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Abstract. The article presents a solution to compensate for the effects
caused of the induction motor electric parameters variations for extended
Luenberger observer (ELO), used in the simultaneous estimation of the rotor
speed, position and module of the rotor flux phasor. ELO is adjusted according
to the estimated stator and rotor time constants. The rotor time constant is
estimated based on a relationship deducted from the mathematical model of the
induction motor. The dynamic performances of the extended Luenberger
observer are highlighted by simulation, in Matlab-Simulink.
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1. Introduction

The simultaneous estimation of the speed and rotor resistance of the
induction motor, in the sensorless vector control systems, is an unresolved issue
that raises problems in implementing control system. In this regard we recall
here the results of the research of (Kubota et al., 1993; Kubota et al., 1994) and
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(Shinnaka, 1993). In the research of (Kubota et al., 1994, p. 1222) it is shown
that, in the vector control systems, in the stationary regime, only the
proportionality relation between slip angular frequency and rotor resistance
(ws/Rr) can be estimated, because it is impossible to separate from the stator
state variables, error estimation of the speed of the estimation of the rotor
resistance. In other words, in stationary regime the condition of persistence of
excitation is not respected. On the other hand, (Shinnaka, 1993) demonstrates
that estimating both the speed and the rotor resistance implies a division with
zero if the module of the rotor flux phasor is maintained constant.

In view of the above, the paper presents a method of simultaneous
estimation of the speed, rotor resistance and stator resistance of an induction
motor, from the sensorless vector control system. Within the vector control
system, speed and rotor flux of the induction motor are estimated by the
extended Luenberger observer and rotor resistance is estimated using a
relationship obtained from the mathematical model of the induction motor.
Stator resistance is estimated based on an adaptive scheme.

In order to eliminate the issue of persistence of excitation, a sinusoidal
signal of frequency and amplitude low is used, which is superimposed over the
module of the phasor rotor flux reference (Kubota et al., 1994, p. 1223), and to
avoid zero division is used “Fixed Trace” method proposed by (Pana et al.,
1995; Pana, 1996). The dynamic performances of the extended Luenberger
observer compensated by the rotor resistance and stator resistance, are analyzed
by simulation using the Matlab-Simulink program.

2. The Extended Luenberger Observer

The equations that define this observer are shown in the following
relations (Kubota et al., 1994, p. 1220)
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The Luenberger matrix what is obtained from the proportionality
condition between the motor’s eigenvalues and the Luenberger observer’s

eigenvalues, is
_ L, + JL, (t)
- L il (t)} ©

where:
Ly =(1-K)(a} + a5 ); Ly (1) =(1-K)z,or (t);
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The block diagram of the extended Luenberger observer (ELO) is
presented in Fig. 1.
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Fig. 1 — The Extended Luenberger Observer (ELO).

In the above relations, Kg, and K,, constants are chosen to obtain the
desired dynamic regime.

The proportionality coefficient between the motor’s eigenvalues and the
Luenberger observer’s eigenvalues, is noted ,,k”. From the above relationships,

we can see that the coefficients a;, and a,,, as well as the coefficients L,, and
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L,,, adapt to each moment of time according to the estimated speed. In the

above relations, we marked with ,,*”, the electrical parameters of the induction
motor off-line identify (DC test or AC test), and by ,,” the electrical variables
estimated on-line.

3. The ELO Adaptation According to Stator and Rotor Time Constants

The stator time constant is estimated using the following relationship
(Kubota et al., 1993, p. 1223)

_I:L(t)z_|:KRbg(t)+Klb Otg(r)dr] (4)

where: g (t)=e, (t)ig (t) + & (t)igs (1), € =ig — g € =igg —lgg, and Kro, Kip
constants are chosen to obtain the desired dynamic regime.

To determine the mathematical expression that is used in the estimation
of rotor resistance, we will present below, the voltage equations specific to the
squirrel-cage rotor of an induction motor (Pana, 2016):

d .

awdr = _erdr - Zpa)rlz[/qr'

g ®)
al//qr = _erqr + prrWdr'

After solving the above system, the rotor speed is given by the
following expression:
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On the other hand, the rotor flux equations of the induction motor are:

{Wdr = I-ridr + Lmids' (7)

Wor = Lilg + Ll

From (7), the rotor currents are:
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After the introduction of relations (8) into (6), we get the following:

4 d'l/ Ty d'l/
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Wcjzr + t:[/:r - Lm (Wdrlds + l:[/quqs)

Under these conditions, on the basis of the variables estimated by the
Extended Luenberger Observer (ELO), rotor time constant can be estimated as
SO:

~ d . ~ d .
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Under these conditions, the coefficients of the ELO, which are
calculated according to the estimated stator and rotor time constants, are:
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The block diagram of the extended Luenberger observer (ELO), adapted
to the stator and rotor time constants, is shown in Fig. 2.
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Fig. 2 — The Extended Luenberger Observer — with compensation.

In order to cancel the zero division, which occurs periodically within
(10), due to the cancellation of the denominator, we will use the Fixed Trace
method. In this regard, we will use the following notations:
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Under these conditions, the inverse of the rotor time constant, estimated
using the Fixed Trace method, is (Pana et al., 1995), (Pana, 1996)

0(nT,)=0[(n-1)T,]-K[nT,]E[nT,]; n=012,... (14)
where:
YT s -
K[nT,]= L (V]n ) 9(nTe)_f () 0-0= T

E[nT,]=Y[nT.] 9[(n—1)Te]—x [nT,.].

Within the relation (14) T. is the sampling time and y is forgetting

factor (¥ >0). In order to determine the rotor time constant, the relation (12) is

discretized by the Euler method. Relationships (12) and (13) in discrete-time,
are

X (nT,) =g (NT.) Age (NT, ) + g (T, ) Ay (nT, )], (15)
Y(nT,)=v§ (nT,)+yé (nT,) - Ly (nT,), (16)
where:
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4. The Vectorial Control System

The extended Luenberger observer (ELO) is tested by simulation in
Matlab-Simulink within the sensorless vector control system, shown in Fig. 3.
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The control system of Fig. 3 is one with direct orientation after rotor
field (DRFOC).
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Fig. 3 — The block diagram of the vector control system.

The main blocks within the vector control system are defined by the
following equations (Pana, 2016):
e stator voltages decoupling block (C,Uy)

1
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The coefficients within relations (20),...,(22) are identical to those in
the extended Luenberger observer (ELO).

The C;Us block is adjusted in according to speed and the rotor time
constant.
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the field weakening block (SF)

(23)
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where: g =1+ A [sin(ayt)+sin(ot)]; o =271f; 0, =2xf,.

In the relation (23), by Uy the rated voltage; fy is rated frequency; ny is
the rated speed, of the induction motor. The five automatic controllers of the
control system presented in Fig. 3, are Proportional Integral-type (PI). The other
blocks of Fig. 3, are: current transducers (TI); voltage transducers (TU); static
frequency converter (CSF); blocks of transformation of the system (TS) and
axis (TA), flux analyzer (AF) and calculus of the torque block (C;Me).

5. Simulation results and discussion

The ELO observer is validated by simulation, using a 4 [kW] induction
motor. The electro-mechanical parameters of the induction motor are presented

in Table 1.
Table 1
Induction Motor Parameters
Symbol Name Value

Rs Stator resistance 1.405 [Q]
R, Rotor resistance 1.395 [Q]
Ls Stator inductance 0.178039 [H]
L, Rotor inductance 0.178039 [H]
L Mutual inductance 0.1722 [H]
J Motor inertia 0.0131[kg-m*]
F Friction coefficient 0.002985[N-m-s/rad]
Ny Rated speed 1430 [rpm]
Zy Number of pole pairs 2

Uy Rated voltage 400 [V]
My Rated torque 27 [N-m]

fn Rated frequency 50 [Hz]

Table 2.

The rest of the constants used within the simulation are presented



Bul. Inst. Polit. Tasi, Vol. 64 (68), Nr. 3, 2018 37

Table 2
Simulation Parameters
Symbol Name Value Obs.

Kre Parameter of proportionality 370.5764

Kig Parameter of integration 2903.6 The rotor flux controller
Krm Parameter of proportionality 0.1105
Kim Parameter of integration 110.5032 The torque controller
Krw Parameter of proportionality 2.1833
Kiw Parameter of integration 182.3178 The speed controller

Kri Parameter of proportionality 11.4865

K Parameter of integration 2710 The current controllers
Kra Parameter of proportionality 5.4943 | Adaptation mechanism of
Kia Parameter of integration 43049.67 | the speed
Krb Parameter of proportionality 0.01 Adaptation mechanism of
Kip Parameter of integration 50 the stator time constant

Te The sampling time 1 [usec] | The estimator of the rotor

y The forgetting factor 0.0008 | time constant

L The proportionality
k Parameter of proportionality 1.2 coefficient of the ELO
The frequency f; used in the
f Frequency 9 [Hz] SF block
The frequency f, used in the
f, Frequency 11 [Hz] SF block
. The amplitude of the signal

An Amplitude 0.02 used in the SF block

From the Table 2, it is noticeable that the current controllers are
identical. The transistors within the static frequency convertor with intermediary
continuous voltage circuit are considered of ideal commutation.

Within simulation, the CSF disregards the mathematical models of the
semiconducting devices. Within the PWM modulation, the carrier is of isosceles
triangle type having a frequency of 5 [kHz]. The modulation technique is based
on a modified suboscillation method (Holtz, 1994).

In simulation test, the induction motor is functioning under load, having
at its ax a resistant torque equal to that of the rated torque of the induction
motor. The vector control system shown in Fig. 3 is tested taking into account
that the speed imposed on the control system is has two- step speed trapezoidal
profile. The rise time from one speed step to another is 0.2 seconds, in the case
of the speed imposed.

All tests are made assuming that the induction motor is preheated. As
such, in the initial moment, the rotor resistance is considered with 20% higher
than the rated value, while the stator resistance is considered with 15% higher
than the rated value. After 5 seconds, the values for rotor and stator resistances
are abruptly increased by 25% and 20% from their rated values.
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The simulation program is shown in Fig. 4.
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Fig. 4 — The simulation program of the sensorless vector control system.

In the simulation, stator currents and stator voltages, from the CSF
output used in the extended Luenberger observer are filtered by means of
second-order Butterworth low-pass filters, all of which have a cutting frequency
of 500 [Hz].

At the initial moment of the simulation, the estimation block of the
rotor time constant is not used. For 0.02 second, the rotor time constant is
considered to have a value of

*

1 R
f,_(t):L: if te[0 0.02][sec] (24)

and then the block of the rotor time constant estimate is coupled.

In order to solve the differential equations defining the sensorless vector
control system, was used Dormand — Prince method (ode 45), using both an
relative and absolute error of the & =107°. The simulation time is 8 seconds.

The obtained results are presented in the following figures.
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Fig. 5 — Time variation of imposed speed in tandem with measured speed and estimated
speed of the induction motor.
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Fig. 6 — Highlighting the dynamic performance of the vector control system with
respect to the time variation of the speed at the start of the induction motor.
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Fig. 7 — Highlighting the dynamic performance of the vector control system with
respect to the time variation of the speed, at the when passing from step 1 to step 2 of
the speed.
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Fig. 8 — Evidence of the dynamic performance of the vector control system regarding
the time variation of the speed, immediately after the sudden variation of the rotor
resistance and stator resistance in stationary regime.
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Fig. 9 — The variation in time of the imposed phasor of the rotor flux, in tandem with
the real and estimated rotor flux phasor of the induction motor.
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Fig. 10 — Highlighting the dynamic performance of the vector control system with
respect to the time variation of the phasor of the rotor flux, when starting the induction
motor.
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Fig. 12 — Evidence of the dynamic performance of the vector control system regarding
the time variation of the rotor flux phasor, immediately after the sudden variation of the

stator resistance and rotor resistance in stationary regime.
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Fig. 14 — Highlighting the dynamic performance of the vector control system with
regard to the time variation of the stator-time constant, at the start of the induction

motor.
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Fig. 16 — Highlighting the dynamic performance of the vector control system with
regard to the time variation of the rotor — time constant, at the start of the induction
motor.



Bul. Inst. Polit. Tasi, Vol. 64 (68), Nr. 3, 2018 43

From the previously presented graphs we can see that the vector control
system in Fig. 3, has very good dynamic performances.

On the other hand, it can be seen from Figs. 13 and 15 that the
estimation of the rotor and stator time constants are affected by the speed
variation over time (these are observed when starting the induction motor and at
the time of t = 2 second). This effect is canceled after about 0.7 second (see
Figs. 13,...,16). The maximum deviation from the reference value is 7.185
[€/H], in the case of the estimation of the stator time constant, and 6.932 [Q/H]
in the case of estimation of the rotor constant of the induction motor.

When the rotor resistance and stator resistance increases by 25% and
20% respectively, compared to their rated value (see t = 5 second), it can be
seen that the rotor time constant is estimated correctly after approximately 1
second (see Fig. 15), respectively 0.4 second in case of estimation stator time
constant (see Fig. 13). When the rotor time and stator time constants is
estimated correctly, the reference speed overlaps with the estimated speed and
the measured speed of the induction motor (this is observed in Figs. 6 and 8).

From Fig. 9 shows that when the reference speed pass in from step 1 to
step 2, by means of the SF block within the vector control system, a rotor flux is
reduced (weakening). From Figs. 9,...,12 it can be seen that the extended
Luenberger observer (ELO) very well estimates the modulus of the rotor flux
phasor. When starting the induction motor, the phasor of the measured rotor
flux overlaps with the phasor of the estimated rotor flux and with reference,
after approximately 0.2 seconds (Fig.10).

6. Conclusions

The compensation solution of the extended Luenberger observer (ELO),
described in this article, has the following advantages:

o the estimator has a very good convergence, with the settling time being
less than 1 second, in the case of a sudden change in rotor resistance,
respectively 0.4 second, in the case of a sudden change in stator
resistance;

e reduces errors in estimating speed and rotor flux in the case of variation
in time of rotor and stator resistance, so that the dynamic performances
of the sensorless vector control systems is much better;

o the parametric stability domain of the sensorless vector control system
is much greater than if the extended Luenberger observer is not
compensate (Pana, 2010);

o the use of a sensorless vector control system containing an extended
Luenberger observer (ELO) compensated by the rotor and stator time
constants, allows the elimination of auxiliary ventilation systems of the
induction motors.

Given the above, we consider that the proposed method of the extended
Luenberger observer (ELO) compensation can be successfully used within
industrial applications.
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COMPENSAREA ONLINE A EFECTELOR CAUZATE DE VARIATIILE
PARAMETRILOR ELECTRICI Al MOTORULUI DE INDUCTIE PENTRU
ESTIMATORUL LUENBERGER EXTINS

(Rezumat)

Articolul prezintd o solutie de compensare a efectelor cauzate de variatiile
parametrilor electrici ai motorului de inductie pentru estimatorul Luenberger extins
(ELO), utilizat in estimarea simultand a vitezei, pozitiei si a modulului fazorului
fluxului rotoric. ELO este ajustat in functie de constantele de timp estimate ale
statorului si ale rotorului. Constanta de timp a rotorului este estimatd pe baza unei relatii
deduse din modelul matematic al motorului de inductie. Performantele dinamice ale
estimatorului Luenberger extins sunt evidentiate prin simulare in Matlab — Simulink.



