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Abstract

The objective of our work presented in this paper is to control a permanent
magnet synchronous machine (PMSM) using fuzzy models of Takagi-Sugeno
(TS). the T-S fuzzy output tracking control will be presented. From the
stability analysis results, we have some inspiration to deal with the output
tracking response, and control input should satisfy constraint of generalized
kinematics. Here we assume that all states are measurable. Control gains can
be obtained by LMI numerical toolboxes. By the way, the speed tracking
control problem for the PMSM using the feedback linearization methodology
isintroduced.. The simulations are performed under the MATLAB 6.5.
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Introduction
The DC machines were the most used due to the smplicity of their control. However,
these machines have a great problem of reliability and cost is relatively expensive.
Recently, it was thought to replace them in many applications for synchronous
machines, which have the advantage of being more robust, inexpensive and simple
construction [1].

In recent years, thanks to its low operating costs, the scalar control has shown
great efficiency [2]. It is to control the torque by controlling the amplitude of stator
currents. To do this, the amplitude of the reference phase currents is generated by the
proportional-integrator (Pl) speed. However, this strategy control suffers from a major
handicap. Indeed, its dynamic performance is limited due to the coupling between the
flow and the electromagnetic torque. In addition, this method of control offers no way
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to reduce the flow of excitement generated by the magnet, which limits the speed at
rated speed.

To remedy this problem, we have used the vector control [3] [4]. It is an approach
control that is developed from the model of Park (d, g). Thus, it isto select and guide
the repository (d, ) to linearize the best model of the machine, which makes the
behavior of the permanent magnet synchronous machine similar to the DC machine.

Another approach has proven effective for nonlinear systems. The control based
on fuzzy logic. Since the work of Lotfi Zadeh [13], fuzzy logic has been very
successful not only in the context of modeling systems, but also within the control of
complex nonlinear systems. Several applications using fuzzy systems have been
developed in several areas of electrical engineering. The fuzzy models of Takagi-
Sugeno [14], have the ability to approximate any nonlinear function, but do without
the explicit models of the process. The control laws are commonly used for the fuzzy
models of Takagi-Sugeno are nonlinear static state feedback called control PDC
(Parallel Distributed Compensation) [15].

In this sense, the objective of our work is to control the PMSM via fuzzy models
of Takagi-Sugeno, we will discuss the tracking control on T-S fuzzy model. The
tracking control problem can be considered as a generalization of stabilization
problem. We give the basic structure for output tracking control, whereas all states are
temporarily assumed to be measurable.

Basic Fuzzy Tracking Control [16]
Consider a general nonlinear dynamic equation:
x(t) = f(x(®) + g(x(@®)u(®) (1)
y(®) = h(x(®))
y() = ¢(x(t))

where x(t) € R™ isthe state vector; y,ye R™ are the measured output and controlled
output (variables), respectively, u(t) eR™ is the control input vector; f(x), g(x),
h(x) and g(x), and ¢(x) are nonlinear functions with appropriate dimensions. The
measured output and controlled output may often be the same, but not always. The
nonlinear system (1) can be expressed by the TS fuzzy system:

Rulei:IF z; is Fy; and ...and zg is Fy 4

THEN x(t) = A;x(t) + Bju(t),i = 1..r

where z;~z, are the premise variables which would consist of the states of the
system; F; (j = 1,2,... g) are the fuzzy sets; r is the number of fuzzy rules; A; and
B; are system matrices with appropriate dimensions.

Tracking Control Design
For output tracking control, the control objective isrequired to satisfy:
y@t)—r(t) > 0ast > oo
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where r(t) denotes the desired trajectory or reference signal. In order to convert the
output tracking problem into a stabilization problem, we introduce a set of virtual
desired variables x; which are to be tracked by the state variables x. According to
y(t) = @(x(t)), it is nature to require r(t) = @(x,). First we can dene a T-S fuzzy
representation of a nonlinear plant model as:

T

£(6) = ) h(2O)Ax(®) + Bu(®) (2)
i=1

Let X (t) = x (t) — x4(t) xd(t) denote the tracking error for the state variables.
Thetime derivative of ¥ (t) yields:

) X (1) =% (t) — %4(t)
£(0) = ) h(2O)Ax() + Bau(®)} — %a(0

% (0) = Z hy(2(0) Aix (6) — Z hi(2(D) Aixa (£) + Z hy(2(0)Bu(t)
i=1 i=1 i=1
+ ) h(20)Asra(®) = £a(®) (3)
i=1

In (3), we assumethe latter asfollows

Z hi(2())Bit = Z hi(2(0)Axa(®) — %a(t) (4)

Using (4), then the tracking error system (3) is rewritten below:
r

£#(0) = ) h(2©)AF() + Ba(®)} ()

According to the above description, we can nd that the tracking control is similar
to the stabilization problem. Then, our control purpose change to make the new state
~ X(t) = 0. In this situation, it is the same as the origin state x(t) track to our
objective x;(t). Now a new fuzzy controller t (t) is designed to deal with the
tracking control systems as:

Controller Rulei: if z;(t) is Fy; and ... z4 (t) is Fy;
thent (t) = —K;x(t),i = 1,2, ...,r

The inferred output of the PDC controller is determined by the summation:
T

1(© == ) h(z(0) K&®) 6)

Using (6) in the tracking error system (5), we obtain the closed-loop system:
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0 = ) ) (=) (2(0)(6)F® ()

i=1j=1
where Gl] = Ai - Bll(]
The exponential stability for system (7) is addressed below.

Stability Analysis
Theorem [17]: The fuzzy system (7) can be stabilized viathe PDC controller, if there
exists acommon positive definite matrix X and M; (i = 1...r) such that:
—XAT + A.X — MTBT + B;M; > 0, i
=12..1 —XA] — A;X — XAT—A;X + M/ B] + B;M; + M B]
+ B;M; 2 0,i < (8)

Where
hi(z(©))hi(z(t)) 0,6 > 0,P = X" 'and K; = M; X!

The stability conditions for output tracking are same as thes tabilization problem.
This means that the feedback gains K; in (6) can be obtainedby directly solving
stabilization problem. The main dierence of the control law (6) for output tracking
from stabilization problem comes from x (t) — x,4(t). In what follows, the virtual
desired variables xd is to be discussed.

Constraint of Generalized Kinematics
The remaining design for the output tracking isto determine x,;(t) and then obtain the
practical controller input u(t). To this end, we use the fact:

T

909 = ) hi(z(0)B;
i=1
and rewrite (4) as the following compact form:
g (u®) — () = —A()xa(t) + x4(8)) (9)

where

A(x) = Z hy(2(0)A;
i=1

From (9), the existence of the control input u(t) depends on the form of g(x).
Here, the input matrix g(x) is assumed with full-column rank. If necessary, we can
rearrange the coordinate framein (1) such that:
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On—m An—m
g =|-=——| A = ————](10)
B(x) A (x)
Xdp—m
xq(x) = ;d—m 0

where 0,,_,, € R =™ XM s a zero matrix and B (x) € R™*™.Consequently, the

condition (9) iswith the following form:

i [ = At
xd (t)m - Am(x)xd (t)

| an
B(x)(u—1)

As aresult, the virtual desired variables are determined according to the following
constraints:
r(t) = o(xq) (12)
X()n-m = An—m(0)x4(t) (13)

where (12) rises from the output equation and (13) is due to (11). Also from (11),the
practical control input:

= M(ZO)Fi% + B0 [Ka(OmAn (%]

Application on PMSM
By considering the classical simplifying assumptions, the dynamic model of the
Permanent Magnet Synchronous Machine, in the synchronously d-q reference frame,
can be described as [2]:
( da) 1 B
dt ¢v q 7 L - 70)
di, R ¢ 1
-4 |4 2 - 14
<dt qu+pwld+pr+Luq (14)
dig R, pwi. 4
\ de | LTP@a Ty ta

Where w(t) isthe rotor speed, (i4, i,) are the d-q axis stator currents, (u,, uy) are
the d-q axis stator voltages. The load torque T, is a known step disturbance. The
motor parameters are: / the moment of inertia of the rotor, R the stator winding
resistance,(Ly = L, = L) the d-q axis inductances, B the friction coefficient relating
to the rotor speed, ¢,, the flux linkage of the permanent magnets and p the number of
poles pairs.

To transform the nonlinear model of the machine into a fuzzy linear Takagi-
Sugeno model, the adopted method is to use a transformation on functions of one
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variable, asfollows[17]:

Lemme: for xe[—b,a],a,beR*, conseder f (x):R —» R a bounded function, then
there are aways two functions w; (x) and w,(x) and two scalars a and S verifying
the following properties:

fO) = a.w;(x) + B.wy(x) (15)

wy(x) +wy(x) =1L, wi(x) = 0,w,(x) =0

Proof: Considering that f (x) bornéetel que:
fmin =< f(x) < fmax

we can always write:

fO) = a.w;(x) + B.wz(x) (16)

whith
& = frmax B = fminn W1 = %’
and w. = M
2 fmax - fmin

The system of equations representing the MSAP can be written as:
x =A(w)x + Bu+ A(t) (17)

whithx = [w iy g7, u=[Ug Ua]”
i 3p¢_ B

— i, ——w

2] 7]

_| R, . P

A(w) = — T lq —Pwiq = !

Introducing plant rule of fuzzy model:

Plant Rule 1: if z,(t) is Fy;
x(t) = Ax(t) + Byu(t) + A (t)
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Plant Rule 2: z,(t) is F,, THEN
x(t) = A,x(t) + Bou(t) + A, (t)

F;, and F,; are fuzzy sets. The premise variable z;(t) is w(t) and is assumed to
be bounded.

w € [d,D]

The corresponding membership functions are:
Fi1 = hy, Fip = hy

Where
F _w—d R _D—w
11_D—de 1254
The subsystem matrices are:
B 3pdy
] 2]
_| pdy R
Ay =|— = —pD
! L L P
0 D R
p L_
B 3pd ]
Ji 2]
R
A, =|_Pb _RB
? L r P
0 d R
_0 0 p L_
10 _%TL
Blszz Z ,A1=A2= O
0 % 0

The virtual desired variables x; are needed to satisfy (9), which is rewritten
below:

g (u@®) — 7)) = —A(x)xa(t) + %4(t) (18)

Then we obtain the following matrix form
B 3P¢,

0 O —— 0
1 0 pgb 21]2 Ya Wa
Ls (u®) — () = —|- L - —L—S —pw ||lqa |+ |lqa
1 s s lqgd lcid
0 — Rg
Ls 0 pw I

[
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The second index word d denotes the desired states. According to the first
equation, it follows that:

. B 3pd, .
Wgq = —T(Ud +qud
which induces that:
. ., B 2] . . B .\ 2
lqd = (a)d + Ta)d>%lqd = <0)d +70)d) 3p¢v

Then, from the second and the third equations, we can obtain the control input:
Ug = pPpwg + Rsigq + LS%(iqd) + Lypwigq + 174
uy = ~PLswigq + Rglgq + Ls%(idd) + 74 (19)
Since the rotor ismagnet in PMSM i;,; = 0, We obtained the following form:

uq = pd)v(l)d + RSiqd + ledd + Tq
ug = —pLswigg + 14

where 74, T, are new controller to be designed via LMI approach. The inferred output
of the PDC controller is determined by the summation:

2
T= —Z hiFi(x — xq)
i=1

wheret = [Tq Td]T, X = [(U iq id]T, Xg = [(Ud iqd idd]T

Simulation Results

The control gains K;, K, are obtained by solving LMIs (8). In LMI numerical
toolboxes, using the motor parameters [19] and setting the nonlinear term w € [d, D],
withD = 50,d = 0, weobtained P, K;, and K, asfollows

3.1 -10.8 0.4
P =1-10.8 1755.5 -66.7
0.4 —66.7 204.1

—0.6160 —2.5490 0.1030

0.0826 —10.6374 —3.8083
—-0.6182 —2.1635 0.0884]

0.0204 —1.6938 —4.1936

|
|

In d — q axisframe, simulation results are shown in Fig. 1, Fig. 2 and Fig. 3. They
are the traces of the w,, w speed, iqq, iy current, and iyq, ig current. for the initial
conditions [30rd/s, 0.54, 0.54]" and the desired speed:

wy(t) = 25sint + 25
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Figure 1: Timeresponse for w,; and w for d — q axis control
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Figure 2: The response of current i, and i, for d — q axis control
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Figure 3: The response of current i;; and d for d — q axis control
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In d — q axisframe, simulation results are shown in Fig. 4, Fig. 5 and Fig. 6. They
are the traces of the w,, w speed, iyq, iy current, and igq, ig current. for the initial

conditions [0rd /s, 04, 0A]" and the desired speed:
50

—trad/sec,t < 3
wq(t) = {3 tTad/sec
50 rad/sec,t = 3
60
o

50

a0t
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Figure 4: Timeresponse for wg4, w for d — q axis control
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Figure5: Time response for i, and i, for d — g axis control
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Figure 6: Timeresponsefor iy and i;4 for d — q axis control

I nter pretation of Results

We have shown by two separate simulations that the tragjectories of the system follow
the desired trgectories. The first ssimulation concerns a desired speed, whose function
is: wy(t) = 25sin0.5t + 25, the second is that it thee another desired angular
velocity, whose functionis:

50
wy(t) = ?trad/sec,t <3
50 rad/sec,t = 3

Conclusion
In this paper, we studied the Sensorless Output Tracking Control problem based on T-
S Fuzzy Approach, the state feedback we used a control law of type PDC.

Then we applied this approach to permanent magnet synchronous machine, we
found that all the trgjectories of the system are part of the desired trgjectories

Parametres De La Machine

R, = 45510

Ly = 11.6 mH

] = 6.36e — 4Kg - m?

B = 6.11e — 3N - m - sec/rad
¢, = 0.317V - sec/rad

P = 2 pairs

Nouns Explaining
PMSM: Permanent Magnet Synchronous Motors
PDC: Parallél Distributed Compensation
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T-S fuzzy: Takagi-Sugeno fuzzy
LMIs: Linear Matrix Inequalities
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