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To improve the performance of permanent-magnet synchronous motor
(PMSM) drives powered by the voltage inverter with PWM control, a
sensorless control scheme based on a Model Reference Adaptive System
(MRAS) a fuzzy logic controller (FLC) based in with fuzzy supervisor
structure. The major drawbacks of the conventional MRAS, namely
chattering phenomena, high-order harmonics andexternal noise, are
discussed. These drawbacks affect the estimated speed accuracy of the MRAS
and reduce the control reliability of the system. To eliminate these
drawbacks, an FLC is designed and integrated into the MRAS to adjust the
observer gain to reduce the chattering in closed loop speed and closed loop
current/torque. Comparative simulations using the proposed Fuzzy-MRAS
and the conventional MRAS are performed to validate the effectiveness of the
proposed FLC structure. Performance simulations of the overall proposed
Fuzzy-MRAS based sensorless control scheme are performed to verify the

robustness and control reliability of the system. The results show that the
proposed Fuzzy MRAS has satisfactory performances with reduction of total
harmonic distortion generated in the phase currents.
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1. INTRODUCTION

In numerous applications today, Permanent Magnet Synchronous Motor (PMSM) is the preferred
AC drive compared to the others because of its special features, for instance, high power density, high torque
to current ratio and high efficiency. Hence, PMSM has been widely used in various fields and applications
such as manufacturing equipment, production machines, transportations, etc [1]. As an important application
of PMSM, the motion control requires not only the accurate knowledge of rotor position for field orientation
but also the information of rotor speed for closed-loop control; thus, position transducers such as optical
encoders and resolvers are needed to be installed on the shaft [2-3]. However, these sensors are expensive
and very sensitive to environmental constraints such as vibration and temperature [4]. In order to overcome
these problems, instead of using position sensors, a sensorless control method has been developed for control
of the motor. The basic principle of sensorless control is to deduce the rotor speed and position using various
information and means, including direct calculation, parameter identification, condition estimation, indirect
measuring and so on. The stator currents and voltages are generally used to calculate the information of
speed and rotor position [5-6].

The Model Reference Adaptive System makes use of the redundancy of two machine models of
different structures that estimate the same state variable (rotor speed) of different set of input variables. The
estimator that does not involve the quantity to be estimated is chosen as the reference model, and the other

Journal homepage: http://iaescore.com/journals/index.php/IJPEDS



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 1773

estimator may be regarded as the adjustable model. The error between the estimated quantities obtained by
the two models is proportional to the angular displacement between the two estimated flux vectors [6-7].

However, the conventional MRAS for PMSM sensorless control suffers chattering problem [8-9].
The presence of external disturbances and parameters variations in the motor limits the dynamic
performances of the traditional vector control method, when conventional Pl regulators are used.

So the aim of the present study is to develop a simple control strategy, which exploits the
advantages of the vector control strategy of the PMSM and overcomes the limitations of PI regulator in the
conventional MRAS obsever and in current loops. So, the combination of classical P| regulator and adaptive
fuzzy supervisor makes it possible to increase the precision of the mathematical algorithm in the classical
controllers with flexibility and simplicity of fuzzy linguistic formalism [14].

An adaptive fuzzy supervisor controller, have been proposed for the PMSM sensorless control in
closed loop estimate speed and closed loop current/torque.

2. MODELING OF THE SYSTEM
The synchronous permanents magnets machine can be elaborated by carrying out a modeling within
the meaning of Park. The machine model in the turning dysphasic reference (d-q) is written [8-9]:
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The electromagnetic torque is given by:
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3.  MRAS SENSORLESS SPEED CONTROL
Figure 1 shows the MRAS based speed estimation scheme. It uses the outputs of two models: one
independent of rotor speed (Reference Model) and the other dependent on rotor speed (Adjustable Model),

to form an error signal. A Pl controller is used in the adaptation mechanism for convergence in
the system [11-12-13].

—— Model

Figure 1. Structure MRAS for the estimate speed

The state space d-q axis stator currents of PMSM designed as reference model is given by:
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The state space d-q axis stator currents of PMSM designed as adjustable model is given by:

Lsq
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After developing adjustable and reference models, the adaptation mechanism will be built for
MRAS method.

The adaptation mechanism is designed in a way to generate the value of estimated speed used so to
minimize the error between the estimated and reference d-q axis stator currents. The error between the
estimated and reference d-q axis stator currents are defined as:

{fd =Isq — Isa )
=l — Isq
The state currents error component is:
o Lst qu I
] [ st _Lf ] [ Lsd, 4 (=) ©)
Tq

The state error model of the PMSM in the d-q synchronous reference frame is given as flow:

(€] = [Alle] + [W] (M
Where [¢] is the error state vector.
[W1is the output vector of the feedback block.

The system is asymptotically hyper stable when the counter-reaction block reacts to the
Popov inequality [11-12-13]:

fotl [e]T [W]dt = —y?in whicht; >0 (8)

Finally, we can conclude that the observed rotor speed satisfiers the following adaptation laws:
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Where k,zand kjgare the PI speed observer controller
The rotor estimated speed is generated from the adaptation mechanism using the error between the
estimated and reference currents obtained by the model as follows:

l(l) L LS ¢
& = (lyo +2 [S‘? fogea — (sd Iy + ) q] (12)

Lsq

Finally, the estimated rotor position is obtained by integrating the estimated rotor speed.

0=:0 (13)
4. PMSM FUZZY SUPERVISOR CONTROL

This system is composed of two parts: a block Pl type correction and the block for the fuzzy
supervisor control [14]. The control system block diagram suggested is presented in Figure 2.
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Figure 2. Block diagram of the proposed control system.

4.1. Classical PI correction

The PI regulator is used to produce a control response that is a function of the error magnitude.The
Proportional term (P) of the regulator is formed by multiplying the error signal by a P gain .As the error
signal becomes larger, the P term of the regulator becomes larger to provide more correction. In short, P is a
magnify function.

The Integral term (I) of the regulator is used to eliminate small steady errors. The (I) term calculates
a continuous running total of the error signal. Therefore, a small steady state error accumulates into a large
error value over time. This accumulated error signal is multiplied by an I gain factor and becomes the (I)
output term of the PI regulator.

4.2. Fuzzy Logic control

Fuzzy logic is able to use human reasons not in terms of discrete symbols and numbers, but in terms
of fuzzy sets. These terms are quite flexible with respect to the definition and values. The Basic configuration
of a Fuzzy Logic Controller (FLC) consists of the following components [14-15]:

a. Fuzzifier,

b. Fuzzyrule base,
c. Inference engine
d. Defuzzifier

The Fuzzifier changes the input (crisp signals) into fuzzy values. The fuzzy rule base consists of
basic data and linguistic rules. The engine is the brain of a fuzzy controller which ability to simulate the
human decision based on finally, the second transformation converts values into the real values.

A fuzzy controller is a special fuzzy system that can be used as a controller component in a closed
loop system. The integration of a fuzzy system into a closed loop is shown. Special emphasis is put onto the
transfer behavior of fuzzy controllers, which are analyzed using different configurations of standard
Membership functions [14-15].

The combination of classical control and the fuzzy supervisor control are based on the speed error
and its variation, the system performances respectively. We use the first advantage in transient state and the
second advantage in the steady state. The proposition bases of fuzzy supervisor rules to generate the weights
to be applied to each regulator gains Kp, K;. The used heuristic laws are:

Increase K if the system responses far from the reference to increase the convergence speed and
decrease Ki; if the system response is near from the reference to anticipate the overshoot.

This strategy of improving the control law in transitory state helps us to obtain better responses than using
only the Pl regulator alone [14-15].

Performance such as response time, overshoot at startup, overshoot for Load application, the Load
rejection time and the chattering reducing are the essentials elements of this strategy.

The inputs of the Fuzzy supervisor Pl controller are the error (), the error change (de/dt) and the
saturation (Vy,, = Isat — Igref), The Fis used in this study is a suguno type. The chosen membership function
for the input variables has triangular shapes as shown in Figure 3.
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Figure 3. Input & output membership function.

The rule base expressed by linguistic terms is shown in Table 1. Note that the distribution of rules in
table is symmetric. After “défuzzification”, the robustness analysis is quantified by the function u = f (error,
d — error, V_sat) which corresponds to a surface presented in Figure 4.

Table 1. Fuzzy Rules Used
dE, Vear U

Vsat

vZ~~ND9vZz®
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Figure 4. Fuzzy function (u)
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Figure 5. Block diagram of sensorless vector control of PMSM

5. SIMULATION RESULTS AND DISCUSSIONS

To demonstrate the performance of the proposed control scheme (see Figure 5), a set of simulations
is carried out on a PMSM model by using SIMULINK/MATLAB. The parameters of the tested PMSM are
given in Table 2. In this section, the speed setting is treated with adaptive fuzzy controller associated with
Model Reference Adaptive System powered by the voltage inverter with PWM control. The speed reference
trajectory is given by the following benchmark: (0, +100, -100, 0) rad/s.

Table 2. Parameters of the motor

Components Values Units

(O 5 Nm

Qn 1000 tr /min
Rs 1.67 Q

L 1.45 mH

P 3 e
D 0.17 Wb

] 3.107% Kg.m?

F 0.013 Nms/ rad

Figure 6 and (Zoom of Startup and Load application) illustrate the simulation results by the model
reference adaptive system (MRAS) with fuzzy suppervisor has superiority and gives the best performance and
robustness relative to the Model Reference Adaptive System of sensorless vector control in terms of low
speed behavior, speed reversion and load rejection as shown in Table 3, compensate considerably the
disturbances caused by the load variations and minimize the torque ripples (current) developed by the motor
(see Figure 7,8 and 9).

Table 3. Summary of proposed control simulation performance

Controller Da(%)  Tis) Tu(s) Es(%) Dp(%)  Ty(s)
MRAS 1.258  0.04 0.04 0 13 0.017
Fuzzy-MRAS 0.8 0.04 0.04 0 4.8 0.013
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Dy (%) The overshoot at startup
Dy (%) The overshoot for load application
T: (s) The response time
T (s) The rise time
Es (%) The static error
Ty (8) The load rejection time
Vsd, Viq Stator winding d, q axis voltage respectively
Lsa, Isq Stator winding d, q axis current respectively
Isa™* Lsg™ Reference stator winding d, q axis current respectively
Q The electric rotor speed
0 Reference rotor speed
0] Estimated rotor speed
0 Rotor position
on Permanent Magnet Flux
Rs Stator phase resistance
Lag, Leg The stator inductances of the axis d, q
J Inertia of turning parts
F Viscous friction coefficient
P Poles pairs number
C, Load torque
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Figure 6. The rotational speed (real, estimated, reference) in the vector control based on MRAS
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Figure 7: Simulation results: measured /5, measured Is4, measured phase stator current (Vector control

based classical control).
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Figure 8. Simulation results: measured /s, measured I5;, measured phase stator current (Vector control based
adaptive fuzzy control)
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Figure 9. Simulation results: zoom of measured /;,and measured I54

6. CONCLUSION

A robust control sensorless of a permanent magnet synchronous motor is presented. The simulation
results obtained in this work confirm its feasibility and validate excellent dynamic performance. The results
show a good estimation under different operating conditions and low sensitivity to external disturbances they
allowed us to get rid of especially mechanical speed sensor or position, which is expensive and fragile.
Concluded against the Model Reference Adaptive System is simple to implement, don't take into account the
measurement noise or the environment. It not require a long calculation time, and has a good dynamic
response speed and good disturbance rejection, it show a response time and efficient robustness. According
to the simulation results the model reference adaptive system (MRAS) with fuzzy suppervisor has superiority
and gives the best performance and robustness relative to the Model Reference Adaptive System of
sensorless vector control in terms of low speed behavior, speed reversion and load rejection with reduction of
total harmonic distortion generated in the phase currents.
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