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IMPROVED ADAPTIVE NONLINEAR CONTROL FOR VARIABLE
SPEED WIND-TURBINE FED BY DIRECT MATRIX CONVERTER
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This paper proposes a robust decoupling power algorithm based on a doubly fed induction generator (DFIG) for variable speed
wind-turbine (WT). The DFIG rotor circuit is fed by the direct matrix converter (DMC), which presents several features such as no
need to the dc-bus voltage, sinusoidal supply, rotor side waveforms, bidirectional power flow, and adjustable input power factor.
The 18 bidirectional switches are controlled using the Venturini modulation technique. On the other hand, the DFIG stator circuit is
connected directly to the grid. The nonlinear control strategy based on feedback linearization is applied to control the stator power
(Ps and Qs) independently using the rotor quadrature and direct currents (irq and ird), which present the images of the previous
stator powers. Some limitations appear in the power algorithm using the conventional pi controller, especially in power tracking,
error, and quality. In this context, the model reference adaptive controller (MRAC) presents an alternative solution, a robust and
efficient controller proposed instead of the pi controllers to control stator powers. Finally, the simulation results confirm that the
proposed algorithm could work under hard conditions and demonstrate that the wind energy conversion system (WECS) provides
enhanced dynamic responses in transient and steady states and good power quality delivered to the grid.

factor, and the absence of the dc link [6-10]. A direct matrix
converter (DMC) can be used to control the DFIG instead of
the classical back-to-back converters, as depicted in (Fig. 1).
The DMC doesn’t require costly energy storage elements, and
its implementation scheme is more accessible than that used
by two stages power conversion [11].

Recently, vector control (VC) has been the most used
control algorithm for a wind turbine-driven DFIG [12,13]. In

1. INTRODUCTION

Among several renewable energies, wind energy is
considered one of the best promising renewable energy in the
world. In the last few years, the installed wind plants
worldwide have grown more than 30 % [1,2]. The doubly-fed
induction generator (DFIG) is the most useful generator for
wind turbine systems due to the various features: maximum

power point tracking (MPPT) strategy, which depends on the
variable speed operation, decoupled power control, smaller
converter prices, and reduced power losses [3,4].

The conventional back-to-back two-level converters are the
most used power electronic interface for wind system power
generation [5]. However, they need a wide source filter
inductor resulting in low reliability, high price, and wide size
[6,7]. Nowadays, matrix converters (MC) are more popular
due to several interesting gains, like sinusoidal input/output
wa
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In this work, the nonlinear approach is proposed to control

literature, many control strategies of DFIG have been
discussed, such as backstepping control [14,15], fractional
order sliding mode control (SMC) [16], high order SMC [17],
model predictive direct power control (MPDPC) [18]. Some
authors focus their contributions on a simple and robust
control based on independent control of rotor currents, named
input—output linearizing and decoupling control (I/OLDC)
[19], which could work under different operating modes.

d-q axis rotor currents of the DFIG. Some researchers used
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the PI classical regulators to control the stator powers [20].
Several limitations appear such as: dynamic response, static
power error, and delivered power quality. In this context, a
robust and adaptive controller named model reference
adaptive control (MRAC) [21-24] is applied; instead, the
classical PI regulators operate under different modes (sub or
super-synchronous mode under random wind speed) to avoid
the previous drawbacks.

The main contribution of this paper is the investigation of
the improved wind-power algorithm based on nonlinear
theory and MRAC adaptive controller (Fig. 1) to guarantee
high wind-power performances; different hard tests are
proposed.

This paper is structured as follows; firstly, the matrix
converter (MC) modeling is presented in section 2. Sections
3 and 4 present a mathematical model of the DFIG and the
proposed I/OLDC. In section 5, simulation results are
discussed. Finally, the reported work is concluded.

2. MATRIX CONVERTER (MC) MODEL

Three-phase MC connects the three-phase ac voltages on
the input side to the three-phase voltages on the output side
by a 3*3 Matrix using bidirectional switches. Consequently,
there are only 3 =127 possible states of operation for the
switches [25-27]. The output currents and voltages are
presented in Table 1. The schematic models of the MC and
output voltage waveform (with the zoom) are shown in Fig. 2
and Fig. 3, respectively.

Table 1
27 States of Matrix converter.

Possible States] Va Vs Ve Vas Ve Vea L b L
1 Va Vb Ve Vab Vi Ve Ia I Ic
2 Va Ve Vb -Vaa  -Vbe -Va Ia  Ic Is
3 Vb Va Ve Vb -V -Vie Is Ia Ic
4 Vb Ve Va Vbe Ve Vab Ie  Ia Is
5 Ve Va Vb Vaa  Vab Vi s Ic Ia
6 Ve Vb Va “Vbe  -Vab -Va Ic Ip Ia
7 Va Vb Vb Vab 0 Voo Ia -Ia 0
8 Vb Va Va -Vab 0 Vab - Ia 0
9 Vb Ve Ve Ve 0 -Vbe 0 Ia -la

10 Ve Vb Vb -Vie 0 Ve 0 -la Ia
11 Ve Va Va Ve 0 “Va  -Ia 0 Ia
12 Va Ve Ve -Vea 0 Vea Ia 0 1A
13 Vb Va Vb -Vab Vap 0 s -Is 0
14 Va Vb Va Vab  -Vab 0 Is Is 0
15 Ve Vb Ve -Vbe  Vie 0 0 Is -Is
16 Vb Ve Vb Ve -Vie 0 0 -z Is
17 Va Ve Va -Va  Va 0 Is 0 Is
18 Ve Va Ve Vaa  -Va 0 Is 0 -Is
19 Vb Vb Va 0 Vab ~ Vab Ie -lc 0
20 Va Va Vb 0 Va -Va -lc  Ic 0
21 Ve Ve Vb 0 -Vie Ve 0 Ice -lc
22 Vb Vb Ve 0 Ve -V 0 -lc Ic
23 Va Va Ve 0 -Vaa  Va e 0 Ic
24 Ve Ve Va 0 -Ic
25 Va Va Va 0 0
26 Vb Vb Vb 0 0
27 Ve Ve Ve 0 0
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Fig. 2 — Schematic model of Matrix converter (MC).
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Fig. 3 — The output phase voltage of the Matrix converter.

3. MATHEMATICAL MODEL OF THE DFIG

The mathematical model of the DFIG is presented under
the d-q Park reference [1, 21,22]. The stator/rotor voltage
and fluxes equations are presented respectively:

Vsd = Rslsd + dic])sd — oshsg
t

Vsq = Rslsq + did)sq — osdsd
t

q ()
Vrd = Rrlrd + d—d)rd — (s — ®)org
t
Vrq = Rrlrq + %(I)rq — (s —w)prd
Osd = Lslsd + Lmlrd
Osq = Lslsq + Lmlirq
ord = Lrlrd + Lmlsd 2)

orq = Lrird + LmLsq
The electromagnetic torque (7en) is presented as follows:
Tem = PLm(Irdlsq — Irqlsd)
d 3)
Tem—1Tr :Jd_Q‘*fQ
t

where: ¢sd,dsq and ¢rd,drqg are stator and rotor flux
components, respectively, Vsd,Vsq and Vid,Vrq are stators
and rotor voltage components, respectively. Rs,Rrand
Ls,Lrare stator and rotor resistances and inductances
respectively. Lmis mutual inductance, G is leakage factor,

P is number of pole pairs, ®s is the stator pulsation, ® is
the rotor pulsation, £ is the friction coefficient, and S is

the slip, Tem and Tr: are the electromagnetic and the load
torques, J : is total inertia and Q: is mechanical speed.

The DFIG mathematical model is developed in the
synchronous reference frame. This work’s d-axis is aligned
with the stator flux Vecior (Fig. 4).

Osp

d-q Frame

Fig. 4 — Stator flux vector in the d-q reference.

In this work, the stator resistance is neglected. In the
steady state, the simplified model is described as follows:

Vsd =0 and Vsq =Vs = osds 4)
¢s = Lslsd + Lmlrd Q)
0= LsIsq + Lmlrg 6)

From (5) and (6), the equations of stator/rotor currents:
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_9s _Im 7
Isd = Ts Is Ird (7
Isq = —L—mqu ®)

Ls

The DFIG powers are presented as:
Ps =Vsdlsd +Vsqlsq )

Os =Vsqlsd —Vsdlsq (10)
By applying the d-a reference synchronous frame, the
DFIG power equations can be defined:
Ps =Vslsq (11)
Os =Vslsd (12)
Replacing the d-q axis stator currents in expressions
(11) and (12), we obtain:

Ps=-Vs Lm Irq
Ls

(13)

2
v, L
Os=—3——Vs = vd
wsLs Ls

The rotor quadrature component current /., controls the

stator real power (Ps), and the reactive power is controlled
by the direct component /4 as illustrated in the Fig. 5.

Ir
o 1 1 | Lm*Vs f =
7| Rr+p*(Lr-Lm”2/Ls 1 Ls =

S*ws*(Lr- (Lm*2 /Ls)) | €=

S*ws*(Lr- (Lm"2/Ls))| €

N 1 | Lmtvs

Rr +p*(Lr-Lm”2/L3)| Ird Ls

Fig. 5 — The doubly fed induction generator simplified model.

4. PROPOSED INPUT/OUTPUT LINEARIZING AND
DECOUPLING CONTROL BASED ON MRAC

Given the system by [19,20] as shown in Fig. 6:

x=fu(x)+gu
y=h(x)
where x is state vector; u# and y are respectively the input
and output; fi, g and h are smooth vector fields and scalar
function respectively.

(14

Linearization Controller Nonlinear system

Fig.6 —The input-output linearizing control schematic.

To get the linearization of MIMO system, the y output is
differentiated until the inputs appear.

(15)

Where: [, h(x)za_h.fn(x) and [, h(x):%g(x);represent
f x g x

y=L,h(x)+L,(x)u

Lie derivatives of h(x) with respect to fi(x) and g(x)
respectively.

If Lgh(x)=0 then the input u don’t appear and the output
is differentiated respectively.

Y= 1 h)+ Ly Vh(ou (16)

Where “r” is the relative rank of “y”. If we perform the
above procedure for each input “y:”, we get a total of “m”
equations in the above form, which can be written
completely as:

ygr) uj
= A(x)+ E(x)| (17)

ygr};m) Um

where the m*m matrix E(x) is defined as:
Laly'h LenL’;
Ew=| v . (18)
Lal? Yy LonL'P" iy

A ={Lhy L;mhm]r (19)

E(x) is the decoupling matrix for the system. If E(x) is
nonsingular, then the original input u is controlled by the
coordinate transformation:

u=—E"Y(0)Ax) + E- N (xv = 1 (x) [v— A(0)]
Where v = [Vl vm]T

Substituting (19) into (17) obtains a linear differential
relation between the output y and the new input v.

(20)

| [m
J’%m) Vm

According (7) and (8), the direct and quadrature
components of the stator and the rotor currents are linearly

dependent respectively, thus we choose state vectors of the
DFIG as follows:

x:[x1 XZ]T:[[rd [rq]T

By substituting (2), (5), (6), (7) and (8) to (1): the rotor
voltage d-q components (Via and Vi) are presented as
follows:

(22)

Vrd = Rrird + GLI‘%I}"d —(ws —or)oclrg (23)
Vrg = Rrirg + G%Irq —(os —or)o.Lrird (24)
2
where: c=1- Lin
LsLr
Arranging (23) and (24) in the form of (14)
Qg B i L os g 25
m Ird = L Ird + Ir (os—or).lrg+ olr (25)
g = (s — Vrq 26
Equ = Irq —(ws —or).LrIrd + p ( )
Defining the input of the DFIG system:
u= [u] uz]T = [Vrd qu]T (27)
From (40) and (41), we have:
S == a5 —or)irg (28)
c.Lr Lr
2= —&Irq —Lr(os —or)lrd (29)
c
! 0
g=|OLr (30)
0o L

(o}
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The selected outputs of the nonlinear system are defined
by the stator active (Ps) and reactive (Qs) powers:

ye Y| Ps|_ VsdIsd +Vsqlsq 31)
) Oy Vsqlsd =Vsdlsq
From (7), (8) and (31):
¢ L
= —Vsa ="V salra— Vsq[rq) (32)
Ly Ly
i (33)

Vo =—
2L

Differentiating (32) and (33) until an input appears:

L
Vsq~ Tm(Vsq Iyd =V sd Irq)
s

C Vsd L, L
yl:i((j}s*Lm]rd)*ﬂVsq]rqfl(Vsdfnl7Vsqfn2) (34)
Lg Lg Lg

7LmVstA 7LmVsq

rd Vg
GLSL,. GLS
s Vsa Lmy, o Lm -
Yp= (0g=Lmlrd) VsdIrd (Vsqfnl qufn2) (35)
LS LS LS
LmV g LmV
_ qud’ m? sd Vrg
GLgLy GLg
Rewriting (31) and (35) in the form of (17)
T2 )+ E@| (36)
. uz
2
where:
V L ' L
id(d)s_mel)_ﬂVsq)Q_im(VSdfnl*'Vsqfn2)
A(_X): LS Ls LS (37)
Vsq Lm - Ly . .
— (s LmxD+ = Vsdx2=——sqgf m1=VsqSn2)
Ls LS LS
LmVsd _LmVsq
E(x) = GLyLs GLs- (38)
3 LmVsq LymVsd
OLpLg G.Lg

The equivalent scheme of MRAC for adjusting stator
active and reactive powers is depicted in Fig. 7. The
proposed control is described in detail in Fig. 8.

€9 X *t

(PsQs)
meas,

-

<]
B
\/ X/

Fig. 7 — The schematic diagram for the proposed MRAC.

Since E(x) is nonsingular, the control scheme is given
from (23) and (24) as:

{Z:ﬂ = "’E_l(x){— A(x) + (Z;H

(39

L oor
ird
©irg

Ps_ref

|
| er

Fig. 8 — Schematic diagram of new input/output linearizing control.

1
1
1
1
1
1
1
I Ps_meas
1
1
1
1
1
1
1

In A(x) and E(x), most components relate to the factors
Ln/Ls and G that are equal to one approximately, and the

functions fn: and f» have no relation with the parameters of
the stator windings. Hence, the control law is robust to
machine parameter variations.

For the DFIG reference powers, the real reference
power Ps* is extracted via the WT's MPPT (maximum
power point tracking) strategy according to the wind-speed
variation, and the requested reactive power Qs* is defined
by the network operator to withstand the network voltage.
The model reference adaptive controller (MRAC) performs
power tracking. Therefore, the MRAC technique is
described below.

In this paper, the studied system is defined as a first-
order linear approximation [21-24]:

x(t) = ax(t)+bu(t) (40)
where x(?): is the plant state, u(?): is the control signal,
aand p are the plant parameters. The control signal is
generated from both the state variable and the reference
signal 7(¢) , multiplied by the adaptive control gains A and
o such that:

u(t) =k(t)x(@)+kr(t)r(t) 41
where k(2): is the feedback adaptive gain and k(): the feed-
forward adaptive gain. The plant is controlled to follow the
output from a reference model

xm(®) = anx, () +b,7(t) (42)
where x;, is the state of the reference model and 4, and
by, are the reference model parameters specified by the

controller designer. The object of the MRAC algorithm is
for xo —0 as ¢ —oo, where x,=x;—xis the error

signal. The dynamics of the system may be rewritten in
terms of the error such that

o) = apx.(0) +(a—a, — bk())x(1) +
(b =bk, () (2)
Using eqs. (41), (42) and (43), it can be seen that for

exact matching between the plant and the reference model,
the following relations hold

(43)

k=pE=94"an (44)
b
b

=pi="2 45
ke =ki == (45)
where ()F denotes the (constant) Erzberger gains [30].
Equations (44) and (45) can express eq. (43) as:
xe (1) = ~a,xe+ b E =) (e, = x) +bUE ~ k) (46)
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For general model reference adaptive control, the
adaptive gains are commonly defined in a proportional plus
integral formulation

t

k(e,t)=Joy,(Ps_Os), . dt+By,(Ps_Os),. (471
0
t
k. (e,)=[a Ye(Ps _ Qs)rrd. dt+By,(Ps_ Qs):,/ (48)
0

where o and 3 are adaptive control weightings representing
the adaptive effort. y ,is a scalar weighted function of the

error state and its derivatives, y,=C,x,Where C, can be

chosen to ensure the stability of the feed-forward block.
In this paper, the proposed MRAC controller also could
define as the adaptive controller (generalized definition).

5. SIMULATION RESULTS

The simulation results reported in Figs. 9, 10 presents
the electrical behavior of the wind-power generation system
under variable wind speed. In this context, the parameters
of the DFIG (4.0 kW) and wind turbine (4.5 kW) used in
the proposed power algorithm are indicated respectively in
Appendix.

Figure 9 shows stator real and reactive powers,
respectively. It can be seen clearly that the measured
powers track exactly their reference with short response
time and neglected overshoot. Also, a perfect decoupled
power was noted between 0.05 s and 0.35 s. The stator
direct and transversal currents (/. and Is), respectively, are
shown in Fig .9-c, directly proportional to the reactive and
real power (Qs and Ps). Figure 9-d shows the rotor
transversal and direct currents, respectively, which present
the inverse curves of stator real and reactive powers. Figure
9-¢ displays the rotor direct and transversal fluxes,
representing the inverse curves of Qs and Ps, respectively.
The tracking error of stator real and reactive powers (Fig. 9-
f) when various step changes happen. A low power static
error is near: -55 W < APs <+55 W and -55 VAr < AQs <
+55 VAr, which means nearly +/-2.5 % from rated power.

The stator currents Is_abe are presented in Fig. 9-g; from
the zoom, the sinusoidal form with few ripples (low THD,
nearly 01.41 %) can be seen. Figure 9-h depicts the rotor
current Ir abc; the perfect sinusoidal form of the 03 phases
rotor currents is also noted, without ripples that prove a
good tracking of the rotor quadrature and direct currents
(abc/dq Park transformation) exactly which the same
manner as the stator active and reactive powers which are
imposed by the nonlinear input/output power control. So, it
is concluded that the rotor quadrature and direct currents
are the variable images of the stator's active and reactive
powers, respectively. So, the DMC guarantees the
bidirectionality of the power flow, the PF unity, and
sinusoidal input/output waveforms. In this work, the DFIG
works under <1500 rpm (slip $>0), which means the sub-
synchronous modes, when the rotor absorbs the power from
the grid (Pr=+S*Pn). In the same manner for the
frequencies fr=S*fs, the rotor frequency is few than the
stator frequency (fz <fs). To confirm the high wind-system
performances of the proposed control, robustness tests are
applied as shown below (Table 2): the Ps and Qs are shown
in Fig. 10 (a and b, respectively).

g —— Ps meas YOLC+MRAC (W).
: e
E O|_power control
3
z V ]
&
b i i
>
33 P
2 i
= i
2 P
= i
@» i
i
g 0 I 0.'5 Time (s). 1 1.5
= J— {—— Qs meas YOLC+MRAC (var). @
o o ] Jm— (var).
? 1000 Qs ref (var)
v
= Qs_meas
=3 .
& x
2 0
k=1
51
= Qs
8 -1000
& \-——JA \ul
)
0 0.5 Time (s)- 1 1.5
. — Ind Matrix (4).
~ € @ N L £ 4@ | — I Matriv (4).
= < 10
S o — s o
g g s g
ER g g ,--,\
Eohe! 55 a
g
5 § 5 g o [ \-j m—
s 2 g
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PE Sl N e\ B
f— —Isi Mari ()] \g e L—-
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— Stator reactive power error Matrix (Var).
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— Phing (Weber
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Fig. 9 — (a): Ps(W), (b): Qs(VAr), (c): Isdq(A), (b): Irdq(A), (e):
Drdq(Wb), (f): APs(W) & AQs(VAr), (g): Isbac(A), (h): Irabc(A).

Ps meas Matrix (W)(Test3).
—— Ps meas Matrix (W)(Test2).
—— Ps meas Matrix (W)(Test1).
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~ouY T T

| |
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Fig. 10 — Robustness tests with variation of wind system parameters:
(a) Ps(W) and (b) Qs VAr).

It is noted that the stator active power (Fig. 10-a)
follows exactly its references (Test-1). After robustness
tests (Test-2), a good power tracking is noted with few
undulations (zoom) with very short response time nearly
0.002 s for both states (transient and steady). After adding
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100 % of moment inertia J (Test-3), some ripples are noted,
especially between 0.55 s and 0.65 s (due to the sudden)
with neglected overshoot, especially in 0.3 s and in 0.95 s.
The stator reactive power (Fig. 10-b) also follows exactly
its reference (Test-1). After robustness tests (test-2), we
note perfect power tracking with a very short response time
(< 0.005 s for the transient state). After adding 100 % of J,
there can be no overshoot and good power tracking with
some ripples between 0.55 s and 0.65 s. The overshoot
detection (%), the total harmonic distortion (THD %) of
stator currents (from 0.2 s, based on 50 cycles), and THD of
rotor currents (from 0.6 s, 20 cycles) and the power errors
for the conventional and proposed algorithms are illustrated
in Table 3.

Table 2
The robustness tests for the power control.

Test 1: Without parameters change.
Test 2: +100% for Rr, -25% for Ls, Lr, and Lm.
Test 3. +100 % for Rr and J, -25% for Ls, Lr, and Lm.

Table 3
The DFIG power control performances

Proposed control Conventional control

The overshoot <1% <5%.
THD (%) of Tsanc(A) 01.41% 01.42%.
THD (%) of ITrabe(A) 12.78% 177.83%.

The power static error:
AP, Q) (W, VAR) +/-55 +/-45.
The response time: 0.000605 s 0.00067 s.

6. CONCLUSION

This paper proposes a robust and adaptive DFIG power
control for variable speed wind turbines fed by matrix
converter. The rotor circuit is fed using a matrix converter
(ac/ac), and their IGBTs are controlled via Venturini
Technique. In this context, the linearizing power control
based on an adaptive controller, “MRAC”, offers the best
performance, especially in dynamic response and power
quality, compared to the conventional vector control. The
simulation results obtained using MATLAB/ Simulink®
environment demonstrate the feasibility of the proposed
algorithm with high wind performances. The experimental
validation under dSPACE card of this proposed algorithm
presents an excellent perspective for future research works.

APPENDIX

The DFIG parameters [21-22, 28-29]:
Pn=4 kW, Rs=12Q,Rr=1.8Q,Ls=0.1554 H, Lr = 0.1558 H,
Lm = 0.15 H, Vs = 220/380 V, P= 2 (pole pairs), Nn= 1440 rpm,
fore = 0.00 N.m/s, J=02 kg.mz.

The Turbine parameters [21,22, 28,29]:
Pn=4.5 kW, P=2 (pole pairs), G= 4.15, J, = 0.00065 kg.m?, ft =
0.017 N.m/s, p = 1.22 kg/m’®.
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