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Abstract: This paper proposes a full-order terminal sliding-mode (FOTSM) control scheme for brush-
less doubly fed induction generator (BDFIG)-based islanded microgrids. To deal with mismatched
uncertainties in the BDFIG system, virtual control technique-based full-order sliding-mode control
is applied to stabilize the amplitude and frequency of terminal voltage. In the current loops, two
full-order terminal sliding-mode controllers are designed to make sure that the current tracking
errors can reach their equilibrium points in finite time. It is demonstrated by the comprehensive
simulations that the proposed method can significantly improve the tracking accuracy, the rapidness,
and the robustness to the uncertainties of the BDFIG control system and can enhance the output volt-
age quality. Furthermore, an experimental study of the proposed control method for BDFIG-based
islanded microgrids would be another important future work.

Keywords: brushless doubly fed induction generator (BDFIG); islanded microgrids; sliding-mode
control (SMC); terminal sliding-mode; mismatched uncertainties

1. Introduction

The brushless doubly fed induction generator (BDFIG) has demonstrated promising
prospects in the energy-saving performance of microgrids, such as applications in wind
power systems, ship shaft power generation systems, etc. Among the members of the
induction motor (IM) family, the BDFIG has no brushes and slip rings, which is the main
difference from the traditional doubly fed induction generator (DFIG) [1-3]. The BDFIG
not only inherits the merits of the DFIG but also shows higher reliability and longer work
lifetime. Therefore, it has been regarded as a feasible alternative [4,5].

The BDFIG consists of a rotor and two stator windings with different pole pairs. The
indirect electromagnetic coupling effect between the two stator is generated via a specially
designed squirrel-cage type rotor without the rotor voltage [6,7]. The BDFIG-based system
for a ship microgrid is depicted in Figure 1. The BDFIG is connected to the main engine of
the ship, the power winding (PW) is directly joined to the grid, while the control winding
(CW) is supplied by a back-to-back converter achieving the bidirectional power flow [8].
The PW-side converter maintains the stability of the DC-bus voltage, and the CW-side
converter regulates the frequency variable exciting current.

The control strategies proposed for BDFIGs include the typical vector control (VC) [9];
the direct torque control (DTC) [10]; and some others such as the phase angle control [11],
indirect stator quantity control [12], etc. The DTC has advantages such as rapidness
and robustness under operating conditions, but large torque/power ripples and current-
waveform distortions will degrade the quality of the output power [13]. While in the
VC system, the current harmonic spectra are better than those under the DTC. However,
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the common controllers are sensitive to inner parameter perturbation and external dis-
turbances. The controller design for the BDFIG-based microgrid is somewhat difficult to
develop for the following two main reasons: (1) the mathematical model of the BDFIG is
a class of highly nonlinear multi-input-multi-output (MIMO) systems with unavoidable
uncertainties and lots of degrees of freedom; (2) the parameters of the PW, the CW, and
the rotor vary with current frequency, motor temperature, and magnetic saturation ef-
fect. The existing controller design algorithms are generally heavy parameter-dependence,
meanwhile common and practical proportional-integral (PI) control cannot meet the re-
quirements of control objectives well in the precision and dynamic performance [14,15].
Therefore, it is necessary to design advanced nonlinear controllers to compensate for the
influence of parameter variations in the system, so that the BDFIG-based microgrid can
obtain a good operating performance in various environments and conditions.

: cW
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| - |
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Power converter
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1+ :
Fliter
‘|—_

CsC AFE

Figure 1. The structure of the BDFIG in the ship power mircogrid, where the SCS means the CW-side
converter and the AFE means the active front end.

With the development of control theory, lots of control methods for DFIG systems
have been proposed to implement high-performance control for the BDFIG, such as back-
stepping control [16], adaptive control [17], Hoo control [18], fuzzy control [19], model
reference adaptive control (MRAC) [20], model predictive control (MPC) [21], active distur-
bance rejection control (ADRC) [22-24], neural network control [25], sliding-mode control
(SMCQ) [26], etc.

Due to the low sensitivity to parameter perturbations and the strong robustness to
external disturbance, the sliding mode control (SMC) is proposed for the IM [27,28], the
DFIG [29], and the BDFIGs [30]. An integral sliding-mode-based DTC scheme is proposed
for DFIG-based wind-energy conversion systems in [31], and the advantages against pa-
rameter variations is illustrated. However, the convergence is not finite and undesired
chattering exists. To deal with the chattering problem, an adaptive internal SMC is devel-
oped to optimize the efficiency of variable-speed wind turbines and to meet the control
requirements of wind energy conversion systems under model uncertainties, which gener-
ates smoothed active power with minimized ripple [32]. However, a discrete control output
with a high switching frequency is needed when applying this method. Alternatively, the
second-order SMC can eliminate chattering without a discrete output [33,34]. However,
the mathematical calculations of this method are complex and the implementation becomes
difficult in the case of the increasing states [35]. A saturation function-based integral SMC
with feed-forward terms is proposed for the BDFIG, but a quasi-sliding mode controller
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utilizing the boundary layer would decrease the control accuracy [36]. In [34], a super twist-
ing sliding mode direct power control scheme for the BDFIGs is implemented. Although
the super twisting SMC is an effective way to suppress the chattering with continuous
signals, it is non-monotonically convergent to the sliding manifold and may cause a large
overshoot [37].

The mathematical model of the BDFIG is a class of second-order nonlinear systems
with matched and mismatched uncertainties. However, the SMC in general is regarded as
an excellent method for nonlinear systems, while until now, most SMC methods depended
on the so-called matched conditions [31]. The reference of d- and g- currents designed by the
traditional SMC contains high-frequency switching signals, and its derivative existing in
the signals of space vector pulse width modulation (SVPWM) would lead to the singularity
problem. In existing works, little attention has been paid to this issue. Therefore, to improve
the accuracy rapidness and robustness to the uncertainties, advanced control methods for
the BDFIGs are demanded to have a strong disturbance rejection capability for mismatched
uncertainties.

The full-order terminal sliding-mode (FOTSM) is one of the most recent proposed
SMC theory, which is proven to be efficient for mismatched nonlinear systems [38]. By
introducing the ideal of both the full-order terminal sliding-mode (FOTSM) control al-
gorithm and the virtual control technique, this paper proposes a novel FOTSM-based
control method to stabilize the amplitude and frequency of terminal voltage under the
parameter perturbation and electrical load vary. The main contributions in this article can
be summarized as follows:

(1) Compared with the conventional controllers, the control precision and transient
response of the amplitude and frequency of terminal voltage improved by adopting the
proposed FOTSM controllers without using low pass filters or the boundary layer method.

(2) On the premise that the excellent anti-disturbance of the SMC is kept in case of
uncertainties, the chattering in the conventional SMC is mitigated by the integral control
law and continuous pulse width modulation (PWM) output signals can be generated.

(3) The matched and mismatched uncertainties in the BDFIG system are adequately
considered and thoroughly compensated. The adaptive gain is utilized to avoid overesti-
mating the upper bound of the uncertainties and to improve the adaptation of the BDFIG
system to the uncertainties.

This paper is organized as follows: Section 2 introduces the mathematical model
of the BDFIG with uncertainties. In Section 3, the voltage amplitude- and current-loop
controllers based on FOTSM are designed. Section 4 gives the simulation results. Finally,
the conclusions are summarized in Section 5.

2. Preliminary
2.1. Dynamic Model of the BDFIG

The dynamic mathematical model of the BDFIG in the d-g coordinate with the angle
frequency w; of the rotating can be expressed as

urg = Ryiyg + sy — wayy )
u1g = Ryirg + 515 + wadrg
upg = Roing + S¢og — (w2 — (p1 4 p2)wr] oy @)
t2g = Raizg +5¢2q + (w2 — (p1 + p2)wr] o
Ura = Ryigg + 5¢ra — (w2 = preor) g 3)
rg = Ryirg + s@rg + (w2 — pravy) Pra
¢14 = Liiyg + Lisipg 4)
¢1q = Llilq + Llrirq
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$2a = Loing + Loyipg 5)
$2g = Laizg + Loyirg
¢ra = Lrirg + Liying + Loring ©)
¢rq = Lrirq + Llrilq + L2ri2q
and the rotor speed of the BDFIG can be expressed as
w1 + wr=(p1 + p2)wr. )

Setting the rotor voltages to zero u,; = uy; = 0, the voltage equation of rotor (3) can
be rewritten as

{o = Relrg + ¢ra = [w2 = preor]prg. ®)

0 = Rrirg + 5¢rg + (w2 — prevr|¢ra
Substituting (6) and (7) into (8) yields

[Lrs® + Rys + Ly (w1 — paw2)?](L1rig + Larizg)
(Ry 4 Lys)? + L2 (w1 — powr)?

Ry (w1 — powr)(L1yi1g + Loring)

(Ry + Lys)2 + L2(wq — Pywy )?

ird—_

)

_ W1 — pawy - L2s> + L,R;s + L%(wl — pzwr)2

Ry + Lys (Rr + Lrs)z + L%(wl - PZWV)Z
L/R,(wy — PZwr)z

(Ry + Lys)? + L2(wy — pawy)?™

In general, the values of R, are close to L,. According to (7), the rotor speed range is

limited. Hence, the wj is generally limited to 30% of wj. Therefore, the first term of (9) can
be rewritten as

Irq |(Lyying + Loring)

(10)

1 ) .
- m(Llrllq + Lorizg)[s +

o[ H (Re/L)s + (w1 — pawa)*|(Layina + Lorizg) 1)
rd Ly[s2 +2(R;/Ly)s + (w1 — pawy)?] ’

Considering that the zeroes and poles of this term can cancel each other, the Equation (11)
can be simplified as

_ Lyirg + Lovirg  Re(Laring + Loriag)

iy = 12
rd Lr L%((Ul _ pzwr) ( )
Similarly, Equation (10) can be simplified as
. Lyying + Loz
irg = _%' (13)

According to (12) and (13), the voltage function of the CW (2) can be rewritten as

di .

T? = 03Lo(upq — Raipg + Dyy) (14)
di

—21 = 031 (uzg — Roing + Day) (15)

dt
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where Dy; = tX1i2q + apiig + D‘Bilq/ qu = wyglpg + a5i1g + D(6i1q, op=1- L%r/(LzLy),

= _wi(wy — pawy)(L2Ly + L3,L,) — L3 Rys 2y — Lq,Loss

L} (w1 = pawr) ' L,
= — L1y Lor[Rys + Lrwr (w1 — pawy)] 2 = o LaLyws
L2(wq — pawy) ’ Ly
ns = 7W1L1rL2r,DC6 __ LiLa[@rRy = Ly(wy — pawrs)]

Ly L} (w1 = powr)

The currents of CW are assumed as ip; = 0, ipg = I». Substituing (14) and (15) into (1),
the voltage of the PW can be expressed as

wy (L3, — LiLy) .

u1g = Ryigg + 7 i1g (16)
r
. w(L?, —LiLy) . woly,L
ug = Rty — ( 1rL r)lld -2 Llr 2878 (17)
T r
The PW voltage can be calculated by
Uy = V u%d + u%q
Ly, L 2wyLy, L wyl? . ,
= {(wp 228 — =22 (wo Ly — ——10)ing + Ryiyg| I (18)
L, L, L,

‘ . wyl?, . .
+ R3(i2, + z%q) + (woly — Lrlr)(l%d 4 z%q)}l/z.

For a small perturbation in the control output Al, Equation (18) can be described by

dAU
Uy (le + Al) = Us(Lp) + A=y~ -1y (19)

where Ir is the amplitude of a steady-state value of the CW current. Then, considering
(18) and (19) yields
AUy = Uy (e + Ap,) — U(LE)
= Uy (g + Al) — Uyyer (20)
= KyALg
where K, = wyLyyLo[wyLy, Loy g + (UQ(L%I, — L1Ly)iyg — RlLlrilq] is a constant in the

steady-state. According to (19), the amplitude of the steady-state value of CW current can
be calculated as

Le = [(Bri1a + Rairg) + (2B1Ryirging — Ryt — BRid, + Urer) %]/ B2 1)
where B1 = wy(Ly — L2,/L;), B2 = waLy, Loy / Ly

2.2. Outer Loop Subsystem

The outer-loop subsystem is the PW-voltage loop. The tracking error can be defined as
ey = Uyyer — Up. According to the mathematical model of the BDFIG, the voltage tracking
error dynamics can be expressed by

ey = Uref — Uy = —K,Ab. (22)
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Considering the change in temperature and frequency, the variation of resistance and
inductance can be represented by

R, =Rjy+AR; i=1,2,r
{ i i0 i (23)

Li=Lo+AL j=1271r2r

Furthermore,
0y = 09 + Aoy

Br = Pro+ AP k=12

Oy = Qo + Dy, m=1,...,9. (24)
Ty = RyonLy = Tho + ATy

Ty =o0pLy = Ty + AT,

The above uncertainties can be assumed to be bounded; therefore,

|AR;| < Mg, i=1,2,7
b (25)
|AL]-| <My, j=12,11r2r
Furthermore,
|A0—2| < My,
AB| < M k=1,2
‘ :Bk| = Vi, (26)

|Ad| < My, m=1,..,9
|AT,| < Mgy, n=1,2
where MR]., My, Mo,, Mﬁl, and Mﬁz are known to be positive constants.

Therefore, considering the parameter perturbation, the error dynamics in the outer-
loop can be described by

ey = —KyAl

wz (Lo + ALy, ) (Loso + ALy ) oE

+ wy(Lyy0 + ALy, )iy Al (27)
— wy(Lyrg+ ALy, ) (Lyo + ALy )ing

— (R0 + ARq) (Lo + ALy )ing

= —wz(L10 + ALy, ) (Loso + ALoy)

The virtual control law is defined by
Ddref = Olores + DE- (28)
The current tracking error of i; is defined as
€id = lgref — Ld- (29)
Thus, the tracking error dynamics (22) can be expressed as
ey = —KuoAhyer — AKyAlyer + Kigéig (30)

where Ko = wyL1,0Los0[w2L1y0Lor0 o + wa(L3,g — LioLyo)ing — RioLiroi1g] and AKy Al
is defined as the coefficient of uncertain control gain in the control system of the BDFIG.
For analyzing the lumped unmatched uncertainty pg, the following uncertainties are

defined as AK KK
P — u _ Bu T Buo 31
u KuO KuO ( )

which is upper-bounded by
|oul < Ms < 1. (32)
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2.3. Inner Loop Subsystem
According to (14) and (15), the inner-loop current subsystem can be obtained by

dipg . . :
Tq = Foizay + G(upgy + Frizay + Fairag) (33)

where iy4, = [iag,i29]", 124 = [Ui24, u2q]", Fo = Foo + AFy, G = Go + AG, Fy = Fyg + AFy,
Fy = Fy + AP,

0 Ty O } { 0 } [ ) ]
/G = /F = /P = 7
Tho } 0 [ 0 Ty 10 ag 0 20 a30  &eo

0 | AT, 0 _ 0 Axm | Axy Aas
ATJ’AG_{ 0 ATZ}’AH_{AM 0 }’AFZ_{A% Awg |’

and the uncertainties above are upper-bounded by

AR < MEy,  [|AG| < Mg, [|AF]| < MFy, [|AF2| < MF, (34)

| Sty | < V22, || Bingy | < V2ire, ||| < V2 (35)

where Mafr,, MaFr,, Maf,, and Maf, are known positive constants; uy, is the rated voltage
of the CW; 1, is the rated current of PW; and i5, is the rated current of the CW.

The inner-loop subsystem with the consideration of the influence of parameter varia-
tion can be analysed by

diqu
dt

= Fooizag + (Go + AG) (244 + Frotagg + Faotrag) + pq (36)

where the uncertainty p(t) = AFoizg, + (Go + AG)(AFyizy + AFai1g,).
For dynamic decoupling, a feedforward compensation is introduced:

Ugy = gy + Froigg + F0t144- (37)
Substituting (37) to (36), the inner-loop subsystem can berewritten as follows:

dists _ g i+ Gottgy + MGy, + (38)
dr  footadg 0Udq dg T P1

where p, () = AGug, + py(t). The uncertainty and its derivative are bounded by ||p; (t)|| < M,,,
o1 ()] < Map, -

3. Full-Order Terminal Sliding-Mode Controller Design
Let KA L, ¢ = up. A full-order terminal sliding manifold sy € R! is designed as

so =ey+ coe?l/p (39)
where ¢ is a constant, g and p are odds, and 0 < q/p < 1.

Theorem 1. Based on the sliding manifold (39) and the virtual control law as follows, the outer-
loop voltage tracking error dynamics can be regulated to reach the presupposed manifold in finite
time tyg < (|so(0)|/#0), thereafter remaining on it and converging to equilibrium point in finite

time tsg < p/[(co(p —q))leu(to)|' 7).
Uy = Ugeq + Uon (40)

/
UQeq = COEZ : (41)
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Uy = /kosgn(so)dT (42)
MsMeq(t) + 110
k= ———— 43
0 - M, (43)
ALy r = / Lcoeq/p + 1 // kosgn(sp)dtdt (44)
ref KuO u KuO
where M; is defined in (34), Mdeq(t) is the upper bound of 14, and 7 is a constant.
Proof of Theorem 1. According to (30), Equation (39) can be rewritten as
So =ey+ C()e?l/p
= _KLIOAIZFCf - AKllAerﬁf + Kuoéig + COeZ[/p (45)

.. /
= —ugy — dyug + Kyobig + Coe?l P,

A Lyapunov function is defined as Vp = 0.55(2), and the time derivative of Vj is
expressed as

Vo = soéo = —Sotion — Sodutio + SoKuoéig
. . . " (46)
= —Souon — Sodutlon — S00Utoeq + S0Ku0€ig-
Substituting the integral-type switching law (42) into the above equation gives
Vo < —k0|50| + k0|50||5u| + ‘SO||5U||u03q| ~+ 50Ky,0€i4 47)
< —ko(1 — Ms) + Ms]so||itoeq| + soKuoia-
Thus, Vj is satisfied:
Vo < —llsoll[(1 — Ms)ko — MsMaoeq(1)], (48)

where Mdeq(t) is the upper bound of i1¢;. When sy # 0, considering the switching gain (44)
yields
Vo = s0s0 < —10[s0| + s0Kuo€ig- (49)
The inner loop tracking error ¢;; and its derivative converge to zero in finite time and
can be proven in the following Theorem 3. Then, we have

VO < —170|So| < —\/5770‘/01/2 < 0. (50)

According to the lemma of finite time convergence in [38], the above equation illus-
trates that the outer loop-error tracking error dynamics will reach the ideal sliding manifold
within finite time under the designed virtual control law (40). It is maintained on the sliding
mainfold sy = 0 thereafter. During the sliding motion, the error dynamics converge to
zero in finite time. It is obvious that the virtual control law overcomes the ummatched
uncertainties completely. This completes the proof. [J

Lete; = drpp — i = [igre — iq,0 — ig)T and Gotipgy = 1. With the subsystem (38), the
error dynamics can be given as

i = iref — Fooiagg — w1 — AGGy w1 — py. (51)
A full-order terminal sliding manifold s; € R? is designed as
s1 =¢€; + Cle?/p (52)

where C; = diag(c11,¢12), c11 > 0,¢12 > 0, and g and p are odds and 0 < g/p < 1.
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Theorem 2. Based on the designed sliding surface (52), the virtual control law (40), and the
following actual control law, the inner-loop current tracking error dynamics can be regulated to
reach the sliding surface s1(t) = 0 in finite time t,; < (||s1(0)||/11). Then, the inner-loop

tracking error e; and its derivative can converge to zero along the ideal sliding surface in finite time
_ 1—
ta < max{p/[(c1(p — 9)leia(tna) |~ "7), p/ l(era(p — 9)) leig (tag) |71}

Ul = Uleq + Uiy (53)
. 1 [ co(—KyuoALyer)1P + [ kosgn(so)dt
Uieg = _P0012dq 4+ 0( u0 2ref) f 058 ( O) (54)
Ku() 0
Uy, = /klsgn(so)d’r (55)
MeMgro (£)/ T MsMT_P)/Pp /p+M
e — G dleq( ) 20 + coqMs Al2ref dAI2ref p+ dpq +m 56
= 1— Mg/ T (56)
1249 = Gy ' (—Fooioag + / kisgn(so)dt
1 co(—Kqulzref)q/” + [ kosgn(so)dt (57)
+ = )
Ko 0

Proof of Theorem 2. According to (51), the sliding manifold (52) can be rewritten as follows:
s1 = ires — Fooingg — 1 — AGGy 'uy — py + Crel’? 8
1= byef 00%2dqg — 11 0 U1 —Pq + 1€;" . (5 )

Combined with (40), we have the following:

q/p
coer’ " + f’(;osgn(so)dT ] — Fooiggg — 1 — AGGy 'uy — py + Cel’?. (59)

Considering (30), the above can be rewritten as follows:

s = 1 [ co(—KuoAlprer — AKyAlyyer) 7P + [ kosgn(so)dt

Kuo 0 (60)
— Erving. — y1 — -1, a/p
P0012dq up — AGGy uy —py + Cre;" "

Substitute the actual control law (53) into the above, then we get

— /
5 = 1 [CO( AKuAIZref)q P

—uy, — AGG-luy — p;. 61
Koo 0 :| Uiy 0 ¥1— P (61)

Define a Lyapunov functionis as V; = 0.5s] s1, and the derivative of V; is expressed as
Vl = S{Sl

KuO

— (@=p)/pPA 62
— —sTuiy — o] Accalul—sfpﬁl[ 00/ )= AKuB ey Bl ] (©2

Substituting (53) into the above gives

Vi = 1[ Co(q/p)(_AKuAIZref)(qip)/pAI.Zref :|
1— K 0
u0

T, T ~1; T ~1; T,
—Sspuiy — 51 AGGy iy — s AGG Cityeq — S1 01

(63)
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Thus,
Vi < Jls1ll(=ky + ki [AG | G5 | + 186 || G5 | [iteq |

Coq )/
ou || AL || Adares

)
From the above, the upper bound of the actual control law can be estimated as

g || < |Jitreq|| + lie1nll < V2k1 + Mg (t). (65)

According to (44), the upper bound of ALy, and its derivative are estimated as

1 l

AIZref = / K OCOEu /kosgn(so)dT < MAIZref
u

(66)

1
AIZref = 7C05q/p + /kosgn sp)dt < Manraref-
Combined with adaptive switching gain (56), when V; # 0

, —k1 (1= Mg/ Tao) + McMareq(t)/ Tao
Vi < st (g4=p)/p
Fe0gMsMxporer Manrzref /P + Map, (67)

< —\/5771‘/11/2.

Similar to the proof of Theorem 1, the above equation means that the error dynamic
approaches the ideal sliding surface s; = 0 in finite time. Additionally, the tracking errors
of CW current and its derivative converge to the equilibrium point in finite time. From
Theorem 1, ey can converge to zero in finite time. This complete the proof. [J

According to Theroems 1 and 2, the PW voltage controller is designed for the outer-
loop and the CW current vector controllers are utilized for the inner-loop. The block
diagram of the control scheme of the BDFIG as shown in Figure 2. The phase-locked loop
(PLL) is used to track the amplitude of the output voltage, which is omitted here for space
due to its simplicity.

Outer loop subsystem I ﬂmer loop subsystem  Dag

FOTSM
U voltage current u
et controller controller abc u2a
2y SVPWM
U, u
current dq =
Feedforward compensation \ controller A j
)
Ulref > £ (21) | m 9,
w,—» Eq. — e AFE H csc
[T * A
. A Unc
S <
®1=50Hz =" —Dx t2d abc  ligabe
ili— Eq. (14)(15) Y dq
P ) 2 g
iq+— \_ abc |+—0 \
) -, —( Eq. (7) H LPF }7
Ilq dq - l1abc
Uy PLL T

Figure 2. Block diagram of the control scheme of the standalone BDFIG.
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4. Simulations

In order to demonstrate the effectiveness of the proposed method, PI controllers, linear
sliding mode (LSM), and FOTSM controllers are designed for performance comparison.
The parameters of the BDFIG are listed in Table 1, and the controllers design parameters in
Table 2.

Table 1. The parameters of the BDFIG.

Symbol Mean Value
Se Capacity 30 kVA
We Speed range 600-1200 rpm

p1, P2 PW and CW pole pairs 1,3

Uy, L1, PW rate voltage and current 380V,45 A

Uy, Ipe CW rate voltage and current 0-350V, 0-50 A
R4 PW resistances 0.4034 Q)
Ry CW resistances 0.2608 )
R, Rotor resistances 0.3339 OO
Ly PW inductances 4749 mH
Ly CW inductances 32.16 mH
L, rotor inductances 225.2 mH
Lq, Mutual inductance between PW and rotor 306.9 mH
Lo, Mutual inductance between CW and rotor 25.84 mH

Table 2. Controller design parameters.

Control  Outer Loop Controller Parameters Inner Loop Controller Parameters
PI K, =0.07,K; = 18 K, =21.5,K; =972
LSM ¢ = 300,k = 1000 Kp =21.5,K; =972

FOTSM co = 300, kg = 4000,4/p = 3/5 c11 = c1p = 1000,k = 6000,4/p = 3/5

4.1. Start-Up Response

The BDFIG starts at Os and runs for 1.0 s in total. The speed of the prime mover is set
as 700 rpm in the simulations. In order to characterize the parameter mismatch caused
by the change in temperature and frequency, the resistances and inductances are set as
105% of the real values in the simulations. The reference frequency and amplitude of the
PW voltage are 50 Hz and 327 V, respectively. The load is a balance three-phase resistive
load with resistances of 25 () for each phase. The PI, LSM, and the proposed FOTSM
controllers during the voltage start-up process are shown in Figure 3. It can be seen that
the settling time of the voltage response under PI, LSM, and FOTSM are 0.079 s, 0.074 s,
and 0.028 s, respectively. The BDFIG under the proposed FOTSM controller has a better
dynamic response. It is obvious that the accuracy of the voltage response is enhanced
and that the ripple is reduced. Figure 4 shows that the d-axis current response under the
FOTSM can approach the given current faster than the PI and the LSM. It is evident that
the ripple of g-axis current under the FOTSM is smaller than PI and LSM in Figure 5 owing
to the integral-type control law and the adaptive switching gain. In Figure 6, the frequency
under the PI and the LSM has a larger ripple than that under the FOTSM.
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Figure 3. The PW-voltage amplitude responses under PI, LSM, and FOTSM during the start-up

process.
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Figure 4. The CW d-axis current responses under PI, LSM, and FOTSM during the start-up process.
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Figure 5. The CW g-axis current responses under PI, LSM, and FOTSM during the start-up process.
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Figure 6. The PW voltage frequency responses under PI, LSM, and FOTSM during the start-up
process.

4.2. Load Adding Response

In order to attest to the robustness of the three control methods, another balance
three-phase resistive load with resistances of 120 () for each phase is added to the system
in 0.5 s. The condition of the simulations is the same as the start-up response and the
simulation results are shown in Figures 7-10. According to the simulation results shown in
Figure 8 that the voltage amplitude drops under the PI, the LSM and the FOTSM are 21V,
22V, and 16 V, respectively. In addition, the settling time of the voltage response under the
PI, the LSM, and the FOTSM are 0.045 s, 0.042 s, and 0.008 s, respectively, which means
that the proposed FOTSM has a faster dynamic response and stronger robustness. It is
obvious that the tracking error of the PW voltage amplitude under FOTSM is still smaller
than the PI and the LSM when the load is added. In Figure 8, the current response under
the FOTSM can converge to the equilibrium point faster than the PI and the LSM when the
load is added. It can be seen from Figure 9 that the ripple of the g-axis current under the
FOTSM is smaller than those under the PI and the LSM. In Figure 10, the fluctuation of
frequency under the PI, the LSM, and the FOTSM is similar when the balance three-phase
resistive load is added. However, the FOTSM has a faster recovery time and smaller ripple
in steady-state than that under the PI and the LSM. These results further verify that the
proposed FOTSM has a better robustness against the uncertainties.
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Figure 10. The PW voltage frequency responses under PI, LSM, and FOTSM during the load adding
process.

4.3. Voltage Change Response

In order to demonstrate the dynamic response of the BDFIG using the FOTSM con-
trollers. The reference of output PW-voltage amplitude is changed from 327 V to 360 V
at 0.5 s. The condition of the simulations is the same as the start-up response and the
simulation results are shown in Figures 11-14. It can be concluded from Figure 11 that the
settling time of the voltage response under the PI, the LSM, and the FOTSM are 0.045 s,
0.035 s, and 0.006 s, respectively, when the reference of voltage amplitude is changed from
327 V to 360 V at 0.5 s. Meanwhile, the precision of the output voltage under the FOTSM is
better than those under the PI and the LSM. Figure 12 shows the d-axis current response
under PI-, LSM-, and FOTSM- controllers, which verifies that the proposed method has a
fast dynamic response. It is obvious from Figure 13 that the g-axis current response has
a smaller ripple than those under the PI and the LSM. In Figure 14, the frequency of PW
voltage response under the FOTSM has better precision and smaller fluctuation than the PI
and the LSM in the condition of voltage change. Therefore, it can be concluded that the
proposed FOTSM controllers have advantages in dynamic response and robustness against
the uncertainties caused by parameter perturbation.
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Figure 11. The PW-voltage amplitude responses under PI, LSM, and FOTSM during the voltage
change process.
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Figure 14. The PW voltage frequency responses under PI, LSM, and FOTSM during the voltage
change process.

5. Discussion

For the implementation of high-performance BDFIG-based islanded microgrids, a
sensorless control method, a harmonic elimination method, an adaptive gain to reduce the
complexity of the control gain design, and an experimental study of the proposed control
method will be our future work.

6. Conclusions

In this paper, a novel FOTSM control method was proposed to enhance the accuracy,
the rapidness, and the robustness of the BDFIG-based islanded microgrids and to improve
the output voltage quality. Different from the existing control methods, all of the matched
and mismatched uncertainties in the BDFIG system are fully considered. With the use of
the virtual control technique-based FOTSM, the tracking errors can be forced to converge
to zero in finite time, and the matched and mismatched uncertainties can be thoroughly
compensated, which improve the disturbance rejection capability of the BDFIG system.
Owing to the integral control law with the adaptive gain, the output signals of the proposed
controllers are smooth. Comprehensive simulation results have proved the effectiveness
and feasibility of the proposed method in this work.
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Abbreviations

The following abbreviations are used in this manuscript:

BDFIG Brushless doubly fed induction generator

LSM Linear sliding-mode

FOTSM Full-order terminal sliding-mode

DFIG Doubly fed induction generator

™M Induction motor

PW Power winding

Ccw Control winding

VC Vertor control

DTC Direct torque control

MIMO Mutiple-input-mutiple-output

PI Practial proportional-integral

CSsC CW side converter

AFT Active front end

MRAC Model reference adaptive control

MPC Model predictive control

ADRC Active disturbance rejection control
SMC Sliding-mode control

SVPWM  Signals of space vector pulse width modulationn
PWM Pulse width modulation

Nomenclature

P1, P2 Pole pair numbers of PW and CW.

w1, Wy Angular frequencies of PW and CW.

Wy, WN Actual and natural synchronous rotor speeds.
0> Angular position of CW current vectors.

R1,Ry, R, Resistances of PW, CW, and rotor.

L1,Ly, L,  Self-inductances of PW, CW, and rotor.

Ly, Mutual inductance between PW and rotor.
Lo, Mutual inductance between CW and rotor.
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i1,1p,1r Currents of PW, CW, and rotor.
ui,up, uy  Voltages of PW, CW, and rotor.
¢1,¢2,¢r  Fluxes of PW, CW, and rotor.

s Differential operator, d/dt.

u Voltage amplitude.
u Voltage vector.

i Current vector.

ref Reference value.
a,b,c States in abc-axis.
dq States in dg-axis.
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