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PERFORMANCE ANALYSIS OF
THE SPEED SENSORLESS INDUCTION MOTOR DRIVE
WITH MAGNETIZING REACTANCE ESTIMATOR

In this paper the sensorless induction motor drive performance with current-based MRAS speed
and rotor flux estimator are tested in the wide speed range operation. This system has been equipped
with additional estimator of the magnetizing reactance reconstruction. Methodology is based on the
well known mathematical interpolation of the inverse magnetizing curve. Dynamical performances
of the vector control system with such this current-type MRAS estimator with magnetizing reactance
on-line adaptation are tested in simulation and experiments.

1. INTRODUCTION

The universal speed sensorless induction motor drive should work stable for starting
from the standstill, for low speed region and in the regenerating mode [2], [3], [6], [10].
Control structure should assure good dynamical performance in the wide speed reference
changes (including a field weakening region).

One of the most popular solutions of the speed and flux reconstruction is the MRAS
(Model Reference Adaptive System) methodology presented first in [4], [8], [9]. How-
ever, a classical rotor-flux-based MRAS estimator is sensitive to motor parameter changes
due to the high sensitivity of rotor flux current and voltage models used for rotor flux
vector estimation. Nevertheless this methodology is still developed. The current-type
MRAS type speed and flux estimator [1], [7] is less sensitive to the motor parameters
changes than classical solutions and is stable for the whole reference speed changes.
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It was proved however, that all speed estimators are sensitive to changes of the mag-
netizing reactance of the induction motor. Magnetizing reactance of the induction motor
depends on the magnetizing flux and current. Its value is not constant during the motor
operation in the control structure [5], so the speed estimator should be extended with the
estimator of this parameter.

In this paper the sensorless Direct Field Oriented Control structure of the induction
motor is tested. The speed and rotor flux reconstruction is based on the MRAS“ [1],
[7] estimator, equipped with magnetizing reactance estimator, according to the meth-
odology presented in [5], [11]. Sensitivity of the drive system to the magnetizing re-
actance for different speed values is checked. Dynamical performances are investi-
gated in the whole speed range, including the field weakening and low speed regions
(typical for the traction and Electrical Vehicle (EV) drives).

2. IDENTIFICATION ALGORITHM OF THE MAGNETIZING REACTANCE

Parameters of the induction motor are not constant under the drive system opera-
tion and they depend on the temperature, current and motor speed. One of the most
important parameter in the sensorless induction motor drive, which influences its be-
havior, is a magnetizing reactance. This parameter in the field weakening region is
bigger than its nominal value. So the structure of the speed and flux estimator used in
sensorlees drive should be modified by estimated magnetizing reactance.

The magnetizing reactance can be calculated from the equation:

X, =—2 (1)

where the magnetizing flux vector can be obtained from:

le = \j anzux + anziﬂ (2)

and:
lea = J.(usa - rsisa )dt - xasisa
\Pmﬂ = J.(us - r,'sisﬂ )d[ - xoslsﬁ'

The magnetizing current depends on the rotor current and can be calculated as fol-
lows:

)

{W=@+@ @)
lyp =lyp T lp
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All variables in (1)—(4) are expressed in the stator coordinate system. Rotor current
cannot be measured in the control structures, so the magnetizing current can be esti-
mated using the known nonlinear inverse magnetizing curve:

i, = f(Y,) )
Xy = (6)

It should be mentioned, that the linear mathematical model of IM and classical co-
ordinate transformation to @—f components has been used, despite the nonlinearity of
magnetizing characteristics (5). But it is commonly applied approach [5], and in the
case of analysed in this paper, the compatibility of simulation and experimental test
confirms the correctness of this approach.

Magnetizing curve can be represented in per unit as in [8]:

i, =a¥, +(1-a)¥’ (7)

where a and b are determined as constant coefficients characteristic for the given in-
duction motor.

As it is presented in [5], estimated magnetizing current depends on the coefficients a
and b. Proper choice of those values guaranties the good reconstruction of this current
versus magnetizing flux. In the Fig. 1 the magnetizing curves for different values of pa-
rameters a and b are shown.
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Fig. 1. The magnetizing curves of an induction motor for different values of parameters ¢ and b

It was presented in [5], [11] that for low and medium power induction motors, pa-
rameter b should be equal to 7 and parameter a should be set between 0.6 and 0.9.

The magnetizing curve and the magnetizing reactance variation of the induction
motor tested in this paper (with parameters presented in detail in Appendix) are shown
in Fig. 2. The calculated curves are compared with the measured characteristics. Coef-
ficients a and b were determined as ¢ = 0.7 and » = 7. The measured points are marked
with cross, while the calculated ones are marked by dot. It is seen from this compari-
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son, that a very good accuracy of the measured magnetizing curve is obtained with the
characteristic given by (7), according to the methodology proposed in [5].
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Fig. 2. Magnetizing curve (a) and magnetizing reactance (b) variation of the machine used
in simulation and experiments (¢ = 0.7 and b =7)

3. MATHEMATICAL MODEL OF THE MRAS““ ESTIMATOR

The MRAS®C estimator was presented in detail in a paper [7]. It is based on two well
known simulators [6] (voltage model and current model of rotor flux) transformed to the
stator current estimator and to the rotor flux estimator based on a current model.

Current estimator used in MRASC is obtained by the equation:

2 2
d ie — _rr'xm +‘xr rS ie + 1 u + 'xmrr \Pi _ja)e xm \I’i (8)
dt s T 2 s GT x s T 2 r m T r
o N'xs'xr N7s o N'xs'xr o Nxs'xr

where: @, — estimated rotor angular speed, s, ,, X, X,, X,, — stator and rotor resistances,

stator and rotor leakage reactances, u;, i;, ‘I’i — stator voltage, estimated stator current

and rotor flux vectors respectively, =1 — xi Ixx,, Tn=1/27fn, f;y — nominal frequency.
Current model can be calculated from the equation:
d . : 11
Sl = (i - )+ ol | ©)
dt X T,

”

Both stator current model (8) and rotor flux model (9) are adjusted by the estimated
rotor speed [4]:
oy = Kple, Wiy —e, W)+ K, [ (e, Wiy —e, WL,) di (10)

7

where ¢, =i, 5—ij, , — error between the estimated and measured stator current.
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The MRAS®® estimator can be extended with the magnetizing reactance estimator
presented in the Chapter 2. The general scheme of the MRAS“ estimator with on-line
magnetizing reactance estimation algorithm is presented in Fig. 3.
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Fig. 3. MRAS®C estimator with magnetizing reactance estimator

The MRAS®® speed and rotor flux estimator is robust to the all motor parameters
changes and is stable in the whole speed reference changes [1]. Stability and sensitiv-
ity analysis were presented in detail in [7]. From those analyses results, that the mag-
netizing reactance should be perfectly known (or identified on-line), when the drive
system is operating in the wide speed range.

4. SIMULATION TESTS OF THE DRIVE SYSTEM

Direct Field Oriented Control structure with MRAS®C estimator and reactance esti-
mator used in simulation and experimental set up is presented in Fig. 4. In this chapter
chosen simulation results are shown.
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Fig. 4. Sensorless speed control structure

First, the performance of the sensorless drive without magnetizing reactance up-
dating in the field weakening region are shown in Fig. 5 and Fig. 6. The sensorless IM
drive works properly. But in the steady state, for the speed references bigger than
nominal, @, = 1.5@,y, the small error between the measured and estimated speed is
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Fig. 5. Transients of the sensorless IM drive for the field weakening
and in the low speed region without magnetizing reactance estimator
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visible (Fig. 5a, Fig. 6b). This error is connected with the wrong magnetizing reac-
tance value, used in the speed estimator mathematical model. This value increases for
such high motor speed due to a flux weakening. If the magnetizing reactance is not
estimated, speed reconstruction error oscillates around zero only for the rotor speed
smaller than its nominal value; for higher speed, especially for the loaded motor, the
steady state error is visible. Components i, and i, of the stator current vector depend
respectively on the rotor flux vector magnitude and electromagnetic torque in the
DFOC structure, and are demonstrated in Fig. 6¢.
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Fig. 6. Simulation results of the sensorless IM drive with MRAS® estimator
without magnetizing reactance estimator for the field weakening region

The steady-state speed estimation error is cancelled in the control structure with
MRAS®® speed and flux estimator, extended with the magnetizing reactance estimator.
The rotor speed is reconstructed in the whole speed reference properly (Fig. 7a). Speed
estimation error oscillates around zero value (see Fig. 7b).
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Fig. 7. Simulation results of the sensorless IM drive with MRAS® estimator
with magnetizing reactance estimator for the field weakening region

5. CHOSEN EXPERIMENTAL RESULTS

Proposed estimation algorithm and DFOC control structure was implemented in the
laboratory set-up with PC computer, using the dSPACE software. The schematic diagram
of the experimental test bench is shown in Fig. 8. The experimental set-up is composed of
the IM motor fed by voltage inverter with Space Vector Modulator (SVM). The motor is
coupled to a load machine (AC motor supplied from an AC inverter). The driven motor
has the nominal power of 1.1 kW. The speed and position of the drive are measured by
the incremental encoder (5000 imp./rev), only for the comparison with the estimated

speed in the sensorless drive. The control and estimation algorithms are implemented in
DS1103 card.
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In the Figures 9 and 10 the chosen experimental result of the sensorless IM drive
under different condition are demonstrated. First, the operation of sensorless DFOC
system based on MRAS®® estimator without additional magnetizing reactance adapta-

tion is shown in Fig. 9. A steady-state speed estimation error is observed.
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Fig. 9. Experimental results of the sensorless IM drive with MRAS® speed and flux estimator
for the field weakening and small speed region without magnetizing reactance estimator
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Fig. 10. Experimental results of the sensorless IM drive with MRAS®C speed and flux estimator
for the field weakening and small speed region with magnetizing reactance estimator
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Next sensorless drive with MRAS®C estimator equipped with the proposed mag-
netizing reactance estimation algorithm is tested and results are shown in Fig. 10.
Drive system works properly in the field weakening region and an average value of
the speed estimation error (Fig. 10b) is now close to zero.

In Figure 11 a very long reverse operation under load torque in a small speed re-
gion of the sensorless drive is shown. It can be seen that the drive works properly.
Small speed error is visible only for a speed reference close to zero. It proves that the
updating of the magnetizing reactance improves the drive system operation in the
whole speed range, from very low, through nominal, to much higher than nominal
value.

6. CONCLUSIONS

The MRAS®C speed and flux estimator, which uses the current model and current
estimator, performs very well in the wide range of the speed reference, in the sensor-
less DFOC drive system. When using the proposed estimation algorithm of the magnet-
izing reactance, steady state performance of the drive can be improved, as the small speed
estimation errors in field weakening region as well in a very low speed region are com-
pletely removed. This estimation algorithm of the magnetizing reactance can be easily
implemented in the MRASC estimator. Control structure with the analyzed estimator can
be implemented in the drive working with very low and high speeds.

APPENDIX

Motor rated data

Py=11 [kW] ny = 1380 [rpm]
Uy = 230/400[V] fu=50 [Hz]
Iy =5.0/2.9 [A] =2

Parameters of the IM equivalent circuit

R, R, X; X, X
59 4.5 131.1 131.1 123.3 [Q]
0.07 0.06 1.725 1.725 1.62 [p.u]

Per unit system calculation methodology (reference values):
Up=42 Unp L=2 1y, Zy= Uyly, @, =27fy, ¥= Uplw, Sp= (3/2)U, b, My= Sppy/ y,
Parameters in per unit system:

rs= Rs/Zba = R}’/Zb7 Xs= ls = Xr/Zba X = 1r= )(r/Zb’ Xm = lm = )(m/Zb
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