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This paper investigates how to address the chaos problem in a permanent magnet synchronous generator (PMSG) in
a wind turbine system. Predictive control approach is proposed to suppress chaotic behavior and make operating stable;
the advantage of this method is that it can only be applied to one state of the wind turbine system. The use of the genetic
algorithms to estimate the optimal parameter values of the wind turbine leads to maximization of the power generation.
Moreover, some simulation results are included to visualize the effectiveness and robustness of the proposed method.
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1. Introduction

To protect the environment from the impact of fossil fuel
emissions and fossil fuel exhaustion, the amount of wind en-
ergy generated has been increasing at a faster pace in the last
few years.!!l The wind turbine converts the kinetic energy of
wind into mechanical energy, and then into electricity; the ro-
tor blades capture a portion of wind energy, and transfer it to
the hub which is fixed on the shaft of the wind turbine. It then
transmits the mechanical energy to the electrical generator that
converts mechanical energy into electrical energy. >3]

The wind turbine producing electrical energy can use sev-
eral types of generators, like the double feed induction gen-
erator (DFIG),!*! the doubly salient electromagnetic gener-
ator (DSEG),!®! the permanent magnet synchronous genera-
tor (PMSG),[G] and so on. The choice depends, among other
things, on the range of power and location of use.

Thanks to the many advantages of the PMSG like the low
manufacturing cost, the high speed, the robustness, compact
structure, high efficiency, high torque to inertia ratio, and high
power density, the PMSG is interesting for an application gen-
erator coupled to a wind turbine and widely known in the in-
dustry as a configuration of the most promising wind. In recent
years, many researchers have been interested in the control of
PMSG. 78]

The PMSG is a typical high nonlinear, multivariable cou-
pled system, and its performance is very sensitive to load
disturbances, friction force, and variations of its parameters
when the motor shaft is directly coupled with an external
load. Some investigations have indicated that the PMSG ex-
periences chaotic behavior when system parameters fall into a
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certain area.!
mainly as intermittent ripples of torque and low-frequency os-
cillations of rotational speed of motor, can severely damage
the stabilization of the motor and even induce drive system
collapse. All these factors make it a challenging problem
to control the PMSG to get perfect dynamic performance in
the real application. The chaos suppression and control in a
PMSG have received much attention in the field of nonlinear
control of the electric motor. Until now, various control meth-
ods have been developed for chaos suppression and control in
a PMSG.!2-19

Since the chaos control problem was first considered by
Ott et al. in 1990, it has been investigated extensively by
many researchers. Recently, many valuable control methods
have been developed to control chaotic systems, such as the
sliding mode control method, 21! adaptive control method, 22!
backstepping method,?>?*1 the passivity feedback control
method,>>?%] constrained generalized predictive control,?”!

28-30] 4nd other methods. [31:32)

predictive control,

This paper investigates the control of chaos problem in
PMSG via predictive control approach. This method is based
on combining the delay feedback control method of continu-
ous chaotic systems with the predictive control method of dis-
crete time chaotic systems. To achieve this aim, the genetic
algorithms are used to estimate the optimal values of the pitch
angle of the adjustable blades turbine and the angular speed,
then, a command that will force the generator to follow the
optimal trajectory to generate the maximum power will be de-
veloped.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Wind turbine modeling

The configuration of a PMSG wind turbine is shown in
Fig. 1. The variable speed wind turbine, including the me-
chanical components, the direct drive PMSG, and so on, is a
complex electromechanical system. The description of these

components will be presented as follows. 33!
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Fig. 1. (color online) Configuration of a PMSG wind turbine. v: wind; Py:
the power extracted from the wind; MSC: machine-side converter; GSC:
grid side converter; f: pitch angle; ugy,: stator three-phase voltage; isypc:
stator three-phase current; Vg.: dc-link voltage; P, and Q.: the active and
the reactive output power respectively; ijaps: load current.

2.1. Aerodynamic model of wind turbine

The mechanical power extracted from the wind can be
expressed as follows:

1
Py = 5pTRVGy, (1)

where p is the air density, R is the turbine radius, Vj, is the
wind speed, C;, is the power coefficient representing the aero-
dynamic efficiency of the wind turbine, and C; is the drag co-
efficient. In this paper, we assume C; is constant for simplicity
and C, depends on the tip speed ratio A and the pitch angle 3,

given by!!°]

G (4,B) = a (Cz <A+é.08ﬁ - 23043—51) —csﬁ—c4>

0.035

[ A SR
% e <l+0.085 ﬁ3+'>+cél, )

with ¢; =0.5109, ¢o =116, c3 =04, c4 =5, c5 =21, ¢ =
0.0068, where A represents the ratio between the blades linear
speed and the wind speed, which is given by

A=— 3
V.’ 3)
where w is the rotor angular speed. When A = Aoy (the opti-
mum value of 1), C;, has its maximum value Cpmax as we can
see that in Fig. 2. According to Egs. (2) and (3), the maximum
captured power Py can be described as

1 R\ T
2
POpt = Epﬂ'R Cpmax |:<A’0pt>W:| . (4)
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Fig. 2. (color online) Power coefficient C,, curves of the wind turbine.

2.2. Model of the PMSG

As is known, the DC motor has a good control perfor-
mance. Therefore, we try to convert the PMSG into a DC mo-
tor from three-phase stationary reference frame to two-phase
synchronous reference frame. The process is as follows.

1) Three-phase abc stationary to two-phase ¢ and y sta-
tionary reference frame. For example, for the three-phase

voltages, 34!

LR I
Ug _ 2 2 5)
[”w] 0 V3 _V3 Zb ' (
2 2 ¢

2) Two-phase a and y stationary to two-phase syn-
chronous rotational reference frame. For example, for the two-
phase voltages,

uq cosO sin6 Ug
= . : (6)
Ug —sin@ cos O | | uy
Note, the conversion is similar for other variables. Through a

series of conversions similar to Eq. (5) or Eq. (6), we obtain
the final mathematical models

dw p, . .. f T

a j(‘Pflq + (La — Lg)ialq) — FW— 7

dig Ry, La . po¢ Uq

-q_ s —d _ g -q 7
a LT L T Ly @
dig _ R; . Lq . Uq

de’ Ldld+Ldelq+Ld’

where uq and uy are the quadrature and direct axis stator con-
trol voltages, iy and ig are the quadrature and direct axis stator
currents, Ly and Ly are the quadrature and direct axis stator
inductance, p is the number of poles pairs, Ry is the stator re-
sistance, ¢ is the rotor magnet flux linking the stator, 7j is the
load torque, J is the rotor moment of inertia, f is the viscous
friction coefficient, ¢ is the time.

By applying an affine transformation and a time scaling

010502-2



Chin. Phys. B  Vol. 24, No. 1 (2015) 010502

transformation, equation (7) can be transformed into!!?!

dw 4 ~ ikt =4
P o (iq— W)+ €igiq — T,
di, . s
d—f:—iq—wl'dwwwq, (8)
d;d ¥ + ~T +a
— = —ig+Wig+ i
dr d q d>
where
B prékz(Lq—Ld) 6
- R T Ty
Ly, Lo SR L,
RyJ’ Ly’ Lqp(l)f7 SRs ’
f:Lqpq)fi ~:ﬁw i :Lu
q fRS q Rs ) d ng d
T T Ly Ti
Uy = —U = — ;
17 Rk @ JR2!
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and the time will be redefined to

R

1 :
Lq

©))

The vector x is the state vector which takes the forms of
x = [wiqig)T, and the above PMSG model (8) can be trans-
formed into the following normalized PMSG model:

X1 = G()CQ —x1) —|—T—|-SX3)C2,
Xp = —xp —x1x3 + ¥x1 +dg, (10)

X3 = —x3 +x1x + fig.

The study found that the PMSG is experiencing chaotic
behavior when the operating parameters ¢ and ¥ fall into a
certain area and the external inputs are set to zero, namely,

T = iiq = iig = 0. The chaotic attractor of PMSG system is
given in Fig. 3 with 6 = 5.45 and y = 20.
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Fig. 3. (color online) State variable of chaotic PMSG without control and the typical chaotic attractor with system’s parame-
ters ¢ = 5.45 and y = 20. (a) w, (b) ig, (¢) iy, and (d) three-dimensional figure.

3. Predictive controller approach

In the following paragraph, we develop the predictive
control method for controlling the PMSG wind turbine sys-

tem.

The nonlinear dynamical system of dimension N, is de-

fined by the following equation:

x(t) = Ax(t) + f(x(2)) +u(t),
x(0) = xo,

{

[28,29]

Y

where x(¢) is the current state variable of the system, u(r) is the

controller, and f (x(¢)) is the nonlinear function vector. The
aim of the predictive control is to design a controller u (¢) such
that the trajectory of the system (11) converge to an unstable
fixed point x¢.

The following theorem establishes that the simple and
unique control law u(t) suffices to stabilize the system to an
unstable fixed point x¢.

Theorem 1321 The system (11) is globally and asymp-
totically stable for all initial conditions x(0) = R" by the pre-
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dictive feedback control law
u(t) = K(x(t) —x(1)), (12)

where K is a real control parameter.
Proof First, Substituting Eq. (12) into Eq. (11), we obtain

x(t) = Ax(1) + f(x(2)) + K (x(1) —x(1)),
x(t) = Ax(1) + f(x(2)) + K (Ax(t) + f (x(1)) = x(2)), (13)
x(t) = A(I+ KA = K)x(1) + f (x(1)) (1 + K),

where I € R"*" is the identity matrix. Near x;, we can use the

linear approximation for the uncontrolled system by
(k(t) —x¢) = A(x(r) — x¢). (14)
Equation (14) can be rewritten as
0x(t) = Adx(r), (15)
with

Ox(r) = x(t) — xt. (16)

From Egs. (12), (14)-(16), the controlled system (11) is lin-

earized around x¢ by

8x(r) = Adx(r) + Su(r),

0x(t) = Adx(t) + K(8x(t) — 8x(¢)),

Ox(t) = Adx(t) + K(Adx(r) — 6x(1)), (17)
0xk(r) = Adx(t) + KASx(t) — Kox(t),

0x(t) = (A+K(A—1))bx(¢).

It is important to determine the gain vector K and the
neighborhood of the fixed point to adjust the next point so it
falls on the fixed one, in order to apply the proposed predic-
tive control strategy. The feedback gain K is determined as
follows.

The system (17) is globally and asymptotically stable
only if

[A+ KA-I)| <I. (18)
The neighborhood of the fixed point is given by
r(1) = [x(t) = x(t = 1)] . (19)
The controlled system will be described by

if r(t) <,

o) Ax() + f(x(t) +u),
*r) = { otherwise, 20)

Ax(1) + f(x(1)),

where { is a positive small real number.

4. Results and discussion

In this section, numerical simulations are presented to
demonstrate and verify the performance of the proposed ap-
proach. The command is applied only on the second state,
[0 K(% —x2) 0]". The fourth-order Runge—Kutta
method is applied to solve the differential equations with time

so u(t) =

step size equal to 0.001 s in all numerical simulations, the ini-
tial condition of PMSG system is (3,3,3)T.
results are achieved for a 300-kW wind turbine.

The simulation

The linear and nonlinear parts of the PMSG system in
Eq. (10) are decomposed as follows:

£(0) = Ax(0) + F(x(0), e
—545 545 0
where x(¢) = (x1, x2, x3)T, A = 20 -1 0 |,and
0 0o -1
EX1X2 + T
F) = |
X1X2

In order to control the PMSG system to its equilibrium

point (0,0,0)T, the control input u(¢) is defined by

0
ut) =K@ —x)=K | —2x3 —x1x3+20x; | . (22)
0
The feedback gain K is determined as |[A + K(A —I)| <I. This
implies that: —3.1 < K < —1.08.
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Fig. 4. (color online) Angular speed of PMSG controlled to the equi-
librium at ¢+ = 20 s with a predictive controller (a) and with a fuzzy
guaranteed cost controller 1351 (b). In panel (b), x3 means @.

Figures 4-6 represent respectively, the angular speed w
and the currents ig and ig controlled to the equilibrium point at
t =20 s. To show the effectiveness of the approach reported
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in this paper, a comparison of results obtained with a fuzzy

11331 is presented. Comparing to the

guaranteed cost controlle
fuzzy guaranteed cost controller, the predictive controller pro-

vides faster convergence to the equilibrium point.

25

20
15

10

Time/s

(b) ]

0 20 40 60 80 100
Time/s
Fig. 5. (color online) g-axes current of PMSG controlled to the equi-
librium point at r = 20 s with a predictive controller (a) and a fuzzy
guaranteed cost controller'®! (b). In panel (b), x, means ig.
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Fig. 6. (color online) d-axes current of PMSG controlled to the equi-
librium point at t = 20 s with a predictive controller (a) and a fuzzy
guaranteed cost controller®! (b). In panel (b), x; means ig.

In order to optimise the wind turbine equipped with a
chaotic PMSG, the GAs!3637] are used to estimate the opti-
mum values of the pitch angle ﬁopt and wop that will maxi-

mize the value of the power coefficient C,,,, , according to the

following steps.
Step 1 Initialization At the beginning of the optimiza-
tion procedure, a population of size N, of randomly gener-

ated (B and 1) is created and called P(0). The fitness of each

individual is evaluated based on a given model of the process.
Note that this model can change during process operation if a
recursive identification algorithm is used in the procedure.

Step 2 Optimization Time ¢, starting from ¢ = 1, and
given the population P(¢ — 1), compute successive generations
of same size using the GA. New populations are computed un-
til the maximum number of generations has been reached or
until the fitness of the best individual does not improve any
longer. At the end of this step, the best individual is denoted
(B* and A* ) and the population to which it belongs is denoted
P(1).

Step 3 Control computation Apply the constraint re-
duction method to current control in order to satisfy process
constraints.

Step 4 Calculate the control value U (r) according to the
algorithm’s horizon 3* and A*, and apply this control value to
the system.

Step 5 Lets =¢+ 1 and go back to Step 2.

The proposed genetic-based control algorithm for the
wind turbine is tested for a random variation of wind speed
as shown in Fig. 7.
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141

121

0 100 200 300 400 500
Time/s

Fig. 7. (color online) Wind speed profile.

Figures 8(a)-8(c) represent respectively the optimal val-
ues of the power coefficient, the pitch angle and the tip speed
ratio. When the values of wind are lower then 12 m/s, the
power coefficient C, takes a maximum value and the pitch an-
gle B is null, and if the wind speed is larger than 12 m/s, the
pitch angle B is open to adjust the speed of the mechanical
torque, so its value increases and the value of the power coef-
ficient C, decreases.

Figures 9(a)-9(b) represent successively the optimal val-
ues of the angular speed and the maximum values of the power
captured by the wind; these optimal values are maximum
when the wind speed exceeds 12 m/s.
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0.5 ' ' ; ' Substituting Eq. (12) into Eq. (10) and letting x; = %, = %3 =0,
I we obtain 1.
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8F 1 captured power (b) obtained by using the GA.
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Fig. 8. (color online) The optimal value of the power coefficient (a), the 1
optimal pitch angle (b), and the optimal tip speed ratio (c) obtained by —200 . . . .
using the GA. 0 100 200 300 400 500
Time/s
In this part, the predictive controller is applied into PMSG 4 ' ' ' '
based wind power system for tracking wqp, for that, an exter- I (b) |
nal input 1) is introduced into Eq. (12) which becomes 3l ]
u(t) = K(i(r) —x(1)) + 1. (23) = 1
~ 2 ]
&
We want to steer the state of the PMSG system to a set
point [£], £, £3]. Taking Eq. (10) into account, we have 1t 1
— Ptrcf
L P
~0— /0% +4e0i} —4Ten, 0 ; . . .
X = 0 100 200 300 400 500
28)21 ’ H
(24) Tlme/s
—o0— \/62 +48(7)?% —4Tex, Fig. 10. (color online) (a) Angular speed controlled of the PMSG
= x1. and the angular speed reference. (b) Captured power controlled of the
2ex] PMSG and the captured power reference.
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From Figs. 10(a) and 10(b), the PMSG properly tracks the
imposed reference and the wind turbine generates the desired
power. Figures 11(a) and 11(b) show the controlled currents iy
and iq.
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Fig. 11. (color online) Controlled currents iq (a) and ig (b).

5. Conclusion

In this paper, the control of a chaotic PMSG wind tur-
bine system has been considered via predictive control and ge-
netic algorithms. The genetic algorithms are used to estimate
the optimal values of the pitch angle of the adjustable blades
turbine and the angular speed, then, the predictive control is
used to track the optimal angular speed in order to generate
the maximum power. Simulation results have been provided
to demonstrate the effectiveness and the performance of the
proposed approach.

Appendix

Characteristics of the simulated WT Blades=3; R =
14 m; J =50 kg~m2; Py =300kW; p =1.22; G =23.

Parameters of the PMSG R, = 04578 Q; L4 =
334 mH; Lg=3.58 mH; P =2; ¢ = 03 wb; f =
0.0003035N-m-rad~'-s7!; 7 =8 N-ms.

Genetic algorithms parameters Number of genera-

tions =30; population size=100; mutation probability = 10;
crossover probability = 85; 0° <3 <90°.
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