IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL., NO., SEPTEMBER 2021

Dynamic Analysis and Fuzzy Finite-time Opti-
mal Synchronization Control of Unidirectionally
Coupled FO Permanent Magnet Synchronous
Generator System

Shaohua Luo, Yongduan Song, Fellow, IEEE, Frank L. Lewis, Life Fellow, IEEE, Roberto Garrappa,
Shaobo Li

Abstract—This paper focuses on dynamic analysis and the fuzzy
finite-time optimal synchronization control problem of unidirec-
tionally coupled fractional-order (FO) permanent magnet synchro-
nous generator (PMSG) system. The synchronization model between
FO master and slave PMSGs with capacitive and resistive couplings
is built. The dynamic analysis fully reveals its abundant dynamical
behaviors including chaotic oscillations and gives stability/instability
boundaries with the designed numerical method. In controller de-
sign, the hierarchical type-2 fuzzy neural network (HT2FNN) with a
transformation is designed to approximate unknown functions, the
finite-time command filter matched up with the compensating signal
is proposed to achieve precise estimate and fast convergence, and a
finite-time preconfigured performance function integrated with a
smooth and invertible function is built to realize finite-time conver-
gence and performance constraint. Then a fuzzy finite-time optimal
synchronization control scheme fusing with the HT2FNN, filter,
performance function and optimal control is developed under the FO
backstepping theory. The stability analysis proves that all signals of
the closed-loop system are bounded along with the cost function
being minimized. Finally, numerical simulation results verify the
feasibility and advantages of our scheme.

Index Terms—Unidirectionally coupled FO PMSG system; Dy-
namical analysis; Fuzzy finite-time optimal synchronization control;
Uncertainty; HT2FNN.

[. INTRODUCTION

HE PMSG, which can convert wind energy into mechanical
work and output the alternating current by means of me-
chanical work driving magnetic rotor rotation, is one of key

electrical equipment [1-3]. At present, it has been widely applied
to high-speed power generation, renewable energy power gener-
ation, wind power generation and so on [2-5]. The PMSGs of wind
power farms generally work in harsh environments wherein the
fluctuations derived from local wind speed, generator tempera-
ture, magnetic field, friction and work load are inevitable. These
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fluctuations may prompt abundant nonlinear dynamics of the
PMSG such as chaotic oscillations, multi-stability, snap-through
and pull-in. Meanwhile, the fluctuations cause performance deg-
radation of synchronous generator, even damage without taking
useful measures. In addition, the requirements on the reliability
and security of the PMSG are becoming higher along with the
improvement of living standards. Therefore, it is meaningful and
challenging to model accurately, reveal stability/instability
boundaries of motion and propose a fuzzy finite-time optimal
synchronization control scheme between FO master and slave
PMSGs within the prescribed performance.

Fractional calculus, in contrast with the traditional integer-order
calculus, can provide a more accurate model and a more truly
depiction of dynamic characteristics of real systems, whilst tuning
the FO system may lead to an optimal dynamic response [6-9].
Westerlund and Ekstam [10] demonstrated FO values for various
dielectrics of capacitors by an experiment wherein it had a close
FO connection between current flowing and voltage. Luo et al. [11]
did an experimental study to testify control performance of FO
systems with fractional capacitor membrane models. For model-
ling and dynamic analysis of FO generators, sporadic works have
been reported during past decades. Xu et al. [8] established the FO
model of an hydro-turbine- generator unit system and analyzed its
nonlinear dynamics with six typical FOs. Borah and Roy [12]
analyzed dynamics and presented a single-state predictive control
method of the FO PMSG. Ardjal et al. [6] built the FO model and
designed a nonlinear synergetic controller for generator and grid
converters of a wind energy conversion system. These important
results give us some inspirations to current study. However, these
models are restricted to a single isolated generator without con-
sidering coupling strength between generators, and the corre-
sponding dynamical analysis does not give stability/instability
boundaries and regions. Meanwhile, the control issues like fi-
nite-time, uncertainty, performance constraint and optimization
are not involved.

The synchronization of mutually coupled systems has attracted
much attention in nonlinear science, e.g., in the field of the power
generation, the synchronization has achieved exact coincidence of
frequencies for many generators in parallel mode[13-16]. To
better tackle such issue, a large amount of valuable works like
robust synchronization [17], adaptive synchronization [18, 19]
and optimal synchronization [20, 21] continuously appear.
However, these works are confined to integer-order (IO) systems
without reference to bi- and uni-directionally coupling strength,
and the related systems do not generate complex nonlinear dy-
namics in the fluctuation which deviates from the discussed syn-
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chronization. Sadeghi et al. [22] solved a smooth synchronization
problem of brushless doubly-fed induction generator by using a
machine model. Zhu et al. [15] studied the synchronization of
chaotic-oscillation PMSG networks by using an adaptive impul-
sive control scheme. The above literature did not reveal chaotic
and regular regions of generators in the field of integer calculus.
Meanwhile the parameters perturbations and uncertainties of
system modelling inevitably result in failure of these schemes in
the absence of preconfigured performance.

As an effective tool, the backstepping control is widely applied
to IO uncertain nonlinear systems by fusing fuzzy logic systems
(FLS) or neural networks (NN) [23-25]. Some researchers have
extended it to the FO filed [26, 27]. Aimed to the ‘explosion of
complexity’ of backstepping, the first-order low-pass filter,
tracking differentiator and observer are adopted to tackle this issue
whether it belongs to the IO or FO field. It is undeniable that these
works provide reference for our study. But the coupled PMSG is
completely different from a class of nonlinear mathematical
models wherein it does not produce undesired dynamical behav-
iors like chaotic oscillations and multi-stability, and the issue
associated with the fuzzy finite-time optimal synchronization
control is not mentioned above. The optimal control has become
an important research topic by virtue of consuming fewer re-
sources [28-30]. Some researchers incorporate it into the back-
stepping to control nonlinear systems [30, 31], in which their
respective advantages are brought into full play. The finite-time
control of nonlinear systems is regarded as an interesting research
topic because of fast response and high convergence accuracy [32,
33]. The unidirectionally coupled FO PMSG system is a highly
complex system with coupling strength from the surrounding
generators in wind power plant. How to fuse these useful methods
like optimal control, backstepping and finite-time control and put
forward a fuzzy finite-time optimal synchronization control
scheme of unidirectionally coupled PMSG system to reach the
prescribed performances is still an outstanding issue in FO field.

Motivated by the above observations, in this work we build the
synchronization model of unidirectionally coupled FO PMSGs,
analyze its dynamical characteristics and then propose a fuzzy
finite-time optimal synchronization control scheme. The pre-
sented synchronization control scheme is developed by highly
integrating the HT2FNN, finite-time command filter, finite-time
preconfigured performance function and optimal control on the
basis of the backstepping.

The main contributions of this paper are summarized as follows.

Firstly, comparing with [15, 34], we establish the synchroniza-
tion model of unidirectionally coupled FO PMSGs to reach order
and harmony of their behaviors rather than the IO model of iso-
lated PMSG. It can give an exact description of dynamic charac-
teristics of the system and increase design freedom. Meanwhile,
the dynamic analysis fully reveals stability/instability boundaries
versus time and shows the tendency toward chaotic/regular mo-
tions versus parameters combination with the constructed nu-
merical method.

Secondly, our scheme solves the ‘explosion of complexity’ of
backstepping existed in [24, 25], even in higher order systems,
tackles infinite time convergence in a form of exponential form
and non-adjustable convergence speed between initial phase and
homeostasis phase in [35, 36], and provides greater flexibility and
better functional properties along with a comparison with ordinary
FLS and NN in [23-25].

Thirdly, unlike [28-30, 37], this work achieves the fuzzy fi-
nite-time optimal synchronization control of unidirectionally
coupled FO PMSG system along with solving finite-time con-
vergence, unknown system functions, conformity of preset con-
straint conditions and minimum of cost function in the framework
of FO backstepping.

II. System modeling and preliminaries

A. Preliminaries
Definition 1 [38, 39]: For a sufficiently differentiable func-
tion F'(¢) , the Caputo fractional derivative can be written

» 1 ' F(”) T
‘ (//OJ F(t) = j (1*712’(1
I(n-a)®(r-7)

where'(n-a) = J:O et 'd¢t is called the Euler-Gamma func-

dr, (D)

tionwithn—1<a<nandneN,.
Using a Laplace transform for (1), it is obtained
n-1 F(k) (O)

L{SALF (1)) =5 LAF ()] =27

— @

For any continuous functions F; () and F, () in the interval
[O,tS ] under 0 < o <1, there exists

F ()€ 5B (0)+Fy (1) %5 F (1) = %5 (F(2)-F (1)) +
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As F,(t)=F,(t), the following inequality is easily deduced

G (F (1) <2F (1) 45 F (1), @)

Lemma 1[40]: For any x_,y, € R, if the constantsc, >0,d_ >0
and ¥ (x,, y, ) is any positive real function, the inequality holds

c,+d, cg+d,

cO(x.,y. )|x dﬁx,,Tz 1

o Oy s dd(xor) 4y, )
¢, +d, ¢, +d,

Definition 2 [28, 41] : A performance cost function which needs

to be minimized is given as

T=[.(0(5(1)+URU Jar, (6)

where S, U and R represent the penalty function, optimal control

Cs

s s

input and N-order matrix, respectively, Q(§ ) >0.

B. Synchronization modeling of the PMSGs

As is shown in Fig.1, the wind energy conversion system usu-
ally consists of a wind turbine, a PMSG and three converters
which are a diode bridge rectifier, a dc/dc boost converter and an
inverter in the order. The electric power originated from the
PMSG is transferred to the grid by the mentioned converters.

Based on the local aerodynamic characteristics, the wind tur-
bine can generate the power which is expressed as

1
P, = Ep;sz (a)rR / vw,ﬂ)szi_ , @

where p ,R , @, , f, . and v, denote the air density, turbine radi-
us, rotor speed, blade pitch angle, rotor speed and wind speed,
respectively, C, (a),R /v,,B ) represents the turbine power coeffi-

cient.
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Fig.1. The schematic diagram of the wind energy conversion system.
According to law of rotation, the mechanical FO model of the
PMSG is given
dw
d"oc
wherea, J , T}, T,

s Ly

J

“=T,—bw, T, ()

, [ and b denote the FO coefficient, system

inertia, turbine torque, generator torque, time and viscous friction
coefficient, respectively.
The electromagnetic generator torque can be defined

3
T, = 2p((L L, )i, +i,0), 9)
where L, and L, denote d- and g-axis inductance, i, and i, repre-

sent d- and g-axis stator current, p and ¢ are the number of pole

pairs and magnetic flux of permanent magnet in the three-phase
PMSG.

The electrical FO model of the PMSG in the synchronous ro-
tating d-q reference frame is expressed as

4, =(-Ri, +w,Li,+V,)/L,.

dta s 949

& (10)
= =(-Ri, ~(Li, +¢)w, +V,)/ L,

where R, V, and V, denote the stator resistance, d- and g-axis

stator voltage.

In the Laplace domain, the following transfer function which
has a slope of -20m dB/decade in the Bode diagram can represent
the fractional integrator in a form of linear approximation by using
pole-zero pairs as

9= =TT 1/0) T s/ 2),

log( @y /pf)
log(lod 10(1-cr) 10d /10:1)

d, denote the corner frequency, frequency bandwidth and dis-

(11)

= integer

where N, +1, P, o, and

crepancy between actual and approximate lines, respectively, O,
and P, represent the zero and pole of the singularity function.

Note L = L, = L, because of the stator winding symmetry. With
(8) and (10), the FO model of the PMSG is defined as

“Gpow, =(3pdi, | 2=bw, ~T,)/J,
“Gsi,=(-Ri,~(Li, +¢)w, +V,)/ L

i (12)
“ iy =(-Ri, +w,Li +V,)/ L,
where © ¢

point at the origin.

is the Caputo derivative of FO « >0 with starting
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By introducing new variables x, = Lw, /R, x, = pL@i, /bR

and x, = pLgi, / bR, the normalized FO model of the master
PMSG is written
cg° X =0x,—px, +1;,
C Q0% = —x, =X Xy + o, (13)
C o
Do Xy ==Xy + X%, F Uy,

where t=iR /L , u,=pL§V,/bR] , u,=pLeV, /bR |,
T, :—LZY; /JRS2 , H=—pd’ /bR, o=3Lb/2JR, , p=bL/JR,
withx, ,x,,x;,¢,u g Ui T, being the normalized angular speed,

g-axis current, d-axis current, time, g-axis voltage, d-axis voltage
and load torque, respectively, and o, p, ¢ being the system pa-

rameters.
Using the Heaviside function H (t - ) the FO model of the

slave PMSG is given
¢ //(’yl =oy,—-pn+1,,
¢ 70)’2 ==V, =yt uy, _(Kl (yl —x1)+K2 (J’2 X ))

-H(t—tg)+uq+u2, 1

C
D1 Vs ==Vt 0V, g s,
where?, , k, and k, denote the initial synchronization time, capac-
itive coupling and resistive coupling, respectively, u, and u, de-

note control inputs.
Define the synchronization errors thate, = y, —x, ,

¥; — X, . Subtracting (13) from (14) yields

C
%6 =0e, —pe,

&G =%

ande, =

C 7
%iey =—e, =y ys + XX, + pe, — (K +K282)H(Z—tg)+u2,

C yra
%,t e =—e t+ )Y, — XX, +Us.
(15)

III. Dynamical analysis and problem formulation

To study dynamical characteristics of the FO master/slave
PMSGQG, a dynamical analysis is performed in this section. Since
solutions of nonlinear fractional differential equations (FDEs) are
usually not available in an explicit formulation, a numerical ap-
proach, based on product-integration rules [39, 42], is studied in
this work to solve the nonlinear FO system.

For a generic FDE“ %%y, (1) = g(t,yf (t))withg(.’.) a given
function, the difference quotient definition of a th derivative for
¥, () can be written in terms of an infinite series

@) =[]

CGav(t
j

_yi%h—QZw (y/ t—jh)
, (16)

where i > 0 and w *) denote the step-size and coefficient satisfied
the following condition by the aid of the Euler-Gamma function
'a+)/T(a+1-7)' j=0,-,«
(OfJ _T(ax)/Tlati=j) it J a7
J 0 j>au
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Define an equispaced grid ¢, =nh, n=0, 1, ---, Nin the inter-
val[0, T], where N=T/h. Then the integral representation of

the solution atz =¢, can hence be given
-1
g (T, Y, (T))dT .

Let a constant g(tj., y/) approximate the vector field

et

1 =l tin
Yy (tn) =V +m;£/ (tn _T) (18)

g(T,yf (7')) in each subinterval [tj,th] The evaluation of the
resulting integrals in (18) leads to the numerical approximation

w((n=g) =(n=j-1)")

yf(tn):yfu-‘rhaz F(Oé-i—l)

=0

g(tj,yf/). (19)

(a) (b)

X2 X3
Fig.2. Chaotic phase portraits under three cases ((a) [x1, X2, x3]=[0.1,0.9,20], 0 =3,
p =4, [L=25;(b) [x1, X2, x3]=[1.5,0.5,20], 0 =17, p=16, [t =25;(c) [x1, X2,
x3]=[0.1,0.1, 3], 0 =5.5, p=5.5, |4 =20).

5 X3 22 X3
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Fig.3. Chaotic phase portraits with Case 1 under varying FOs ((a) & =0.998; (b)
a =0.992; (c) a =0.97; (d) & =0.96).
The system parameters of the FO model for the master/slave
PMSG are set to three cases:
Case 1: «=099,0=3,p=4,p=25and7, =0 with initial
conditions x, (0) =0.1,x,(0)=0.9, x,(0) =20
Case 2: «=0.99,0=17,p=16,u =25and7, = 0 with initial

conditions x; (0) =1.5,x,(0)=0.5,x,(0)=20;

Case 3: «=0.99,0=55,p=55,=20and7, = 0 with ini-
tial conditions x, (0) =0.1,x,(0)=0.1,x,(0)=3.

By invoking (11), the approximating transfer functions of dif-
ferent FOs are given such as

1 9.95405(1+9.65984 x10™""s)(1+9.8853x10™s) 20)
$*% (14+9.43952 %107 s)(1+9.65984 x 107 5)(1 + 9.8853s)
1 9.81748(1+9.32735x10°s)(1+0.0308972s) 1)

s"2 7 (1+8.90424 x 10 5)(1 + 0.02949575)(1 +9.770565) ’
1 9.54993(1 + 7.90604 x 10~ 5)(1 + 0.0008685115)(1+0.09540955 )
o098

s*% (14719686 x 10 ) (1+0.0007906045) (1 +0.086851 1) (1+9.54s)

) (22)
wherein the errors value are<0.1,<0.2 and < 0.4 dB, respectively.

(a) (b)

10 10
< 0 < 0
10 -10

0 30
20
LT
X2 X3
(d)
10
X X 5
087 s ¥
4, 20
X2 x3

Fig.4. Chaotic phase portraits with Case 2 under varying FOs((a) cv =0.998; (b) v
=0.992; (c) av =0.98; (d) v =0.96).
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Fig.5. Lyapunov exponents versus system parameters (0 5 p) , FO and time under
Case 1.

Obviously, it can be seen from three subgraphs of Fig.2 that the
PMSG generates chaotic oscillation with two attractors under the
mentioned cases. To show superiority of the FO model and reveal
dynamic characteristics of the PMSG associated with FO value,
the related chaotic phase portraits with varying FOs under Cases
1-2 are presented in Figs.3-4. Adjustment of FO a to 0.96 makes
the periodic motion of the PMSG switch to chaotic orbit with an
attractor for both Cases 1-2. Asa=0.97in Case 1, two motion
states of the system occur: a period-T behavior and a chaotic
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attractor. And o =0.98 in Case 2, the motion behaviors of the
PMSG turn into chaotic oscillation with two attractors. Then the
system motion states stay in chaotic oscillation with two attractors
once « is increased to 0.992 or 0. 998, whether it's the Case 1 or
Case 2.

Figs.5-6 exhibit the Lyapunov exponents versus system pa-
rameters (o,p) , FO and time under the mentioned two cases. In

the first subgraph of Fig.5, the PMSG falls into the trap of chaotic
oscillation as p € (2, 6.5) . In its second subgraph, this generator is

trapped in chaotic behavior when o is set to the interval [2.1, 6].
The third subgraph of Fig.5 reveals the rule that the value of the
FO triggers chaotic oscillation in (0.912,1). The last subgraphs of
Figs.5-6 show that the PMSG enters in chaos during the whole
process. In the first subgraph of Fig.6, the PMSG is in a state of

chaos as p (2, 16) . Note there exists a switch point between

periodic state and chaotic vibration. In the corresponding second
subgraph, the PMSG turns into chaotic vibration when o belongs
the interval [12.4, 20]. The third subgraph of Fig.6 presents that
the value of the FO can give rise to chaos froma > 0.928 .

o \A'P"*A =
E - Z LE1
g k| 5
g spOMLET LE2 % LE2
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2 2 LE3
=
g5 g5 A
e} LE3 ey e
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Fig.6. Lyapunov exponents versus system parameters (o‘, p) , FO and time under
Case 2.

p
Fig.7. The contour plots of the maximum Lyapunov exponents associated with
chaotic oscillations in &t — p , & — 0 and 0 — p parameters planes under Case 1.

Figs.7-8 show the contour plots of the maximum Lyapunov
exponents concerned with stability/instability boundaries in the
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a—p ,a—o and g — p parameters planes under Cases 1-2. The

colorbar of each subgraph is displayed to indicate the interval of
generating chaos between two parameters such asa—p ,a—o

and o —p . It can be obviously seen that the field of lemon yellow

has the maximum Lyapunov exponent. This is to say, the com-
bination of three parameters falls into the field of lemon yellow,
then the PMSG can produce chaotic oscillation. This oscillation
has many application scenarios. But for the PMSG, the such os-
cillation can lead to performance reduction of the running system,
even burn the generator with components around it. Therefore, it
is necessary to propose an effective scheme to suppress chaotic
oscillation.

o 5 10 15 20

Fig.8. The contour plots of the maX]imHm Lyapunov exponents associated with
chaotic oscillations in &t — p , &« — 0 and 0 — p parameters planes under Case 2.

Remark 1. According to the abovementioned contents, the con-
structed FO model simply and accurately describes the process of
historical memory and global spatial correlation for the PMSG
compared with the 10 one. Ifa=1,k, =k, =0ando =p , this

model can degrade to the cases in [15, 34].

Meanwhile, the type-1 FNN faces a problem of poor approxi-
mation precision for high-dimensional hyper-chaotic systems, and
how to further improve the stabilization time and dynamic per-
formance of unidirectionally coupled FO PMSGs is tricky along
with minimizing the cost function.

For these reasons, the control object of this paper is formulated:
for the synchronization model of unidirectionally coupled FO
PMSGs, propose a fuzzy finite-time optimal synchronization
control scheme such that all signals in the closed-loop system are
bounded and the synchronization error converges to zero in the
finite-time and pregiven constraint condition.

IV. Fuzzy finite-time optimal controller design

A. Hierarchical type-2 fuzzy neural network

The HT2FNN, which is the derivant of type-1 FNN, possesses
strong ability in the field of learning, function approximation and
fault tolerance [41, 43, 44]. It is made up of five layers such as
input layer, membership layer, rule layer, type-reduction layer and
output layer. In the second layer, the upper and lower membership
grades (MGs) can be written

oy (x;)= exp(—((xi —my )/_?1,-" Jz /2] ;
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M- ')Na (23)

2
_A.j(xi):exp[_[[xi_mﬁjj/gil,jJ /2]’i:1’

wherem. . ,o-;
i

’T. and oy denote the center, upper width and
i i

lower width of the j-th MGs for i-th input, respectively.
In the rule layer, the upper/lower rule firing is computed as

T;I{Z’legla( )MAc(x2)5 Ia(, IUJAu( 1)&25()‘2) (24)
In the fourth layer, Y, and Y, can be expressed in terms of the
center of sets type reduction

ZR]T]W + 2(1 R')T'wj

J=r+l

)/R - )
ZR’T’ - Z (1-r)T/
=r+l
ZLfowf+ Z(l L)T'w]
Y, = o : (25)
ZLfT’ + z (1-2/)1’
j=l+1

where w/ and w/ are called as the weight, 7/ and T’ denote the
lower and upper firing degrees of j-th rule, M is the number of
fuzzy rules, Rz[lml 0 0} eR"and L E{lml 0 O} eRY .
Vol ! oLl {
1 - rrtl - M 1101 M
In output layer, the defuzzified output in vector form is deduced

Y:WT€:W;€R+WZ§L’ (26)
WithWE[WR,WLJ , Wy E%[Wz-.-WgJT’WL E%[WZ...WQ’[]T’é_R
T
RT' +(1-R")T" RYTY +(1-R )T
=™ M Y] M >
zRiZi"_Z(l_Rj)]_w ZR"Z""'Z(I_R/)T/
j=1 j=r+1 j=1 j=r+1 N
J J J J .
. L'T + (1 LT T + (1 )T
L ZL’T’+Z(1 Lf)Tf‘ ZL’T’+Z(1 L’) an
Jj=r+l j=r+l
55[5R, Al

By invoking (26), the HT2FNN can realize the approximation
for any unknown but bounded function / with high precision over
a compact set as

sup |h ng(X)|S€(X), 27)
XeDy
where X =[x, -~~x,.]T eR’,i=1---N with N denoting input num-

ber,e(X) > 0is the approximation error, 2, and D, are the com-

pact sets of suitable bounds of w and X, respectively. Introduce an
optimal parameter w” which meets the condition as arg mm

wed

{ sup ‘h —-h(X
XeDy

Letw=w—w’ in which w" denotes an artificial quantity used for

W)‘:| with & being the approximation of 7 .

analysis.

To refrain the exponential growth of the rule number, two cri-
teria (decreasing rate of tracking error and e -completeness of
fuzzy rules) are performed to echo with structure adjustment of the
HT2FNN. The decreasing rate of tracking error is equivalent to
the derivative of the tracking error square between outputs of drive
and response systems. The e -completeness of fuzzy rules is de-
fined as ‘there is at least a fuzzy rule to guarantee that the firing
strength is not less than € in the operation range’. If the MGs are
equal or greater than 0.5 in hierarchical form, save them. Other-
wise, delete these unimportant rules in self-structuring algorithm.

To improve solution speed and simplify structure, a transfor-
mation associated with the HT2FNN is given

wE(X) < (X)E(X) /26> +b7 /2, (28)
where (:"w"2 and b>0 . There exists { =( —CA in which CA is the

estimation of ¢ .

Remark 2: Compared with the Grunwald—Letnikov and Rie-
mann-Liouville derivatives, the initial conditions of FO differen-
tial equations with the Caputo derivative have the same form as
those for IO differential equations. Meanwhile, the Caputo deriv-
ative possesses a value of zero when it is applied to a constant.
Therefore, it can directly deduce that © %°¢ = %°C .

Remark 3: Comparing with type-1 FNN, the HT2FNN lift re-
strictions for precise and crisp membership functions. The mem-
bership functions of type-2 fuzzy sets are three dimensional and
include a footprint of uncertainty. The HT2FNN provides addi-
tional degrees of freedom which makes it possible to directly
model and handle uncertainties.

B.  Controller Design

To avoid performance degradation of system and restrain con-
vergent characteristic of error variables, a finite-time preconfig-
ured performance function (FPPF) which is positive and strictly
monotonic decreasing can be designed

(t) _ at’ +a,t’ +at+a,,te [O,TO)
By, » t>T,

where a,,i =0,

(29)

,3denote design parameters, 7; and (3, mean the

convergence time and convergence boundary. Meanwhile, this
performance function satisfies the following constraint conditions

5(0)=6,, <7°B(0)=
B(le=1,)=5,. “°B(t=1,) =0

where (3, denotes initial condition of the finite-time preconfigured

(30)

performance function.

Remark 4: The constraint conditions suppress a large overshoot of
control output in the initial stage when the constrained signals
match up with the convergence rate of the preconfigured perfor-
mance function. For the pre-given parameters such as (3, 7, and

By, , it is easy to obtain a satisfactory finite-time preconfigured

performance function by appropriately choosing four design pa-
rameters.

To realize the faster response, the FO finite-time command filter
originated from a first-order Levant differentiator [45] is given

C,‘/”Z —le,Z = I.Y1|ZM—a,_|%sign(ZiY1—a,_)+Z

uZ :_ci’zslgn(zhz—Ziil),l’:L...’N

Ot i,2

2 (31)



where Z,, e Rand Z,, € R are command filter states, o, € R is
input signal of this filter, and ¢, and ¢, , denote positive design
constants. There exists positive constants I'; | and I, , satisfying
2., —a,|<T, and|Z,, = %0, |<T,,.

It should be clear here that by appropriate selections of¢,, and
125 Ly =, and Z.J —

Introduce error variables

T

c =0t r

(32)

where «;,i =2,3 which are equivalent to Z;,,i=2,3 denote the

_ A€ _ A€
Z, =€~ 0, Z; =€ —0;,

outputs of FO command filter.
The compensated tracking errors are expressed as
v,=z-6,i=123, (33)
where 6, denotes the compensating signal between virtual control

and filtering signal.
The error variable is constrained by the following inequations

—pB(t) < e <pp(1),vt 20, (34)
where0 < p,p <1.
Define a smooth and invertible function S, (z, ), the above in-
equation can be written in an unconstrained form as
e =06(1)S, (7).
It is noted that (ﬁez —pe” ) /(ez + e’z) belongs to one of the said

(35)

smooth and invertible functions.
Then the inverse transformation of (35) is written

=5 (e(1)
where ¢, (1) =¢,(1)/B(t) .
The FO derivative of (36) can be deduced as

“gia <[ @)8O] (“Aa@)-a () 4
:771(C %jel _'i)a
=il
where 7, :[ﬂ(t)~c 78, (2, )J andr; = ¢, (1) 426(1).
Remark 5: Due to—1<S,(z,)<1and 3(¢)> 0, then —3(¢)<S,
(z,)B(¢t)<B(r). With (36), we can know that the error varia-

(36)

(1))

G37)

ble ¢, is restrained in (—ﬂ (¢).8 (t)) Then ¢, will be constrained
within the set A, after a finite-time, where A, ={¢ R :|el|

<P, t> ]})} . Furthermore, 0 < 3, <((¢)<3(0) and0 < 7

S (z)= 2<£+ﬁ)/(ez +e” )2 € 9%z, <1. It can be obtained that

=
[ﬂ(t).c f//z‘]”Sl(zl)J >37(0).

With (15) and (37), there exist
¢ %,L;Zl =T (fl toe, -1 )’C %,L;eZ =1, +u25C “ose = f; +uy(38)

Jt
where f, =—pe, , f, =—e, =y, +x,x; — (K¢ +K262)H(t—tg)+
pe and f; = —e; +y,y, — x,x, are generally regarded as unknown

functions due to fluctuations originated from wind speed, gener-
ator temperature, stator resistance, friction coefficient and work
load.

Based on the principle of FO backstepping, the proposed con-
troller is composed of three steps.
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Step I: In view of the uncertainty of £, to facilitate controller

design, the above-mentioned HT2FNN is used to estimate it over a
compact set, namely

fi=w&()+e (), (39)
where (-) denotes the abbreviation of (x,,x,,x, ).
Select the first Lyapunov function candidate
1 1z 1
" :Evlz +EC12 +5012 : (40)

Taking the FO derivative of V], it yields

C — 4 C 7 s
Gl <vm | 47 (240l +as —a) =5 |- v 456, -

Jt

C(/vu’\ C ya
'/O,[ Cl +91 '/O,[ 91’

<umn, [v]nlélﬁf () & (-)/Zbl2 +€,+0z,+00, +E(a§ —ag)—rl]

¢ %16, +0° %10, +b /2+§1(U127712§1T (')51(')/2[712 - %uél)

N
(41)
where ) and & are the virtual control and upper bound of o,
2
¢=|w| and B >0.

By invoking the Definition 2, the following cost function is de-
signed to achieve its minimum as

To=[ (0] +670) +rulJit, i=2.3, (42)

i ol

where u,,, 6 and r;, represent the optimal control input, positive

constant and design parameter. To compensate the approximating
error of the HT2FNN, the inequations hold such that €7 () < 670}

,i=1,2,3.

The optimal control inputs are designed asu,, =—Puv, /x ,i=1,
2,3 wherein P, belongs to the solution of algebraic Riccati equa-
tion P’ +2kP, —k; —1=0,k, >0.

Then the optimal control inputs are further deduced

u, ==(I+k +87 =k Ju, /70 =1.2,3.

The virtual control, its adaptive law and compensating signal are
chosen accordingly

a; = (_kl Z _U1n1é1§1T ()fl (')/Zblz +th _SIU; +u01)/5, (44)
A5G =it ()& ()28 -G (43)
‘ %0460 = —kn,6, +an, (a; —oy +0, ) —Lor, (46)

(43)

wherek, >0,/ >0,v,>0,s,>0,0<vy<1.
With (5), substituting (44)-(46) into (41) yields

C opa

/(),tI/] < —k, 771”12 _klnlelz +onv v, +E7710192 +or), (912 + F;,] )/2

+b7 12+,¢,¢, +n1v,2(1/2+512/2—(,/1+k12+(512 —k,)/nf)

b fo[" = d 6" 47
where by, = s, — 19, /(y+1)andd, =1, (1-49,"" / (y+1)).

Step 2: To tackle the uncertain f, mentioned before, we use an
HT2FNN to approximate it in the following form

fr=wé&, (-)+82 () (48)
Consider the second Lyapunov function candidate as
1 1 1
V2 = Vl +E’U§ +EC22 +5922 . (49)
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The FO derivative of ¥, is written

2 A~
k1771012 +omn, (912 + F;,l)/z"' Zbiz 1247%G6

i=1

C pa _ 2 _
/('),tVzS ky myo;

_d] |0] |”~+1 +v, (ézvzéf () 52 (.)/sz2 +u, +e, +an,z, e (//03060)—7)2 )

€ Gty +0, (G + %:0,)+C, (026 ()& () 262 = %56,) -

—anu,0, + v} (1/2—{—6]2 /2—(\/1+k12 +6; —k])/lilz),

(50)

Y+l
b, |U]|

where , —||w2 ||2 and b, >0.

The g-axis control input, its adaptive law and compensating
signal are designed as

A

u, =—k222 _577121 ;bg 252 ()62() C // a =S, U +u,, ’(51)
)

%56 =g (V& ()26 -, (52)

¢ {/0(;92 = —k292 _577191 _12'9; > (53)

wherek, >0,/,>0,v, >0ands, >0.
With (5), (51)-(53), (50) is further simplified as

2

2
<-k 771“12 —k2U22 _k1771912 _k2922 +omn, (‘912 +F§,1)/2+Zb;

+nlvf(1/2+6f/2—(«/l+kf+612 )/nl) id

i=1

[;-F%—K—(m )j,(54)

2
~1,9, /(y+1)andd, =1, (1=, / (y+1)).

Step 3: Similarly, to deal with an unknown function f; , we borrow

C pa
DV

2

+Z Yi éi é:i

2
v+l 'y+1
|9i | -2b |U,~ |

i=l

where b, =s,

an HT2FNN to estimate it with a high degree of accuracy and
repeatability as

Si=wi& () e () (53)
o equals to zero since it adopts the flux-oriented control. Then
define the last Lyapunov function candidate as
1 15 1
V3 =V2 +EU32+EC32+5032. (56)
Computing the FO derivative of V;, it has

Vs S =k —kyv3 =k 67 — k05 +om, (607 +13,)/ 2+

3 C-S o =S b o 0 50, v,
i=1 i=l

sz /2+Z’yl
i=1 i=1

(Gvsl ()& ()12 +uy+2, )+ G (026 ()& () 1267 = 456,
. (1/2+512 /2—(1/1+k12 + 6 —kl)//if)—vf
(1/2+5§ /2—(,/1+k§ s —kz)/ﬁj),

where §3:||w3 ||2 and b, >0.

Then the d-axis control input, its adaptive law and compensating
signal are designed as

oy 2,
/0,103 +U2

(57)

z, =Gl ()& () 267 =s 0] +u,, (58)
¢ (/0(;63 = U32§3 ()fw ( )/2b2 7363 > (59
¢ K/0,[:03 =—k,0,-1,0;, (60)

wherek; >0,/, >0,7, >0ands; >0.
It can be drawn from (5), (58)-(60) that

3 3
‘ SaVs <=k 771”12 _Zki Ui _k1771‘912 _Zkieiz +on, (‘912 +F§,1)/2

i=2

+771U12 (1/2"'612 /2_(V1+k12 +612 _kl)/ﬁlz)_iQ'UiPH
i=1
3 1 & 1 3 3L
+3072 [E+?——2(,/1+kf 8 —k[)J+be 1243 7,88
i=2 K i=1 i=l
—id,. |0i|~,+1 >
i=1

sy =10, /(y+1) anddy =1, (1=49;"" /(v +1)).

Remark 6: The filtering errors of the FO finite-time command
filter will become unmanageable when the order of complex
nonlinear system increases. In this case, it is tricky to obtain a
smallest possible tracking error. So, it is necessary and meaningful
to construct the compensating signal to solve one such issue to-
gether with achieving finite-time convergence.

To clearly show the structure of our scheme, the block diagram
is presented in Fig.9.

(61)

where b, =

Hierarchical type-2 fuzzy neural network

Fig.9.The block diagram of the proposed scheme.

V. Stability analysis

Theorem 1: Considering the unidirectionally coupled FO PMSGs
with chaotic oscillation, if the g- and d-axis control inputs with
adaptive laws (52), (59) and compensating signals (53), (60) are
designed as (51) and (58), the all signals in closed-loop system are
uniformly ultimately bounded and the synchronization errors
involving the stability satisfy the presupposed performance con-
dition. Meanwhile, the purpose of the fuzzy finite-time optimal
synchronization control is achieved, and the cost function is
minimized.

Proof. Define the entire Lyapunov function candidate

—livz +li§2 +lz3:92
The corresponding FO derivative of (62) can be derived
3 3
<~k nov! —Zk,. vl =n (k-5/2)6; —Zkﬁf +aon I3, /2
i=2 i

+nluf(1/2+5f/2—(,/1+kf+5f )/nl) sz/z Zar|<9|/*1
+§3“Uf(1/2+63 12-(Ji+ k457 —k,.)//f,.z)—Zvai
i=2 i=1

23:71'41'2 /2_23:’71‘51‘2/2
i=1 i=1

m (k=1 2),m, (k= )k + 2,k + 0y,
Yy /2,79, 1 2,75 12 ’

(62)

C pa
% Ve

y+1

<—aV -by e (63)

wherea, =2 min{



3
b, =2min{d,,b,d,,b,,dy,b;} andc, =I5,/ 2+ 7,(7 /2
i=1

with, =7, (1/2+612/2—(1/1+k12+612 —kl)/nf),wz —02(1/2
63 12-(J+ K 483 —kz)/ﬁg)and% — (12482 /12—
(1/1+kf+532 —kg)/ﬁg).

v,, ¢, and 6, achieve the stability in 7, within a compact set(2, as

Q,={v, eR0,eR,( eR,i=1,23[] +(’+07 <D,}, (64)

where D, = min {ce 1(1=-\)a,.(c, /(1=X,)b, )2/(“1)} with 0 <\,
<I.
The finite-time 7; can be given as

T, <max{,,t,}, (65)

where £, = 1n((Aea(,V;*<W’2 (0)+be)/be)/)\eae (1-(1+))/2),

f, = 111((515,1/“(‘””)’2 (0)+)\Ebg)/)\ebe)/ag (1-(1+X,)/2).

e

This completes the proof.

V1. Simulation results and discussion

The coupling parameters between the master and slave PMSGs
are given ask, = 0.1, k, =—0.1. The parameters of the finite-time

preconfigured performance function are chosen as a, =04,
a,=0,a,=-49,a; =63and (3, =0.02. The finite-time is set
to 7, = 0.4. The parameters of the FO finite-time command filter
are set toc,, = 6andc,, =5. The parameters of the smooth and
invertible function are defined as p=0.1 and p =1. The con-

troller parameters are selected ask, =k, =k, =10, v, =v, =2,
v,=8, I =L=1=10 ,s =s,=5,=05, § =6 =6 =2,
v=0.4,b =b, =b, =1 and K, =k, =k, =1. Finally, the centers
of the MGs associated with the HT2FNN are evenly distributed in

the interval [-1,1], and the upper/lower width of MGs is chosen
aso,, =0.06, o, =0.02.

15F 7 : : i}
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0
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ol h;n’ |
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0 2 4 6 8 10 12
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Fig.10. Synchronization errors with- and without- FPPF under same conditions.
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Fig.10 shows the synchronization errors of unidirectionally
coupled FO PMSGs with FPPF (blue curve) and without FPPF
(red curve). It is very obvious that the traditional scheme without
FPPF has a large overshoot and a long oscillation period in the
whole operation process. But our scheme implements fast syn-
chronization between master and slave PMSGs with a small error
in a finite time. Therefore, our scheme obviously exceeds the
scheme without FPPF under the same conditions.
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Fig.12. The compensating tracking errors for different coupling parameters.

The real-time changes of the power grid caused by the sur-
rounding environment do have inevitable effect on working con-
ditions of every generator through the transmission bus and each
feeder of the wind farm. This fact can give rise to inaccurate
modeling and system parameter perturbation. Fig.11 reveals that
the proposed scheme overcomes these adverse effects better. The
alternating current master and slave PMSGs achieve exact coin-
cidence of frequencies for common loading. The motion states of
slave PMSG are sucked to the attraction basin of master PMSG in
the shortest possible time. Meanwhile the synchronization errors
are controlled within the boundaries of pre-configured perfor-
mance.
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T
1 0.31 b

motion of generators operating in parallel mode. Three combina-
tions are hence given such as I: x, =0.1,k, =-0.1; II: k¥, =0.2,

Kk, =—0.15; lII: x, =0.15,x, =-0.2. In three cases, the PMSG

can generate oscillatory behaviors before the proposed method
intervenes. Fig.12 depicts the compensating tracking errors for
different coupling parameters after our scheme gets involved. It
can be seen that several curves are overlapped over all time. The
presented method processes strong capacity of resisting disturb-
ance associated with coupling coefficient.
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Fig.15. The performance of the FO finite-time command filter under different

cases.

The space of coupling coefficients can directly determine the
synchronization/desynchrony and harmonic oscillation/cyclic
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Fig.16. The q-/d- axis control input and optimal control input with and without the
generator torque 7, =10 at the beginning.

The HT2FNN with a transformation plays an important role in
function approximation to tackle fluctuation problem originated
from wind speed, generator temperature, stator resistance, friction
coefficient and work load. Three sets of system parameter per-
turbation are hence defined such as Al: p=5, p=19; A2:
p=55, n=20; A3: p=6, p=21. From Figs.13-14, the
switched weights of the HT2FNN converge quickly to a small
neighborhood of the origin in self-structuring algorithm. Mean-
while, three curves always overlap, whether it is in different sys-
tem parameters or different FOs.
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Fig.17. Chaos suppression capability.
The FO finite-time command filter matched up with the com-

10



pensating signal can achieve the purposes of faster response,
precise estimate and finite-time convergence. Fig.15 fully shows
its high performance regardless of whether there exist variational
coupling coefficients, system parameters perturbations or changed
FOs.

Fig.16 exhibits the control input and optimal control input with
and without the external load at the moment of startup. It is ob-
vious that the unidirectionally coupled FO PMSG system under
load quickly achieve stable operation after a brief fluctuation.
Therefore, the constructed controller processes good an-
ti-disturbance capacity.

Form Fig.17, the PMSG can generate abundant dynamical be-
haviors including chaotic oscillations when the effective control
methods do not yet plug into the system. Each PMSG immediately
switches to regular motion in 0.4 second once the proposed fuzzy
finite-time optimal control scheme gets involved. The corre-
sponding chaotic oscillations are completely suppressed here.

VII. Conclusion

This paper studies dynamic analysis and the fuzzy finite-time
optimal synchronization control issue of unidirectionally coupled
FO PMSG system. Based on the constructed synchronization
model, the dynamic analysis fully shows abundant dynamical
behaviors of system by phase portrait and Lyapunov exponent and
gives stability/instability boundaries with numerical method.
Then a fuzzy finite-time optimal synchronization control scheme
fusing with the HT2FNN, finite-time command filter, finite-time
preconfigured performance function and optimal control is pro-
posed in the framework of backstepping. The designed scheme
can not only guarantee the boundness of all signals of the con-
cerned closed-loop system and stable operation with performance
constraint, but also reach purposes of finite-time synchronization
and minimizing cost function. Meanwhile, it can enable the slave
PMSG to oblige from its own orbit to accurately follow that of
master PMSG in the shortest possible time. In the subsequent
study, we will focus more on the event-triggered optimal syn-
chronization control of the FO PMSG in networks.
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