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Abstract: In this paper, a generalized predictive control scheme for wind energy conversion systems
that consists of a wind turbine and a doubly-fed induction generator is proposed. The design is
created by using the maximum power point tracking theory to maximize the extracted wind power,
even when the turbine is uncertain or the wind speed varies abruptly. The suggested controller
guarantees compliance with current constraints by applying them in the regulator’s conceptual
design process to assure that the rotor windings are not damaged due to the over-current. This GPC
speed control solves the optimization problem based on the truncated Newton minimization method.
Finally, simulation results, which are obtained through the Matlab/Simulink software, show the
effectiveness of the proposed speed regulator compared to the widely used Proportional-integral
controller for DFIG.

Keywords: wind energy; wind turbine; DFIG (doubly-fed induction generator); MPPT (maximum
power point tracking); GPC (generalized predictive control)

1. Introduction

Increased use of renewable energy sources, such as sunlight and wind, especially in
developing countries, helps to reduce greenhouse gas emissions while meeting energy de-
mands. In general, wind energy has lower environmental costs than many other sources of
energy. Wind turbines can help reduce total air pollution and carbon dioxide emissions [1].

Due to their properties, double fed induction generators (DFIG) are the most com-
monly employed generators in wind energy conversion systems. The main benefit of DFIG
in wind turbine plants is that they can keep the amplitude and frequency of the output
voltages constant regardless of the speed of wind blowing on the blade. As a result, DFIG
may be directly linked to the AC power supply and stay synchronized with it continuously.
Other benefits include the ability to control the power factor (e.g., keeping it at unity) while
requiring minimal maintenance of the wind turbine power electronics components [2].

The developed controller must push the turbine’s rotor speed to the optimum point
to maximize the generated power. However, wind speed fluctuates rapidly over time,
and since wind turbine systems are inherently non-linear, this is a procedure that introduces
several uncertainties [3]. As a result, in variable-speed wind turbine plants, DFIG regulation
is essential to ensure high efficiency and cost-effectiveness. The proportional-integral (PI)
regulator is one of the most commonly used control approaches in DFIG control schemes
due to its simplicity and universality. Nevertheless, its parameter performance can be
influenced by uncertainties and nonlinearities.

Various advanced control systems for obtaining the maximum power from the wind
have been developed to overcome this challenge. Control systems such as: sliding mode
control [4,5], adaptive method [6], fuzzy logic control [7-9], H-infinity approach [10], and
model predictive control (MPC) [11,12].
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Due to its structural benefits, such as minimal sensitivity to parameter variations,
rejection of external disturbances, and quick dynamic reactions, MPC is acknowledged as
one of the most resilient control systems among the techniques mentioned [13,14], and has
been employed to regulate DFIG in different aspects, such as: active and reactive power
control [15-17], current control [18-20], and torque control [21,22].

Generalized Predictive Control (GPC) is an innovative attempt to unify distinct princi-
ples of predictive control. It generates a series of control signals to optimize the regulated
system’s control effort, within each sample interval [23]. GPC is one of the most popular
model based predictive controllers, as a result of its accomplishments in SISo and MIMO
industrial system regulation. Some authors have taken advantage of the properties of this
type of predictive controller to regulate DFIG. For instance, in [24,25], GPC is employed
to regulate the rotor currents of DFIG and in [26] a pitch controller based on GPC has
been proposed.

In this paper, an efficient speed control scheme based on GPC is designed which aims
to maximize the extracted wind power even when the turbine is uncertain or the wind
speed varies abruptly. After being combined with two PI and SVPWM current controllers,
the GPC controller is cascaded to the PI-SVPWM scheme. The inner loop’s fast dynamics
and low total harmonic distortion (THD) are achieved by carefully adjusting the stator
currents’ PI regulators and employing SVPWM'’s seven-vector symmetrical modulation.
As a result, the predictive controller references are responded to very rapidly by this loop.
Consequently, a cascaded GPC-PI controller is built that has remarkable fast dynamics,
high precision, high robustness, low THD, and a medium computational cost.

The following items are the major contributions of this work:

¢ Modulating the current of the rotor-side converter (RSC), using the GPC speed regula-
tor in order to track the optimal wind turbine speed by applying Maximum Power
Point Tracking (MPPT);

*  Truncated Newton (TNC) optimizer is incorporated into the controller design pro-
cess [27]. TNC uses a truncated Newton algorithm to minimize the rotor current to
the bounds;

¢  Highlighting the out-performance of the proposed method compared to the existing
techniques by using Matlab /Simulink.

This paper is organized as follows: in Section 2 the GPC has been applied to the
mechanical speed of DFIG. The effectiveness of the proposed controller is obtained by
numerical simulations, and they are presented in Section 3. Finally, the conclusion has been
discussed in Section 4.

2. GPC Design for Mechanical Speed of DFIG

The major components of the DFIG wind conversion system include a wind turbine
and a DFIG. The shaft of the wind turbine is mechanically linked to the shaft of the
generator through a gearbox. The stator of the DFIG and the grid side converter (GSC) will
be connected to the grid after the synchronisation process. The rotor of the generator is
connected to the grid through the rotor side converter (RSC) and the GSC in a back to back
configuration. Both converters are modulated by using the SVPWM technique. The overall
diagram of DFIG wind turbine system is presented in Figure 1.
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Figure 1. The overall block diagram of DFIG wind turbine system.

2.1. Turbine Model

Wind turbines absorb kinetic energy of the wind by using blades. Wind creates
pressure on the blades, which causes the blades to spin. The blades are attached to a driving
shaft that spins an electric generator, which provides power. The extracted power mainly
depends on wind speed, air density, and blade radius and it is calculated as [28]:

Pu(B,A,0) = 5Cy(A, BonR%’ M

where p denotes the air density, R is the radius of the area that is covered by the blades, v
stands for wind speed, C,, is power coefficient of wind turbine and it is measured by the
manufacturer at several wind speeds. C, depends on pitch angle of the blade (8) and the
tip-speed ratio (A), which is defined as:

th
[

A @)
where w; is the turbine speed. Based on Equation (2), it is apparent that if the turbine or
rotor speed is kept constant, any change in wind speed causes the tip-speed ratio to change,
resulting in a change in the power coefficient C,, as well as the generated power from the
wind turbine. If, on the other hand, the rotor speed is regulated in response to changes in
wind speed, the tip-speed ratio may be kept at an optimal point, potentially resulting in the
system’s maximum power generation. By considering Equations (1) and (2), it is obtained:

Py (w) = kw,wf’ (3)

where,
5

1 R
kuw, = icp()\,ﬁ)pﬂﬁ 4)

The main components of a wind energy conversion system are an aeroturbine that con-
verts wind energy into mechanical energy, a gearbox that increases speed while decreasing
torque, and a generator that converts mechanical energy into electrical energy. The wind
turbine’s rotor spins at the speed wy, driven by the input wind torque T;. The generator
receives the turbine torque in its shaft through the gearbox ( %), and produces an electro-
magnetic torque T, at the wy generator velocity. The mechanical model of the system is
depicted as follows [29]:

Jiwi + Bywy = Ty — Teyy 5)
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. T,
Jgtg + Bgwg = ;t —Te 6)
wgP = Wy (8)

where J; and ], are the moment of inertia of turbine and generator, respectively. B; and B,
stand for viscous friction coefficient of the turbine and generator. Additionally, P stands for
the number of pair of poles of the machine and w; is the electrical rotor speed. The relation
between the turbine angular velocity and generator rotor rotational speed shows the gear
ratio as follows:

s

Finally, considering Equations (5)—(9), the mechanical model on the generator side
might be compressed as follows:

Jwg + Bywg = Ti /1 — T (10)
which | = J;/n*+ J; and B, = B;/%? + B,. Mechanical torque is obtained as:
Tt(wt/ )\/ ﬁ) - kwtw% (11)

Moreover, the C, coefficient of the turbine which is used in this work is represented as:

—cs5

Cp(A, B) = cl(% —c3B—ca)e ™ +ceh (12)

1 1 003

Ai A+008 B+1

DFIG wind turbine is developed to perform in a variety of wind speeds while op-
timizing energy harvest. In this regard, it exists an optimum A, that maximise power

coefficient C;'"* and consequently the extracted power when the pitch angle § = 0. Then,
from Equations (2) and (9), the generator optimal speed reference is obtained as:

(13)

«  Aoptfov

2.2. DFIG Model

As it is well known, field-oriented control (FOC) theory has been applied to simplify
the DFIG equations in the past few decades. The stator currents of the DFIG are represented
as a vector of d and g components in this approach. The d component represents the
magnetic flux, whereas the g component represents the generator’s torque. Therefore,
by using the rotatory reference frame, the stator flux linkage vector (¥5) is aligned with d
axis which means Y5 = ¢;; and ¢5; = 0. Thus, considering FOC method the DFIG model
is obtained as:

o= L g, (15)

isg = — Lfim (16)

T, = —%%‘Ysirq (17)

P, = %Te (18)

Qs = Sl — i (19)
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vsq
Yy, =2 20
= (20)
) di .
g = Rpipg + 0Ly d;d — (we — wr)ULrqu (21)
. di . L
Orqg = errq + ULrT;q + (we - wr)(ULrlrd + f:zws) (22)

where Ls and L, are inductances of stator and rotor, respectively, and L, is the mutual
inductance. w, is the synchronous velocity of the rotor and ¢ is the coefficient of magnetic
2
dispersion which is obtained as o =1 — Liﬁ'
The electromagnetic torque equation is achieved as:

T, = Krirg (23)
where Kr is the torque constant, and it is defined as:

3P Lm

K:
T 2 I,

¥ (24)

2.3. Research Gap

The wind conversion system is often regulated with a vector control technique with
cascading PI-current and power loops. According to the nonlinear dynamics and uncer-
tainties expected in these systems, to increase the performance of the system, a more robust
controller should be used. For this purpose, a model-based regulator, such as GPC, can be a
good candidate. The capacity of these control systems to systematically address restrictions
and achieve effective performance has had a considerable impact on control engineering
practice [30].

2.4. GPC Design

Regarding the model, assuming that the DFIG rotor electrical time constant is much
faster than the mechanical time constant, the dynamics associated with the DFIG rotor
current controller blocks, the PWM modules, and the RSC and GSC blocks can be neglected.
Therefore, the first order transfer function of the DFIG is simplified as:

wg(s) _ KT/BU
Py(s) ~ (1+st) @5

where T, = BLU is the mechanical time constant.
The design of the speed controller by using the GPC method will take place in discrete
time since the GPC is of the discrete type. Hence, by using the first order transfer function
of the DFIG, which is obtained in Equation (25) and applying the zero order holding

discretization method, is achieved:
we(z7l)  B(z71) bo

(26)

i) Az T 1-azl

In Equation (26), by considering wg(t) and i;, as output and input of the system
and replacing them with y(t) and u(t), respectively, it is feasible to obtain the following
equation by combining the GPC theory and CARIMA model [31],

Az Dy(k) = B(z Nz %u(k— 1) + C(zil)¥ (27)
where e(t) is uncorrelated (white) noise with zero mean, A = 1 — z~! is the integrator,
d is the dead time of the system, B(z~')/A(z™!) is the transfer function of the system,
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and C(z 1) can be treated as a filter that can be used to design disturbance rejection and
noise reduction which its value may be set as 1 for simplicity.

The optimization problem in GPC algorithm finds the best control law which is
obtained by minimizing the cost function [31],

Jo = L2y, 8G9 (K + jlk) — w(k+ )]

28
+ XN () [Auk +j 1)) (28)

where N; and N; are the minimum and maximum costing horizons, respectively. N,
is the control horizon, J and 7 are the control weights, w(k + j) is a future reference
sequence, Au(k) is the incremental control action, and §(k + j|k) is the optimum j step
ahead prediction of the system output y(t) on data up to time . The objective of GPC is to
estimate the future control sequence u(k), u(k +1),..., such that the future plant output
y(k+1) is driven close to w(k +1).

The optimal prediction of the future output expression is,

y=Gu+f (29)

where G is the dynamic matrix and f is the free response term. Additionally, y, w, and u
are defined as:

90k +d +1]k) w(k+ Nyp) patt)

y= . , W= . and u =

: : Au(k+N —1)
9(k+d + Nlk) w(k + N)

Finally, the vectors for the DFIG are described as follows:

g %
i (k)
w=w, = . SU = : (30)
: Aiy (k+N—-1)
wi(k+ Na) "
Remark 1. The stability analysis of the GPC with Ny, = 1 is provided in [32].

The final control scheme of the controller is shown in Figure 2.

min J.(u) 5TE

Free response
calculation

I

Figure 2. Block diagram of proposed control system.

2.5. Constraints on Rotor Windings

The ability to include control signal restrictions into the conceptual design phase is one
of the key advantages of predictive controllers. Hence, in this study, the system limitations
are situated in the control signal i;;, which has a direct effect on the value of the three
phase rotor currents of DFIG. As a result, the control signal ijq must be constrained to an
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upper and a lower limitation in the speed control design process by employing the TNC
optimization method. Considering

Bty (k) = 5y (k) — 7y (k — 1) (1)

then the bounds of i;‘q (t) which is associated to the electromagnetic torque, in the constraint
form is expressed as:

Aqumin < Al:fq < AIrqmax (32)
where,
Aqumax = Irqmax - l:q (k o 1) (33)
AIrqmin = Irqmin - Z;fq (k -1
and in this scenario can be chosen as,
Irqmnx = 7Irqmin (34)

3. Simulation Validation

This section outlines the effectiveness of the new GPC control strategy for wind turbine
velocity control. This control technique intends to maximize energy conversion from the
wind and, as a result, increase power generation by applying MPPT method. To achieve this,
the wind turbine is required to track the variations in wind velocity in order to maintain
the optimal tip speed ratio. The simulations are implemented using the software Matlab
and Simulink, and the SimPowerSystems package is employed to obtain the prototypes for
the wind turbine and the 7.5 kW generator. The specifications of the employed DFIG and
turbine are listed in Tables 1 and 2, respectively.

Table 1. Rated parameters of the DFIG.

Parameters Rated Value
Stator Voltage 380V
Rotor voltage 190V
Rated stator current 18 A
Rated rotor current 24 A
Rated speed 1447 rpm@50 Hz
Rated power 7.5 kW@50 Hz
Rated torque 50 Nm
Stator resistance 042 O
Rotor resistance 0.14 O)
Magnetizing inductance 0.063 H
Stator leakage inductance 0.0018 H
Rotor leakage inductance 0.0023 H
Inertia moment 0.07 Kg-m?
Viscous friction coefficient 0.0136 N-m-s

Table 2. Turbine parameters.

Parameters Rated Value
Aopt 3.6
R 2.25m
o 1.22 kg/m3
o1 oo en ca cm and c 15.9, 16, 0.02, 5, 21 and 9.12 x 1073,
152,53, %40 55 6 respectively
Inertia moment 5 kg-m2
Viscous friction coefficient 0.001 N-m-s

Gearbox relation 8.2
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As it has been explained, the generated power by a wind turbine is a function of
tip speed ratio, pitch angle, and wind velocity. Considering Equation (14), the idea is to
keep A at its maximum value and let the turbine speed be based on the blowing wind
speed. Maximizing A results in maximum power coefficient and consequently, based
on Equation (1), maximization of extracted power. Figure 3 shows the C, — w; features
for different wind speeds while pitch angle is zero. It can be observed that for different
velocities of wind a unified maximum power factor can be obtained while the generator
is working at different speeds. The optimal lambda according to the curves of Figure 3
corresponds to Agpr = 3.6.

0.5
0.4 / X _ 15m/s
\ e 12m/s \
A 10m/s
2 03 “\
— 1 8ms \
Q 0.2 6m/s |
0.1 \
II|
|I|
0 1 1 1 1 1
12 15 19 24

Turbine speed(rad/s)

Figure 3. Power coefficient versus turbine speed for varying wind speeds.

In this proposal, a GPC method is being integrated into the speed loop to guarantee
the optimum generated power. The number of the coefficients of the controller depends
on the prediction horizon N. Although having a higher value for the prediction horizon
enhances the control performance of the system, there will be a higher computational
burden. Therefore, based on this compromise, the prediction horizon is set as N = 5, and
considering thatd = 0 as N; = 14+d and N, = N +d, it will be obtained N; = 1 and
N, = 5. Additionally, the control horizon is taken as N;, = 1. The sampling time for all
regulators is set as 100 ps. In this control scheme, the v and J parameters have to be tuned.
The most optimal way is to keep the tracking weighting factor § to unity and adjust +. It is
worth mentioning that for a smaller weighting factor, -y, the response time of the system is
faster. In the following tests, <y is adjusted at 0.014.

As shown in Figure 4, for various wind speeds, there exists a generator speed in which
the extracted power is maximum (MPPT).

Additionally, in the proposed controller the constraints on the rotor windings are
integrated with the conceptual controller process, which implies that the linear solution is
not valid to minimize the cost function [31]. Hence, in this work, the TNC optimization
method is employed to minimize the cost function. The TNC function is written in the
Simulink S-builder function by using the C programming language [27]. Furthermore,
in the implementation of TNC, the maximum number of iterations that are used to solve the
numerical solution can be specified. Due to this matter, there can be a compromise between
the computational cost and the performance as well. In the provided tests, the number of
iterations is set at 50.

In the presented work, two PI controllers are used to regulate the components of the
rotor current 7,4 and i,;. The proportional and integral gains are adjusted to regulate the
system as fast as possible by employing the frequency domain method [33]. Taking into
consideration that the space vector pulse width modulation technique is implemented
to operate at the switching frequency of 10 kHz, the established bandwidth for the PI
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controllers is 1 kHz with a phase margin of 90°. In this regard, the obtained proportional
and integral gains are k,; = 0.05 and K;; = 5.

16 1
/..—" | \‘\
~ 12} 15m/s
e \
E ',...f’
g 8_____________7' ____;‘_,_;“__T_“ﬂxm
Q.H - /

8m/s

I ~
I 12m/s
e - [
4 P 10mis |
) J,«"' - ______.--""’ | "\\
g - |
1

= 6mls | S
0 500 1000 1500 2000 2500 3000
Generator speed(rpm)

Figure 4. Turbine power-generator speed.

In general, the proposed GPC solves an optimization problem based on TNC at each
sampling time, which is not linear. This technique is compared with a PI speed control
technique in Figure 5. The PI speed control parameters are adjusted as K, = 14 and K; = 90,
in order to obtain a fast response. It is supposed that wind is blowing at three different
speeds, 7m/s, 13 m/s, and 15 m/s.

1
-
L~

2000
-~ \ g

{
1000F .~ V reference

k|
7 PI
/ GPC
1 1 1 1 T ]

890
880
870 _//
I I I I I I I I I |

0.24 0.25 0.26 0.27 0.28 0.29 0.3 0.31 0.32

]
=y
[a%]
(<]
=N
w
[=2]

1660

1640 M
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Generator speed(rpm)
o
[}
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1900

1880
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Time(s)

Figure 5. Comparison of the rotor speed of the DFIG, using PI and GPC methods.

In Figure 5, the DFIG speed performance by using the MPPT method and applying PI
and GPC regulation methods is shown and highlighted. It can be seen that the GPC has
better tracking performance than the PI controller. Additionally, by using GPC, the reach
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time is shorter, and the convergence of the reference and real-speed signal is faster. This is
happening thanks to the anticipatory nature of the GPC regulator as it is highlighted in
the figure. This controller, by measuring the variations in the wind speed, starts to apply
the changes some time ahead and can catch the modifications in wind speed faster than
conventional controllers.

In Figure 6, the turbine torque at the DFIG shaft (T;/#) and the DFIG electromagnetic
torque (T,) are shown at three different speeds. When stationary the values of both torques
are equal, but during the transition periods the electromagnetic torque changes the sign in
order to accelerate the machine as fast as possible based on Equation (6).

100

50

I & T_(Nm)

T

_.100 1 1 1 1 1 ]
0 3
Timel(s)

Figure 6. Turbine load torque and DFIG electromagnetic torque on the generator side.

Figure 7 shows the successful regulation of rotor current components i,; and i;.
Clearly, the value of i,; is kept at 16.5 A and i,; is bounded to its maximum value of
24 A. The reference of the iy, is the output of the GPC speed regulator and, as it was
explained before, the constraint of rotor current is applied in the conceptual GPC design
process. Therefore, by obtaining good tracking performance of rotor current components,
it is concluded that the proposed GPC-PI control scheme is successful in meeting the
control objectives.

20

15

~% 10

5

real
reference
]

D Il Il 1 Il T
0 1 2 3 4 5 6

50

. r

—50 I I 1 I
0 1 2 3 4 5 6

Time(s)

real
reference

Figure 7. Rotor current components 7,; and ;.

The performance of the proposed method of power generation is depicted in Figure 8.
The power that is generated by the turbine, the power that the stator delivers to the grid,
the rotor power through converters, and, finally, the total power are plotted in this figure.
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When the wind speed is 7 m/s DFIG is working sub-synchronous which means the rotor is
absorbing energy from the grid through the converters (negative power). However, when
wind speed is higher than 11.4 m/s the DFIG operation is over-synchronous, thus, the rotor
power is positive since it is sent to the grid.

4
, x10
v=13[m/s] \ v=15[m/s]
1 -
v=7[m/s] ( f_\
= 0k o
a Pgrid—Rotor
1 Pstator
Ptotal
Pturbine
_2 1 1 1 1 ]
0 1 2 3 4 5 6
5000
o
<>E 0 e S e
@) 7Q5tator
grid-rotor
~5000 | , i | , |
0 1 2 3 4 5 6

Time(s)
Figure 8. Active and reactive power for different wind speeds.

The rated power of the applied DFIG is 7.5 kW and that is the reason when stator
power exceeds its nominal value, the pitch control is activated. This point is highlighted in
Figure 9. Additionally, the C, graph shows the success of the proposed control method in
keeping the power coefficient factor at its optimum value when the pitch angle is zero. In
addition, the value of the C), is reduced as soon as the pitch angle starts to increase, in order
to limit the maximum stator power to 7.5 kW as it is shown in the figure for wind speeds of
13m/s and 15 m/s.

Figure 10 depicts the stator and rotor currents, respectively. As it is highlighted,
the quality of the injected current to the grid is good. Moreover, as shown in the graph,
as the generator speed varies, the frequency of the rotor current and its amplitude vary.
The amplitude of the rotor current is coherent with the rotor modules d and g components,
which imposed by the GPC-PI scheme controllers.

In Figure 11, a realistic wind speed profile is considered to show the success of the
proposed method under real wind profile conditions. As it can be seen, the GPC speed
regulator successfully controls the turbine in order to follow the reference according to the

upcoming wind speed.
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Figure 10. Stator and rotor three phase currents.
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Figure 11. A realistic wind speed profile and the generator speed performance.

4. Conclusions

In this paper, a speed GPC scheme for the wind energy conversion systems is presented.
The main objective is to control the turbine following the MPPT algorithm. For this purpose,
the power coefficient is kept at its optimum value and the turbine’s speed is adjusted by
using GPC regulator responding to the upcoming wind velocity. Thus, the established
control mechanism enables the wind turbine to operate at maximum power efficiency
within a range of wind speeds. The constraint on the rotor windings are integrated into the
GPC through the TNC optimizer in the conceptual control design process. The simulation
results validate that the proposed regulator has a better performance compared to the
exiting methods in controlling the variable speed wind turbine. For instance, in different
ranges of wind speed the settling time of the DFIG velocity by using the proposed GPC
controller is between 30 ms and 110 ms faster than the case that PI controller is employed.
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