
Journal of ELECTRICAL ENGINEERING, VOL. 65, NO. 6, 2014, 333–341

NONLINEAR PREDICTIVE CONTROL OF WIND
ENERGY CONVERSION SYSTEM USING DFIG
WITH AERODYNAMIC TORQUE OBSERVER
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In order to improvement of the performances for wind energy conversions systems (WECS), an advanced control
techniques must be used. In this paper, as an alternative to conventional PI-type control methods, a nonlinear predictive
control (NPC) approach is developed for DFIG-based wind turbine. To enhance the robustness of the controller, a disturbance
observer is designed to estimate the aerodynamic torque which is considered as an unknown perturbation. An explicitly
analytical form of the optimal predictive controller is given consequently on-line optimization is not necessary The DFIG is
fed through the rotor windings by a back-to-back converter controlled by Pulse Width Modulation (PWM), where the stator
winding is directly connected to the grid. The presented simulation results show a good performance in trajectory tracking
of the proposed strategy and rejection of disturbances is successfully achieved.
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1 INTRODUCTION

The control of the variable speed wind turbines based
on the doubly fed induction generator (DFIG) is a dif-
ficult engineering problem since: the induction machines
are highly coupled, fast dynamics and nonlinear multi-
variable system. On the other hand, the wind turbine
has strong nonlinear characteristics and the aerodynamic
torque change frequently.

The Field-oriented vector control using cascaded PI
controllers is widely used, in DFIG-based wind turbines,
for reasons of simplicity and applicability [1]. However,
PI-type control methods are not robust enough to accom-
modate the variations of external disturbances, parame-
ters, and perturbations during operation. To overcome
these drawbacks, various approaches have been proposed
to replace PI-type controllers. Some examples are the H∞

control theory, neural networks and sliding mode control
[2–4].

Nowadays, nonlinear model predictive control (NMPC)
refers to a class of computer control algorithms that uti-
lize an explicit process model to predict the future re-
sponse of a plant. Due to its good robustness for external
disturbances and varying parameters, it has received a
great deal of attention and is considered by many to be
one of the most promising methods in control engineering
[5, 6].

Several control strategies using linear and nonlin-
ear MPC have been proposed in the technical litera-
ture [7–11]. In [7] Chen et al have designed a nonlinear
predictive control law for multi-variable nonlinear sys-
tems based on Taylor series expansion, where the same
relative degree of multi-input and multi-output system

is considered. Hedjar, in [8], have proposed a cascaded
NPC based on Taylor series. A predictive current control
(PCC) strategy for doubly fed induction generators has
been treated in [9]. However, the high performance can
be achieved accurately only when the load torque dis-
turbance and the parameters variation are well known.
Multi-variable control strategy based on MPC techniques
has been proposed for wind turbines based on DFIG
in [10].Generalized predictive control (GPC) has been
used to control the pitch angle of windmill blades in or-
der to reduce power fluctuations in [11]. However, these
methods achieve a high performance only when the aero-
dynamic torque is well known.

In order to provide powerful abilities in handling sys-
tem disturbances and improving robustness, the nonlin-
ear predictive control must be combined with a distur-
bance observer [12].

For improvement, in this paper, the rotor speed and
electromagnetic torque are controlled by the rotor side
converter (RSC), while the power transited to the grid is
controlled by the grid side converter (GSC). A cascaded
NPC and stator-field-oriented control are investigated. In
addition, an aerodynamic torque observer, defined from
predictive control, is integrated into the control law in
order to enhance the robustness of the controller.

The rest of the paper is organized as follows: In Sec-
tion 2, the dynamic model of wind energy conversion sys-
tem is exposed. In Section 3, mathematical formulation
of NPC for nonlinear system is presented. The control
system is developed is Section 4. The simulation results
are given in Sections 5. Finally, Section 6 concludes the
paper.
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2 WIND GENERATION SYSTEM MODEL

The system considered in this work is shown in Fig. 1.

2.1 Modeling of the Wind Turbine

The aerodynamic power extracted from the wind can
be expressed as

Pt =
1

2
ρaπR

2Cp(λ, β)v
3 . (1)

The coefficient Cp is specific for each wind turbine. The
tip speed ratio is defined as

λ =
ΩtR

ν
. (2)

A typical relationship between Cp and λ is shown in
Fig. 2.

At the point λopt , Cp = Cp–max , the maximum power
can be extracted. To this end

• the blades pitch angle, β , is fixed at its optimal value
βCp–max

,

• the turbine speed is controlled to tracks its reference
Ωt-ref given by equation (3), thus the tip-speed ratio,
λ , is maintained at its optimal value λopt .

Ωt-ref =
λopt
R

v . (3)

Then the rotor speed and active grid power references
are given by

Ωr-ref =
λoptG

R
v ,

Pgrid-ref =
1

2
ηρaπ

2Cp–maxv
3.

(4)

Neglecting the transmission losses, the torque and
speed of the wind turbine, referred to the generator side
of the gearbox, are given by

Tr =
Tt
G
, Ωt =

Ωr

G
. (5)

2.2 DFIG model

By choosing a d–q reference frame synchronized with
the stator flux, by setting the quadratic component of the
stator flux to the null value and by neglecting the stator
resistance, the electrical equation of the DFIG is written
as follows [13, 14].

dIdr
dt

= −
Rr

σLr

Idr + sωsIqr +
1

σLr

Vdr ,

dIqr
dt

= −
Rr

σLr

Iqr − sωsIdr + s
MVs
σLrLs

+
1

σLr

Vqr .

(6)

The electrical model is completed by the mechanical
equation given below

J
d

dt
Ωr = Tem − Tr − frΩr . (7)

The electromagnetic torque generated by the DFIG is
given by

Tem = P
MVs
ωsLs

Iqr . (8)

The MADA active and reactive powers can be expressed
as follows

Ps = −
MVs
Ls

Iqr ,

Qs =
V 2
s

ωsLs

−
MVs
Ls

Idr

(9)
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with σ = 1−
M

LrLs

, s =
ωs − ωr

ωs

.

The active and reactive powers transited to the grid
are

Pgrid = Ps + Pf , Qgrid = Qs +Qf . (10)

3 MATHEMATICAL FORMULATION OF NPC

The nonlinear model predictive control proposed by
Chen et al [7] is briefly described in this section. We
consider a nonlinear system of the form

ẋ(t) = f(x) + gu(x)u(t) + gT (x)Tr(t) ,

Y = h(x)
(11)

where x ∈ ℜn is the state space vector, u ∈ ℜm is the
control input and Tr ∈ ℜ is the external disturbance. The

function f(x) and h(x) are assumed to be continuously
differentiable a sufficient number of times. Vector func-
tion gu(x) and gT (x) are continuous functions of x . The
problem consists in elaborating a control law u(t) such
that the output y(t+τ) can optimally track a desired ref-
erence yr(t + τ) in presence of the disturbance Tr . The
predictive control will be optimal if the finite horizon cost
function ℑ is minimized

ℑ =
1

2

∫ Tp

0

[y(t+τ)−yr(+τ)]
⊤[y(t+τ)−yr(+τ)]dτ . (12)

To solve the nonlinear optimization problem (12), the
predicted output y(t + τ) and the predicted reference
yr(t+ τ) are approximated by Taylor series expansion

yi(t+ τ) = hi(x) +

ρi
∑

k=1

τk

k!
Lk
fhi(x)

+
τρi

ρi!
LguL

(ρi−1)
f hi(x)u(t) . (13)

The Lie derivative of function hi(x) along a vector

field f(x) =
(

f1(x), . . . , fn(x)
)

is denoted by

Lfhi(x) =
∂hi(x)

∂x
f(x) ,

Lk
fhi(x) = Lf

(

L
(k−1)
f hi(x)

)

,

LguLfhi(x) =
∂Lfhi(x)

∂x
gu(x) ,

LgTLfhi(x) =
∂Lfhi(x)

∂x
gT (x) .

(14)

The necessary condition for the optimal control is given
by

dℑ

du
= 0 . (15)
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4 THE CONTROL SYSTEM

The rotor speed is controlled by the rotor side con-
verter (RSC), while the power flow is controlled by the
grid side converter (GSC).

4.1 Rotor side converter control

As DFIG is characterized by two-time scales modes, ie
electrical (fast) and mechanical (slow) modes, a cascaded
structure is adopted for the design of the controller, see
Fig. 3. The proposed control law is based on two points:
NPC-based torque-current control loop generating the
rotor reference voltage and NPC-based speed control loop
that provides the torque reference.

4.1.1 Inner control loop

In the internal loop, the predictive control is applied
to the electrical equations in order to provide the com-
ponents of the armature rotor voltage (Vd-ref , Vqd-ref ).
From equation (6), it follows that the electrical equations
can be expressed as

ẋ(t) = f(x) + gu(x)u(t) ,

Y = h(x)
(16)

with

x =
(

Idr Iqr
)⊤
, u =

(

Vdr−ref Vqr−ref

)⊤
, y =

(

Tem Idr
)⊤
.

The state vector x is composed of the d-axis and q-
axis component of the armature rotor currents. The input
vector u is made of the d-axis and q-axis components of
the armature rotor voltage. The output vector y consists
of the electromagnetic torque and the d-axis rotor cur-
rent, while vector function f(x) and gu(x) are defined
as

f(x) =

(

− Rr

σLr
Idr + sωsIqr

− Rr

σLr
Iqr − sωsIdr + s MVs

σLrLs

)

,

gu(x) =

(

1
σLr

0

0 1
σLr

)

.

The outputs to be controlled in the inner loop are defined
as follows

y1 = h1(x) = Tem = P
MVs
ωsLs

Iqr ,

y2 = h2(x) = Idr .

(17)

For the outputs y1 and y2 , their relative degrees ρ1 and
ρ2 are equal to 1. The resulting NMPC applied to the
system (16) is given by

u(t) = −Gu(x)
−1
[

1
∑

i=0

ki
(

Li
fh(x) − y[i]r (t)

)

]

(18)

with k0 =
3

2Tp1
, k1 = 1, h(x) =

(

Tem Idr
)⊤

,

Gu(x) =

(

P MVs

ωs
Ls

1
σLr

0

0 1
σLr

)

, yr =

(

Tem−ref

Idr−ref

)

.

The d-axis rotor current reference is calculated to main-
tain at null value the stator reactive power flow to the
grid.

4.1.2 Outer control loop

The speed controller in the outer loop is obtained by

considering the mechanical dynamics of the DFIG. From

equation (7), it follows that the mechanical equation can

be expressed as

ẋ(t) = f(x) + gu(x)u(t) + gT (x)Tr(t) ,

y = h(x)
(19)

where x and u are, respectively, the rotor speed Ωr and

the electromagnetic torque Tem . Tr is the aerodynamic

torque and the output y is the rotor speed. The vector

function f(x), gu(x) and gT (x) are given by

f(x) = − fr
J
Ωr , gu(x) =

1
J
, gT (x) = − 1

J
.

The relative degree ρ of the output y is equal to 1. Then,

we shall have the optimal control input as

u(t) = −Gu(x)
−1
[

1
∑

i=0

ki
(

Li
fh(x)− y[i]r (t)

)

+GT (x)Tr(t)
]

(20)

with k0 = 3
2Tp2

, k1 = 1, h(x) = Ωr , yr = Ωr−ref ,

Gu(x) =
∂h(x)
∂x

gu(x) =
1
J
, GT (x) =

∂h(x)
∂x

gT (x) = − 1
J
.

The rotor speed reference is given in the equation (4).

In order to limit the control effort, the reference speed

signal is passed through a second order linear filter given

by

F (s) =
w2

n

s2 + 2ξwns+ w2
n

(21)

where wn = 5, ξ = 1.2.

4.1.3 Nonlinear disturbance observer

In this work, the aerodynamic torque is considered

as an unknown disturbance, so the use of an observer is

necessary to estimate it. Thus, the optimal control (20)

becomes

u(t) = −Gu(x)
−1
[

1
∑

i=0

ki
(

Li
fh(x)− y[i]r (t)

)

+GT (x)T̂r(t)
]

.

(22)

The nonlinear disturbance observer is developed in the

same spirit as Chen et al [15]. An initial disturbance

observer is given by

˙̂
T r(t) = −ψ(x)gT (x)T̂r(t) +ψ(x)[ẋ(t)− f(x)− gu(x)u(t)]

(23)
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where ψ(x) is the gain to be designed to ensure the
stability of the observer. It is chosen as follows

ψ(x) = ϕ0
∂h(x)

∂x
(24)

with constant ϕ0 6= 0.

Since there is no information about the derivative of
the disturbance, we assume that

Ṫr = 0 . (25)

Substituting equations (19) and (25) into (23), the ob-
server error is described as

ε̇T (t) + ψ(x)gT (x)εT (t) = 0 (26)

where the observer error is εT = Tr(t)− T̂r(t).

From equation (26), it can be shown that the observer
is exponentially stable by choosing

ψ(x)gT (x) > 0 . (27)

Using the Lie derivative (14) and equation (22), we get

ψ(x)gT (x) = ϕ0GT (x) ,

ψ(x)ẋ(t) = ϕ0ẏ(t) ,

ψ(x)f(x) = ϕ0Lfh(x) ,

ψ(x)gu(x) = ϕ0Gu(x) .

(28)

Substituting (22) and (28) into equation (23), we obtain

˙̂
T r(t) = −ϕ0

(

k1ε̇y(t) + k0εy(t)
)

(29)

where εy = yr(t)− y(t) is the speed tracking error.

Integrating equation (29), the estimated disturbance
is calculated as follows

T̂r(t) = −ϕ0

[

k1εy(t) + k0

∫ t

0

εydτ
]

+ T̄r(0) (30)

with T̄r(0) = T̂r(0) + ϕ0εy(0).

If the initial value of the estimated disturbance T̂r(0)
is taken as

T̂r(0) = −ϕ0εy(0) , (31)

then the estimated disturbance will be as follows

T̂r(t) = −ϕ0

[

k1εy(t) + k0

∫ t

0

εydτ
]

. (32)

Substituting equation (32) into (22), the control law be-
comes

u(t) = kpεy(t) + kd
(

yr(t)− Lfh(x)
)

+ki

∫ t

0

εydτ (33)

where kp , ki and kd are the proportional, integral and
derivative gains, respectively.

kp = 3J
2Tp2

− ϕ0 , kd = J , ki = − 3ϕ0

2Tp2
.

4.2 GSC control

The GSC is connected to the electrical grid by an
intermediary line characterized by a resistance Rf and
a reactance Xf as shown in Fig. 4.

In a d − q reference frame related to the network
angular speed ωs equal to the synchronous speed, the
electrical voltage equation is given by

ẋ(t) = f(x) + gu(x)u(t) ,

Y = h(x)
(34)

with x =
(

Ifd Ifq
)⊤
, u =

(

Vmd Vmq

)⊤
, y =

(

Pf Qf

)⊤
.

The output vector y consists of the active and reactive
power transferred to the grid by the GSC, while vector
function f(x) and gu(x) are defined as

f(x) =

(

−
Rf

Lf
Ifd + ωsIfq +

1
Lf
Vfd

−
Rf

Lf
Ifq − ωsIfd +

1
Lf
Vfq

)

,

gu(x) =

(

− 1
Lf

0

0 − 1
Lf

)

.
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The outputs to be controlled are defined as follows

y1 = Pf = VfdIfd + VfqIfq ,

y2 = Qf = VfqIfd − VfdIfq .
(35)

The resulting NPC applied to the system (34) is given by

u(t) = −Gu(x)
−1
[

1
∑

i=0

ki
(

Li
fh(x)− y[i]r (t)

)

]

(36)

with k0 = 3
2Tp3

, k1 = 1, Gu(x) =

(

−Vrd

Lf
−

Vrq

Lf

−
Vrq

Lf
Vrd

Lf

)

,

h(x) =

(

Pf

Qf

)

, yr =

(

Pf−ref

Qf−ref

)

.

5 SIMULATION RESULTS

To evaluate the proposed controller performance, the
drive system given in Figs. 4 and 5 are implemented in

Matlab/Simulink in block diagram format. The predictive
time are set to

Tp1 = 0.5ms, Tp2 = 2ms and Tp3 = 1ms.

The stability of the aerodynamic torque observer is guar-
anteed by choosing the value of ϕ0 equal to −3.

Results of simulation show good tracking capability of
the proposed controller against the aerodynamic torque
variations. The wind speed profile used in the simulation
is illustrated in Fig. 5.

As seen in Fig. 7, the disturbance observer gives a
good estimate of the aerodynamic torque. As NPC is a
model-based approach, the accuracy of the DFIG param-
eters may influence the drive. The parameter variations
introduced in the DFIG model are set to the following
values: 25% in the rotor resistance at t = 4 s and 10%
in the coefficient of friction at t = 16 s. These variations
are not taken into account in the controller. From Figs. 8
and 9, we notice that very good tracking performances
are achieved in terms of DFIG speed and electromagnetic
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Fig. 11. (a) – GSC voltage (Vm−a ) and current (If−a ), (b) – Zoom rotor voltage and current for s = 0, (c) – Zoom rotor voltage and

current for s < 0, (d) – Zoom rotor voltage and current for s > 0
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torque with respect to wind and DFIG’s parameter vari-
ations. The RSC voltage and current at sub-synchronous,
synchronous and hyper-synchronous modes are plotted in
Fig. 10.

The GSC voltage and current, at sub-synchronous,
synchronous and hyper-synchronous modes, are plotted
in Fig. 11. It is the same for the filter voltage and current
in Fig. 12.

The stator and rotor active power transited to the grid
are plotted in Fig. 13. The sense of drainage depends on

the sign of the DFIG slip (Fig. 6). As shown in Fig. 14,
the grid active power tracks perfectly its reference aim-
ing to maximize the conversion efficiency. The grid reac-
tive power is shown in Fig. 15. This power is maintained
at zero value contributing to compensate the grid power
factor. Therefore, the simulations results showed that the
NPC offers excellent steady state and dynamic perfor-
mance.

6 CONCLUSION

In this paper, a NPC strategy has been proposed for
the wind energy conversion system (WECS) based on the
DFIG. The control law is derived from optimization of an
objective function that considers the control effort and
the difference between the predicted outputs and theirs
references. As a result, the control approach developed in
this paper is easy to design and implement, car the opti-
mal predictive control law is given an explicitly analytical
form and on-line optimization is not necessary.

Simulation results have proven that the proposed con-
troller is able to offer convergence of the system dynamic
response to the reference values despite wind speed varia-
tions and DFIG’s parameter variations. Indeed, the con-
trol strategy achieved a good reference tracking for rotor
speed and electromagnetic torque at the steady state and
transient responses. The NPC strategy is a good candi-
date for controlling the WECS based on a DFIG inter-
connected to the grid.

Appendix

1) DFIG: 1.5 Mw, 690 V, 50 Hz, P = 2, Ls = Lr =
0.0137 H, M = 0.0135 H, Rs = 0.012Ω, Rr = 0.021Ω,
P = 2, fr = 0.0071, J = 50Kgm2 .

2) Wind turbine: Turbine diameter= 60 m, number of
blades= 3, hub height= 85 m, R = 36.5m, gearbox= 90.

3) Filter parameters: Rf = 1Ω, Lf = 30 Mh.

4) Dc-link capacitor: C = 500µF, Vdc = 400 V.

5) Transformer : 120/690V .

Nomenclature

RSC Rotor Side Converter
GSC Grid Side Converter
Pt Aerodynamic power (W)

ρa Air density kgm3

v wind speed
R Rotor turbine radius (m)
Cp Power coefficient
Cp−max Maximal power coefficient
β Blades pitch angle
λ Tip-speed ratio
λopt Optimal tip-speed ratio
Tt, Tr Aerodynamic and Generator torque (Nm)
Ωt,Ωr Turbine speed, Generator speed (rad/s)
Ωr−ref Reference generator speed
G Gear ratio
Pgrid−ref Reference grid active power (W)
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η System (wind turbine + DFIG) efficiency
Ps, Qs Active and reactive stator power (W,var)
Pr, Qr Active and reactive rotor power (W,var)
Pf , Qf Active and reactive exchanged between

the filter and the grid (W,var)
Tem Electromagnetic torque (N.m)
Vdr, Vqr Two-phase rotor voltages (v)
V Stator voltages (V)
Idr, Iqr Two-phase rotor current (A)
Rr, Lr Per-phase rotor resistance and self inductance
M,P Mutual inductance, Number of pole pairs
J, fr Moment of inertia , coefficient of friction.
ωs, ωr Stator and rotor angular velocities rd/s
s, σ Generator slip and Dispersion ratio
x, u State vector and control output
Tr Disturbance
ℑ Finite horizon cost function
Tp Predictive time
ρi Relative degree of the output i
Lk
fhi The kth order Lie derivative of hi

Rf , Xf Filter resistance and reactance

T̂r Estimated aerodynamic torque
εy Speed error
εT Observer error
Tp1 The predictive time (Inner control loop)
Tp2 The predictive time (Outer control loop)
Tp3 The predictive time (GSC control)
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