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In order to make a wind power generation truly cost-effective and reliable, an advanced control
techniques must be used. In this paper, we develop a mew control strategy, using monlinear
model predictive control (NMPC) approach, for DFIG-based wind turbine. 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 proposed control law is
based on two points: NMPC-based torque-current control loop generating the rotor reference
voltage and NMPC-based speed control loop that provides the torque reference. Finally, a real-
time simulation is carried out to illustrate the performance of the proposed controller.

Keywords: Nonlinear model predictive control, DFIG-based wind turbine, real-time
simulation.

1. Introduction

Recently, many new wind farms have employed wind turbines based on doubly-fed
induction generator (DFIG) [1]. Due to their full power control capability, variable speed
operation, low converter cost and reduced power loss [2-3]. However, DFIG constitutes a
challenging control problem, because of its fast dynamics, and being highly coupled and
nonlinear multi-variable system.

The Field-oriented vector control using cascaded PI controllers is widely used, in DFIG-
based wind turbines, for reasons of simplicity and applicability [4]. However, Pl-type
control methods are not effective when the system to be controlled is characterized by
strong nonlinearity and external disturbances. To overcome these drawbacks, various
approaches have been proposed to replace PI-type controllers. Some examples are the Hoo
control theory, neural networks and sliding mode control [5-7].

On the other hand, nonlinear model predictive control (NMPC) refers to a class of
computer control algorithms that utilize an explicit process model to predict the future
response 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 [8-9].

In this paper, a nonlinear model predictive control (NMPC) is applied to a wind energy
conversion system based on Doubly-fed Induction Generator (DFIG). The control law is
derived by optimization of an objective function that considers the control effort and the
difference between the predicted outputs and their references. The Taylor series expansion
is used to approximate the predicted outputs in a finite horizon.
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The rest of the paper is organized as follows: In section 3, the dynamic model of wind
energy conversion system is exposed. In section 4, mathematical formulation of NMPC for
nonlinear system is presented. The control system is developed is section 5. The real time
simulation results are given in sections 6. Finally, Section 7 concludes the paper.

2. Notation

P, Aerodynamic power (W)
Pa >V Air density kg m®, wind speed

R Rotor turbine radius (m)

C, , Comax Power coefficient, Maximal power coefficient

B Blades pitch angle

A, Aopt Tip-speed ratio , Optimal tip-speed ratio

T, T, Aerodynamic torque (N.M), Generator torque (N.m)
Q Q. Q.. Turbine speed, Generator speed, Reference generator speed(rad/s)
G Gear ratio

Pid ref Reference grid active power (W)

n System (wind turbine + DFIG) efficiency.

P, O, Active and reactive stator power (W,var)

P, O, Active and reactive rotor power (W,var)

Ps O Active and reactive power exchanged between the filter and the grid (W,var)
Tom Electromagnetic torque (N.m)

Vi, Vor Two-phase rotor voltages (v)

VvV Stator voltages (v)

1, 1, Two-phase rotor current (A)

R, L, Per-phase rotor resistance and self inductance

M, P Mutual inductance, Number of pole pairs

J, | Moment of inertia , coefficient of friction.

w,, ©, Stator and rotor angular velocities rd/s

S, G Generator slip and Dispersion ratio

x,u,T,. State vector , Control output, Disturbance

3 Finite horizon cost function

T, ,pi Predictive time, Relative degree of the output i

L’j‘, h; The " order Lie derivative of A;

Ry Xy Filter resistance and reactance

PI Proportional, integral

MPPT  Maximum power point tracking
GST , RST Grid side converter, Rotor side converter
PWM  Pulse Width Modulation

WECS  wind energy conversion system
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3. Modeling of the wind generation system

The system considered in this work is shown in Figure 1. The wind turbine is coupled to
the DFIG rotor shaft through a gearbox. The stator windings of DFIGs are directly
connected to the grid, and rotor windings are connected to the grid through back-to-back
power electronic converters. Between the two converters a dc-link capacitor is placed.

Grid
P
¢ Qf RX
Filter
Wind P Qs
Ny RSC GSC

> —
D =l mEmpt
Gearbox - Q

HF

Qror > RSC
Control
MPPT GSC
»  Control
Pgrid—ref
Fig 1: System configuration
3.1 Modeling of the Wind Turbine
The aerodynamic power extracted from the wind can be expressed as
1 2 3
B =20k C, (0B (1

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

J=—1L )
1%

A typical relationship between C, and A is shown in Figure 2. At the point 4,,,
C, =Cpmax, the maximum power can be extracted. To this end, the turbine should always
operate at 4.
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>
Tip speed ratio

Fig 2: Typical power coefficient.

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

7

T
L=t 9= 3)

Substituting equation (3) in equations (1) and (2), the rotor speed and active grid power
references are given by

At G

Q=2 Ty
r—ref R @

3

Pgrid—re_‘f = ;ﬂpaﬂ' Cp—maxv

3.2 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 [10-11]

Dar _ B ) o1+
Zdr _ _ S -
dt O'Lr dr st qr O'Lr dr
)
dl,, R, MV, 1
=———1, —sody +s +—V,
dt oL, oL.L, oL,
The electrical model is completed by the mechanical equation given below
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JEQF :Tem _TI" _err (6)

The electromagnetic torque generated by the DFIG is given by

MV
Qm:PwLIW (7

§8

The active and reactive powers exchanged between the stator and the grid can be expressed
as follows

P - MV /
s~ qr
LS
: , ®)
vy MV
QS = - Idr
a)SLS LS
M 0, —
with: o=1-——; s=—L
L,.Lg ®

4. Mathematical formulation of NMPC

The nonlinear model predictive control proposed by Chen et al. [12] is briefly described
in this section. The NMPC structure is shown in figure 3.

Cost function T.
Ye(tHt)  —p u(t
Optimization [———» System
y(tty) x(t)
Predictor [ y(t)
<
Fig 3: NMPC Structure
We consider a nonlinear system of the form
{fc(f) = f(0)+g,(u®)+gr ()T, () o
Y = h(x)
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The function f(x) and /(x) are assumed to be continuously differentiable a sufficient number
of times. Vector function g,(x) and gy(x) are continuous functions of x. The problem
consists in elaborating a control law u (?) such that the output y (¢+7) can optimally track a
desired reference y, (#+7) in presence of the disturbance 7,. The predictive control will be
optimal if the finite horizon cost function 3 is minimized

11 T
3= > [ v +1)— yr(t +7)]" [yt + r)—yr(t+ 7)]dt (10)
0

To solve the nonlinear optimization problem (10), the predicted output y (#+7) and the
predicted reference y, (¢+17) are approximated by Taylor series expansion

Pt g AR
D =R+ & L)+ L L7 o) (11)
=1 k! it

The Lie derivative of function /4;(x) along a vector field f{x) = (fi(x)........ fx(x)) 1s denoted
by

d h;(x)
ox

thl'(x): fx)

Ll}hi(x)zlf(L(fk_])hi(x))

X (12)
athi(x)
L Lyhit)=—"3"¢,(
athi(x)
(Lo, Lyhi®W=——"3"8r ¥

The necessary condition for the optimal control is given by

ds3 3
du

0 (13)

S.  The control system

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

5.1 Rotor side converter control

As DFIG is characterized by two-time scales modes; i.e. electrical (fast) and mechanical
(slow) modes, a cascaded structure is adopted for the design of the RST controller, see
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Figure 4. The inner loop is used to regulate the d-axis rotor current and the electromagnetic
torque. The outer loop is employed for the speed trajectory tracking.

RSC GSC
Wind
turbine DFIG } -{} {}
I r-abc
0
r abc Vabc—ref
qd PWM
vi. P abc
r-dq qd
Outer loo
________ E - Inner loop qu-ref
r---=-=-=-r-—-—-=-=-- 1
. Filter Tem-ret
r-rei ’

Qr Iqr Idr

Fig 4: Block Diagram of the proposed NMPC applied to the RSC
5.1.1  Inner control loop

In the internal loop, the predictive control is applied to the electrical equations in order
to provide the components of the armature rotor voltage (Vy.rer, Vqd-rer). From (5), it follows
that the electrical equations can be expressed as

{)'c(t) = f(x)+ g, (xX)u(t) (14)

¥ =h(x)
With:

T T T
x:(ld}" Iqr) ; u:(Vdr—ref Vqr—ref) ’yz(Tem Idl")

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

1
—_rldr +SO)S1(]V GL
() = oL g =]
R, MV u 1
- L. —so g +s 0 —
oL, oL, L, oL
.
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The outputs to be controlled in the inner loop are defined as follows

hy(x)=T P MV 1
y] = 7 X) = =
BN (15)
Y2 =hy(x) =1y,
For the outputs y; and y,, their relative degrees p; and p, are equal to 1. The resulting NMPC
applied to the system (14) is given by

1 : .
-1
u(t) = =G, (%) [gokia}h(x)—y{‘] (t))} (16)
) 3
With: ky=——:; k;=1;
2T,
MV, 1
Tem Pw[: O'T 0 Tem—ref
o= " Gu=| Oy, =
Ly 0 L Lar—ref
oL

-
The d-axis rotor current reference is calculated to maintain at null value the stator

reactive power flow to the grid.

5.1.2 Outer control loop

The speed controller in the outer loop is obtained by considering the mechanical
dynamics of the DFIG. From equation 8, it follows that the mechanical equation can be
expressed as

{x(r) = f(x) + g, (0)u(t) + gr ()T, (t)
(17)

y = h(x)

Where x and u are, respectively, the rotor speed Q, and the electromagnetic torque 7,,. 7, is
the aerodynamic torque and the output y is the rotor speed. The vector function f{x), g.(x)
and gr(x) are given by

f. 1 1
f(X)==""Q.; g,(x)=—; gr(x)=-—
J J J

The relative degree p of the output y is equal to 1. Then, we shall have the optimal control
input as

B -1 & i [i]
u(t) =-G,(x) _;0 ki(L ph(x) =y () + Gp()T(Y (18)
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with: ky :i;kl =1 hx)=Q,; y, =Q,_,
p2
G (9 oh(x) ) 1 G (x) oh(x) ) 1
x) = x)=—; x) = X)=-——
! o Su J ! a ST 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

2
w
F(s)= 3 19
® s2+2§§ns+wﬁ (1

where w,=5 ({=1.2

5.2 @Grid side converter control

The GSC is connected to the electrical grid by an intermediary line characterized by a
resistance R, and a reactance X, as shown in Figure 5.

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

{)'c(t) = f(x)+ g, (x)u(t) (20)

y=h(x)
)T

with: x=U 4y Ig) s5u=W,y Vo Y y=(p, 0 )
fd 4 fq q [ =f

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

R 1 _ Ly
Ly Lf S/
f(x) = R | s gu(x)= ;
f‘
LI, -l +—V 0 ——
L fa sty L Jq Lf

The outputs to be controlled are defined as follows

{yl =Pr =Vl +Vely

(21)
=0 =Vl -Vuly
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RSC

<

Pf-ref = Pgrid-ref 'Ps

Qf-ref =0

v Grid
m-abc
s o
I g Z O—
i If-abc Vf-abc
qd
Ifd Vfd
I Viq

Power estimation

Fig 5: Block Diagram of the proposed NMPC applied to the GSC

The resulting NMPC applied to the system (20) is given by

1 . .
u(t) =G, (x)‘l[go ki (Lph(x) - y£’]<z))}

with:
Ve
3
ky=——:3 k;=1; G,(x)= Iff
Lf

6. Real time simulation results

(22)

Y

B Lf . h(x)Z(Pf) Dy :(Pf_’"efj
Vid Qr) 7" Qe

Ly

To evaluate the proposed controller performance, the drive system given in figures 4
and 5 are implemented first in Matlab/Simulink in block diagram format. This Simulink
model is then opened and compiled with RT-Lab software package. The predictive time are

set to: T,;=0.5ms, T, = 2ms and T;=1ms.

6.1 Tracking performance

In this simulation, the robustness of the proposed control law, against the aerodynamic
torque variations, is tested. The wind speed profile used in the simulation is illustrated in
figure 6. Results of simulation show good tracking capability of the proposed controller.
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The speed and electromagnetic torque tracking performances are satisfactory achieved as
shown in figures 7 and 8. The stator and rotor active power transited to the grid are plotted
in figure 10. We notice that the sense of drainage depends on the sign of the DFIG slip
(figure 9). As shown in figure 11, the grid active power tracks perfectly its reference aiming
to maximize the conversion efficiency. The rotor and stator reactive powers are shown
respectively in figures 12 and 13. The grid reactive power is maintained at zero value
contributing to compensate the grid power factor (figure14). The rotor voltage and current
at sub-synchronous, synchronous and hyper-synchronous modes are plotted in figure 15.

Rotor actual

=
N

1 Rotor reference ‘
Stator :
|

Wind speed (m/s)
= =
o N

Active power (Mw)

Time (s)
Fig 6: Wind speed profile

Time (s)
200 . .
= Fig 10: Stator and rotor active power
~ |
g 150 :
3 100 | = 0 \ \ Actual
g)l). i : Actual § 77777 T L Reference
| | ~ | | T
5 50§l I ‘ ReferenF:e 5 | |
E: | | | | % |
| | | | o |
0 L L ) |
0 5 10 15 20 % .
Time (s) < ! ! ‘ !
Fig 7: Rotor speed o s 0 15 0
o 12
3 | ! Actual Time (s)
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o | . o .
Tz 8l et B Fig 11: Grid active power
|
% Z2 6§~ ! — 0.01 | | I I
I X | | ) | = | | | |
<] 4+----- JE LB - - — = L4 g 0.00 | | | |
= | 0 & 0005k - - - -4
3 5 I I I I \z_, 005 T : : J\r
m 777777 T T T T T - T T T - - -~ T —
I I I I [
o 1 1 1 1 % O
0 5 10 15 20 o ' ! ) ‘
Time (s) 2 0008 11 — L oio
§ | | | |
m | | | |
_001 1 1 1 1
0 5 10 15 20
Time (s)

Fig 12: Rotor reactive powers

Time (s)

Fig 9: DFIG slip
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% | | | |
2 01p--- - L o L L Voltage
~ | | | |
N | | | | = Current
g | | | | 5
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() 0 [ \x,
= D =
2 | | | | gt
© | | | | o E
Q | | | | > 5
X o1 | | | | 50

0 5 10 15 20 ° ;85 -

Time (s) x
Fig 13: Stator reactive powers. Time (s)

Fig 15: Rotor voltage and current

Reactive power (Mvar)

Time (s)

Fig 14: Grid reactive powers

6.2 Tracking performance under DFIG’s parameter variations

As NMPC is a model-based approach, the accuracy of the DFIG parameters 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=4s and 10% in the coefficient of friction
at t=16s. These variations are not taken into account in the controller. From Figures 16 and
17, we notice that the systems response convergence to the reference values despite DFIG’s
parameter variation. Indeed, the grid active power and rotor speed track perfectly their
references.

Actual L 1
Reference

200

Actual

I —~ | |
i | ; : : Reference
B0 NG A £ 0
= | E
8 100Hf---1 g -
e | 15 - - - ---J140K - - -+ - — — — o
%) (]
§ 50 T [ T % )
2 | | e <
0 | | | |
0 5 10 15 20

Time (s)

Fig 16: Speed trajectory tracking Fig 17: Grid active power under DFIG’s

parameter variations.

7. Conclusion

In this paper, a NMPC strategy has been proposed for the wind energy conversion
system (WECS) based on the DFIG. Simulation results have proven that the proposed
controller is able to offer convergence of the system response despite wind speed variations
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and DFIG’s parameter variations. Indeed, the control strategy achieved a good reference
tracking and stability for the rotor speed and electromagnetic torque for the steady state and
transient responses of the DFIG. The NMPC strategy is a good candidate for controlling
the WECS based on a DFIG interconnected to the grid.

References

[1] Xu. Lie, and Yi. Wang, Dynamic Modeling and Control of DFIG-Based Wind Turbines under
Unbalanced Network, Conditions, /[EEE Transaction , On Power systems, 22(1), 314-323, 2007.

[2] H. Jiabing, N.Heng, X.Hailiang,and H.Yikang, Dynamic Modeling and Improved Control of
DFIG Under Distorted Grid Voltage Conditions, /[EEE Trans Energy Conversion, 26(1), 163-
175,2011.

[3] M.Mansour, M.I.Syed, and A.S. Masoum, Impacts of Symmetrical and Asymmetrical Voltage
Sags on DFIG-Based Wind Turbines Considering Phase-Angle Jump, Voltage Recovery, and Sag
Parameters, IEEE Power Electron, 26(526), 1587- 1598, 2011.

[4] H. Jiabing, Direct Active and Reactive Power Regulation of DFIG Using Sliding-Mode Control
Approach, IEEE Trans Energy Conversion, 25(425), 1028-1039, 2011.

[5] C. Belfedal et al, Robust control of doubly- fed induction generator for stand-alone applications,
Elsevier, Electric Power Systems Research. .80, 230-239, 2010.

[6] O. Soares, Nonlinear control of the doubly-fed induction generator in wind power systems,
Elsevier, Renewable Energy, 35, 1662-1670, 2010.

[7] F.Valenciaga, Second order sliding power control for a variable speed-constant frequency
energy conversion system, Elsevier, Energy Conversion and Management. 51, pp. 3000-3008,2010.
[8] S.J.Qin, and T.A. Badgwell, A survey of industrial model predictive control technology,
Elsevier Control Eng Practice, 733-764, 2003.

[9] C.E. Garcia, D.M. Prett, and M. Morari, model predictive control: theory and practice - A
survey, Automatica, 25(3), 335-348, 1989.

[10] M. Yamamoto, and O. Motoyoshi, Active and reactive power control for doubly-fed wound
rotor induction generator, IEEE Transactions on Power Electronics, 6, 624-629, 1991.

[11] B. Hopfensperger, D. Atkinson, and R.A Lakin, Stator-flux-oriented control of a doubly-fed
induction machine with and without position encoder, Inst. Elec. Eng. Proc. Electric Power
Applications, 147(4), 241-250, 2000.

[12] W.H. Chen, D.J. Balance, P.J. Gawthrop, J.J. Gribble, and J. O’Reilly, Nonlinear PID
predictive controller, IEE Proceedings Control Theory application. 146, 603—-611, 1999.

Appendix
1) DFIG: 1.5Mw, 690V, 50Hz, P=2,

L=L~=0.0137H, M=0.0135H, R=0.012Q,
R,=0.021Q, P=2 , £=0.0071, /=500 Kg.m’

2) Wind turbine:  Turbine diameter=60m, number of blades=3, hub height=85m,
R=36.5m gearbox =90.
3) Filter parameters: R=1Q L{=30Mh
4) Dc-link capacitor: C=500uF, V4=400v
255

www.manaraa.com



© 2013. This article is published under
https://creativecommons.org/licenses/by-nc/4.0/(the “License”).
Notwithstanding the ProQuest Terms and Conditions, you may use this
content in accordance with the terms of the License.

www.manaraa.com




