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Abstract. The aim of this paper is to present a new
fuzzy tracking strategy for a permanent magnet syn-
chronous machine (PMSM) by using Takagi-Sugeno
models (T-S). A feedback-based fuzzy control with H
tracking performance and a concept of virtual reference
model are combined to develop a fuzzy tracking con-
troller capable to track a reference signal and ensure
a minimum effect of disturbance on the PMSM sys-
tem. First, a T-S fuzzy model is used to represent the
PMSM nonlinear system with disturbance. Next, an
integral fuzzy tracking control based on the concept of
virtual desired variables (VDVs) is formulated to sim-
plify the design of the virtual reference model and the
control law. Finally, based on this concept, a two-stage
design procedure is developed: i) determine the VDVs
from the nonlinear system output equation and gener-
alized kinematics constraints i) calculate the feedback
controller gains by solving a set of linear matriz in-
equalities (LMIs). Simulation results are provided to
demonstrate the validity and the effectiveness of the
proposed method.
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1. Introduction

The permanent magnet synchronous machine (PMSM)
drives are widely used in industrial applications such
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as production tools, computer numerically controlled
machines, chip mounted devices, robots and hard disk
drives. They are receiving increased attention be-
cause of their high efficiency, high power/weight and
torque/inertia ratios. However, their analysis and con-
trol is a difficult task, due to the inherent nonlineari-
ties and load torque. Thus, the linear control method
cannot ensure satisfactory performances. In order to
overcome the associated difficulties in the design of a
controller for PMSM, several schemes have been pro-
posed in the last three decades, e.g. adaptive control
[1], neural network control [2], nonlinear feedback lin-
earization control [3], sliding mode control [4], [5]. Re-
cently, many design methods based on the fuzzy control
theory have been proposed to deal with the problem of
tracking control for PMSM [6], [7]. We propose here
a new fuzzy tracking control for PMSM based on T-S
fuzzy models [8] by taking into account the variations
of load torque.

During the last years, the problem of tracking con-
trol of nonlinear systems using T—S fuzzy models has
been studied by many authors [9], [10], [11], [12], [13],
[14]. It has become popular because of its efficiency
in controlling nonlinear systems. Its main property is
to describe the local dynamics by linear local models
where the output of the global model is obtained by
fuzzy blending of these linear models through nonlin-
ear fuzzy membership functions. The fuzzy tracking
control of nonlinear systems aims to ensure the best
tracking between the output of the nonlinear system
and the reference. In [9], the tracking problem of non-
linear systems has been solved using a synthesis of both
the fuzzy control and the linear multivariable control
theories. However, in [I0], a novel concept of virtual
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desired variables has been proposed to simplify the de-
sign of the reference model and the control law. Based
on this concept, the tracking control problem can be
converted into a stabilization problem which has been
treated by several researches using Lyapunov approach
[15], [16]. The stability analysis of a T-S fuzzy system
needs a symmetric positive definite matrix to satisfy a
set of LMIs which can be solved efficiently by convex
programming techniques.

The fuzzy control of the PMSM based on the concept
of VDVs has been treated in [I7], [I8], [19], but with-
out taking into account the variations of load torque,
which represents the disturbance effect in the system.
Given that, in real industrial applications, the syn-
chronous machine is always affected by different distur-
bances; their presence deteriorates the tracking control
performance. Hence, many works have been done to
design robust control strategies for T-S fuzzy models.
For example, in [II], a robust fuzzy tracking controller
based on internal model principle has been introduced
to track a reference signal. On the other hand, in [12]
and [I3], the reference input is considered as a distur-
bance and is attenuated using a robust criterion. How-
ever, in [14] a H, tracking control has been introduced
to deal with the robust performance design problem of
nonlinear systems.

The objective of this work is to develop a new state
feedback controller for a PMSM based on the concept
of VDVs and the H,, tracking control. In this case, the
proposed controller is able to drive the state of the syn-
chronous machine to track a specific desired reference
and to reject a completely unknown disturbance. First,
the PMSM system with disturbance is represented by
a T-S fuzzy model. Next, an integral fuzzy tracking
control based on a set of VDVs is formulated to sim-
plify the design of the model reference and control law.
Finally, the tracking control performance of the aug-
mented fuzzy system is analysed by the Lyapunov’s
method based on H., control which can be formulated
into LMI problems. Simulations are carried out on
PMSM in order to verify the effectiveness of the pro-
posed methodology.

2. Problem Formulation

2.1. Mathematical Model of PMSM

The dynamic model of the synchronous machine in d —
q reference frame can be described by the following
nonlinear system [20], [21]:

#(t) = f(Z(t) + g(ZD)a(t) + I(@({@)w(t), (1)
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where
Bf 3p)\_
\ —7w(];) + ﬁzq(t)
FE(D)) = —%ww—zum—w@mw ,
ummw—%mw
i 1
g@) = | I, coEn) = | ¢ |
0 i 0
Lqg

) =[ w iq da ], d@t)=[ ug ua],
in which w is the rotor speed, w is the load torque (the
load torque is an exogenous disturbance), (iq, iq) are
the current components in the d-q axis, (uq, ug) are the
stator voltage components in the d — ¢ axis, (Lg, Lq)
are the stator inductors in the d — ¢ axis. The machine
parameters are: the stator winding resistance R, the
moment of inertia of the rotor J, the friction coefficient
relating to the rotor speed By, the flux linkage of the
permanent magnets A\, the number of poles pairs p.

In our work, the smooth-air-gap of the synchronous
machine systems are considered, i.e., Ly = Lg = L.

2.2. T-S Fuzzy Model of PMSM

In order to express the nonlinear model of the machine
as a T-S model with the measurable parameter (speed)
as decision variable, we rewrite Eq. in the following
nonlinear state space form:

where:
_BeospA
A
Aw®)=| -2 —F  —p(t) | w(t) =Cilt),
0 w(t) B
P L
0 O 1
1 [
B=|1 %|l,.c=[100],D=]| |
1
0 - 0

Assuming that the speed is bounded as: w < w(t) <@
and using the well-known sector nonlinearity approach
[22], the nonlinear system of the machine Eq. can
be described by a T-S model with r = 2! fuzzy If-Then
rules as follows:

Rule 1 : If z(t) is F11, Then
i(t) = A1 Z(t) + Byii(t) + Dyw(t).
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Rule 2 : If z(t) is Fi2, Then
i(t) = AyZ(t) + Baii(t) + Dow(t),

where z(t) = w(t) is the premise variable, F1; and Fi2
are the membership functions which can be defined as:

3)

50

0
w (t) (rad/s)

Fig. 1: Membership functions of the decision variable.

The matrices of the local models can be defined as:

'Bf@ -

J 2 _ =
Atk
A= _pi —=  —pw ,Dl =D, = OJ
L L
_ R 0
0 P 7
_& @ 0 1 0 0
J Qﬁ 1
A il
Ax = _pf -7 T ;B1i=Bo=| T (1)
R =
0 o =7 0 L

Using the product-inference rule, singleton fuzzifier,
and the centre of gravity defuzzifier, the above fuzzy
rules base is inferred as follows:

i(t) = Z hi(2(t))(AZ(t) + Byi(t) + Dyw(t)), (4)

where

for all t > 0, h;(2(t)) > 0 and > hi(2(t)) = 1.

=1

3.  Fuzzy Tracking Controller
Design

Our goal is to design a fuzzy controller capable of driv-
ing the state of the system Z(t) to track a specified
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set of VDVs Zy(t) and minimizing the effect of distur-
bance on the machine. The feedback tracking control
is required to satisfy:

Z(t) — Zq(t) = 0 as

(6)

According to g(t) = @(#(t)), it is natural to require
Ja(t) = @(Z4(t)), which denotes the desired output
state. Now, let Z(t) = Z(t) — Z4(t) be defined as the
tracking error and its time derivative is given by:

t — 0.

F(t) = #(t) — Fa(b). (7)

Replacing Eq. by its value in Eq. and adding the
term Y hi(2(t)) A (Z4(t) — Z4(t)), Eq. becomes:
i=1

8y

() = ; hi(2) (AE() + Dyw(t) + Bya(t)
+AT4(t) — Ta(t)

(8)

In Eq. , if we introduce new variable 7(t) that satisfy
the following relation:

S ha(=(O)BiA(E) = 3 hila(0) Bri(t)+

Z hi(2(t)AiZa(t) — Ta(t), 9)

where 7(t) is a new controller which will be designed
based on Parallel Distributed Compensation (PDC)
technique [15]. Using Eq. @, the tracking error system
Eq. can be rewritten as follows:

Ft) = 3 (=) (AF(H) + BAA(E) + Daw(t). (10)

The new local state feedback controllers are designed
to deal with the tracking control problem as:

Rule 1: If z(t) is F1; Then 7(t) = —K;Z(t),
Rule 2: If 2(t) is F12 Then 7(t) = —KoZ(t),

where 2(t) = w(t). The final output of the fuzzy con-
troller is determined by the summation:

7(t) = — Zhi(z(t))Kﬁ(t), i=1,..,r=2 (11

In order to reject slow varying disturbances according
to the PMSM, an integral action is added as shown in
Fig. The new fuzzy controller 7(¢) can be rewrit-
ten as:

7(t) = — Z hi(2(t) K — Z hi(z(t)Fidr,  (12)

where

— —

Fi(t) = /0 " Za.
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Fig. 2: Fuzzy integral tracking control scheme.

From Eq. , it can be rewritten:

81y

F(t) = _th(z(t))[ Ki F; ] [ I((tt)) } .

(13)

8y

Thus, the new controller 7(¢) is:
7(t) = — Z hi(2(t) K X (t).
i=1

The augmented T-S fuzzy model with an integral ac-
tion can be written in the following form:

X = 3 hi(:0)(AX (1) + Bi7(0) + Diw(®). (14)

< A; 0 - | By 5 _ | D
SRR R
In the case By = By =,...,B,, = B, the augmented

T-S fuzzy model can be written as:

T

X(1) = > hil2(#)[GiX (1) + Dyw(®)), (15)
i=1
where
G, —A,BK, B- [ B ]
4. H, Tracking Control Design

The purpose of present work is to design a fuzzy state
feedback controller in Eq. , for the augmented sys-
tem Eq. , capable to drive the state of the PMSM
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system to track the desired variables Z;(t) and guar-
anteed a minimum effect of disturbance on the PMSM.
The presence of w(t) will deteriorate the control per-
formance of the control system. In order to minimize
the effects of w(t) on the control system, the following
H, performances related to tracking error have been

considered [23], [24]:
/ T Xt R (at < 42 / T W, (16)
0 0

where 7 is a prescribed value, which denotes the worst

case effect of disturbance w(t) on X (t). The results of
H, norm bounded are given in following Lem. [T}

Lemma 1. The augmented fuzzy system described by
Eq. , if there exists XT = X > 0 common solution
of the following matriz inequalities:

AX+XAT -BM,-M7B” D, X
D7 —2 0 | <o.

X 0 —1I
(17)

foralli=1,...,r.

Then, the H,, tracking control performance in
Eq. is guaranteed for a prescribed ~ via the fuzzy
controller Eq. . The control gains are given by:

K, = M; X1 (18)

Proof. Consider the Lyapunov function V()? (t))
XT(t)PX(t) where P = PT > 0 the common positive

matrix. The time derivative of V()E: (t)) will be required
to satisfy the following condition:

V(X (1) < 0. (19)

In order to achieve the H,, tracking performance re-
lated to the tracking error, for Z4, Eq. becomes:

= =

V(X)) + XTOX () — vl (Ow(t) <0.  (20)

Replacing V()?(t)) by its value XTPX in Eq. 7 the
last equation can be written as the following form LMI:

ihi(z(t)) {)?T(GiP+PGiT))?+wT[ DI P |

+ ihl(z(t)))?T [P D; Juw—~7*w"w<0. (21)

This main:
- = G,P+PG! D,
. T T v g L
Sohteo) [ &7 o ] SRS Dy
[ X 1 <0. (22)
w
From Eq. , we can write:
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S hi(z())(GP + PG +1 PY hy(2(t)D;
=1 i

1
58
N
=
)

S
]

From Eq. , we can write:

éjl hi(2(t))(G;P +PG]) P Z hi(z(t))D;

S hi(2(t))DT P

i=1

I
+{0}[1 0]<o. (25)
Using the Schur’s complement, Eq. is equivalent
to:

3™ hi(=(1))(G/P + PGT)

=1

S hi(=(t))DIP 21 0o | <0
=1
1 0 -1
(26)
From Eq. , we can write:
(GiP+PG]) PD;, I
DIP -4’1 0 < 0. (27)
I 0 —I

After congruence with diag ([ P! I1 ]), inequal-
ity Eq. becomes:

P 00 (G,P+PG]) PD;, I

0o I 0]|- DI'P T 0

0 0 I I 0 I
Pl 00
0 I 0]f<o. (28)
0 01

Developed the last equation, Eq. can be written
as:

P (G,P +PG/)P~! P 'PD;, P!
D/PP! -1 0 | <0

P! 0 |
(29)

Considering X = P! and M; = K;X , we obtain the
same matrix as in Eq. (17):

AiX + XAlT - BM,L — MZTBT ]:_)z X
DY -’10 <0

X 0 -1
(30)
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< 0.

5. VDVs and Control Law
Design

In order to determine the VDVs Z;(¢) and control law
i(t), we use Eq. (9) which is rewritten below:

r

S ha(=(t)Bi(ii() — 7(1)) = — 3 h(=(1))

i=1 i=1

—

A Zq(t) + 2alt).

Assuming that:

Zh

Then, the equation Eq. can be rewritten as the
following compact form:

g(@)(@(t) = 7(t)) = —A(2)Za(t) + Za(t))-

By applying Eq. to the PMSM model, we obtain
the following matrix form:

(32)

0 0 i 322 0

1

2 Lo A

r O |an-rw)=-| -2 -2 —pu

0 1 0 g B

L p 7

wq Wd
igd |+ | g |, (33)
tdd tdd

where 7 = [r, 74]7 is the new controller to be designed
via LMIs approach; Z4 = [wq 4ga ida]” is the vector
of the desired state.

According to the first equation of Eq. , it follows

that:

Bf 3p/\

. = —_—— 4
wq 7 wq + 2] —lqd, (34)
which induces that:
By 2J
bod = — 35
tqd = (Wd + 7 Wd) 3]7)\ ( )

Note that for a PMSM there is no need for a flow
model. As a result, the position of the rotor is the
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Fig. 3: Diagram of the fuzzy tracking control of the PMSM.

angle of reference. Furthermore, as we have a smooth
poles machine, the best choice for its operation is ob-
tained for a value where the internal angle is equal 5
that means igg = 0. Consequently, we obtained the
following vector of the desired state:

wd B 2
Talwa) = | daa | = | GatFvagy | (30
tdd 0

where y4 is the desired speed. From the second and
the third equations of Eq. , we obtain the control
input:

{uq = p)\wd =+ Riqd -+ Liqd -+ pridd -+ Tq (37)

ug = —pLwigq + Rigq + L’de + 74.

Replacing i44 by its value in Eq. , we obtain the
fallowing control voltage:

{uq — pMwd + Rigq + Liga + 7, (38)

Uqg = 7pLUJZ'qd + 7q.

6. Simulation Results

In this section, simulation tests have been carried out
on PMSM to verify the effectiveness of the proposed
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method using the schematic diagram of the fuzzy track-
ing control given in Fig.[3] which has three main blocks:
The VDVs block, the Fuzzy Integral Controller (FIC)
block and the Nonlinear Tracking Controller (NTC)
block. The first block computes the vector of VDVs
based on the desired speed, which will be used by the
blocks: FIC and NTC, the second block calculates the
new control law based on the fuzzy control and the
objective of the last block is to generate the control
voltages that it will attack the PMSM via the inverse
Park and Pulse Width Modulated (PWM) elements.
Note that the NTC block needs some states that come
from VDVs block and the machine.

Using the Lem. [I] and the parameters of the PMSM
listed in Tab. the following control gains are ob-
tained:

K. _ | 38664 87633 0.0718
P71 —0.2105 —0.4954 0.2480 |’
K, _ | 38582 8.7454 0.0876

27| 0.2775 0.6448 0.2588 |’

F,o_ [ 29331 0.0192  —0.2939
17101920 —0.0093 1.1998 |’

Fo— | 29395 00143 0.2797
27 —0.1441 —0.0112 1.2043 |-
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Fig. 4: Simulation results for speed set-point (yq = 50 rad-s~!) with a load torque applied at t = 0.5 s.

Tab. 1: Parameter values of the PMSM.

Parameter Value Unity
Rated power 300 \W%
Moment of inertia J 6.36 - 10—% kg-m?
Stator resistance R 4.55 Q
Stator inductance L 11.6 mH
Flux linkage A 0.317 V-srad~?!
Friction coefficient By 6.11-10~3 N-m-s-rad~1!
Number of poles pair p 2 -
Speed bound w —50 <w <50 rad-s—1

The proposed scheme is verified in two cases:

6.1. Speed Regulation

Consider speed regulation of the desired speed y; = 50
rad-s~! with a load torque w = 5 N-m applied at
t = 0.5 s, the initial state is set to be z(0) = 0. The
simulation results for the desired and actual speeds, de-
sired and actual g-axis currents, desired and actual d-
axis currents and control voltage are shown in Fig.
Fig. Fig. and Fig. respectively, which
demonstrate that the time response of the regulation
control is very low, also the tracking error is very small
until the appearance of the disturbance at t = 0.5 s
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where only a little discrepancy become clear for a laps
of time before its rejection by the controller.

Furthermore, the less speed, current and voltage
tracking errors, the better the tracking performance,
highlights the good performances of the proposed fuzzy
control method in terms of tracking and disturbances
rejection. Results demonstrate that the machine sys-
tem with the synthesized fuzzy controller has a good
behavior. Indeed, the speed and d-q axis currents track
well the reference trajectory with good reliability over
the whole speed range. From Fig. Fig.
and Fig. it is clear that the current and voltage
responses are in the expected ranges.

Figure [5| indicates clearly the good tracking perfor-
mance in the case of low desired speed.

6.2. Sinusoidal Speed Tracking

Consider the sinusoidal speed tracking for y,(t) =
50sin(t) rad-s~! and a load torque w = 5 N-m ap-
plied at ¢ = 1 s, the initial state is set to be x(0) =
[40 0 0]7. The simulation results for the desired and
actual speeds, desired and actual g-axis currents, de-
sired and actual d-axis currents and input control volt-
age are shown in Fig. [6(a), Fig. |6(b), Fig. |6(c) and
Fig. respectively, Fig. |6 shows that time response
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Fig. 5: Response of PMSM for variable speed setpoint.

of the tracking is very low, the tracking error is ap-
parent, but very small and the system is robust to the
disturbance with only a little deviation during the dis-
turbance is applied.

Moreover, the proposed controller is compared with
the fuzzy state feedback controller developed in [I0]

60,

Speed (rad/sec)

6
Time(sec)

(a) speed and its reference

0.8

0.6F q

0.4r q

0.2r q

Current (A)
o

-1 I I I i
0 2 4 6 8 10
Time(sec)

(c) d-axis current and its reference

which has been applied to the PMSM in many works
like [I7], [18], [19]. The objective is to force the output
speed of the PMSM to track the step reference yq =
40 rad-s~!, in both controllers. Thus, the feedback
control gains obtained from the Theorem 1 [I0] are:

K. — 6.4802 7.4405  —0.3584
Y7 | 04546 —0.5098 0.0852 |’
K, — 6.4941 7.4719 —0.1526

271 0.0083 0.0114 0.0526

with the following diagonal positive matrix:

25 0 0
D=| 0 5 0
0 01

We applied the proposed state feedback controller
and the compared controller to the PMSM system (1)
using the same machine parameters listed in Tab. [I]
the initial value is set to be: x(0) = 0. The simulation
result is depicted in Fig. speed setpoint (dashed

Current (A)

2 4 6 8 10
Time(sec)

(b) g-axis current and its reference

40

30

20

i e e N e e o e A ]

Control Voltage (Volt)

Time(sec)

(d) control voltage

Fig. 6: Simulation results for sinusoidal desired speed (yq(t) = 50sin(t) rad-s~!) with a load torque applied at t = 1 s.
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Fig. 7: Simulation results for the comparison.

red), speed responses for the proposed fuzzy control
(solid blue) and for the compared controller (dash-
dotted green), respectively.

It is clear that the actual speed of the tracking con-
trol system can follow its desired trajectory for both
methods. Moreover, almost minimum time response is
ensured with less overshoot for the proposed controller,
as indicated in Fig.[7] To assess the performance of the
proposed controller, we have also used the Root Mean
Square Error (RMSE) between the output and its ref-
erence which can be defined by:

N

> (y(k) — ya(k))?

RMSE = \| *=L
N

(39)

The time response, the overshoot and the RMSE
resulting from the proposed and the compared fuzzy
tracking control are shown in Tab. [2, which demon-
strate that the proposed control strategy has better
tracking performance than that compared controller.
In addition, the proposed controller is able to reject a
completely the unknown disturbance.

Tab. 2: Comparison of the time response, overshoot and RMSE
relative to the performance of the control strategies con-

sidered.
Controller Proposed Co. | Compared Co.
Time response (s) 0.0014 0.0073
Overshoot (%) 0.59 11.13
RMSE 12.61 14.39

7. Conclusion

This paper outlines a new fuzzy integral tracking con-
trol scheme for nonlinear systems described by T-S
fuzzy model. To this end, an integral control scheme
and a fuzzy tracking controller based on VDVs has
been combined to design a robust controller able to
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reject a completely unknown disturbance. Sufficient
conditions for stability are derived from a Lyapunov’s
method based on H,, performances. The concept of
VDVs has been used to simplify the design of the ref-
erence model and the control law. The controller has
been tested successfully for a permanent magnet syn-
chronous machine. The results show that the desired
performances for the controlled system can be achieved
via the proposed fuzzy tracking control method.

References

[1] LIU, T. H.,, H. T. PU and C. K. LIN. Imple-
mentation of an Adaptive Position Control Sys-
tem of a Permanent Magnet Synchronous Mo-
tor and its Application. Power Electronics, IET.
2010, vol. 4, iss. 2, pp. 121-130. ISSN 1751-8660.
DOI: 10.1049/iet-epa.2009.0036.

LIN, C. K., T. H. LIU and S. H. YANG. Nonlin-
ear Position Controller Design with Input-Output
Linearisation Technique for an Interior Perma-
nent Magnet Synchronous Motor Control Sys-
tem. Power Electronics, IET. 2008, vol. 1, iss. 1,
pp. 14-26. ISSN 1755-4535. DOIL: 10.1049/iet-
pel: 20070177,

2]

[3] EL-SOUSY, F. F. M. Hybrid H..-Based Wavelet
Neural Network Tracking Control for Perma-
nent Magnet Synchronous Motor Servo Drives,
IEEE  Transactions on Industrial Electronics.
2010, vol. 57, iss. 9, pp. 3157-3166. ISSN 0278-

0046. DOI: 10.1109/TTE.2009.2038331.

[4] KAZRAJI, S. M. and M. B. B. SHARIFIAN. Di-
rect Thrust Force and Flux Control of a PM-
Linear Synchronous Motor Using Fuzzy Sliding-
Mode Observer. Advances in Electrical and Elec-
tronic Engineering. 2015, vol. 13, iss. 1, pp. 1-9.

ISSN 1804-3119. DOT: 10.15598 /aeee.v13i1.999.

BRIS, P., J. VITTEK and P. MAKYS. Position
Control of PMSM in Sliding Mode. Advances in
Electrical and Electronic Engineering. 2008, vol. 7,
iss. 1, pp. 198-201. ISSN 1804-3119.

[5]

[6] CHOI, H. H, V. T. T. NGA and J. W.
JUNG. Design and Implementation of a Takagi-
Sugeno Fuzzy Speed Regulator for a Per-
manent Magnet Synchronous Motor. IEEE
Transactions on Industrial FElectronics. 2012,
vol. 59, iss. 8, pp. 3069-3077. ISSN 0278-0046.

DOI:|10.1109/TIE.2011.2141091.

MAAMOUN, A., Y. M. ALSAVED and A.
SHALTOUT. Fuzzy Logic Based Speed Con-
troller for Permanent Magnet Synchronous Mo-
tor Drive. In: IEEE International Conference on

7

220


http://dx.doi.org/10.1049/iet-epa.2009.0036
hhttp://dx.doi.org/10.1049/iet-pel:20070177
hhttp://dx.doi.org/10.1049/iet-pel:20070177
http://dx.doi.org/10.1109/TIE.2009.2038331
http://dx.doi.org/10.15598/aeee.v13i1.999
http://dx.doi.org/10.1109/TIE.2011.2141091

POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 13 | NUMBER: 3 | 2015 | SEPTEMBER

Mechatronics and Automation. Takamatsu: IEEE,
2013, pp. 1518-1522. ISBN 978-1-4673-5557-5.

DOTI: |10.1109/ICMA.2013.6618139.

[8] TAKAGI, T. and M. SUGENO. Fuzzy Iden-
tification of Systems and Its Applications to
Modeling and Control. IEEE Transactions on
Systems, Man, and Cybernetics, Part C. 1985,

1, pp. 116-132. ISSN 0018-9472.

vol. 15, iss.
DOI: |10.1109/TSMC.1985.6313399.

[9] TSENG, C.-S., B. S. CHEN and H. J. UANG.
Nonlin-
ear Dynamic Systems via T-S Fuzzy Model.
2001,
3, pp. 381-399. ISSN 1063-6706.

Fuzzy Tracking Control Design for

IEEE  Transaction on Fuzzy Systems.
vol. 9, iss.
DOI: 10.1109/91.928735.

[10] LIAN, K. Y. and J. LIOU. Output Tracking Con-
trol for Fuzzy Systems via Output Feedback De-
sign. IEEFE Transactions on Fuzzy Systems. 2006,
vol. 14, iss. 5, pp. 381-392. ISSN 1083-4419.

DOI:10.1109/3477.826946.

[11] ZHANG, J., M. FEIL, T. YANG and Y. TAN. Ro-
bust Fuzzy Tracking Control of Nonlinear Sys-
tems with Uncertainty via T-S Fuzzy Model. In:
Third international conference on Fuzzy Systems

and Knowledge Discovery. Xian: Springer Berlin
Heidelberg, 2006, pp. 188-198. ISBN 978-3-540-

45917-0. DOI: |10.1007/11881599 21.

[12] CHEN, B. S., C.-S. TSENG and H. J. UANG.
Mixed Hs/H., Fuzzy Output Feedback Control
Design for Nonlinear Dynamic Systems: An LMI
Approach. IEEE Transaction on Fuzzy Systems.
2000, vol. 8, iss. 3, pp. 249-265. ISSN 1063-6706.

DOI: 10.1109/91.855915.

[13] TOULOTTE, P. F.,

Pole Placement in LMI Region.
vol. 21, iss.

DOI: |10.1016/j.engappai.2007.07.009.

[14] KHIAR, D. Robust Takagi
Control of a Spark Ignition Engine.
trol  Engineering Practice. 2007,  vol.
iss. 1, pp. 1446-1456. ISSN
DOI: |10.1016/j.conengprac.2007.02.003.

[15] TANAKA, K. and M. SANO. A Robust Stabiliza-
tion Problem of Fuzzy Control Systems and its
Application to Backing Up Control of a Truck-
Trailer. IEEE Transactions on Fuzzy Systems.
1994, vol. 2, iss. 2, pp. 119-134. ISSN 1063-6706.

DOI: 10.1109/91.277961.

S. DELPRAT, T. M.
GUERRAA and J. BOONAERT. Vehicle Spac-
ing Control using Robust Fuzzy Control with
Engineer-
ing Applications of Artificial Intelligence. 2008,
5, pp. 756-768. ISSN 0952-1976.

Sugeno Fuzzy
Con-

0967-0661.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

MANAI, Y. and Y. BENREJEB. New PDC
Controller Design for Stabilization of Con-
tinuous Takagi-Sugeno Fuzzy System. In:
10" International Multi-Conference on  Sys-
tems,  Signals and Devices. Hammamet:
IEEE, 2013, pp. 1-4. ISBN 978-1-4673-6459-
1. DOI: 10.1109/SSD.2013.6564116.

LIAN, K. Y., C. H. CHIANG and H. W.
TU. LMI-Based Sensorless Control of Permanent-
Magnet Synchronous Motors. IEEE Transac-
tions on Industrial Electronics. 2007, vol.
54, iss. 5, pp. 2769-2777. ISSN 0278-0046.
DOI: |10.1109/TIE.2007.899829.

JUNG, J. W., T. H. KIM and H. H. CHOI. Speed
Control of a Permanent Magnet Synchronous
Motor with a Torque Observer: a Fuzzy Ap-
proach. IET Control Theory and Applications.
2010, vol. 4, iss. 12, pp. 2971-2981. ISSN 1751-
8644. DOI: 10.1049/iet-cta.2009.0469.

OUNNAS, D., S. CHENIKHER and T. BOUK-
TIR. Tracking Control For Permanent Magnet
Synchronous Machine Based On Takagi-Sugeno
Fuzzy Models. In: 3" International Conference
on Ecological Vehicles and Renewable Energies.
Monte Carlo: IEEE, 2013, pp. 1-5. ISBN 978-1-
4673-5269-7. DOI: 10.1109/EVER.2013.6521548.

PARK, Z. L., Y. J. JOO, B. ZHANG and G.
CHEN. Bifurcations and Chaos in a Permanent
Magnet Synchronous Motor. IEEE Transaction
on Circuits and Systems: Fundamental Theory
and Applications. 2002, vol. 49, iss. 3, pp. 383—
387. ISSN 1057-7122. DOI: [10.1109/81.989176.

ZHAO, Y., T. ZHANQ and Q. SUN. Ro-
bust Fuzzy Control for Permanent Magnet Syn-
chronous Motor Chaotic Systems with Uncer-
tain Parameters. In: International Confer-
ence on Automation and Logistics. Shenyang:
IEEE, 2009, pp. 7-5. ISBN 978-1-4244-4794-7.
DOI: 10.1109/ICAL.2009.5262783.

OHTAKE, H. O., K. TANAKA and H. WANG.
Fuzzy Modeling via Sector Nonlinearity Con-
cept. In: IFSA World Congress and 20th
NAFIPS International Conference. Vancouver:
IEEE, 2001, pp. 127-132. ISBN 0-7803-7078-3.
DOI: |10.1109/NAFIPS.2001.944239.

UANG, H. J. and G. S. HUANG. A Robust
Fuzzy Model Following Observer-Based Control
Design for Nonlinear System. In: International
Conference on Control Applications. Hsin-Chu:
IEEE, 2004, pp. 171-176. ISBN 0-7803-8633-7.
DOI: |10.1109/CCA.2004.1387206.

(© 2015 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 221


http://dx.doi.org/10.1109/ICMA.2013.6618139
http://dx.doi.org/10.1109/TSMC.1985.6313399
http://dx.doi.org/10.1109/91.928735
http://dx.doi.org/10.1109/3477.826946
http://dx.doi.org/10.1007/11881599_21
http://dx.doi.org/10.1109/91.855915
http://dx.doi.org/10.1016/j.engappai.2007.07.009
http://dx.doi.org/10.1016/j.conengprac.2007.02.003
http://dx.doi.org/10.1109/91.277961
http://dx.doi.org/10.1109/SSD.2013.6564116
http://dx.doi.org/10.1109/TIE.2007.899829
http://dx.doi.org/10.1049/iet-cta.2009.0469
http://dx.doi.org/10.1109/EVER.2013.6521548
http://dx.doi.org/10.1109/81.989176
http://dx.doi.org/10.1109/ICAL.2009.5262783
http://dx.doi.org/10.1109/NAFIPS.2001.944239
http://dx.doi.org/10.1109/CCA.2004.1387206

POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 13 | NUMBER: 3 | 2015 | SEPTEMBER

[24] CHONG, L., Q. G. WANG and T. H. LEE. H,,
Output Tracking Control for Nonlinear Via TS
Fuzzy Model Approach. IEEE Transactions on
Systems, Man, and Cybernetics, Part B: Cyber-
netics. 2006, vol. 36, iss. 2, pp. 450-457. ISSN
1083-4419. DOI: 10.1109/TSMCB.2005.856723.

About Authors

Djamel OUNNAS received the B.Sc. degree in
electronic from Tebessa University (Algeria) in 2007.
Awarded with M.Sc. degree in Automatic from Uni-
versity Biskra in 2011. He is currently a research fellow
and Ph.D. candidate at the Setif Universitiy (Algeria).
He is a member in Laboratory of electrical engineering
of Tebessa University, Algeria. His interests are in the
areas of Fuzzy Control of Electrical Drives, Energy
conversion and Power Control, Power Electronics and
Drives.

Messaoud RAMDANI received the doctorate
d’Etat degree in Automatic Control from the Univer-
sity of Annaba, Algeria, in 2006. He is currently a Lec-
turer in the department of Electronics, faculty of Engi-
neering, University Badji-Mokhtar of Annaba, Algeria.
He has published over 36 journal and conference pa-
pers. His research interests include pattern recognition,

(©2015 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

fuzzy logic, machine learning, data mining and statis-
tical process control.

Salah CHENIKHER received the B.Sc. de-
gree in Automatic from Annaba University (Algeria)
in 1991, his M.Sc. degree from Annaba University
(Algeria) in 1996, his Ph.D. degree in Automatic from
Annaba University (Algeria) in 2007. His areas of
interest are: Fault detection and diagnosis in industrial
systems, Fuzzy Control of Electrical Drives, Energy
conversion and Power Control, Power Electronics and
Drives.

Tarek BOUKTIR received the B.Sc. degree in
Electrical Engineering Power system from Setif Uni-
versity (Algeria) in 1994, his M.Sc. degree from
Annaba University in 1998, his Ph.D. degree in
power system from Batna University (Algeria) in
2003. His areas of interest are the application of the
meta-heuristic methods in optimal power flow, FACTS
control and improvement in electric power systems. He
is the Editor-In-Chief of Journal of Electrical Systems
(Algeria), the Co-Editor of Journal of Automation &
Systems Engineering (Algeria). He serves as reviewer
with the Journals: Journal IEEE Transactions on
SYSTEMS, MAN, AND CYBERNETICS, IEEE
Transactions on Power Systems (USA), ETEP - Euro-
pean Transactions on Electrical Power Engineering.

222


http://dx.doi.org/10.1109/TSMCB.2005.856723

	Introduction
	Problem Formulation
	Mathematical Model of PMSM
	T-S Fuzzy Model of PMSM

	Fuzzy Tracking Controller Design
	H Tracking Control Design
	VDVs and Control Law Design
	Simulation Results
	Speed Regulation
	Sinusoidal Speed Tracking

	Conclusion

