed programmable LPF, the
control system is implemented by the software of DSP
TMS320C31. The inverter input voltage is [V].
The switching frequency is 5 [kHz]. The current control period
is [µs]. Both speed control period and flux control
period are [ms]. An encoder of 1024 ppr is mounted on
the rotor shaft to monitor the real rotor speed. Load torque is
produced by a dynamometer. The stator currents are detected
through Hall-type sensors. The stator currents are sampled and
held at every sampling instant, then A/D converted with 2 [µs]
conversion time. The lower limit of pole is 1. The motor is
2.2 [kW] three-phase induction motor shown in Table I. The
constant in (9) is 3.

When the motor speed is close to zero, the value of gain com-
pensator in (9) becomes very large. The value is significantly af-
fected by the small detuning of stator resistance. Consequently,
the flux control at very low speed close to zero can be unstable.
However, the unstability can be avoided by setting the value of
synchronous frequency in (9) to 3 [rad/s] by trial and error when
the synchronous frequency is lower than 3 [rad/s]. When the
synchronous frequency is lower than 3 [rad/s], the synchronous
frequency in (9) is set to 3 [rad/s].

The flux control loop acts at a wide speed range (including
zero speed). At zero speed, the exact estimation of stator flux
is almost impossible since the back emf is zero. When the flux
control loop acted at zero speed, the flux control was unstable.
The motor speed did not become at a standstill but be fluctu-
ated at very low speed since the-axis current was fluctuated.

Fig. 5. Step response by programmable LPF (load torque: 6 [N·m], speed
reference: 1500! 400 [rpm]).

Fig. 6. Speed and flux waveforms by LPF with fixed pole(s = �20) (no
load, speed reference (step change):0! 1000! 0 [rpm]).

However, the fluctuation was avoided by the use of small stator
resistance(about 1.1 [] by trial and error) for the estimation
of stator flux (while the measured stator resistance is 1.26 [])
since the -axis current was not fluctuated. The voltage drop
of stator resistance can be negligible as the speed increases be-
cause the back emf is high enough. However, if an operation in
low speed range is needed, the measured stator resistance should
be used.

Fig. 6 shows the speed and the flux waveforms by the LPF
with fixed pole . Because the LPF does not have
the pole close to the origin, the speed and the flux estimation
are unstable at the zero speed reference and the speed is not
controlled to zero. If the pole is located more far from the origin,
the system becomes more unstable.
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Fig. 7. Step response by LPF with fixed pole(s = �1) (load torque: 4 [N·m],
speed reference:1200 ! 500 [rpm]).

Fig. 8. Step response by programmable LPF (load torque: 4 [N·m], speed
reference (step change):1200! 500 [rpm]).

Fig. 9. Speed and flux waveforms by programmable LPF (no load, speed
reference (step change):0 ! 200 ! 0 [rpm]).

Fig. 7 shows the speed and the flux waveforms by the LPF
with fixed pole . Because the pole is close to the origin,

Fig. 10. Flux waveforms by programmable LPF (no load, speed reference
(step change):0 ! 800 ! 0 [rpm]).

Fig. 11. Speed and torque characteristics by programmable LPF (load torque
(step change): 3 [N·m], speed reference: 50 [rpm]).

Fig. 12. Speed reversal operation by programmable LPF (no load, speed
reference (step change:�1500! 1500 [rpm]).

the flux and the speed estimation are unstable due to the large
time constant of the LPF when the speed is changed.
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Fig. 13. Locus of stator flux vector by LPF with fixed pole(s = �1) (load
torque: 4 [N·m], speed reference (step change):1000! 500 [rpm]).

Fig. 14. Locus of stator flux vector by programmable LPF (load torque: 4
[N·m], speed reference (step change):1000! 500 [rpm]).

Fig. 8 shows the speed and the flux waveforms by the pro-
posed programmable LPF. It can be seen that because the pro-
grammable LPF has the pole farther from the origin, the speed
and the flux estimation are stable when the speed is changed.

Figs. 9 and 10 show zero speed start up characteristics by the
proposed programmable LPF. The speed and the flux estimation
are stable at zero speed compared with Fig. 6. Fig. 9(d) shows
that the pole of the programmable LPF varies between 14 and
1(lower limit value of the pole) when the speed is changed.

Fig. 11 shows the speed and torque characteristics by the pro-
posed programmable LPF at low speed. The speed reference is
50 [rpm]. The step load torque (3 [N·m]) is applied, then after
about 26 [s], the load is disconnected from the system. Figure
11(a) shows that the speed is decreased by about 20 [rpm] when
the load torque is applied to the system, then the speed is con-
verged to the command value. Fig. 11(d) shows that the flux
estimation is stable when the load torque is applied and discon-
nected.

Fig. 12 shows speed reversal characteristics by the proposed
programmable LPF. The speed reference is changed from

to [rpm]. Fig. 12(d) shows that the pole of
programmable LPF varies between 104.7 and 1.

Fig. 13 shows the locus of stator flux vector by the LPF with
fixed pole . The magnitude of the stator flux vector is
not constant due to the dc drift.

Fig. 14 shows the locus of the stator flux vector by the pro-
grammable LPF. The magnitude of stator flux vector remains
nearly constant while the speed is changed.

VI. CONCLUSION

This paper investigated the drift problem of stator flux esti-
mated by the LPF with fixed pole due to the large time constant
of the LPF, and proposed a programmable LPF to solve the drift
problem.

The stator flux was exactly estimated by the phase/gain
compensator of the proposed programmable LPF in a wide
speed range. In addition, the drift problem was much improved
by the small time constant of the programmable LPF. Conse-
quently, the speed sensorless drive system with the proposed
programmable LPF was able to be more stable than the system
with the LPF with fixed pole. The validity of the proposed
programmable LPF was proved by simulation and experiments.
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