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Abstract- This paper proposes a programmable low pass
filter(LPF) to estisate stator flux for speed sensorless stator
flux orientation control of induction motors. The
programmable LPF is developed to solve the de drift problem
associated with a pure integrator and a LPF with fixed pole,.
The pole of the programmable LPF is located far from the
origin to decrease the time constant as speed increases. The
programmable LPF has the phase and the magnitude
compensator to exactly estimate stator flux in a wide speed
range. So, the drift problem is much improved and the stator
flux is exactly estimated in the wide speed range.

1. INTRODUCTION

Recently, induction motors have been used more in the
industrial variable speed drive system with the
development of the vector control technology. This method
needs 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,
high-speed drives, ete,, and also need careful cabling
arrangements with attention to electrical noise. Moreover,
it makes the price of the system expensive and the motor
size bulky. Recently several speed sensorless vector control
schemes have been proposed [1]-[7].

The stator flux for speed sensorless vector control is
estimated by the integration of the back emf. The
integration of back emf by pure integrator has the drift
and the saturation problem by the initial condition and the
dc offset. So, pure integrator is replaced by an analog low
pass filter(LPF) [2]. However, it has a very low cutting
frequency to operate in a wide speed range. So, there still
remains the drift problem due to the very large time
constant of the LPF. Many efforts have been made to solve
the problem [3]-[5].

This paper proposes a programmable LPF with the phase
and the magnitude compensator to exactly estimate the
stator flux in a wide speed range. The pole of the
programmable LPF is located far from the origin in order
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to decrease the time constant as the speed increases. So, the
stator flux is exactly estimated and the drift problem is
much improved by the small time constant in a wide speed
range. The proposed programmable LPF is used in speed
sensorless stator flux orientation induction motor drive [7].
Simulation and experimental results confirm the
effectiveness of the proposed programmable LPF.

2. DESCRIPTION OF PROGRAMMABLE LPF

The principle of programmable LPF method of
integration can be explained as follows.

In the stationary «-8 reference frame, the stator flux is
given by

A= [0, = Ry ek ()

where v, = stator voltage, R, = stator resistance, i, =
stator current.

The integration of (1) by pure integrator(1/s) has the drift
and the saturation problem. So, the integration by pure
integrator is replaced by LPF. The estimated stator flux by
LPF can be given as

A
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where “** = estimated value, A, = estimated stator flux

by LPF, a=pole, v,=backemf(v, - R ).

The phase lag and gain of (2) can be given, respectively,
as
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where
w, =angular frequency.

Fig. | shows the phase lag of )::,, estimated by the LPF,

and the phase lag of A, estimated by the pure integrator.

The phase lag of A, is 90° and the gain is l/la)cl. For

the exact estimation of the stator flux, the phase lag and the

gain of j:/ in (2) have to be, respectively, 90° and

1/‘(4)0]. And also, the LPF in (2) has very low cutting

frequency to operate in a wide speed range. So, there still
remains the drift problem due to very large time constant of
the LPF.
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Fig 1 Vector diagram ol LPF and pure integrator.

In this paper, the gain is compensated by the gain
compensator, G in (5) and the phase lag is compensated
by the phase compensator, IAJ in (6). Therefore, the new

integrator with the gain and the phase compensator can be
given as (7).
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The cutting frequency has to be high to solve the drift
problem due to very large time constant. But, in that case,

flux estimation is poor somewhat in very low speed range.
So, in this paper, the pole a is selected as (8) as a function
of frequency.

(8)

where £ = constant.
So, the time constant of the programmable LPF,

(l/a)y=k/ lwc| is decreased with the increase of the speed.

Therefore, the complete expression for stator flux estimator
can be derived as
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Fig, 2 shows the block diagram of the programmable
LPF.
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Fig. 2 Block diagram of the programmable LPF.

3. A DIRECT STATOR FLUX ORIENTATION SYSTEM

The control scheme of the proposed drive system is
speed sensorless stator flux orientation. Fig. 3 shows the
control block diagram of speed sensorless stator flux
orientation control drive that incorporates the proposed
programmable LPF. The stator flux magnitude and the
transformation angle can be written as follows from the
flux in stationary «-# reference frame.
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Fig. 3 Block diagram of speed sensorless stator flux orientation control drive.
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The estimated slip speed and the decoupling

compensator is represented in rotating d-q reference frame
as follows [7].
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where
L2
o=(1-—) : total leakage factor
LL,
7, =L./R, : rotor time constant
L, : magnetizing inductance
L.,L, : stator and rotor inductance
p=d/dt : differential operator

The synchronous speed and the rotor speed can be
given as

a’)\ _ ((Vﬂs _R.\'iﬂ\)ﬂ’a\ _(vav _R.\'iav)ﬂ‘ﬂv)
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(15)
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When the slip in (13) and decoupling compensation
current (14) are calculated, a differentiator is very sensitive
to the noise. So, the derivative term is eliminated and
steady-state form is used.

The control system may be unstable due to the very high
peak components included in slip in (13). To make the
system stable, a limiter is used to limit the very high peak
components. The error included in the rotor speed is
removed by the use of low pass filter.

The stator voltage is reconstructed from the inverter
switching states. The algorithm of the stator voltage
estimation is as follows [8]. 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.

Ve (254 -SB-S8C)

as = 17-

Vas = (17-a)
le‘

Vo =—2-(~54+25B~C) (17-b)
th.

Ve =—2(=54- 58 +25C) (17-c)

Applying the 3 to 2 phase transformation to (17), stator
voltage in stationary -8 reference frame can be given
as

V,
& (2S4-SB-SC)

Vo 3
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The processor reads the outputs of prefilter(s= -29853)
through an A/D converter. The signal aliasing is prevented
by the prefilter. The phase lag and the reduction of
magnitude caused by the prefilter can be neglected because
the pole of the prefilter is located so far from the origin.

(SB~SC) (18-b)

4. SIMULATION RESULTS

The proposed programmable LPF was studied by
simulation with the drive system shown in Fig. 3.
ACSL(Advanced Continuous Simulation Language) was
used for simulation. The constant £ in (9) is selected as 3
for good performance of the drive by trial and error. The

N
lower limit of a(=|@,

/ k) is 1 to prevent the time constant

of the programmable LPF from being much increased when
the rotor speed is close to 0[rpm]. The motor parameters
are shown in Table 1.

TABLE 1
INDUCTION MOTOR PARAMETERS
[ Parameter Value

Rated power 2.2 kW]
Pole number 4
Magnetizing current(peak) 5 [A]
Rated flux 0.25 [Wb]
Stator resistance 1.26 19}
Rotor resistance 0.2 2]
Magnetizing inductance 50 [mH]
Moment of inertia 0.017 [kgm’]
Stator leakage inductance 4.7 [mH]
Rotor leakage inductance 4.7 [mH]

Fig. 4 shows the speed and the flux waveforms with the
LPF in (2) with fixed pole(s=-1). Because the pole is close
to the origin, the flux and the speed estimatjon 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 a low pass filter to
remove high frequency components involved in the
estimated speed. Fig. 4(d) shows that the LPF produces
flux estimation error when the speed is changed.

Fig. 5 shows speed and flux waveforms with 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. Fig. 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.

2000
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35 Tirne[] ;"a.s 4 %
Fig. 4 Step response with LPF with fixed pole(s=-1).
(load torque : 6 [Nm], speed reference( w *) : 1500 — 400[mpm])
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Fig. 5 Step response with programmable LPF.
(load torque : 6]Nm], speed reference : 1500 — 400[rpm])

4

5. 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 ¥, =300[V].

The switching frequency is 5[kHz]. The current control
period is T,=100[zs]. The speed control period is T=1[ms].
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[us] conversion time.
The lower limit of pole & is 1. The motor is 2.2[kW]
three-phase induction motor shown in Table I .

When the motor speed is close to zero, the value of gain
compensator in (9) becomes very large. The value is very
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significantly affected by the small detuning of stator
resistance. And the flux control at very low speed close to
zero can be unstable. To avoid the unstability, the lower
limit value of synchronous frequency in (9) is set at
3[rad/s].

The flux control loop acts at a wide speed
range(including zero speed). When the flux control loop
acted, the flux control was unstable. However, the
unstability was able to be avoided by the use of small stator
resistance(about 1.1 [£21) for the estimation of stator
flux(the measured stator resistance is 1.26[£2]). So, the
flux control was able to be stable at zero speed. Voltage
drop of stator resistance can be negligible as speed
increases.

Fig. 6 shows the speed and the flux waveforms with the
LPF with fixed pole(s=-20). Because the LPF does not
have the pole close to origin, the speed and the flux
estimation are unstable when the speed reference is zero.
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Fig. 6 Speed and flux waveforms with LPF with fixed pole(s=-20).
(no load, speed reference - O — 1000 — O[rpm])

Fig. 7 shows the speed and the flux waveforms with the
LPF with fixed pole(s=-1). 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.
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Fig. 7 Step response with LPF with fixed pole(s=-1).
(load torque : 4[Nm], speed reference : 1200 —» 500[rpm])
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Fig. 8 shows the speed and the flux waveforms with the
proposed programmable LPF. It can be seen that because
the programmable LPF has the pole farther from the origin,
the speed and the flux estimation are stable when the speed
is changed.

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

Fig. 10 shows speed reversal characteristics with the
proposed programmable LPF. The speed reference is
changed from -1500 to 1500[rpm]. Fig. 10(d) shows that
the pole of programmable LPF varies between 104.7 and 1.
The dc drift can seldom be seen.
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Fig. 8 Step response with programmable LPF.
{k=3, load torque : 4[Nm), speed reference : 1200 — 500{rpm])
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Fig. 11 shows the locus of stator flux vector with the LPF
with fixed pole(s=-1). The magnitude of the stator flux
vector is not constant due to the dc drift.
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Fig. 9 Speed and flux waveforms with programmable LPF.
(k=3. no load, speed reference : 0 — 200 — O[rpm])

Fig. 12 shows the locus of the stator flux vector with the
programmable LPF. The magnitude of stator flux vector
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remained nearly constant while the speed is changed from
1000 to 500[rpm].

6. CONCLUSION

This paper investigated the drift problem of stator flux
estimated 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 with the phase and
the magnitude compensator of the proposed programmable
LPF in a wide speed range. And the drift problem was
much improved by the small time constant of the
programmable LPF. So, 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
simulation and the experimental results have confirmed the
proposed programmable LPF.
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Fig. 10 Speed reversal operation with programmable LPF,
(k=3. no load, speed reference : -1500 — 1500[tpm])
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Fig. 11 Locus of stator flux vector with LPF with fixed pole(s=-1).
(load torque : 4[Nm], speed reference : 1000 — 500[rpm])
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Fig. 12 Locus of stator flux vector with programmable LPF.
(k=3. load torque : 4{Nm), speed reference : 1000 — 500[rpm])
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