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Implementation of a new flux rotor based on model reference adaptive system
for sensorless direct torque control modified for induction motor

Introduction. In order to realize an efficient speed control of induction motor, speed sensors, such as encoder, resolver or tachometer may
be utilized. However, some problems appear such as, need of shaft extension, which decreases the mechanical robustness of the drive,
reduce the reliability, and increase in cost. Purpose. In order to eliminate of speed sensors without losing. Several solutions to solve this
problem have been suggested. Based on the motor fundamental excitation model, high frequency signal injection methods. The necessity of
external hardware for signal injection and the adverse influence of injecting signal on the motor performance do not constitute an advantage
for this technique. Fundamental model-based strategies method using instantaneous values of stator voltages and currents to estimate the
rotor speed has been investigate. Several other methods have been proposed, such as model reference adaptive system, sliding mode
observers, Luenberger observer and Kalman filter. The novelty of the proposed work consists in presenting a model reference adaptive
system based speed estimator for sensorless direct torque control modified for induction motor drive. The model reference adaptive system is
formed with flux rotor and the estimated stator current vector. Methods. The reference model utilizes measured current vector. On the other
hand, the adjustable model uses the estimated stator current vector. The current is estimated through the solution of machine state equations.
Practical value. The merits of the proposed estimator are demonstrated experimentally through a test-rig realized via the dSPACE DS1104
card in various operating conditions. The experimental results show the efficiency of the proposed speed estimation technique. Experimental
results show the effectiveness of the proposed speed estimation method at nominal speed regions and speed reversal, and good results with
respect to measurement speed estimation errors obtained. References 20, table 1, figures 9.

Key words: induction motor, model reference adaptive system, sensorless speed, direct torque control.

Bcemyn. [1ob peanizyeamu epexmughe KepyBanHs WEUOKICHIIO ACUHXPOHHO20 OBUSYHA, MOJICHA BUKOPUCIIOBYBAMU OaMYUKU WBUOKOCHII,
maki sIK enkooep, pe3onveep abo maxomemp. OOHAK UHUKAIOMb OesiKi npoOIeMU, MAKI AK HEOOXIOHICHb NOOOBIHCEHHS BATLY, WO ZHUICYE
MeXaHiuHy MiyHicmb nPuoody, SHUXCYE HAOIHICML ma 36inbuye sapmicms. Mema. /[na ycynenna damuuxis weuoxocmi 6e3 eémpamu. byno
3anponoHo6aHo Kinvka piuwens Ha upiwenus yici npobremu. Ha ocnosi mooeni ocHO8HO20 NOpyueHHs O8USYHA BUKOPUCTOBYIOMbCS
Memoou nooaui 8UCOKOHACMOMHO20 cueHany. Heobxionicme 306HiuHb020 00IAOHAHHA ONsL NOOAYI CUCHATY MA HECHPUSMIUGULL 6NIUE
nooaui cusHany Ha pobomy O08USYHA He € Nepeazold ybo2o mMemoody. JlocniodxceHo memood cmpameziti HA OCHOSI hYHOAMEHMANLHUX
MoOenell 3 BUKOPUCIIAHHAM MUMMEBUX 3HAYEHb HANpye ma CMpyMie cmamopa Ona OyiHku wieuokocmi obepmanns pomopa. byno
3aNPONOHOBAHO KiNbKa THUUX MemOo0i8, MAKUX K eMaloHHA A0ANMUBHA CUCMeMa MO0, Chocmepiayi pedcumy Ko83anHs, cnocmepieay
Jhoenbepeepa i ¢inemp Kammana. Hoeusna sanpononosanoi pobomu nonseac y nooaHHi MoOOebHoi emanoHHol aoanmusHoi cucmemu
OYIHKU WBUOKOCI NPAMO20 0e30amyuK08020 YRPAGIIHHA MOMEHMOM, MOOUPDIKOBAHOT 0Nl ACUHXPOHHO20 eneKmponpusody. Emanonna
aoanmuena cucmema Mooei QopMyemvcs 3 MASHIMHUM NOMOKOM pOmopa ma OYiHeHuM GeKmopom cmpymy cmamopa. Memoou.
Emanonna moodenv euxopucmogye eumipioganuii 6exmop cmpymy. 3 iHwo2o 00Ky, MoOenb, W0 pe2ynocmuCs, SUKOPUCHIOBYE
nepeobauyeanuii éekmop cmpymy cmamopa. Cmpym oyiHIOEMbCA WAAXOM GUpilUeHHs pigHanb cmany mawuny. Ilpakmuyuna yinnicmeo.
Tlepesacu 3anpononoganozo oyin08a1a NPOOEMOHCIMPOBAHT eKCNEPUMEHMATLHO HA MeCMmOsill ycmanosyi, peanizosaniii na niami dSPACE
DS1104 y pisnux ymosax excniyamayii. Exkcnepumenmansii pezynvmamu ceiouanms npo eqpekmueHicnb 3anponoHO08aHoi MemoouKy OYiHKu
weuokocmi. Excnepumenmansii pe3ynomamu noxasyioms eQekmusHicmb 3anponoHo8aHoc0 Memooy OYiHKU WeUoKocmi 8 obracmsax
HOMIHALHUX WBUOKOCMENl MA PeBEPCUBHUX WBUOKOCHIEN, A MAKOIC XOPOULl pe3yIbmamu Wooo OmpUManux NOXUOOK OYiHKU WUEUOKOCHI
sumipiosanns. bion. 20, Tadm. 1, puc. 9.

Kniouosi cnoea: acHHXPOHHMIl JBHIYH, eTaJO0HHA aJaNTHBHA cHCTeMa, 0e3JaTYMKOBA IIBMAKICTH, NMpsMe YNpaBJIiHHA
KPYTHHM MOMEHTOM.

Introduction. Speed information is mandatory for
the operation of a modified direct torque control (DTC)
for induction motor (IM) based on amplitude and angle
control of stator flux.

The rotor speed can be measured through a sensor or
may be estimated using voltage, current signals and the
information of machine parameters. Use of speed sensor is
associated with problems, such as, reduction of mechanical
robustness of the drive, need of shaft extension, reduced
reliability in hazardous environment, and increased cost.
Therefore, a speed sensorless drive has a clear edge over the
traditional vector controlled drive [1].

The motor speed for sensorless control can be estimated
by different methods [2-5]. The simplest technique is based
on the rotor flux vector coordinates obtained using the
induction motor model, based on the slip calculation and
angular velocity of rotor flux vector. This technique is very
popular and quite simple to implement, but the obtained
precision is very bad due to a great sensitiveness to motor
parameter uncertainties. The other techniques are based on
the extended Kalman filters or extended Luenberger
observers [3, 5], which are very robust to the induction motor

parameter variations or identification errors, but are very
more complex and difficult in technical realization. The other
solution for speed estimation is based on the model reference
adaptive system (MRAS) principle, in which an error vector
is created from the outputs of two models, both dependent on
different motor parameters. The error is driven to zero
through adjustment of a parameter that affects one of models.

The MRAS approach has the characteristic in the
simplicity and easy of used models, which are simulators of
chosen electromagnetic state variables of the induction
machine, in comparison with extended state observers or
Kalman filters or nonlinear. Thus they are easy in and simple
implementation and have direct physical interpretation.

The basic structure of the MRAS is shown in Fig. 1.
The error signal may be formulated with flux [6-10],
back-EMF, reactive power and active power [11-16]. The
flux-based MRAS (F-MRAYS) is first introduced in [6].

The goal of the work is to develop a model reference
adaptive system with flux rotor for speed estimation of
sensorless control of induction motor drive. The reference
model utilizes measured current vector. On the other
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hand, the adjustable model uses the estimated stator
current vector. The current is estimated through the
solution of machine state equations. Current, being a
vector quantity, is configured in terms of flux rotor.

Reference Model

U — yi

v [ v = filu,v)

Adjustable del
v, = ff6.)
Fig. 1. Basic structure of MRAS

Adaptation
Mechanism

Proposed speed estimator. The structure of the
proposed MRAS (F-MRAS) is shown in Fig. 2, which
utilizes (1) in the reference model and (2) in the
adjustable model. Note that both the models are in
stationary reference frame. Measured current is used in
the reference model, whereas estimated current is
considered for the adjustable model.
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Fig. 2. Structure of the proposed MRAS

The current is estimated through the solution of
machine state equations. The state space representation of
induction motor in stationary reference frame is expressed
in (3) and (4). The complete sensorless DTC for induction
motor drives based on amplitude and angle control of
stator flux is shown in Fig. 3.
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Fig. 3. Sensorless Direct Torque Control based on Amphtude and Angle control of Stator flux (DTC- AAS) with proposed speed estimator
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where

R, Ly, R,, L, are the resistances and cyclic inductances of stator
and rotor respectively; v, i,, ¥, are the voltage, current
vectors of stator and flux vector of rotor; L,,, @. are the mutual
inductance and electric motor speed (or rotor frequency);
o=1-L,% L[, is the motor dispersion coefficient.

PI design of MRAS-based speed estimator. It is
important to design the adaptation mechanism of the
MRAS according to the hyper-stability concept. This will
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result in a stable and quick response system where the
convergence of the estimated value to the actual value can
be assured with suitable dynamic characteristics. The
induction machine model in the synchronously rotating
(@,) reference frame can be expressed as:

Isd —a) Wy ap B0, | lsd
i isq — Oy T4 Ta30,  dy isq +
dt|¥ra ag 0 —as @y |V
174 0 a -, —as |V
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Let us assume that

X = [isd isq erd erq]r s u= [Vsd Vsq]T’ y= [i.vd isq]T 5

where vy, Vi, ia, I are the d-g components of stator
voltage and currents respectively; ¥, ¥, are the d-g
components of rotor flux.
Therefore, in the state space form, (5) and (6)
become,
x=Ax+Bu ; @)
y=Cx+Du. (8)
The small signal representation of the above state
space equations, described by (7) and (8) are:
A% = AAx + Adxyy ; )
Ay =CAx, (10)
or
Ay = C(SI— A)™ Adx (11)
where x) = [ist isq0  ¥rao 'Prqo]T represents the
operating point. The expression of A4 is:
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From (11), using (12) and (13), the expression of Ay
becomes:
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Using (14), the transfer functions of Ai/Aw, and
Ay, /Ao, can be expressed as:
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Now, the error equation is:
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From (18), using (19) — (22), the error equation becomes:
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For simplify the calculation, with the assumption of
negligible the second term on the right-hand side of
equation (24). With this assumption, the equation can be
approximated as:

o L.(Ry+s0olLy) (v
sL,,

The rotor flux error due to the small perturbation of
rotor speed Aw, in the adjustable model can be expressed as:
£ L.(R,+soly) Aigy Aig,

= - =V - . (26
Aw sL 90 pg, 540 Aw, (26)

2

Putting the expressions of Ai/Aw, and Aiy/Aw,
(which are obtained from (15) and (16) respectively) into
(26), the error transfer function becomes:
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Using the error transfer function (27), the closed
loop block diagram of the MRAS is shown in Fig. 4. The
closed loop transfer function between @, and @, can be

_ Vsd0(Coa — 03C22)} ~Gy(s).

expressed as:
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Fig. 4. Closed loop representation of the 1 MRAS based speed
estimator

Improved rotor flux estimator. The drawbacks of the
estimation of the rotor flux based on voltage model using
open-loop integration as shown in (1) and (2) are DC drift
and saturation problems. In this paper, improved rotor flux
estimator by integrating algorithm with an amplitude limiter
in polar coordinates is used to overcome the problems
associated with the pure integrator [17-20]. The rotor flux
estimator is shown in Fig. 5 is the limitation in Cartesian
coordinates is performed as follows:

VAA+2y it AR +ah <L
z, =V s « F (29)
L if J@+%>L
where Z; is the output of the limiter; L is the limit value.

L should be equal approximately to the stator flux
reference. The limited components of the stator flux are
then simply scaled with the ratio of the limited amplitude
and unlimited amplitude:
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Fig. 5. Block diagram of the improved integrator algorithm
with limited amplitude

Experimental setup. The experimental setup of the
proposed control system is represented by the structure of
the experimental setup shown in Fig. 6. It consists of a
dSPACE DS1103 controller board with TMS320F240
slave processor, ADC interface board CP1103, a 4-pole
induction motor with parameters listed in Table 1. A three-
phase PMW inverter is connected to supply 500 V DC bus
voltage, with the switching frequency and the dead time of
2 kHz and 70 ps, respectively.

The DS1103 board is installed in Pentium III 1.0 GHz
PC for software development and results visualization. The
control program is written in MATLAB/Simulink real time
interface with sampling time of 100us. A photograph of the
experimental setup is shown in Fig. 7.

VARIABLE POWER SUPPLY

2 Current

Fig. 6. Structure of the experimental setup

Table 1
Induction motor parameters

Parameter Value
IM mechanical power P,, kW 0.9
Nominal voltage V,, V 220
Nominal current /,, A 1.82
Nominal speed N, rpm 1400
Stator resistance Ry, Q 12.75
Rotor resistance R,, Q 5.1498
Stator self-inductance L,, H 0.4991
Rotor self-inductance L,, H 0.4331
Mutual inductance L,,, H 0.4331
Moment of inertia J, kg-m’ 0.0035
Supply frequency f, Hz 50
Pole pairs number p 2

Fg. 7. View of the exf)erimental setup

Experimental results. In the following tests, the
estimated speed is used for speed control, where the drive is
working as a sensorless DTC-AAS. The encoder speed is
used for comparison purposes only. Selected experimental
results for the tests are shown in the following section.

Test 1. Load torque rejection at 157 rad/s. This
test examines the load torque disturbance rejection
capability of the sensorless drive. Figure 8 shows in the
(0 s <1< 35 s) test between zero speed and 157 rad/s
under a load torque from 11,5 s to 22 s. It can be observed
that the rotor speed is not affected by the load torque
change and the rotor speed error is small is available in
Fig. 8,a and Fig. 8,b. It is found that the change in torque
electromagnetic is shown in Fig. 8,c. The stator current is
shown in Fig. 8,d, which follow the envelope of the load-
torque. Some small stator flux oscillations can be
observed but is maintained constant throughout the
operation is available in Fig. 8,e.
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Fig. 8. Transient response for changing of load torque
Test 2. The speed reversal. The tracking

performance of the sensorless drive is observed in Fig. 9
for a ramp speed command. Rotor reference speed is
gradually increased from 0 to 157 rad/s during 2 s.
Thereafter, the command speed is maintained constant at
50 rad/s up to 18.5 s. The speed reversal is taken place
during 18.5-22.5 s. The rotor command speed is fixed to
157 rad/s after 22.5 s. The actual motor speed for such
speed command is shown in Fig. 9,a. The speed
estimation error is available in Fig. 9,b. It is noticed that
the estimation error is small during steady state. The
stator current increase during reversal operation is
available in Fig. 9,d. Some small stator flux oscillations

can be observed is shown in Fig. 9,e. The experimental
results confirm that the proposed speed sensorless DTC
for IM based on amplitude and angle control of stator flux
method can satisfactorily estimate rotor speed and that it
is possible to control the speed of an induction motor with
the proposed method.
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Fig. 9. Transient response for changing of reference speéd

Conclusion. New speed estimation method for
sensorless induction motor drive using model reference
adaptive system has been presented in this paper. The
model reference adaptive system is formulated with rotor
flux. The algorithm needs the on-line solution of machine
state equations. The realized estimator has used to
perform the direct torque control for induction motor
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drives based on amplitude and angle. Experimental results
for different speed profiles had shown. Although a small
error and a small fluctuation are observed for the speed
estimation, that the proposed new model reference
adaptive system observer was able to estimate the actual
speed. Thus the effectiveness of the proposed method of
speed estimation is verified.
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