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Performance analysis of the sensorless adaptive sliding-mode
neuro-fuzzy control of the induction motor drive
with MRAS-type speed estimator
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Abstract. This paper discusses a model reference adaptive sliding-mode control of the sensorless vector controlled induction motor drive
in a wide speed range. The adaptive speed controller uses on-line trained fuzzy neural network, which enables very fast tracking of the
changing speed reference signal. This adaptive sliding-mode neuro-fuzzy controller (ASNFC) is used as a speed controller in the direct
rotor-field oriented control (DRFOC) of the induction motor (IM) drive structure. Connective weights of the controller are trained on-line
according to the error between the actual speed of the drive and the reference model output signal. The rotor flux and speed of the vector
controlled induction motor are estimated using the model reference adaptive system (MRAS) — type estimator. Presented simulation results
are verified by experimental tests performed on the laboratory-rig with DSP controller.

Key words: electrical drive, induction motor, adaptive control, sliding mode control, neuro-fuzzy control, sensorless control.

1. Introduction

In modern industrial drives a requirement of high dynami-
cal performance, consisting in perfect tracking or getting the
reference signal with high dynamics and well damped tran-
sients is often met. This is especially important in servodrives
[1-3]. Linear control theory not always gives satisfactory re-
sults in the design of effective control algorithms for such
drive systems. Besides the drive system dynamics usually
changes with the operating point and drive parameters change
in a wide range depending on the system operation mode.
For electrical drives this problem arises especially due to mo-
tors” winding temperature and saturation changes, as well as
due to the drive inertia changes under system operation. So
the development of the controller insensitive to those changes
can enable high precision of the rotor speed control. One of
the most popular control methods of the AC drives, witch
is more robust to motor parameter changes, is a fuzzy-logic
based control or adaptive control [4-7].

In [6] the PI type adaptive neuro-fuzzy speed controller
(ANFC) for the sensorless induction motor (IM) drive system
has been presented. In this paper, the adaptive PI-type con-
troller is replaced with the adaptive sliding-mode neuro-fuzzy
controller (ASNFC), with on-line learning capability [8].

Recently remarkable efforts have been made to develop
state variables reconstruction of the induction motor (IM),
such as rotor or stator flux vectors, motor electromagnet-
ic torque and rotor speed, in order to obtain speed sensor-
less drive systems [1-3, 9, 10]. Applying of the flux and
speed estimators or observers, significantly raises reliability
and reduces costs of the induction motor drive. This is be-
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cause of removing sensors that are mostly electromechanical
parts.

Various methods of the rotor flux and speed estimation
have been recently used, like physical, neural and algorithmic
methods [9]. These last, based on the IM mathematical mod-
el are the most popular recently. Among algorithmic methods
the concept based on the MRAS system, introduced by [11]
and then modified by other authors [12, 13] or the full-order
observer applied in model-reference structure introduced by
[14, 15] seems to be relatively simple and interesting. Howev-
er these estimators are sensitive to motor parameter changes
due to the high sensitivity of current and voltage models used
for the rotor flux vector estimation [16, 17] and require ad-
ditional parameter tuning methods [18, 19]. In this paper the
modification of the classical MRAS speed estimator was ap-
plied, described in detail in [20].

The main goal of this paper was to show that the imple-
mentation of the adaptive sliding-mode neuro-fuzzy controller
(ASNFC), with on-line tuned parameters, in combination with
the modified MRAS®C speed and flux estimator, enables very
good static and dynamic performance of the sensorless drive
system (perfect tuning of the speed reference values, fast re-
sponse of the motor current and torque, high accuracy of
speed regulation) in a wide speed range, from zero to the
150% of the nominal value.

The paper is organized as follows. After short introduc-
tion, the developed sensorless adaptive control structure for
the IM drive is described in Sec. 2. The algorithm for AS-
NFC is discussed and mathematical model of the MRAS®C is
presented, as well as its properties are shortly characterized.
In the next two sections simulation and experimental results of
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the proposed sensorless control structure are shown, respec-
tively. The dynamical performance analysis of the sensorless
drive system with ASNF speed controller is performed from
the point of view its proper operation in the normal speed
range as well as in the low speed region, which usually is
critical for classical drive control structure solutions.

2. Sensorless adaptive control structure

2.1. Adaptive sliding-mode neuro-fuzzy speed controller.
The classical PI speed controller, usually applied in the DR-
FOC structure of the IM drive (with the decoupling circuit
[2, 9]), is replaced in this study by the ASNFC, tuned on-line
in the model reference adaptive structure, as it is shown in
Fig. 1.

The tracking error signal e,, between the desired output
wmod Of the reference model and the estimated speed of the
drive system wy,, is used as a tuning signal. Control rules are
tuned so that the actual output of the drive can follow the
output of the reference model.

The general scheme of the used ASNFC is presented in
Fig. 2a. It describes the relationship between the speed er-
ror e(k), its change Ae(k) and the change of the control
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signal Au(k). This fuzzy controller can be regarded as of
PD-type. However, the control surface of the fuzzy system
can be also seen as the nonlinear switching function [8], so
this controller can be also regarded as the fuzzy sliding-mode
controller (FSC), as it is in the present study.

According to the literature, two main frameworks of the
fuzzy sliding mode control can be distinguished [5, 8]. In the
first one the switching surface s is calculated directly. Then,
on the basis of the obtained function s, the nonlinear switch-
ing function is approximated by the fuzzy system. The second
framework is presented in detail in book [21] and used in this
paper. In this approach the switching surface is not directly
visible. It can be calculated from the properties of the rule
base, which describe the relationship between the error (e)
and the change of the error (Ae). Similarly to the classical
sliding mode control, the switching surface is described by:

ey

where \* represents the slope of the switching line A\*e* +
Ae* = 0. The parameter A* can be calculated on the basis of
the range of the universe of discussion of the input variable
(e, Ae).
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Fig. 1. Schematic diagram of the adaptive speed control structure for the field oriented control of the IM drive
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Fig. 2. A general structure of PD-type or sliding fuzzy controller (a) and its detail representation (b) (PD-type or sliding FL — solid line;
PI-type after Ref. 6 — including dotted line)

The rule base of the fuzzy controller incorporates several
IF-THEN rules, in the following form:

R;: IF zy is A} and x5 is Ay THEN y = w;,  (2)

where x; — input variable of the system, Ag — input member-
ship function, w; — consequent function.

This controller can be realized as a general structure of
neuro-fuzzy system shown in Fig. 2b [5, 8, 21]. Moreover in
this figure the difference between PI and PD (or sliding) type
of the controller is shown.

The functions of each layer are presented as follows:

Layer 1. Each input node in this layer corresponds to the
specific input variable (z1 = e(k); xo = Ae(k)). These nodes
only pass input signals to the second layer.

Layer 2. Each node performs a membership function O?,
that can be referred to as the fuzzification procedure.

Layer 3. Each node in this layer represents the precondi-
tion part of fuzzy rule and is denoted by II which multiplies
the incoming signals and sends the results out.

Layer 4. This layer acts as a defuzzifier. The single node
is denoted by > and sums of all incoming signals. A defuzzi-
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fication process in the neuro-fuzzy network, known as the
singleton defuzzification method, is described by:

M
Au =y, = ijoj%. (3)
j=1

In this paper sliding neuro-fuzzy controllers with 9 rules
and triangular membership functions, shown in Fig. 2 is tested
(solid line), opposite to the paper [6], where PI-type NFC (in-
cluding doted line) was applied. The fuzzy controller is tuned
so that the actual motor speed w;,, of the sensorless drive sys-
tem can follow the output of the reference model w04 (see
scheme in Fig. 1a). The tracking error is used as the tuning
signal. The reference model is chosen as a standard second
order term [6, 8]:

w?

3
_ 4
52 + 2Cwp s + w2’ @
where ( is a damping ratio and w,, is a resonant frequency.
The supervised gradient descent algorithm is used to tune
the parameters wy, . . ., wys in the direction of minimizing the
cost function like:

Gn(s) =
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J(k) = %(wmod —wé)? = %efn. (3)

Parameter adaptation obtained using the modified algo-
rithm based on local gradient PD control is used:

U)J(k =+ 1) = U)J(k) =+ ’}/5003

- 3 (6)
= w;(k) + kpenO; + ka Aey,,

where Ae,, is the derivative of the e,,.

The derivative term is used to suppress a large gradient
rate. The dynamic property of the drive system strictly de-
pends on the value of the learning rates k,,,kq. The maxi-
mum value which guarantees the convergence of the system
can be obtained by the analysis of the discrete type Lyapunov
function [4].

The other controllers of the DRFOC structure (Fig. 1) have
been adjusted according to rules demonstrated e.g. in [23].

2.2. MRAS-type speed estimator. The main problem in the
sensorless IM drive, is proper estimation of the rotor speed
and the rotor flux vector — especially in the low speed re-
gion [9, 10]. State variable estimation methods used in the
advanced drive system applications should be less sensitive
to the drive nonlinearities and motor parameter uncertainties
(e.g. parameter identification errors). So in the proposed high
performance drive system, for the rotor flux and speed estima-
tion the newly developed MRAS®C estimator, proposed firstly
in [17], characterized with very good stability and robustness
to motor parameter changes is applied.

This MRAS®C estimator is based on the comparison be-
tween the measured stator current of the induction motor and
the estimated current obtained from the stator current model
(Fig. 3). Such stator current model requires the information
about the rotor flux vector. In the proposed MRASCC estimator
this state variable is calculated based on the speed dependent
current model of the rotor flux [2, 9]. Both stator current
model:

d., rrzv?n + ,T%TS .o 1
—1, = — 51 + ug
dt OTNZ T2 OTNTs
(N
T
OTNZsTr OTNTsTr
and rotor flux model:
d . r , |1
— W = | L(zpyis — ) + jwb B | — 8
dt’r xT(MS r)jmrTN ()

are adjusted by the estimated rotor speed, according to the
schematic diagram presented in Fig. 3.

The following notation is used in (7)—(8): wy,, —estimated
rotor speed, s, 1y, Ts, Ty, Ty — Stator and rotor resistances,
stator and rotor leakage reactances, us, ii, \IJ; — stator voltage,
estimated stator current and rotor flux vectors respectively,
o=1-22/zsw,. v = 1/27fsN.
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Fig. 3. Schematic diagram of the MRASC estimator

The speed adjustment algorithm used in this MRASCC es-
timator is different from the classical solution and is based
on the error between estimated and measured stator current,
according to the formula used in the full-order flux observer
with speed adaptation developed in [15]:

Wiy = Kp (e, V5 — e, V)0)

. , )
+K1/ (€ina Wy —€i,,V},) dt,
where ¢;,, , = isa,8 — i3, 3 — error between estimated and
measured stator current, \I/ia 3 — components of the rotor flux
vector estimated by the rotor current model; Kp, K; — co-
efficients, adjusted according to the stability analysis of the
estimator [20].

The obtained rotor speed value is used in the current mod-
el of rotor flux and stator current estimator as changeable
parameter, as shown in the Fig. 3.

The MRASCC estimator is more robust to the motor pa-
rameter changes than other adaptive estimators [17, 20], so
the whole control structure with the adaptive sliding mode
fuzzy neural network controller (ASNFC) supported with
MRAS®C estimator should be more robust to the motor pa-
rameter changes and load side inertia changes than classical
sensorless drive with PI controller used in the speed control
loop. Moreover this estimator is stable in the wide range of
the rotor speed and can work properly in the sensorless con-
trol structure, which was proved under theoretical analysis as
well as in simulation and experimental tests shown in [20].

3. Simulation results

The described sensorless control structure of the induc-
tion motor drive has been tested in simulation first, using
MATLAB/Simulink®, for 1.5 kW IM drive (see Appendix
for parameters). The most important problem in the sensorless
drive system with IM is stability in the low speed region. So
in this paper the simulation results for low speed region are
demonstrated, in similar operation conditions as for previous-
ly tested IM drive with ANFC of PI-type speed controller,
presented in [6], with an adaptive full order observer [14].

Bull. Pol. Ac.: Tech. 60(1) 2012
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The one of goals of this paper is to show the advantages of
the controller presented here, over the ANFC developed ear-
lier [6]. The quality of reference speed tuning depends on kg
and k,, parameters of the adaptive law (6). The bigger values
of these parameters cause the faster decrease of the system
tracking error. However, too large values of adaptation co-
efficients introduce the high frequency oscillations into the
system state variables. In order to select optimal values of
kq and k,, the nominal parameters of the drive are assumed.
Then parameters k4 and k,, were determined using off-line op-
timization (genetic) algorithm, to eliminate the tracking error
as soon as possible.

In Fig. 4 all state variables transients of the sensorless IM
drive and chosen weight factors of the ASNFC are demonstrat-
ed, and compared to the transients obtained for ANFC PI-type
speed controller tested previously in [6]. The drive system
with new controller performs much better, starting from the
beginning of the weights adaptation process. The speed error
is almost negligible, even in the first reverse operation peri-
od, on contrary to the previously tested adaptive ANFC of PI

type. Very good tracking performances of the sensorless drive
system are obtained, as well for nominal value of mechani-
cal time constant s as for the much bigger one. Transient
speed errors occur (up to 5%-10% pulse) only in the mo-
ment of very fast reference speed changes. It proves that the
proposed ASNFC is very robust to drive inertia changes and
can be implemented in the applications with such parameter
changes.

In all sensorless drive systems the serious problems occur
during zero speed crossing under full load. This situation was
tested in simulations and obtained results are demonstrated
in Fig. 5. Transients of the adaptive system during slow re-
verse of the speed reference with simultaneous step changes of
the nominal load torque value are presented there. The speed
tracking error is effectively damped by the ASNF controller
and only very small speed overshoots occur in the moment of
the load torque change (Fig. 5a). The sensorless adaptive drive
system does not loose the stability under zero speed crossing
and full load torque.
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In the Fig. 6 the similar long reverse operation is present-
ed, but in a different speed range, including the field weaken-
ing (from 1.5 wy to — wy). It is seen that the drive system
with ASNFC and MRAS®C speed estimator is stable for the
field weakening region and for zero speed operation. After
the reverse operation the weight factors are constant. So it
is proved in simulation that the proposed sensorless adaptive
control structure can work stable in the wide range of the
speed reference changes.

All well known speed and rotor flux estimators are sen-
sitive to the motor parameter changes. MRAS®C estimator
is less sensitive to the motor parameter changes than other
similar solutions, what was presented in detail in [20]. The
proposed control structure with MRASCC estimator has been
tested for the stator resistance r; mismatch and obtained re-
sults are compared to the structure with the classical P speed
controller (Fig. 7).

It can be seen in Fig. 7a, that even for the classical PI
speed controller (with constant gains) the control structure
is stable and works properly with wrong value of the stator
resistance, but only for no-load condition. If load torque is
different than zero, some small oscillations of the estimated
speed are visible in such case, similarly as noticeable oscilla-
tions of the stator current component i, which is responsi-
ble for the electromagnetic torque developed by the IM in the
DRFOC structure. Thus for the loaded drive with PI speed
controller and wrong identification of the stator winding re-
sistance, not stable operation of the rotor speed and current
1gy can be observed. When the PI speed controller is replaced
by the proposed ASNFC (Fig. c-d), controller adapts its pa-

rameters according to the adaptation rule (6) and tracks the
reference speed with high accuracy, thus it compensates also
the oscillations of the estimated speed (it should be mentioned
that parameters /{; and Kp in the speed adaptation mecha-
nism (9) of the MRASCC speed estimator are the same in both
cases).

4. Chosen experimental results

The whole adaptive sensorless induction motor drive with
MRASCC estimator has been implemented in the laborato-
ry set-up with PC computer using the dSPACE 1103 soft-
ware. 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 the SVM voltage inverter. The motor is coupled to a load
machine (AC motor supplied from an inverter). The driven
motor has the nominal power of 1.5 kW. The speed and po-
sition of the drive are measured by the incremental encoder
(36000 imp./rev — Kubler 580x), only for the comparison with
the estimated speed in the sensorless drive system. The drive
system operation was tested in various conditions, including
idle-running with and without load, slow reverse under load
and response of the system to reference speed and load torque
changes.

In the following figures chosen experimental results are
shown, where transient of the most important drive system
variables are demonstrated in all figures (reference, measured
and estimated speeds, speed errors, stator current components,
rotor flux vector, chosen controller weight factors w;).
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Fig. 8. Schematic diagram of the laboratory test bench
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First, in Fig. 9 the operation of the sensorless drive system
under changing load condition in relatively low speed region
is shown (as in simulations; see Fig. 4). A very fast dumping
of the speed overshoot under step changes of the load torque
is observed (Fig. 9¢). The changes of the stator current com-
ponent 7g,, presented in Fig. 9d, show directly the step load
torque changes of the drive system. Simultaneously the sec-
ond component ¢4, iS proportional to the nominal rotor flux
value, which is stabilized in the DRFOC structure.

To show the performance of the drive system under no-
load zero speed operation, which is critical for the sensor-
less operation [22], transients for braking to zero speed from
Wrey = F0.2wy are presented in Fig. 10. It can be seen
that the adaptation process of the speed controller performs
very well (it starts from zero weights, as usually). Also the
MRASCC estimator enables perfect tracking of the reference
speed while the real speed differs from the estimated one only
in the moment of sudden change of the reference value.
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Next, in Fig. 11 transients of the sensorless IM drive with
ASNEFC for cyclic reverse speed reference changes in a very
low speed range (+0.05wy) and no-load operation are pre-
sented. The error between the measured and estimated speed
oscillates around zero (Fig. 11b). The weights of the ASNFC
are automatically adjusted and depend on the mechanical and
electrical parameters of the tested structure (Fig. 11f). It can
be seen that the weight adaptation process is stable. Rotor
flux vector is constant, stator current components have prop-
er shapes and values, according to the DRFOC concept and
operation conditions of the drive system.

The sensorless induction motor drive with MRAS®C speed
and flux estimator and with the proposed adaptive sliding-
mode neuro-fuzzy speed controller works properly for the
idle-running and the load torque conditions in the wide range
of speed reference changes (Fig. 9-11). The behavior of the
real drive system confirms all theoretical results obtained in
simulations.

5. Conclusions

The sensorless IM drive with a model reference adaptive
speed control using on-line trained sliding-mode neuro-fuzzy

controller is presented in the paper. The structure and on-
line learning algorithm of ASNF is described. The perfor-
mances of the proposed system have been illustrated by sim-
ulation and experimental results. The simulations have con-
firmed the efficiency of the proposed adaptive scheme for
control of the sensorless IM without use of any qualita-
tive knowledge about the plant parameters. An adaptive con-
troller can deal with large range of drive parameter vari-
ations and external disturbance due to its on-line learn-
ing capability. The MRAS®C speed and rotor flux estima-
tor has ensured very good accuracy of the rotor speed
estimation, which has resulted in proper operation of the
drive system in the low speed range, under idle-running
and load torque changes, for fast and slow changes of the
speed reference value. The behavior of the real drive sys-
tem confirms all theoretical results obtained in simulations
and proves better performance of the ASNF speed controller
over the PI-type ANFC tested previously in [6] for the IM
drive.
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Fig. 11. Experimental transients of the IM drive for the reverse operation at low speed reference (£0.05wn) and T, = 0
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Appendix
Motor Data:
Rated values Parameters: 757 = 0.0188 [s]
Py = 1.5 [kW] ny = 2820 [rpm] Rs Ry Xs X Xm
Un = 230/400 [V] fn =50 [Hz] 3.68 4.033 119.93 119.93 115.77 (2]
In =5.9/3.4 [A] Py =3 0.0543 0.0595 1.769 1.769 1.7076 [p.u.]
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