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1. INTRODUCTION

The maximum power generation of a wind turbine has been interested in several decades and many algo-
rithms have been suggested. According to [1], previous maximum power point tracking (MPPT) methods can be
listed into three groups including indirect power controller, direct power controller, and others. The indirect power
controller which aims to maximize mechanical power by using tip-speed ratio [2], [3], optimal torque [4], and power
signal feedback MPPT algorithm [5] is simplicity and only allows the wind turbine to track its MPPT-curve quickly
when a wind speed measurement is precise and instantaneous. In the case of an unavailable wind measurement, a
wind turbine using the indirect power controller fails to track its maximum power point quickly and accurately [6],
[7]. The direct power controller which maximizes electric power by using the perturbation and observation (P&O)
algorithm such as: Hill climb search [8], incremental conductance [9], optimal-relation based MPPT algorithm [10],
[11], and hybrid MPPT algorithm [12] does not require any wind turbine knowledge and available anemometer. Un-
fortunately, a wind turbine using the direct power controller cannot track its maximum power because this controller
cannot recognize instantaneously the variation in wind speed. Until now, this controller has been implemented to
adjust the voltage and current of DC circuit in a permanent magnetic synchronous generator wind turbine. The last
group is developed based on soft computing techniques like Fuzzy [13] and Neural network [14]. A wind turbine us-
ing these methods only has a good performance when the full information of the wind turbine is available. However,
these methods are complexity and large memory requirement. Hence, a new MPPT scheme for DFIG wind turbines
should be researched.

To control the generator-wind turbine, proportional-integral (PI) control is normally implemented because
of its simplicity [7], [15], [16]. However, by using the PI control, we cannot guarantee the wind turbine system will
become stable operation [17], [18]. Recently, control laws based on sliding mode were suggested for rotor speed
adjustment [19], [20]. However, these control laws require an available wind speed measurement. Hence, we need
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Fig. 1. DFIG wind turbine configuration
to propose a new control law for rotor speed in the DFIG-wind turbine.

In this research, we suggest a new scheme to extract the maximum available power from a wind turbine
employing DFIG. This scheme is developed from the feedback power algorithm but in this research, we do not
require an anemometer. New control laws which are developed upon Lyapunov function for rotor speed, current, and
voltage are proposed. This scheme is validated through numerical simulations of a wind turbine employing DFIG.
From simulation results, we will analyze and compare with the simulation results of a wind turbine using an old
MPPT scheme.

2. DFIG WIND TURBINE
A DFIG-wind turbine is described in previous publications, as shown in Fig. 1. Generally, it consists of a
wind turbine, shaft-gearbox, doubly-fed induction generator (DFIG), and back-to-back converter.

2.1. Wind turbine

When the wind turbine is rotating at a speed of w,. and wind speed at the wind turbine is V,,, the mechanical
power of the turbine is calculated through blade length R, air density p, and power coefficient C, (A, ) [21]

L1
Put) £ SpmRCy(\ BV, ()

The wind turbine’s power coefficient C,(\, 5) depends on both pitch angle 3 and tip speed ratio A [16]

_ B, (t)
- V()

A1) )

Ataconstant A\, when 3 increases C, () will be decreased. In contrary, at a constant 3, C'p () reaches to a maximum
value Cp(Aopt) at A = Agps.

2.2. DFIG

The DFIG’s main objective is to convert the mechanical power P,, on the wind turbine shaft to electricity
power P.. Relationship between P, and P, is described through the DFIG-wind turbine’s inertia J

Jwr(t)d%w,«(t) = Pu(t) — Pu(t). 3)

Generally, the DFIG is an induction generator so its rotor slip is defined as

s(t) 21— M7 )

Ws

where p,, is the number of pole pairs; NV is the gearbox ratio; wy is the rotational speed of stator flux.

T T
In dq frame, the stator voltage v £ [vsd vsq} and rotor voltage v, £ [vrd vrq} are computed from

the stator current iy £ [iq isq]T, rotor current i, £ [irq irq]T, stator flux W, () = [V,q(t) \Ilsq(t)]T, rotor

T . . . .
flux ¥.(t) = [\P,«d(t) \I/,»q(t)] , rotor resistance r,., rotor inductance L,., stator resistance r, stator inductance
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L, magnetizing inductance L., as [22]

Vo(t) = rols(£) + w O, () + %\Ils(t)

Vo(t) = iy () + (0w O (W, (t) + %\PT(tL 5)
‘Ils(t) = Lsis (t) + Lmir(t)

W, (1) = Lyin(t) + Lonis(t)

A |0 -1
where(--)—[1 O}'

Lemma 1. If we neglect the stator resistance, r; = 0, and choose the dq frame so that ¥4 (¢) = [\Ilsd 0] T then we
can write the state-space equation of the DFIG (5) as

air(t) = Ar(t)ir(t) =+ Uﬁlvr(t) + d(t), (6)
where
N Lgn N _ A~ Lnm 0 1 0
c=1L,— . A.(t) 2 —o7lr I —ws(H)O, d(t) £ —ULss(t) [VJ , I, = {0 J ) @)

Proof. Obviously, if we ensure W (t) = [\I/Sd 0] T then by using (5), we have

y(t) = Lyis(t) + Linir(t) = [V O]T ) %‘I’s(t) =0 Ls%iS(t) = _Lm%ir(t)' (®)
By using (8) and r; = 0 in (5), we have
vo(t) = w,@F,(t) = [0 wly] =[0 Vi]", )
where we used Vy = ||v5(t)]| = |ws ¥ sq|. From (8) and (9), we have
i(t) = —LL—Z‘iT(t) + lews m S = —Lf%ir(t). (10)
From (10) and (5), we have
v, (t) :air(t)+% V. o', %%(t) :ad%ir(t), (1n
where we used o = L, — L2, /L. To use (11) and (5), we have
v (t) =i, (t) + owss(t) O, (t) + wss(t)eLL—’” Ve 0] T4 ogir(t), (12)
sWs dt
From (12), we can extract (6) easily. ]

From [22] and by using (9) and (10), we calculate the stator side active power P in the DFIG as

Ly, .
Py(t) = vsdlsd + Vsqlsqg = —L—Vszrq(t). (13)

2.3. Grid side converter

For the DFIG, the electricity frequency on the rotor side always depends on the rotor speed w,. Hence,
to interface to the connected grid, a back to back converter which includes a rotor side converter(RSC), a DC-link,
and a grid side converter (GSC) must be installed on the rotor side of the DFIG [23]. Normally, to reduce harmonic
components generated by the GSC, a filter which consists of a resistor R, an inductor Ly in series and a power
factor correction pf in parallel is used as Fig. 1.
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In dq frame, the relationship of voltage vy = [vga  vgq] " and current i, = liga igql " of the GSC is
written [24]

d. , 1
alg(t) = Agig(t) +dy + ffvg(t)7 (14)
where
Ag=—L;'Rly —w,©, dg= L7 [V, 0] . (15)

3. MAXIMUM WIND POWER EXTRACTION SCHEME
The optimal power control region of a wind turbine is limited by [25]

D £ {(WW Vw) ‘ Wrmin < Wr < Wrrated Vwmin < Vw < Vwratedyﬂ = Ou and Cp()\aﬁ) > 0}7

where Wymin and wyrateq are the minimum and rated rotor speed, respectively; Vimin and Virateq stand for the
minimum and rated wind speed; J is the blade system’s pitch angle. Hence, when the wind turbine operates in D,
the tip-speed ratio and the rotor speed reference are limited by

s Bwrmin

)\min = >

< A(t) CAmax £ max{\ | C,(\, B) > 0},
Vwrated

Wrmin Swrref < Wrrated -

From (1), to extract the maximization of the mechanical power, we must adjust w, to obtain the maximiza-
tion of C,(A(wy, Viy)). For any wind turbine, we have [24]

Cpmax = Cp(Aopt)s Aopt = arg max Cp(N). (16)
As the wind turbine operates at Ayp, the rotor speed becomes the optimal rotor speed
Aopt Vi
Wropt(Viy) & =2 (17)
and the mechanical power becomes maximal
1
H&)&X Pm(wra Vw) = QPTFR2CpmaxV£ = koptwgopt(vw)v (18)
1 C max
Kopt = §p7rR5 ;gpi . (19)
In this paper, the power coefficient in D is given as
165.2842
Cp(N) = ( — 16.8693> e x4 0.009\, (20)

it has an unique maximum point of Cpmax = 0.4 at Aopy = 6.7562, and its mechanical power at different wind speed
as shown in Fig. 2.

w107 Optimal power control Pitch control
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Fig. 2. MPPT curve of wind turbine

Remark 1. From (1), (2), and (19), we have [24]
Pm(t) - koptwi) (t) = C(t)wr(t) (Wropt (t) — Wr (t)), (21)
Vo (t) =X () - G, ()

opt

2A(t) A(t) — Aopt

> 0. (22)
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The conventional MPPT-curve method [7] makes

Wy —7 Wrref = \3/ Pe/kopt-
a new method as next subsection.

The problem is this conventional method cannot track quickly the maximum power point. Hence, we need to propose

(23)
3.2. Proposal of maximum available power scheme

The subsection aims to propose a new scheme to maximize P, (wy,V,,) or minimize the error |wyopt
wy(t)]. To obtain this target, we propose wy. r(t) satisfying

koptyne s (t) =

= P.(t) + akopt (wff,.ef
where k, a, ymax are positive constants; and

(t) - wf’(t)) + k%wf(t) + q2(qy1nax - k%wz(t))

(24)
d 2
0 for |k—twr (t)| < Ymax

1 for k—w?(t s
or kwi(t) >y

d
—1 for k—w?2(t —Ymax-
or dtwr( ) < y a

From (23) and (24), we can see that the proposed scheme is developed from the conventional MPPT method.

q:

(25)

4. CONTROLLER DESIGN FOR DFIG
4.1. Rotor side control

The purpose of RSC controller is to reduce the errors (irq — trdref) and (Wy — Wyret) in Which ¢4y p and

wrret are the reference of 4,4 and w,., respectively. From (3), (6), (13), to make w, converge to w,f, we can adjust
i,q to a reference value .4y corresponding wy,er. In [7], this task is carried by traditional PI controls. In this
research, to obtain the above target, we design v, of the DFIG (5) as

v (t) = A (V)i (t) + d(t) — oK, (frree(t) — 1-(2))

rrcf(t) - wg (t)v

where, ky, > 0, k; > 0 and matrix K,. > 0.

d
- 7.rre t 9 26
Udtl f( ) ( )
. . . T
irror (1) £ [irdret () irg(t) + Eprew,,o (t) + kir f ewrref(T)dT] )
Corprer (1) 2 wp

27

(28)
Theorem 1. When the DFIG-wind turbine operates in D, if w,.f and v,. of the DFIG (5) are designed as (24) and
(26), respectively and if there exist positive constants pi1, 2, and b satisfying

min <2<(t) _h®l f(ﬂ) < by J.

21 E

mDin <2kir — p2é(t) — \/[O 1] K, K| [O 1}T) > b kpr,

(29)
(30)
K.+ K — K70 170 1K, > b, 31)
where
7 A 2 AT d
T2 T =21 - ), A 2
then

24y
awropt (t) _ mazx

wy(t)’
tli}glo (irref(t) - iT (t» = 07 tlim (wTTEf (t)

maxy,,. |v(?
W) =0, |wropt — wr| < max,, |[7(t)|

J
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Proof. Let define

e.(t) = [ewnef (t) eiv'(t)] = [wfref(t) - wf.(t) i’f’?'ef(t) - ir(t)]
en(t) = [Corop () ()] = [wopt(t) = wir(t) whop(t) = w3(t)  Lrres(t) —1n(6)] "

By substituting (26) into (6), we have

T T

d . . . .
a (lrrcf(t) — 1 (t)) - *Kr (lrrcf(t) —1p (t)) . (32)
(27) can be rewritten as
o Le (t) = —kirew,,. (t) + [0 qie@) (33)
pT dt Wrref - 1T~ Werref dt r )
and by substituting (32) into (34), we have
ka%ewrrcf (t) = —Kir€u, o () — [O 1] K, e (1), (34)
Then,
B, e, (t) = —Que.(t) (35)
’r‘dt T - rvr )
|k O | kir [0 1] K,
o= Yoo q [y 0 gx] oo

When we define a Lyapunov function as V,. £ e, (t)E,e,(t), its derivative is

d., - d d !
EVT =e, (t)ETEeT(t) + (dter(t)) E.e.(t). 37)

By substituting (35) into (37), and noting that Q,. + Q;'— = Qr, we have

%Vr =—e/ (1) (Q-+ Q) er(t) = —e, (1)Qrer(t) < —Amin(Qr)e, (Her(1). (38)

Furthermore, by substituting (24) into (3)

Teon(t) Sr(0) = Pra(t) ~ Bopntoe (1) + tkopu (er() — 2(0) +  S2(0) + @ hma — b2 (1)
= Poa(t) — hopr (1) opn (1) — (1)) + k- T2(0) + g (er (1) — (1)
+f@%m—k%ﬁ)
= (0 () (1) + €O (Dt (8) 4 e+ 260 — P (1) (D), (39

where we use (21) and (o — 1) kopt (W3,op (£) — w3 (t)) = E()wr (£) (Wrres (t) — wi(t)). By using J £ J — 2k(1 — ¢2),
(39) becomes

T 08 = €O (0) + €Wy () + Lm0 (40)
dt T - Wropt Wrref wr(t)

It means

- d

T s 8) = €O () — W) 0] +100), @)

- Py
where we used y(t) = J (= ot T o Z‘;m ). Hence,
d
Emaem(t) = _Q ( )em( )"' Mm( ) (42)

IJECE Vol. 8, No. 2, April 2018: 711 — 722
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where

J 011‘3
03.’1,‘1 Er

ct) &) 0122
:| ) Qm(t) = 0 ki [0 ]-] K|,

E,, — {
0271 021 K,

M, (t) = diag((t),0,0,0).

We define Lyapunov function as V,,, = e,,(t) " E,,e,, (), its derivative is

d. o d d i
avm = em(t) Em&em(t) + (Emdtem(t)) em(t)- (43)
By using (42) in (43), we have
%vm = —en(t) Qum(t)er(t) + em(t) ' My (t) — en(t) " Qm(t) "em(t) + Mp(t) "enm (). (44)

Noted that for gy > 0

e (t) M () + M (8) e (t) = 2e0,, ()7(t) < €2, (DY (B)]/p11 + [y (2)]

< e (t) M (t)em (t) + pa [y(2)] 45)
where we used M,,,; () = diag(|y(¢)|/p1,0,0,0). Hence,
d -
3V < —em(®) QuB)em(t) + mly (), (46)

where Qm =Qun(t) + Qun(t)T — M1 (2).
Remark 2. For (29)-(31), with ps > 0, we have

M1

Q. (t) > diag <2<(t) - bl iﬁ?,m — p2b(t) — \/ 0 1]K.K] mK +K, - \/ K] m [0 1] K)
> b1 Eqy.

and certainly, Q. () > 0.
Hence, according to the Lyapunov Stability Theory, (38) and (46) give us lim; . €,(t) = 0 and |wyopt —

il < Vi /J < fmax., y(®)]/(Jb). O

4.2. Grid-Side Control

In this section, we propose a new control law such that V. and 74, are maintained at their references Vgerer
and i gqref, respectively. To maintain V. at Vierer, we need to make 444 converge to ¢ggrer corresponding to Veret.

Theorem 2. For any Vijcrer and i ggret, if vy of the GSC (14) are designed as

d, .
vy(t) =Ly <dt1gr(t) +Kge4(t) — Aglg(t)) + [VS 0} T 47)
g (1) = [iga(t) + kpgeo(t) + kig [ eo(T)dr iggre(t)] (48)
e(t) = Vijwor (t) = Vin(t), €ig(t) = ig,(t) —ig(t) (49)
and if there exist k,;, > 0, k;g > 0, and K, > 0 with
. 2y, 1 0K,
— 50
%=l ) .

then
tliggo(vdiref(t) - dec(t)) = 0’ tligrolo (igqr‘Sf(t) - igq (t)) =0.

Maximum Power Extraction Method for Doubly-fed Induction ... (Dinh Chung Phan)
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Proof. Let define e, (t) = [e,(t) eiq(t)] " By using (47) and (14), we have

d

&eig(t) = *ngig(t)- (51)
Furthermore, by taking time derivative of (48) and then using (51), we have
d d
kpg g eo(t) = —kigeu () + (1 0] ;%) = —kigeu(t) — [1 0] Kgeiy(t). (52)
Hence,
d
Egaeg(t) = _Qgeg(t)v (53)
where
_ |kpg O _ | kig [1 0} K,
Eg[o [2]>0, Qg[o K, . (54)
If we use a Lyapunov function as V, = e, (t) "E e,(t), its time derivative will be
T
d d d
EVQ = eg(t)TEgEeg(t) + (Eg dteg(t)) ey(t). (55)
By substituting (53) into (55), we have
d - ~
&Vg = _eg(t)TQgeg(t) - eg(t)TQ;eg(t) = _eg(t)TQgeg(t) < —/\min(Qg)eg(t)Teg(t)- (56)
. d .
Hence, if (50) holds, then &Vg < 0 for all nonzero e, . This completes the proof of Theorem 2. O

5. SIMULATION RESULT AND DISCUSSION

To evaluate the performance of the suggested MPPT scheme, we compare the simulation results of the 1.5
MW DFIG wind turbine with that using the conventional MPPT-curve scheme with traditional PI controls [7]. In

this research, the generator and turbine parameters [22] as shown in Table 1 are used.

Table 1. Parameters of wind turbine and DFIG[22]

Name Symbol Value
Rated power P 1.5 MW
The length of blade R 3525 m
Rated/minimum rotor speed  Wyrated/Wrmin ~ 22/11 rpm
Rated wind speed Virated 12 m/s
Rated stator voltage Vs 690 V
Rated stator frequency f 50 Hz
Number of pole pairs Dn 2pu
Rotor winding resistance Ty 2.63 m{)
Stator winding inductance Ly 5.6438 mH
Rotor winding inductance L, 5.6068 mH
Magnetizing inductance Ly, 5.4749 mH
Inertia of system J 445 ton.m?

With the power coefficient (20), the region D is

115 < w, €23, 115 Swpper £ 2.3, 5 <V, <12) 3.4 = Apin < A <10.239.

In this region, ¢ (w,, V4,) as Fig. 3, which gives the minimum value ¢, min ¢ (w,, V,,) = 1.271 x 105.

IJECE Vol. 8, No. 2, April 2018: 711 — 722
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Fig. 4. Simulation results: ( a) wind profile; ( b) error between wyopt and w;; ( ¢) power coefficient Cp; ( d) error
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Fig. 3. ¢(w, Vi)

Here, we use RSC controller’s parameter as k;, = 0.4J, k,, = 0.65J, K, = Jdiag(0.5,1), k = 0.3,
a = 0.2, Yymax = 0.1wrrated-

For a wind profile with ‘ %Vw| < 0.44m/s?, the boundary of |wropt — wr| is determined as Table 2.

Table 2. Limitation of |wyopt — wy| @s p1 = 1 and pig = 2

Object g=1 q=0
J 4.45%10° 3.12x10°
max &(t) 0.8673x10° 0.8673x10°
max [y(t)]  0.263 x10° 0.263
b =0.5915 0.1895 0.5915

|wropt — wr|  1.2248rad/s  0.3775 rad/s

When the wind profile as Fig. 4a is used, simulation results are demonstrated in Fig. 4. Fig. 4b shows that
when the wind speed has an insignificant change, the turbine speed is almost kept up at its optimal value. Since the
wind turbine’s large inertia, the turbine speed fails to respond instantaneously to the rapid change of the wind; this
makes the turbine speed impossible to keep up at its optimal value. Therefore, the error |wyqpt — wy| increases when
the wind velocity changes rapidly. However, comparing with the turbine using the old MPPT scheme, by using the
suggested scheme, the turbine speed can retain its optimal value more promptly because of the decrease in inertia
from J to (J — «) and the error |wyopt — wy| is smaller. As a result, during a rapid change in wind conditions, in the

Maximum Power Extraction Method for Doubly-fed Induction ... (Dinh Chung Phan)
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proposed method, C), restores Cpax more quickly, as shown in Fig. 4c. Obviously, by implementing the old MPPT
scheme, the C), can be reduced to to 0.363 while by implementing the proposed scheme, this data is 0.393.

Figure 4d shows the efficiency of the suggested method comparing with the conventional one in terms of
mechanical power. When the wind velocity varies insignificantly, the error (Py.x — Pp,) in the wind turbine using
the suggested scheme is like that using the conventional one. Howeyver, this error becomes significant when the wind
changes suddenly; by using the new method this error is significant smaller comparing with that using the old one
thanks to the restoration of C),.

Fig. 4e indicates that to increase the turbine velocity in the period of 20s-40s, the turbine using the offered
scheme requires a higher mechanical power comparing with that using the old one. However, the stored mechanical
power is returned in the interval of 60s-75s in which the rotor speed decreases. Hence, in the period of 20s-40s,
comparing with the DFIG using the suggested scheme, the electric energy generated by the DFIG using the old
MPPT method is little higher but in the 60s-75s interval, it becomes opposite. As a result, accumulating to the end
of simulation, the wind turbine using the conventional method fails to generate the electrical energy in total as high
as that using the proposed method, as Fig. 4e. This indicates the quality of the suggested MPPT scheme.

Fig. 5 shows the control quality of the RSC and GSC. Both (w2 ; — w?) and (irdref — %rq) in Fig. 5a are
very small, it means w, and i,4 track their reference values; in other words, the control law proposing for the RSC
has a good performance. Likely, from Fig. 5b, the errors of (V2 ; — V.2) and (igqrer — %44) are about zero; in other

words, the controller suggesting for the GSC has a qualified performance.

When a measurement noise, 5% of rated values, is added to the measurement signals, i, w,, with the
wind profile as Fig. 4a, the simulation results are shown in Fig. 6. This figure indicates that with the above
noise measurement, the turbine using the recommended MPPT scheme still tracks its maximum points more exactly
comparing with the turbine using the old MPPT scheme. However, comparing with the case of pure measurement as
Fig. 4, the measurement noise causes a negative impact on the turbine performance but this impact is insignificant.

Fig. 7 is the simulation results for a wind profile which varies rapidly as Fig. 7a. It is easy to see from
Fig. 7b and Fig. 7c that the turbine using the suggested scheme has more qualified performance in both the power
coefficient C,, and the electrical energy in total comparing with the case using the conventional scheme.
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Fig. 7. Simulation results in the case of rapidly-varying wind velocity: ( a) wind profile; ( b) power coefficient; ( c)
electrical energy output

6. CONCLUSIONS

This paper suggested a new MPPT scheme for variable speed wind turbines using a DFIG. The suggested
scheme allows the turbine tracking the maximum-power-point more effectively than the turbine using the MPPT-
curve scheme. As can be seen from the simulation results, by using the suggested scheme, C), almost keeps up
Cpmax, Wy Was approximate to wrpt and the electric energy generated by the DFIG was higher comparing with that
using the conventional scheme. Furthermore, by the suggested controllers, the rotor speed and current of the DFIG
converged to their desired values. Thus, by the suggested control law, the wind turbine can achieve stable operations.
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