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word: frequency. Also the DC components in the back emf signal are amplified at
the low pass filter output by a factor equals to 1/w,. Therefore, different
integration algorithms have been proposed to impEfe the stator flux
: estimation at steady state and transient conditiofefl In this paper a new
Low speed operation algorithm for stator flux estimation is proposed for direct torque control
Stator flux estimation (DTC) of induction motor drives. The proposed algorithm is composed of a
second order high pass filter and an integrator which can effectively
eliminates the effect of the error initial condition and the DC components.
The amplitude and phase errors compensation algorithm is selected such that
the steady state frequency response amplitude and phase angle are equivalent
to that of the pure integrator and the multiplication and division by stator
frequency are av . Also the cutoff frequency selection is improved; even
small value can filter out the DC components in t ck emf signal. The
simulation results show the improved performance of the induction motor
t torque control drive with the proposed stator flux estimation algorithm.
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1. INTRODUCTION

Recently, direct torque control (DTC) has becoming a promising alternative solution to high
performance vector control technique for induction motor drives [1], [2]. Compared to the vector control,
DTC has a very simple structure, does not require current regulators, and ifg§rinciple does not require a speed
sensor to operate. The performance of DTC drive very much depc the accuracy of the estimated
electromagnetic torque and stator flux linkage based on the terminal variables of the hine, such as the
stator currents and voltages. In general, the flux linkage vector can be estimated either based on the voltage
model, or the current model equations. The advantages of the §Mtage model method over the current model
method are its simple implementation that does not require rotor s information; the only parameter
required is the stator winding resistance. However, it turns out that the estimation of the stator flux linkage
using voltage model normally has problems at low speed operations.
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In the literature, two general approaches are followed to overcome the !}ltage-model-based
estimator shortcomings. The first approach is based on the compensation of the errors that are present in the
measured and reconstructed stator current and voltage signals which requires an identification process to
obtain accurate values of the stator resistance and the voltage source inverter (VSI) model parameters [3]-[6].
However, most of these parameters varies with the operating conditions which increase the complexity of the
identification process. The second approach is based on improving the imegmm algorithm for stability and
accuracy of the voltage-model-based estimation method [7]-[17]. Basically the stator flux is obtained by an
open loop integration of the induced stator back electromotive force (emf). In practice the pure integration
cannot be easily implemented because of the initial condition problem and the inevitable DC offset in the
back emf signal. Thus, normally low pass (LP) filter replaces the pure integration to eliminates the initial
condition problem and prevent the saturation of the estimated stator flux. However, LP filter introduces
magnitude and phase errors in the estimated stator flux which increase at frequencies near or lower than the
cutoff frequency. These errors will degrade the performance of the drive system; therefore, different
compensation algorithms have been proposed to compensate for these errors [8]-[13].

In [8] three integration algorithms are presented which are composed of a LP filter followed by a
feedback loop to compensate for the LP filter errors. Amplitude limiters are added in the feedback loop to
prevent the integration from saturation. The third integration algorithm used an adaptive method to maintain
the orthogonality between the bg mf and the stator flux vectors. In [9] a first order LP filter with a
programmable cutoff frequency 1s used to solve the DC drift, with amplitude and phase angle errors
compensation algorithm. However, multiplication and division by the stator frequency (w,) are involved in
the amplitude and phase errors calculations. Also in [10] a LP filter with a fixed cutoff frequency is proposed
to improve the DTC drive performance and the compensation algorithm is activated only at the steady state
condition. Further improvements on this type of estimator have been introduced in several studies [11]-[13].
compensation algorithm is simplified where the multiplication and division by w, are avoided. And the
stator frequency is estimated based on a phase locked loop (PLL) melh(mmeald of the induction motor
equation based method [12]. In [11]-[13] the speed reversal problems are avoided by carrying out the
compensation before the LP filter. Also in [13], the estimator response time is reduced by increasing the
cutoff frequ value.

To estimate the flux in a wide speed range the LP filter cutoff frequency has to be very small. That
causes a slow decay of the DC components and the DC offset appears at the estimated signal. In [14] a
programmable cascade LP filter is proposed to solve the DC offset at low frequencies, where, a cascade LP
filters with large cutoff frequencies replace the single stage LP filter with a small cutoff frequency. The time
constant is selected in such a way that the phase angle of the cascade LP filter is equivalent to that of the pure
integration and the output signal is multiplied by a gain compensator. Also in [15] two cascade LP filters
with a cutoff frequency equals to the stator frequency is introduced, which have a phase angle equivalent to
the pure integration phase angle. However, in the programmable cascade LP filter-based estimator, the
multiplication by w is required for the amplitude error compensator, which causes the estimator to behave as
a 7ero gain at zero stator frequency [13]. Also the multiplication or division by w, is required in the cutoff
frequency calculation which is a problematic at the motor start up eu@em speed. In [16], and [17] an
integration algorithms composed of a high order LP filter followed by a first order high pass (HP) filter with
a cutoff frequency equals to the stator frequency are introduced which reduce the estimator sensitivity to the
DC components compared to the previous estimators. This is because of the differential part included in the
HP filter that makes the DC gain of the estimator equals to zero. However, in this solution, the multiplication
by w, is required for the amplitude error compensation because of the cascade LP filters present in the
integrelliaellg()rilhm.

In this paper, a new algorithm for stator flux estimation 1s proposed to improve the performance of
the DTC drive. The proposed algorithm is composed of a second order HP filter and an integrator. Therefore,
the proposed algorithm has the z@)c gain advantages and the problems associated with the cascade LP
filter are avoided. The structure of this paper is organized as follows. In the next section the proposed
integration algorithm with its amplitude and phase errors compensation algorithm are presented. Then in
section 3 the simulation results of the DTC drive with the pr()ad integration algorithm are presented
followed by the experimental results. In this paper the results he proposed estimator algorithm are

ared with the results of the compensated LP filter algorithm that has been proposed in [11], [13].
Finally, the conclusion is given in section 4.

2. PROPOSED INTEGRATION ALGORITHM
The following equations describe the IM dynamic model:
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0= Rr’-r"'?‘fwr?\br (2
s = Lglg + Liply (3)
Py = Lyl + Ll 4
‘Where, the veumes and parameters are defined as
Ug, i, 0y Stator voltage, stator current, and rotor current space vectors.
WYeihy Stator{pig rotor flux space vectors
wy Rotor speed
R, R, Stator and rotor resistances
L, Ly Stator and rotor inductance
Lin Mutual inductance

The variables are space vectors in stationary reference frame and can be represented in d-q components as
follow

L P L .. T T T
Us = [usd u-sq] » s = [f-sd qu] » b= [f-rd qu] , P = [ﬂ”sd wsq] , Y = [lbrd qu]
1
The stator flux estimation iffighis paper is based on the so called voltage model which is derived from (1).
Theoretically, the stator flux can be obtained by integrating the back EMF as follows:

Yo = f(vs — kRg)dt &)

The frequency response of the pure integrator based estimator of (5) can be written as:

1
P =—e; (6)

J e

where e is the back EMF and w, is the operating frequency, ie. the synchronous frequency. The main
advantage of using the voltage model based estimator over other methods, such as current model, is its
simplicity and no speed information requirement. However, the stator flux estimation based on voltage
model, as discussed earlier, has stability problem in the practical implementation. Therefore, in practice,
instead of an integrator, a LP filter, as given by (7), is used.

' 1
P = € (7N

_S+wc

In (7), w,, is the cufoff frequency of the LP filter, and 1} is the estimated stator flux linkage vector.
For DTC application, errors in the magnitude and phase of the estimated flux can cause the incorrect
selection of the voltage vectors, particularly at the boundary between 2 sectors. For flux estimation based on
a LP filter, the operating frequency has to be set a decade highefifhan cutoff frequency in order to minimize
the magnitude and phase errors, otherwise comperi§fitions to the magnitude and phase of the estimated value
has to the applied. An example of a compensation that can be used for the LP filter based estimator is shown
in Figure 1 [11], [[8]. Since the DC gain of the LP filter based estimator is given by 1/w,, setting the cut-off
frequency too low W11 reduce the effectiveness of the filter to remove the DC offset [flesent in the back EMF.
No matter what value the cut-off frequency is set, the DC offset will still be present in the estimated flux. On
the other hand, if the cut-off frequency is set too high, the capability of the drive to operate at low speed
region will be reduced. In DTC drive of IM, the problem of the DC offset does not appear in the estimated
flux because the stator flux amplitude is controlled. However, the estimated flux components waveforms and
phase angle are distorted.
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Figure 1. The Compensated LP Filter Integration Algorithm [11], [13]
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Figure 2. Frequency Response of an Integrator, LP Filter and the Proposed Filter at a Cut off Frequency of
5 rad/s

11
Consequently, the stator flux sector is not correctly estimated and the wrong stator Qtagc vectors
are Therefore, to improve the performance of the DTC drive the DC offset has to be completely removed
regardless of operating frequency. The LP filter based estimator given by (7) can be considered as a
combination of a first order HP filter and a pure integration, which can be written as (8).

s 1

- i 8
s+ w, 5% ®)

[

In order to increase the DC offset rejection, in this paper, we propose to replace the first order HP
filter with a second order HP filter, as given by (9).

. s? 1 s ©
=, =
s (s+w) s° (s+w)?”
Figure 2 shows the frequency response of an integrator, a LP filter based estimator and the rysed

estimator (equation (9)). In this figure, the cutoff frequency both for the LP and proposed filters is set to 5
rad/s. It can be seen from the figure that proposed filter is more capable of eliminating the DC offset
pared to the other methods, however it also introduce the largest phase error if the operating frequency is
close to the cutoff frequency. If the operating frequency is much higher than the cutoff, the proposed filter
gives the best performance in terms of DC offset rejection. 47
Using the proposed filter, it is therefore necessary to compensate the estimated flux in order to
imiz.e, the error. The error in the estimated stator flux is compensated in such a way that the frequency
response of the proposed integration algorithm is equivalent to that of the pure integration. The frequency
response function of (9) can be written as
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¥ = Joe e (10)

- (w? — wd) +j20.w,

Taking the ratio of the estimated stator flux between the pure integrator (6) and the proposed filter (10) the
following equation is obtained.

P _ (wf — wf) + 20,0,

s (11)
WP —wf
Then, the compensated flux equation for the proposed stator flux estimator is given by
w? 2we|
Ys=(\1=— ) —j—|¥s (12)
wg We

When the cutoff frequency is selected as a function of the stator frequency, w, = k|w,|, (12) can be
simplified as

Wy = [(1 = k%) = j2k sgn(we) 1 s = [1 = jk sgn(w,)]* s (13)
The stator flux estim@fefn using the proposed filter including the compensation in (13) can be implemented as

shown in Figure 3. To improve the estimation in the reverse speed operation, part of the compensation
algorithm is performed before the integration algorithm.

€5 + s + Pua
— A h
(s +k| ) +
| Ksgn(ae) | Ksgn(we)
A Ksgn(ue) g K520 (000)
¥
e - s - 5q
—_ ) >
+ (s +k| w,]) +

Figure 3. The Proposed Stator Flux Inte gration Algorithm

3. SIMULATION AND EXPERIMENTAL RESULTS
3.1. Simulation Results

In order to study the effectiveness of the proposed method, the DTC induction motor drive system
shown in Fme 4 is simulated using Matlab/SIMULINK simulation package. For the purpose of
comparison, the stator flux is estimated using the LP filter and also the proposed estimator (both with
compensations). The estimated electromagnetic is calculated using the estimated flux using (14)

3P
T, = > (Wsa lsq = Wsqlsa) (14)

In order to perform the compensation, the operating frequency (the stator flux frequency) is
calculated by taking the average value of (15)

4
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esq'ubsd —E5q 'ubsq
w, =~ (15)
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24

The values of the IM parameters for the simulation are given in Table 1. The cutoff frequency is a
programmable value which is a gain multiplied by the absolute value of the estimated stator flux frequency.
Therefore, the compefiblion algorithm as presented in section 2 is free of multiplication or division by the
stator flux frequency. To evaluate the performance of both estimators in performing the estimation with the
present of DC offset, a DC offset of 1 volt is introduced in the back EMF signal.

Vde
1
Sa_
Tref + I.‘i'}"e - =
Lol Voltage
‘A Switching | Sh Source
Table — > Inverter
Ysrer > s | Osp
B
Stator flux and |
electr gneti <
I Torque estimat
IM

Figure 4. Induction Motor Direct Torque Control Drive Scheme.

For the LP filter estimator, the present of DC components in the back emf signals introduces an
error in the estimated stator ﬂmmalsc angle as shown in Figure 5(c). The flux hysteresis and torque
hysteresis controllers are operated bas&KBn the incorrect stator flux and torque information thus selecting the
mcorrect voltage vectors that are used to control the flux and torque. The actual torque waveform is shown in
Figure 5(f) indicated the presence of the oscillation due to this error. The incorrect voltage vector selection
also can en from the distorted stator flux phase angle and magnitude. Subsequently, the oscillations are
reflected m the st and rotor frequencies as shown in Figure 5(d) and (e) respectively. The simulation
results in Figure 6 on the other hand, shows the results obtained based on the proposed stator flux estimator.
The simulation results show that, the DC offset at the output of the integration is totally eliminated.
Consequently, the overall performance of the DTC drive is improved and the rotor speed is ripple free.

. Experimental Results

To verify the simulation mts presented in the previous section, experimental test has been carried
out using the DTC IM drive setup shown in Figure 7. The performance of the proposed integration algorithm
for stator flux estimation is tested in various operation cofigition by the experimental data taken from the
drive, which are the stator currents and voltages. Firstly, the performance of proposed integration algorithm is
compared with that of the compensated LP filter at 20 rad/sec r()m«'pecd with the present of 1 volt DC
component in the back emf sig#hl. For the compensated LP filter results shown in Figure 9 the DC offset
appears in the d-q waveforms of the estimated stator flux and consequently a ripple in the estimated stator
flux frequency as shown in Figure 8 (d). Whereas the proposed integration algorithm results are shown in
Figure 9. There is no DC offset and the frequency oscillation is very much improved.

Next, the proposed estimator is evaluated in the reverse and low speed operation.[g¥8ure 10 shows
the validity of the compensation algorithm in the reverse speed condition where the motor speed is changed
from 20 rad/sec to -20 rad/sec. Accurate and stable estimation of the amplitude and phase angle is also
achieved at 5 rad/sec rotor speed as shown in Figure 11.
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Table 1. Induction Motor Parameters
R(Q Ri(Q  L(H) L(H) LuH)  L(Kg.n') P
3 4.1 03419 0.3513 0324 000952 4

4. C(@LUSIUN

new algorithm for stator flux estimation is proposed for the DTC drive of IM, which consists of a
cascaded second order HP filter and pure integration. A simple algthm for the amplitude and phase angle
errors compensation is derived based on the steady state condition analysis. The advantages of the proposed
integration algorithm are @ simplicity, the multiplication and division by stator frefglency are avoided,
and completely rejects the offset present in the back EMF. The simulation and the experimental results
show improvement in the stator flux estimation accuracy and the DTC drive overall performance.
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