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Abstract: To research the chaotic motion problem of the direct-drive permanent magnet synchronous
generator (D-PMSG) for a wind turbine with uncertain parameters and fractional order characteristics,
a control strategy established upon fuzzy state feedback is proposed. Firstly, according to the working
mechanism of D-PMSG, the Lorenz nonlinear mathematical model is established by affine transforma-
tion and time transformation. Secondly, fractional order nonlinear systems (FONSs) are transformed
into linear sub-model by Takagi-Sugeno (T-S) fuzzy model. Then, the fuzzy state feedback controller
is designed through Parallel Distributed Compensation (PDC) control principle to suppress the
chaotic motion. By applying the fractional Lyapunov stability theory (FLST), the sufficient conditions
for Mittag-Leffler stability are formulated in the format of linear matrix inequalities (LMIs). Finally,
the control performance and effectiveness of the proposed controller are demonstrated through
numerical simulations, and the chaotic motions in D-PMSG can be eliminated quickly.

Keywords: direct-drive permanent magnet synchronous generator (D-PMSG); wind turbine; fractional
order nonlinear system (FONS); fuzzy control; chaos; Mittag-Leffler stability; uncertain parameters

1. Introduction

With the rapid development of the global economy, fossil energy will produce a lot
of pollutants and CO; in the process of development and utilization, which will lead to
global warming and pose a serious threat to the ecological environment [1]. European
Public Health Alliance (EPHA) [2] reminds us that the exhaust emissions from gasoline
engine combustion are still at the “dangerous” level. In the COVID-19 epidemic prevention
and control process, it may endanger the most vulnerable people and even cause them
respiratory failure. Therefore, it is very necessary to find a kind of green renewable energy
to reduce environmental pollution without affecting global warming. As a very promising
green energy, wind energy is an effective way to solve the increasingly prominent energy
and environmental problems. It is also one of the green renewable energy with the most
mature technology, the fastest development speed, and the largest development scale [3].
According to the statistics of the Global Wind Energy Council (GWEC) [4], the total installed
capacity of wind power in the world is 651 GW, and the new installed capacity is 60.4 GW
by the end of 2019. At present, there are mainly two types of wind turbine systems
(WTSs): doubly fed induction generator (DFIG) [5,6] and permanent magnet synchronous
generator (PMSG) [7,8] in the market. Compared with DFIG, D-PMSG has the advantages
of less maintenance cost, less mechanical loss, and high service life because of its direct
connection with WTSs. However, D-PMSG is a typical nonlinear complex system with
strong coupling. Under certain working conditions or within some system parameters,
there will be chaotic phenomena such as systematic irregular intermittent oscillation of
motor speed or torque, poor control performance, and so on [9,10]. During the operation
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of the WTSs, there are inevitably uncertain parameters and nonlinear characteristics. It
is worth noting that intensive efforts have been devoted to the research of uncertain
nonlinear systems [11,12]. The output power of WTSs will have violent oscillation and
fluctuation, which will have a great impact on the power grid, and even lead to the collapse
of WTSs. To solve these problems, it is necessary to concentrate on the investigation of
the chaotic motion of WTSs. Now a lot of research results have been obtained in the
chaotic characteristic analysis and chaos control of D-PMSG for WTSs [13-19]. In recent
years, fractional calculus has been gradually adopted in many engineering applications. In
the actual working process, the dielectric material inside the capacitor showed fractional-
order characteristics, which was confirmed in 1983 [20]. Through the analysis of the
storage and memory characteristics of the actual capacitance, the fractional-order of the
capacitance-voltage equation in different dielectric materials was tested, and the inductors
were also pointed to have fractional-order characteristics in 1994 [21]. By studying the
charge and discharge memory properties of the resistor, capacitor, and inductor in the
actual working process, the RLC circuit presented non-integer order characteristics in a
certain range of parameters or certain operating conditions [22], and the fractional calculus
theory was used to describe the memory characteristics of RLC circuit [23]. Through
the experimental data and identification algorithms, the modeling method of the time-
domain fractional-order model of permanent magnet synchronous motor (PMSM) was
proposed [24]. The chaotic characteristics of fractional order PMSM were analyzed by
three-phase diagrams, Lyapunov exponent spectrum, and poincaré maps [25]. To study
the chaotic behavior of fractional order PMSM, many scholars have studied how to control
chaos and design more control methods, such as backstepping control [26], sliding mode
variable structure control [27], fuzzy control [28], state feedback control [29], and so on.
Among these control methods, the design method of state feedback control is simpler,
the control performance is better, and the dynamic response is faster, which can better
suppress the chaos phenomenon and achieve the desired effect. The chaos motion of
D-PMSG was found for the first time in 2009 [30], and the chaos modeling and dynamic
characteristics analysis of D-PMSG has received much attention among researchers [31,32].
A backstepping adaptive control algorithm was proposed to suppress the influence of
parameter uncertainty and wind speed disturbance on the operation performance of D-
PMSG [33]. To effectively improve the chaos control performance of D-PMSG, a nonlinear
proportional control method was proposed [34]. Aiming at the chaotic behavior of PMSG,
an adaptive dynamic programming method based on cloud radial basis function neural
network was adopted to track the maximum wind energy point so that the system can
quickly get rid of chaotic motion [35]. Given the above PMSG are nonlinear systems, T-S
fuzzy model was applied to model the D-PMSG nonlinear system, and a new fuzzy tracker
was designed to eliminate the chaotic motion effectively [36]. Based on the above literature
researches, it is obvious that these studies are carried out in the integer-order region, but
the WTSs is also a nonlinear system with fractional order characteristics. The relationship
between fractional order and integer order of PMSG was revealed, the fractional-order
mathematical model was established and its chaotic dynamic behavior was analyzed in
detail [37]. The dynamic characteristics from Hoff bifurcation to stability were studied,
and a new predictive control method was designed to suppress the chaotic behavior in the
fractional-order model [38]. The eigenvalue, Lyapunov exponent, bifurcation, and phase
diagram of the fractional-order PMSG were studied, and a self-adaptive controller was
designed [39]. It is worth noting that these researches are all about the chaotic behavior
of the wind turbine nonlinear system (WTNS), and the scholars rarely study the chaotic
behavior analysis and control of linear fractional order D-PMSG. The challenging task
is to design the suitable controller for WINS, several control methods can be used to
deal with the nonlinear system and transform it into a linear model without affecting
the system properties, such as the Jacobian method [40], T-S fuzzy technology [41], high-
order approximate linearization [42], etc. As a convenient and reliable tool, T-S fuzzy
technology can transform a nonlinear model into a linear sub-model in an effective way.
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Given tremendous results on the T-S fuzzy model, numerous control algorithms on FONSs
are reported [43-45]. Up till the present moment, lots of control algorithms through the T-S
fuzzy model were applied to WTSs [46-50]. An improved augmented T-S fuzzy control is
applied to wind energy conversion systems (WECSs) [46]. For the stabilization problem
of nonlinear chaotic PMSG, the observer-based event-triggered fuzzy integral sliding
mode controller is proposed [47]. A disturbance observer-based integral fuzzy sliding-
mode controller is presented for WTSs with a nonlinear PMSG by T-S fuzzy model [48].
However, the fractional-order characteristics and parameters uncertainty aren’t considered
in the above researches. A novel T-S fractional-order fuzzy logic controller is presented
for D-PMSG based WTSs [49]. A novel adaptive fractional fuzzy integral sliding mode
control scheme is proposed to suppress the chaotic motion of fractional order PMSM
based WECSs [50], but the uncertain parameters in the process of the system operation are
not considered.

Therefore, it is necessary to study the nonlinear dynamic behavior, chaos generation
mechanism, and control method of D-PMSG for wind turbines with uncertain parameters.
At present, most of the researches mainly focuses on integer order nonlinear model, and
fractional order D-PMSG still needs further research. The fractional-order D-PMSG with
local linearization of the T-S model can reduce the complexity of chaotic controller design
and expand the system stability region. It is of great theoretical significance to build a
fractional-order D-PMSG linearization sub-model and study its chaos control method so
that WTSs can operate safely and stably, which lays a theoretical foundation for the further
study of its chaotic dynamic characteristics and control strategy in the actual operation
process. Using fuzzy PDC technology, fuzzy controller and system model have the same
membership function and fuzzy rule numbers, which facilitates the stability analysis of
the fuzzy system. The state feedback controller via PDC has a simple design method,
good control performance, and fast dynamic response. In this paper, the chaotic motion
of fractional order D-PMSG with uncertain parameters is studied, and the T-S model is
applied to establish its fractional-order fuzzy linear sub-model. By PDC control technology,
a fuzzy state feedback controller is designed. Based on FLST, a sufficient condition for
Mittag-Leffler stability of fractional-order D-PMSG with uncertain parameters is obtained.
The simulation results show that the proposed controller has good control performance
and robustness, and can effectively eliminate the chaotic motion.

2. Preliminaries and D-PMSG Mathematical Model
2.1. Preliminaries

For any positive real number « € (0,1], the Caputo fractional integral of a continuous
function f(t) can be defined as follows [51]:

DI () = g7 [ (£ =97 )i <1>

wherein, n—1 <a <n,a € R,n € N.

In practical engineering application, the Caputo’s derivative whose initial condition
is the same as the integer-order derivative has a clearer physical meaning. The Caputo
fractional order derivative with « > 0 for a continuous function f(t) is defined as [51]

Df() = T = o [ s sy @

to

Lemma 1 ([52]). Given any matrices Y, Z, N(t) and M of appropriate dimensions and with M

symmetrical, then the inequation M + YN(t)Z + ZTNT(¢)YT < 0 holds for any N(t) satis-

fying NT(t)N(t) < I if and only if there exists a positive constant 1, such that M +nYYT +
17T

n~1227T < 0.
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Lemma 2 ((Schur complement) [53]). For a given matrix S = S, the following three assertions
are equivalent:

Si1 Si2 }
1). S= <0
@ [ Sy Sx»
2). S11<0,50—S5LS 'S <0;

(3). Sy» <0,511 — 51252_215{2 < 0.

Lemma 3 ((Fractional Order Lyapunov Direct Method, FOLDM) [54]). If x, = 0 is an equilib-
rium point for the fractional-order system D{x(t) = f(t,x) and Q C R" is a domain containing
the origin. Let a continuously differentiable function V(t,x(t)) : [0,00) x Q) — R be locally

Lipschitz with respect to x. If there exist the any positive constants Iy, Ip, 13, m, n and V(t, x(t)),
which satisfies the following conditions:

hlxl™ < V(£ x(8)) < L™ ®)

DiV(t, x(t)) < —lsx|™ )

then the equilibrium x, = 0 is said to stable via Mittag—Leffler sense. Here, t > 0, & € (0,1]. If (3)
and (4) hold globally on R", then x, = 0 is globally Mittag—Leffler stable.

Lemma 4 ([55]). Consider the Caputo fractional-order system D x(t) = f(t, x), and construct the
Lyapunov function V(x(t)) = 2xT(t)x(t), then there is a constant & > 0 such that the following
inequality holds:

DV (x(t)) < (Dfx(£)) x(t) +x" (1) (Dfx(1)) + &|x(1) | ®)

wherein, t > 0and x € R".

Lemma 5 ([56]). The autonomous fractional-order system Dix(t) = f(t,x) with « € (0,1]
and x € R" is asymptotically stable if and only if min{|arg(A;)|} > am/2 is satisfied for all
1

eigenvalues A; of its Jacobian matrix | = df /dx.

2.2. Integer-Order Nonlinear Mathematical Model
The output power that can be extracted from the wind is expressed as [57,58]:

P = 0.5C,p o’ 6)

wherein, P, is the output power of wind turbine, p is the air density, r is the blade radius
of wind turbine, v is wind speed, Cp, is the wind power coefficient. The wind power
conversion coefficient Cp, is a nonlinear function of the tip speed ration ¢ and the pitch
angle B. The tip speed ratio @ can be described as follows:

Wyt
19 P—

@)

0

wherein, w;, is the wind turbine angular speed.

For a surface mounted PMSG, the expressions of stator winding voltage and flux
linkage in d-q synchronous rotation coordinate are as follows [59]:

The stator voltage equations:

ug | R 0 i —Lp  weL i 0
R R () e | R P

The stator flux linkage equations:

)-8 2[5+ %]
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wherein, Ud g id,q and Pq,4 are the stator voltages, the stator currents, and the stator
flux linkage components in d-q synchronous rotating coordinate system respectively.
L = Lj = Ly is the inductance of surface-mounted generator. ¢y is the flux linkage of
permanent magnet, R is the stator resistance and w, is the generation angular speed, p is
the differential operator d/dt.

The expression of electromagnetic torque can be expressed as:

T, = 1.5n,9fig (10)

The motion equation of D-PMSG is given by the following equation:

dw

wherein, T}, is the generation mechanical torque (since wind turbine and generator are
directly connected by a shaft, i.e.,, Ty, & T, = prtr’Cy(8, B)v*/20). ] is the equivalent
inertia, By, is the rotational damping, and 1, is the pole pairs. wy is generator angular
speed. Since D-PMSG is direct-drive and does not include the gear box, i.e., wg ~ w, and
We = NpWy.

Then the mathematical model of D-PMSG in synchronous rotating d-q axis can be
described as follows [30]:

dig R . Uy
= T Tl T Nplgwg +
di . . npp u
9 — _R PYf q
qF = "Ll MplaWg — —wg + T (12)
dwg

3 = (Te — T — Bmwg)/]

By affine transformation x = ¢¥ and time transformation t = tt, let x = [iy, iy, wg]T

and x = [’171,17,7, cTJg]T, the dimensionless Lorenz chaotic model can be obtained from Equa-
tion (12) [36]:

dld _ v T o~ ~

= Tl + lqwg + Uy

dz:, T T~ ~ ~
dwg

—# =olig—wg) = Tn

wherein, g1 = ¢p = Bm/(‘npfn%,), 63 =1/tny, T=L/R, 0 =1By/], 4 = —(3Tn§1pjzr)/(2
BwL), g = tuy/¢1L, ﬁq = Tug/G1L, T = 7T /¢3J, o and u are system parameters. 1:1, szq
and w, are d-q axis current component and generator speed. 1y, i; and T, are d-q axis
voltage component and generator torque.

In the D-PMSG chaotic model (13), it can be found that and only depend on the

system parameters.

2.3. Fractional-Order Nonlinear Mathematical Model

Considering the fractional-order dynamic effect caused by the internal damping of the
generator, the fractional-order D-PMSG chaotic model with uncertain parameters is established:

Dfxy; = —x1 + xpx3 + 1y

Dfxy = —xp — x1x3 + pux3 + ﬁq (14)

D’txx:z, = U(XQ — X3) — T
. T > v ~ 4T, . . ~ ~ ~qT.
wherein, x = [x1, X2, x3]" = [ig, 15, W¢] is a 3-dimensional state vector, u = [iig, iy, T;] is
the input vectors, o and y represent the system parameters, here o € [0, 03], it € [p1, pi2)-
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2.4. Fractional-Order T-S Fuzzy Model

Considering the FONS for D-PMSG with system parameters uncertainty (14), the
vector form is described as

Dix(t) = Ax(t) + ®(x(t)) + Bu(t)

-1 0 0 X2X3 (15)
A= 0 =1 u |, ®(x()=| —x1x3
0 o —0 0

. T ~ ~ ~ T, ~ ~ =47, .
wherein, x = [xq,x,x3]" = [ig,i5,Wg] is the state vector, u = [y, iy, T;] is the input
vector, 0 and y represent the system parameters uncertainty, and the matrix A is uncertain
matrix with ¢ € [0, 02| and u € [u1, po].

Applying T-S fuzzy membership rules, the vector model (15) is transformed into
equivalent linear sub-models, and then the global model is obtained by fusing these linear
sub-models. The vector forms with fractional order by T-S fuzzy method can be obtained
as following.

Plant rule i: If wy is M;, Then
Dix(t) = (A; + AA;)x(t) + (B + AB;)u(t),i=1,2,- - -r (16)

wherein, x and u are the state vector and the control input respectively. we and M; are
(i=1,2,-- -, r) respectively the premise variables and the fuzzy sets. i and r represent the i-th
rule and fuzzy membership rule numbers respectively. A; and B; are the system parameter
matrix, AA; and AB; represent real-valued function matrices with the uncertainties of the
time-varying parameters and have the following forms:

[AA;, AB;] = [D siFa;i(t)Eai, DpiFgi(t)Eg] (17)

wherein, D 4;, Dp;, E s; and Ep; are constant matrices with proper dimension. F4;(t) and
Fp;(t) are uncertain function matrixes with Lebesgue measurable elements and satisfy
FI.()Fa;i(t) < Iand FL(t)Fgi(t) < L
The global fractional order T-S fuzzy model with uncertain parameters can be inferred
as follows:
DEx(t) = Lioy hi(@g)[(A; + AA)x(t) + (Bi + AB)u(t)],
= Liz1 hi(@g)[Aix(t) + Biu(t)],i = 1,2,--- 7

wherein, h;(wg(t)) = M;(We(t))/ Xi_q M;i(wq(t)) are the membership functions, and
satisfying the following condition, M;(@g¢(t)) > 0, Yi_; M;(wg(t)) > 0, hi(we(t)) > 0,
2?21 hi(&g(t)) =1

3. Fuzzy Chaos Control for Fractional-Order D-PMSG

3.1. Fuzzy State Feedback Controller Scheme

The fuzzy state feedback control scheme is presented as
Control rule i: If Wy is M;, Then

(18)

u(t) = —Kix(t),i=1,2,---r (19)
The state feedback controller can be expressed as

u(t) ==Y hi(@g)Kix(t),i=1,2,-++,r (20)

i=1""1
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By substituting the above control law into Equation (18), the closed-loop fuzzy model
of fractional order D-PMSG with uncertain parameters can be described as

Df‘x(t) = ;‘:1 Z:f:l hihj(Ai — BiK]‘ + AA; — ABiK]')x(f)
= Yoiq o hihj[Hipx(t)] = Yoi_q Yiq hihjHx(t) (21)
i = 1,2,... ,r,]': ]_,2,... T
wherein, I’l,]’l] = hz(&g)h]((:‘v)g)/ Hij = Ai — BZ'K]' + AAZ' — AB,‘K]'.

3.2. Mittag-Leffler Stability

Theorem 1. The closed-loop fuzzy chaotic model of fractional order D-PMSG (21) with
control input (20) is said to globally Mittag—Leffler stable if there exist a positive definite
symmetric matrix P, the matrixes K;(i = 1,2, - - - ,r), normal real constants v, &;;, #;i, dii, 0
djj and Jj;, such that

ijs

Iy QE}‘;i MiTElgi Q

* —Sil‘I 0 0 . .
. . il 0 <0,i=12,---,r (22)
* * * -1
with I1y; = Sym(AlQ — BiMi) + SiiDAing + WiiDBing'
and
[ TI1  QE], M].TE; QEgj M{Egj Q 1
* —0;;l1 0 0 0 0
0,1< < 23
% « « 5,1 0 0 < <i<j<r (23)
* * * * —(5]-iI 0
| x * * * * -1 |
with

ﬁll = Sym(A,Q — Bl'M]' + A]Q — B]'Ml') + 5iiDAiD£i + 5ijDBiDl€i + 5]'1‘DA]'D£]' + 5]]DB]D§]
wherein, Q = P!, M; = K;P~L.

Proof of Theorem 1. Define the Lyapunov function candidate V (¢, x(t)) with a quadratic
form weighted by a symmetric positive matrix P. [

V(t,x(t)) = 2xT(t)Px(t) (24)

According to Lemma 4, taking « derivative of (24), then causes
DV (x(t)) < (Dfx()"Px(t) +x" ()P(Dfx (1) + & || Pl[|x(8)])* (25)

From Lemma 3, as long as the above-mentioned inequality (25) satisfies (4), then
fractional-order D-PMSG (21) is Mittag—Leffler stable with respect to the equilibrium point.
Then the following inequality holds

(Dfx(8))"Px(t) +x(t) ' P(DFx(t)) +E|IPI[x(8)]|* < ~Is]x(8)]> (26)
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The inequation (26) is equivalent as follows
(Dfx(£))" Px(t) +x(t) P(Df (1)) + | x(D)]]* < 0 (27)

wherein, & = ¢||P|| + L.
From inequation (27), the following in equation holds
(Dfx(£)" Px(t) +x(t) " P(DFx(8)) + | x()]|*

= xT(£) (HTP + PH)x(t) + 2T (DEx(t) = ¥ ¥ hihyxT (£) (HEP+ PHy +E1)x(t)

i=1j=1 (28)

= ¥ 2T (8) (HEP + PHy + E1)x(t) + ¥ ¥ hihyxT ())[(Hyj + ;)P + P(Hi; + Hyy) + E1]x(t)
=1

i i=1i<j

Assuming that each part of the third equation in (28) to be negative definite, then the
fractional-order D-PMSG (21) is Mittag—Leffler stable.
Firstly, suppose that the first sum of the last equation in (28) is negative definite

HIP+PH; +E1<0,i=1,2,---,r (29)
Substituting Hj; into inequation (29), one can get
Sym|[P(A; — BiK; + D aiFaE a; — DpiFpiEpiK;)] + 1 < 0,i = 1,2,- -+ ,r (30)

wherein, Sym(X) = X + XT.
Inequation (30) can be represented as following

Sym[P(A; — BiK;)] + Sym[P(Da;FaiE ;)] + Sym[P(—Dp;FpiEpK)] + 1 <0 (31)

Based on Lemma 1, one obtains (31) holds if and only if there exist ¢;; and #;; with
i=1,2,---,r,such that
Sym[P(A; = BiK;)] + €iPDo:D};P + ¢  E}Eai + 1iPDpiDy;P + 17 (EgiKy) T EgiK; + &1 < 0 (32)

By applying the Schur complement to (32), we have

Bn EY  (EmK)T I

el 0 0 0,i=12" 33
% * _77”1 0 <y, 74y a ( )
* * * -l

. =1 -
wherein, v =¢ , 11 = Sym(P(A; — BiK;)) 4 €;;PD 4;D}},P + 1;PDp; D[,.P.
Now, pre- and post-multiplying the above Inequation (33) by the diagonal transforma-
tion matrix, the following inequations are derived:

P g Pt PUEL PY(ERK)T P

* —Eiil 0 0 .

=12 ... 4
. . - 0 <0,i L2, 0,1 (34)
* * * -1

Assuming Q = P~land M; = K;P~! yields the LMIs (22) in Theorem 1.
The LMIs (23) can be obtained by a similar procedure. Suppose that the second sum
of the last equation in (28) is negative definite

(Hij+ Hjj)"P+P(H;j+ Hy) + 1 <0,1<i<j<r (35)
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By substituting H;; into the above inequation (35), we have
(Hi]' + Hji)TP + P(Hl‘j + H]l) + EI = Sym(P(HZ] + H]l)) + EI
= Sym{P[(A; — BiKj + D a;FaE a;i — Dp;Fs;EpiK;)+
(A] — B]Kl =+ DA]FA]EA] — DB]FB]EB]KZ)]} +El <0,1<i< ] <r

(36)

Inequation (36) can be represented as following
Sym[P(Al- — Bl'K]' + Aj - B]'Ki)}‘i‘
Sym[(D aiFaiEa; — DpiFpiEpiKj + DajFajEaj — DpjFgiEgiK;)] + &1 <0,

1<i<j<yr

(37)

Based on Lemma 1, inequation (37) holds if and only if there exist d;;, d;;, J;;, and J;
with1 <i < j <7, such that

Sym[P(A; — BiK; + Aj — BK;)] + 8ii(PD ;) (PD ;) '+
8 (ER,)Eai + 6 (PDg;) (PDp;) " + 51';1(EBin)TEBin

T | s— T
+0jj(PDj) (PDyj)" + 05 (E} ) Eaj + 6i(PDg;) (PDg;) " + (38)
(S];l(EB]‘KZ’)TEB]'Ki +EI <0
1<i<j<r
By applying the Schur complement to (38), we have
[ & EL, (EBin)T ET]‘ (EBjKi)T I ]
* _‘Siil 0 0 0 0
* ok =L 0 0 0 lco1<i<j<r (39
* * * * =il 0
| * * * * * I |

. =1
wherein, vy =¢ 7,

En = Sym[P(A; — BiKj + Aj — BiK;)] + 6;;PD oiD ;P + 6;;PDp;D;P + 6;;PD o;D}s ;P + 6;;PDg; D} .

*

EE R S

Now, pre- and post-multiplying the above inequation (39) by the diagonal transforma-
tion matrix, the following inequations are derived:

p'Z P! PUEL, PY(EgK)" PTEL P (EgK)" 1
—5;1 0 0 0 0
* *] —61 0 0 A<i<jsr (40)
* * * —5]',’1 O
* * * * -1 |

Assuming Q = P~land M; = K;P~! yields the LMIs (23) in Theorem 1.
When LMIs (22) and (23) hold, the fractional-order D-PMSG fuzzy closed-loop model
(21) is Mittag-Leffler stable. The proof is complete.

4. Simulation Results
4.1. Simulation Parameters

The PMSG parameters in the simulation are shown in Table 1. The wind turbine
parameters are given as follows:
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the blade radius of wind turbine r = 1.12 m, the air density p = 1.225 kg/m?, the
optimum tip speed ratio ¢,y = 0.9, and the optimum power coefficient Cp = 0.45.

Table 1. PMSG parameters.

System Parameter Symbol Unit Value
Direct/Quadrature inductance L mH vary
Stator resistance R Q 1.14
Permanent magnet flux-linkage (0 mWb vary
Moment of inertia J kg~m2 0.089
Pole pairs np number 17

4.2. System Simulation Experiment

Assuming that the parameters L and ¢y change randomly in a certain range, the
fractional-order D-PMSG chaotic model with uncertain parameters is studied

Dfx(t) = Ax(t) + P(x(t)) + Bu(t)

wherein, x(t) = [z:l, ’ivq, cTJg] is the state, u(t) is the control input, A = A+AA =

-1 0 0
0 -1 u | and B = B+ AB are uncertain parameter matrices and ®(x(t)) =
| 0 o -0
X2X3 .
—x1x3 | is nonlinear vector. The matrix A is uncertain matrix due to ¢ € [0y, 03] and
0
B € [, pal-

Assuming that @ (t) € [—30,30], the fuzzy rules are described as follows:

Rule 1: If &g is My, Then D{fx(t) = Ajx(t) + Byu(t);

Rule 2: If g is My, Then D x(t) = Apx(t) 4+ Bou(t).

When u(t) = 0, the open-loop fuzzy model of fractional order D-PMSG can be
expressed as follows:

Dfx(t) = Y o hi(@g (1)) (Aj + AA)x()

During the simulation, let o = 16 0.2, u = 45.92 £ 1, we set ¢ in the interval [15.8, 16.2]
and set p in the interval [44.92,46.92] randomly. Then there are the following matrices.

~1 30 0 -1 =30 0 00 0
Ar=| —30 —1 4592 |,A,=| 30 —1 4592 [,AAj=AA,=|0 0 sin(t) |,
0 16 -16 0 16 —16 0 02 —02
0 0 0 1 0 o07[0 o0 0
DpiAFAi(H)Epi= | 0 00625 0 0 sin()) 0[]0 0 16
0 0 02206 ]| 0 0 1|0 081 —0871
0 0 0 0 0 0
ThenDy; = | 0 00625 0 andEgq=|0 0 16
0 0 022 0 0871 —0.871

The fuzzy membership functions are expressed as following:

(@ (1)) = %[1 + &g(()t)} and ha (@g (1)) = %[1 B wé(()t)]'

The system state diagrams and three-phase diagrams of the system without control are
shown in Figure 1. The chaotic behavior of solutions for integer-order & = 1 is depicted in
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Figure la. Figure 1b shows some changes in solutions when the order is & = 0.97. Further
variations a= 0.96 being going to affect the behavior of the states is shown in Figure 1c.
Obviously, from Figure 1d, variations in the differential order will drastically affect the
solutions to have stables for « = 0.95.
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Figure 1. The chaotic characteristics of the system without control.

Using the following PDC control method, the state feedback control model is designed
as follows:

Rule 1: If @, is My, Then u(t) = —K;x(t);

Rule 2: If &g is My, Then u(t) = —Kpx(t).

The global state feedback controller is obtained

u(t) = =Y hy(@g (1) Kjx(t)

Thus, the closed-loop fuzzy control model of fractional-order D-PMSG with uncertain
parameters can be described as

2 2
Dx(t) = Zl Zlhl(&g(t))h](@g(t))(Az — BZ'K]' + AA; — ABin)x(t)
i=1j=

Giving the control amount for the load torque and quadrature axis voltage, then con-
trol input parameter is By = B, = [0;1;1] and assuming that the input parameter changes to 0.

The inequalities in Theorem 1 are solved efficiently using the solver packages LMlIs in
MATLAB, the gain matrixes of fuzzy state feedback controller are as follows:
Ky = [6.1060, —6.1274,93.7378] and K, = [—6.1060, —6.1274,93.7378].
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It can be seen from Figure 2 that when the system parameters change randomly in
a certain range and the fractional-order is different, the control system can be stabilized
quickly, and the control performance and robustness are improved. Figure 3 illustrates that

the fractional order also has a great influence on the control performance of the system.
With the decrease of fractional order, the control performance is better.
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Figure 2. The control state diagram.
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5. Conclusions

In this paper, the fractional-order D-PMSG fuzzy chaotic model with uncertain param-
eters is established and a fuzzy state feedback control strategy based on the PDC control
method is proposed. By using FOLDM, through the properties of fractional calculus, based
on Schur complement lemma, a sufficient condition for Mittag—Leffler stability is derived
in LMI form. In the process of research, there is no need to give the fuzzy universe in
advance, which expands the working range of fuzzy control. The simulation results show
that the control method can effectively eliminate the harmful chaotic motion in D-PMSG
when the system parameters are uncertain or the fractional-order changes, and has strong
robustness and applicability. The theory of neutrosophic logic and sets was first proposed
by Smarandache in 1995 (published in 1998) [60] which is an extension of the fuzzy logic
and sets to further solve the problems of the system uncertainty and improve the control
performance of the system. Neutrosophic logic uses the triplet components in the order:
(truth-membership, indeterminacy-membership, and falsehood-membership), which is bet-
ter descriptive than fuzzy logic. Later on, neutrosophic statistics that is the generalization
of classical statistics is introduced [61]. In recent years, neutrosophic statistics have been
widely investigated [62-66]. During the operation of D-PMSG, some parameters are not
constants but will change with time, such as wind speed varying, major component aging,
and manufacturing tolerances. To solve the uncertainty of the parameters and improve the
control performance of D-PMSG, neutrosophic statistics will be applied in the modeling
and control of D-PMSG in future research.
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D-PMSG  direct-drive permanent magnet synchronous generator

T-S Takagi-Sugeno

FONSs fractional order nonlinear systems
FLST fractional Lyapunov stability theory
PDC parallel distributed compensation
LMIs linear matrix inequalities

FONS fractional order nonlinear system

EPHA European Public Health Alliance
GWEC Global Wind Energy Council

WTSs wind turbine systems

DFIG doubly-fed induction generator

PMSG permanent magnet synchronous generator
PMSM permanent magnet synchronous motor
WTNS wind turbine nonlinear system

WECSs wind energy conversion systems

FOLDM fractional order Lyapunov direct method
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