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ABSTRACT

In this study, simulation studies of permanent magnet synchronous motor (PMSM) based on model reference
adaptive control method were performed using Matlab / Simulink package program. Instead of the PI
controller traditionally used in the Model Reference Adaptive System (MRAS), system performance is
examined using fuzzy logic and hierarchical fuzzy logic controllers (HFC). It is clearly seen in the simulation
studies that the hierarchical controller is superior to the fuzzy logic controller by giving better dynamic
response and less steady state error.
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1. INTRODUCTION

In order to provide high performance vector control in PMSM, precise measurement of rotor
position and speed is necessary. In conventional PMSM drive systems, speed and position
information are usually obtained using rotary encoders or resolvers. The use of these sensors;
Increases cost, size and cable complexity, and reduces the mechanical durability and reliability of
PMSM drive systems. The conclusion of research aimed at solving these problems of the last ten
years; it has shown itself to be the development of sensorless rotor position / speed drives with
dynamic performance comparable to position sensor based drives [1],[2]. Sensorless operation for
MRAS based speed control of permanent magnet synchronous motor has also been observed to
exhibit excellent dynamic speed response under speed reference change and load torque change
situations. Particularly at the same time, it has been found that the stator resistance change is
highly resistant to the motor inertia and viscous coefficient [3]. Sensorless vector control of
asynchronous motor was performed with MRAS with a new fuzzy logic adaptation mechanism.
Using a rotor flux-based MRAS velocity observer, velocity estimation is performed at very low
speeds. In addition, a new fuzzy logic adaptation mechanism has been proposed instead of the
classical constant gain Pl controller. Detailed comparison between the two designs was made
using indirect vector controlled asynchronous motor drive. Fuzzy logic implementation showed
that better performance in both open loop and closed loop sensorless operating conditions, against
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disturbance effects of load torque as well as better transient performance [4]. The sensorless
PMSM driver is designed with an MRAS-based adaptive speed estimator. Compared to previous
improved methods in the literature (such as extended kalman filter, artificial neural network and
sliding mode control), this method consumes less computation time and is also easy to implement
with microcontrollers and DSPs. Popov's criterion is used for the adaptive speed estimator with
the proposed method. The validity of the proposed adaptive strategy has been confirmed by
simulations and experiments [5].

In the study made by Raju and Zhou, the idea of hierarchical fuzzy control, the hierarchical
fuzzy system is made adaptable by adjusting the controller parameters according to the system
parameter change. The controller is applied to the water flow control problem of the steam
generator and its performance is tested by simulation [6].

To create the fuzzy rules of hierarchical fuzzy systems, a new type mapping rule base scheme
is proposed. The algorithm of this design has been developed so that the fuzzy rules that form the
middle layer of the hierarchical structure can be easily designed. Unlike conventional single layer
fuzzy controllers, this method has about performance using the same scaling factor. Examples are
given and the simulation results show that the algorithm is effective and feasible [7].

In this article, a sensorless speed control design based on the MRAS method is proposed. In
the adaptation mechanism, instead of the traditional Pl controller, the fuzzy logic controller,
which is widely used in nonlinear systems, and the hierarchical fuzzy logic controller, which was
not used in such a structure before, is used. The aim is to make a positive contribution to the
dynamic response of the system, to create a good adaptation mechanism for different operating
conditions and to improve the performance of speed tracking with minimum error. According to
the simulation results, the hierarchical controller proved to be superior to the fuzzy logic
controller by giving better dynamic response and less steady state error.

2. TRADITIONAL MRAS BASED SENSORLESS CONTROL

The purpose of the MRAS method is to estimate the stator dg currents and rotor speed as
accurately as possible. The MRAS consists of a reference model and an adjustable model. The
reference model uses the actual motor currents and voltages, and the adjustable model is used for
estimating the id and iq currents using the estimated speed data from the real voltages data [8].
The output of the reference model is compared to the output of the adjustable model, the
difference between the adjustable model and the error obtained from the reference model is sent
to the adaptation mechanism which adjusts the adaptive model, ensuring that the rotor speed is
estimated. The block diagram of the estimation technique based on the traditional MRAS method
is shown in Figure 1 [11].

Usabc id
: —»| Reference Model |ig
isabc A
or ud|  ug
A}
LN Adaptation
Adaptive Model 5 Mechansm(Pl)
Iq

1 or

Figure 1. Block diagram of the estimation technique with MRAS.
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d-q axis stator currents of PMSM designed as reference model:

dig Rs . ., Va
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Where vy and v, are the d-q axis stator voltages, Ls and R are the stator inductance and
resistance, respectively, o, rotor speed and v, rotor flux.
The current equations above can be written as:
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Equation (3) has variable speed information, which will be used for the adjustable model. The
PMSM is used as a reference model and generates the id and iq currents.
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If the equation (5) is abbreviated,;
d. L .
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The equation of the adjustable model is as follows;
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If the equation (7) is abbreviated,;
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In this model, the estimation of w, is necessary and the other parameters must not change. The

current fault is:

e=i'—il 9
de=Ae—1
dte— e W} (10)
v = De
Where;
w=(A& - A)i (11)
D =1 and, v=Ile=e.
A KY Lyl =% Lof =% |
(e B R A A A @
S L, L,
ig =g +—,iqg =iq, Vg =Vq + Swr,vq:\/q (13)
Lq Lq

119



M. Dursun / Sigma J Eng & Nat Sci 8 (2), 117-127, 2017
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2.1. Proposed adaptation design

q is obtained from the adjustable model and i, iq is obtained from the reference model

Figure 2 shows the traditional MRAS adaptation structure. The structure in Fig. 3 is proposed
with a slight change in the model. In this structure, instead of the traditionally PI controller, the
effects on the system performance are examined by using the firstly fuzzy logic controller and
then the hierarchical fuzzy logic controller. The system response is faster and further reduced the
steady state error with the design created with especially the hierarchical fuzzy logic controller.
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Figure 2. Traditional MRAS adaptation mechanism
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Figure 3. MRAS based on fuzzy logic design [11].

2.1.1. Fuzzy Logic Controller
The fuzzy logic controller has two input variables, the true id-iq, the estimated i_d-i_g, and

the error consisting of the current and the inductance values and the change of this error. Figure 4
shows that adaptation structure with the fuzzy logic controller used in Simulink environment.
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Figure 4. Adaptation mechanism with fuzzy logic controller

The K1, K2, and K3 values are the scaling factors and are chosen as 0.01. The membership
functions of the fuzzy logic controller are shown below. The membership function graph
corresponding to the error in Fig. 5, the membership function corresponding to the change in the

error in Fig. 6 and the output membership function in Fig. 7.
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Figure 5. Error () membership function graph
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Figure 6. Change of error (de) membership function graph
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Figure 7. Output (du) membership function graph

The rule table consisting of 49 rules for error and error change is shown in following Table 1

[10].
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Table 1. Fuzzy logic rule table

de N NB NM NS Z PS PM PB
NB | NB NB NM NM NS NS Z
NM | NB NB NM NM NS Z PS
NS NM NM NM NS Z PS PS
Z NM NM NS Z PS PM | PM
PS NS NS Z PS PM | PM | PM
PM | NS Z PS PM PM | PB PB
PB | Z PS PS PM PM | PB PB

2.1.2. Hierarchical fuzzy logic controller

Simulink block diagram of the proposed hierarchical fuzzy control adaptation mechanism is
shown in Figures 8 and 9 [11].
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Figure 8. MRAS based on hierarchical fuzzy logic design

The HFC input variables selected in this way are the actual and estimated d and q axis
currents produced by the reference model and the adaptive model and their variations.

The hierarchical structure designed in this way will prevent exponent increase in the rule table
of an added the third input variable. Also it is aimed to benefit from the performance-enhancing
effect of these variables.

The structure of the HFC consists of two fuzzy subsystems, including each two inputs and one
output variable. The input variables of the first fuzzy subsystem are iy — 14 and Ay — Tq), extra
A(iq —14) with output of this subsystem Au variables are input variables of the second fuzzy

subsystem [11].

All membership functions used in the fuzzy structure in the first subsystem, their boundary
values, and the positions of the fuzzy clusters are set to achieve optimum performance. The fuzzy
structure to be used in the case of the second sub-system is designed utilizing input and output
variables. Input and output membership functions of the first fuzzy subsystem are shown in Fig.
10. Input and output membership functions of the second fuzzy subsystem are shown in Fig. 11.
The rule tables are given in Table 2. In these fuzzy structures obtained using Anfis, there are 3
fuzzy sets and 9 rules in total for each membership function [11].
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Figure 9. Hierarchical fuzzy logic controller adaptation mechanism
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Figure 11. Membership functions of the second subsystem, a) Au, b) Ae2 , ¢) A®
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Table 2. Rules table for fuzzy subsystems

Ae, N Z | P Ae; | N Z | P
e Au
N N N |[Z |N N N | Z
Z N Z |P | Z N Z | P
P YA P P |P z P | P

So the rule number of all HFC is k? + k%=9+9=18. Instead of this, if the classic fuzzy control
system had been used for the three-entry control system, if we consider the increase in
membership functions to achieve the same performance, the total number of rules would have to
be my*my*m; =7*7*7=343. In addition, setting these rules would make the design of the control
system very difficult.

In addition to this design, optimum scaling factors for performance enhancement were
determined using the trial and error method as shown in Table 3.

Table 3. Scaling factors used in HFC structure
Selected Scaling Factors
K1 K2 K3 K4 K5
1 1 1 1 0.1

3. CONCLUSIONS FROM SIMULATION STUDIES

Fig. 12 (a) shows the speed error due to speed change and speed change between 500 rpm and
-500 rpm in the simulation results obtained for the different operating values with the fuzzy logic
controller in the sensorless field effective control of the PMSM. Fig. 12 (b) shows the actual angle
value, the estimated angle and the difference graph between that.
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Figure 12. According to the fuzzy logic adaptation mechanism a) speed changes and error b)
position changes and error

Fig. 13 (a) shows the speed error due to speed change and speed change between 500 rpm and
-500 rpm in the simulation results obtained for the different operating values with the hierarchical
fuzzy logic controller. Fig. 13 (b) shows the actual angle value, the estimated angle and the
difference graph between that.
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Figure 13. According to the hierarchical Fuzzy logic adaptation mechanism a) speed changes and
error b) position changes and error

4. RESULTS

In this paper, a novel sensorless speed estimation method for PMSM is investigated. Instead
of the traditional P1 adaptation mechanism, structures such as fuzzy logic and hierarchical fuzzy
logic have been investigated for their superiority to each other. It is clear from the simulation
studies that the system with hierarchical structure gives better performance and less steady state
error than fuzzy logic system in terms of speed and position estimation. The system is more stable
and has less oscillation with the proposed adaptation method. In addition, errors in speed and
position estimates are much lower than fuzzy logic.
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