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Abstract: This paper deals with the control of a doubly-fed induction generator (DFIG)-based
variable speed wind turbine power system. A system of eight ordinary differential equations is
used to model the wind energy conversion system. The generator has a wound rotor type with
back-to-back three-phase power converter bridges between its rotor and the grid; it is modeled using
the direct-quadrature rotating reference frame with aligned stator flux. An input-state feedback
linearization controller is proposed for the wind energy power system. The controller guarantees
that the states of the system track the desired states. Simulation results are presented to validate
the proposed control scheme. Moreover, further simulation results are shown to investigate the
robustness of the proposed control scheme to changes in some of the parameters of the system.
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1. Introduction

There has been a global interest in renewable energy resources due to the worldwide increase
in power demand and the limitation of fossil fuels and their harmful impact on the environment.
Renewable energy resources, such as wind energy, are naturally available, clean and have a much less
harmful impact on the environment than fossil fuels.

Wind energy is the fastest growing renewable energy resource. Globally, the annual cumulative
installed wind energy capacity has increased rapidly during the period from 1997-2014 [1]. In addition,
the advancement on the design of the components of wind energy power systems that include power
electronics inverters, electric generators and drive train systems has also contributed to the fast growth
and high demand of wind energy conversion systems (WECs). The increasing market share of variable
speed wind energy conversion systems has led to further investigations of wind turbines’” control
technology. Furthermore, researchers have recognized that appropriate control algorithms can greatly
improve the efficiency of wind power conversion systems.

Among the various types of available wind turbines, the doubly-fed induction generator-based
wind turbines are widely used for variable speed wind turbine systems because of their simple
structures, their reliable operations, their high power densities and their energy efficiency.
Moreover, doubly-fed induction generators-based energy systems have other advantages, such as
the reduction of mechanical stress, the flexibility in controlling active and reactive powers and the
ability to track maximum power using different control techniques.

Many research articles dealing with the design of different types of control schemes for
DFIG-based variable speed wind turbine systems were published in the last few years; for example,
the reader can refer to the works in [2-16] for a detailed review of wind turbine systems and their
control. Some of these control techniques are highlighted below.
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Researchers have used different control techniques to control DFIG-based wind turbine energy
systems. For example, PID controllers and several modified PID control schemes were used to control
wind energy conversion systems [17-19]. These types of schemes are believed to be the easiest
and simplest design methods. However, DFIG-based wind energy systems are highly nonlinear
systems, which are characterized by strong couplings between the different variables of the systems.
Thus, nonlinear control schemes need to be designed to control wind energy power systems so that
the desired performances are attained.

The work in [20] proposed a method for obtaining the maximum power output of a DFIG-based wind
energy system. The proposed control technique was based on the usage of an improved maximum
power point tracking (MPPT) curve method and a Lyapunov function. In [21], an artificial neural
network technique based on Markov scheme approaches was developed to optimize the output of a wind
turbine system. An artificial neural network, which is based on the Jordan re-current concept, was used to
estimate the reference tracking speed of the rotor in [22]. A direct and an indirect control structure
using a quantum neural network to enhance the efficiency of the system and to optimize the output of a wind
energy power system was proposed in [23]. Furthermore, the combination of fuzzy logic control and
sliding mode control was investigated in the literature; for example, refer to the works in [24-28].

Investigations to determine the best nonlinear control technique that can be used to improve
the performance of DFIG-based WEC systems are still ongoing [29]. The control of both the grid
side converter (GSC) and the rotor side converter (RCS) in one control loop was reported in [30].
In [31], a direct active power and reactive power controller based on the estimation of the stator flux
was proposed, and a basic hysteresis controller was used. Vector control and direct power control
were proposed in [32] to regulate the active power and reactive power generated by a DFIG-based
wind energy system. In [33], two distinct control strategies were used to control a DFIG-based
WEC system; backstepping and sliding mode control strategies were first used to control the rotor
side converter (RCS); then, the same strategies were used to control the grid side converter (GSC).
A perturbation observer-based control scheme for the control of DFIG in a multi-machine power
system was introduced in [34]. The controller is achieved with a four-loop perturbation observer-based
control configuration, and the controlled dynamics were investigated through simulation studies.

Several researchers investigated the usage of the feedback linearization technique for the control
of DFIG-based WEC systems. Some of these works are highlighted below. An input-output feedback
linearization controller for a DFIG-based system connected to an infinite bus was discussed in [35];
the authors differentiated the electromagnetic torque, the stator power and the grid side converter
power outputs of the DFIG to obtain a linear relationship with the rotor voltages, which serve as
control inputs. Then, decoupled torque control and decoupled power control were developed. In [36],
an input-output linearizing and decoupling control strategy was proposed for a doubly-fed induction
generator system. The developed controller was verified by using a 7.5 kW wind power test rig.
A mathematical model of the DFIG based on the so-called stator magnetizing current field orientation
was given in [37]; then, an input-output linearizing controller is proposed. The controller results
in decoupled control and the tracking of the generated active and reactive powers of the system.
Direct control of the torque and direct control of the power outputs of the DFIG were established
based on the input-output feedback linearization technique in [38,39]. In [40], an adaptive nonlinear
control strategy based on a feedback linearization scheme was proposed for a DFIG-based WEC
system; a disturbance observer was added to estimate the uncertainties in the parameters of the system.
The performance of the system is checked in the presence of nearby faults. Moreover, an exact feedback
linearization scheme was proposed in [41] for a DFIG-based WEC system. The wind turbine with DFIG
is represented by a third-order model. This model is exactly linearized, and a linear quadratic regulator
is used to design an optimal controller for the linearized system. Simulations were performed on a
single machine infinite bus system and on a four-machine system; the simulation results indicate that
the proposed control scheme improves the transient stability of the power system, and it enhances the
damping of the system.
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The contribution of this paper involves the design of an input-state feedback linearization
controller for a wind energy conversion system. Previous works on feedback linearization of WEC
systems, generally, used fifth order models or sixth order models. Our work uses an eighth order
model of the WEC system; the state space representation of the eighth order model under consideration
uses four electrical states and four mechanical states. The proposed controller controls the rotor side
converter (RCS) of a DFIG. It guarantees the stability of the closed loop system and enables the tracking
of the desired states of the system. In addition, the proposed controller maximizes the power extracted
from the wind. The proposed theoretical work is verified through MATLAB simulations; moreover,
the validity of the proposed controller was tested when some of the parameters of the system change.

The rest of the paper is organized as follows. Section 2 presents the model of a DFIG-based
wind energy power system; the system consists of eight nonlinear ordinary differential equations.
In Section 3, the computations of the values of the desired states of the system, as well as the reference
inputs are discussed in detail. Section 4 presents the design of an input-state feedback linearization
controller for the wind energy conversion system. To show the effectiveness of the proposed controller,
simulation studies are presented in Section 5. In addition, some simulation results are shown to
investigate the robustness of the controller to changes in some of the parameters of the system.
Finally, the conclusion is drawn in Section 6.

2. Model of the Wind Energy Conversion System

The model of a DFIG-based wind energy conversion power system is presented in this section.
A block diagram depiction of the system is shown in Figure 1. The system consists of a wind turbine
connected through a gear box to a doubly-fed induction generator. The stator windings of the standard
wound induction generator are directly connected to the grid. The rotor windings are connected to the
grid through a voltage source and power electronics converters (AC/DC/AC). The wind energy is
captured by the motor blades and transferred to the motor hub. The hub has a gearbox, which attaches
the low-speed shaft to the high-speed shaft that drives the DFIG, which converts the mechanical energy
to electrical energy. This electrical energy is delivered to the grid.

‘Wound Rotor
Induction Motor 3-Winding Util.ity
> Q Transformer Grid
i . Qg R\'; QS
Wind Speed DFIG
T, T,

— Gear Box

AC/DC Converter

~

DC/AC Converter

Figure 1. A block diagram representation of the variable speed DFIG-based wind energy
conversion system.

Note that Q),, Qg, Ty, and Tg depicted in Figure 1 represent the rotational speed of the turbine on
the low-speed side of the gearbox, the mechanical speed of the generator, the high-speed shaft torque
and the generator torque, respectively. Furthermore P; and Qs are the stator active power and the
stator reactive power.

The mechanical power extracted from the wind can be expressed as [42],

1
Py, = Ecp()\, B)omR?V? (1)
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where:

Py;: the captured wind power (the mechanical power),
Cp(A, B): the power coefficient,

A: the tip speed ratio (TSR),

B: the pitch angle,

p: the air density,

R: the rotor-plane radius,

V: the speed of the wind.

The tip speed ratio can be expressed as,
A = OR/V )

where (), is the rotational speed of the turbine on the low-speed side of the gearbox.

The power coefficient C;, versus the tip speed ratio A for different values of the pitch angle
is depicted in Figure 2. It can be seen from the figure that when g = 0, the maximum value of C,
is achieved when C,(1,,) = 0.48 at an optimal value of the tip speed ratio A,y = 8. To capture the
maximum power from the wind, a variable speed wind turbine normally follows the C(max) up to the
rated speed by varying the rotor speed to keep the tip speed ratio at its optimum value A,

=0
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05 T T T T T T T
0.4

0.3

p
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0.1

Power coefficient C_ (3, A)

0 2 4 6 8 10 12 14 16
Tip speed ratio (1))

Figure 2. The power coefficient C, versus the tip speed ratio A.

Using Equation (1), the maximum captured wind power, Pm(max), can be written as,

1
Pm(max) = Ecp(max) (/\Opfr :B)anZVB" 3)
The aerodynamic torque, T;, can be expressed as follows,
1
T, = Pu/Oy= ECP(A,IB)anZW/Qr. 4
The wind turbine varies its speed by following the maximum value of the power coefficient
Cp(max) SO that maximum power is captured. This is done by changing the speed of the rotor to

maintain the tip speed ratio at its optimum value A, [42]. Using Equations (2)—(4), the aerodynamic
torque, T, can be written as follows,

Tr = Koth% (5)
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where Kyp¢ = 0.507R® Cp(max) //\Opt

To model the wmd energy power system, we first need to define the state variables of the system.
The system consists of an electrical part and a mechanical part. The state variables of the electrical
part of the system are the stator currents in the d and q axes (i;; and is;) and the rotor currents in the
d and g axes (i,4 and i,;). The state variables of the mechanical part of the system are the rotational
speed of the turbine on the low-speed side of the gearbox (€,), the mechanical speed of the generator
(Qg), the high-speed shaft torque (T},) and the generator torque (Tg). The inputs for the system are
the stator and rotor voltages and the required generator torque (Tg ). Note that the voltage 1, is the
d-axis stator voltage, and us, is the g-axis stator voltage. The voltage u,, is the d-axis rotor voltage, and
Uy is the g-axis rotor voltage.

The rotational speed of the generator (), is related to the rotor angular frequency wy, such that,

1
Qg = prr (6)

where 7, is the number of pole pairs of the generator.
The stator angular frequency ws is related to the stator frequency, fs, such that,

ws = 2nfs. (7)
Furthermore, the leakage coefficient can be written, such that,

1-—12

¢ o= ot ®)

where L,, is the magnetizing inductance, L, is the rotor leakage inductance and L; is the stator
leakage inductance.

The model of the wind energy power system consists of eight first order ordinary differential
equations (odes). The first four odes are related to the electrical part of the system; the second four
odes are related to the mechanical part of the system. Hence, the wind turbine energy conversion
system can be described using the following set of nonlinear ordinary differential equations, such
that [42,43],
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where:

Dyg: the damping constants for the generator,

Djg: the damping constants for the the equivalent low-speed shaft,
D;: the damping constants for the rotor,

i the magnetizing current,

Jg: the moment of inertia of the generator,

J;: the moment of inertia of the rotor,

Kjs: the equivalent torsional stiffness of the low-speed shaft,

ny: the gearbox ratio (the gearbox is considered as a lossless device for this model),
R,: the rotor resistance,

R;: the stator resistance,

Tg: the time constant of the model,

Vs: the stator voltage magnitude.

For the ease of presentation, we define the following parameters for the wind energy conversion

R _ _1-¢ _  RL _ L _ 1
system, p1 = P2 = Ws, P3 = Fhp, P4 = F 1o P5 = fGgMpPe = TELs
_ L _ L _ _R Z 1 _ 1 _ R.L _ D
P7 = @ P8 = —Elp P9 = T, Plo = —FMp P = s P12 = Fgpo P3SN
_ Kot _ ny _ Dy _ 1 _ 1 D,D, 1 ¢ DisKopt
pu = J5P5 = 3P =~ P = P = g (Kis = ), p (),
_ _1 _ DgDys _ 1 1 _ Dy _ 1
P20 = n2 (Kis Tz ) P = Dls(h +f§]g)/P22 = fni]glpzs = T

Moreover, we define the state variable vector x, which contains the states x;—xg, such that,
X = [x1 Xy X3 X4 X5 Xg Xy XS]T = [isd isq ird irq Qr Qg Th Tg]T. (10)

Therefore, the model of the wind energy power system in (10) can be written in compact form
as follows,

X1 = p1X1+ paxa + p3XeXo + pax3 + ps5XaXe + Pelisq + Prlpg
Xy = —paX1 — PaXeX1+ P1X2 — P5XeX3 + PaXy + Pelisg + Prileg
X3 = Pp1aX1+ psXeXz + p9X3 + paXs + ProXeXs + P7Usq + P11lirg
X4 = —psXeX1+ pP1aXo — PaX3 — P1oXeX3 + PoXa + prUsq + P1iling (1)
X5 = p13¥xs+ prax3 + pisx
X6 = PieXe + P17X7 — p17X8
X7 = pis¥Xs+ p1oX3 + paoXe + p21x7 + p2xg
X = paxg— psls:
Let the desired state vector x; be such that x; = [x14 Xo4 X34 X449 Xs54 Xeq4 X74 Xgq]', where

xig (i =1,2,...,8) are the desired values of the states x; (i = 1,2, ...,8) of the power system. Since the
desired states have to be an operating point of the power system, then they must satisfy the equations
of the model of the wind energy power system in (12). Therefore, the desired states of the power
system are governed by the following set of differential equations:

X14 = P1¥1d + P2Xog + P3XeaXod + PaX3q + P5XagXed + Peilsq + P7ira (12)
Xog = —P2X14 — P3XedX1d + P1X2d — P5XedX3d + PaXaq + Pellsqg + P7ilrg (13)
X34 = P12X14 + P8XedXod + P9X3q + P2Xaq + P10XedXad + P7lsa + P11ilsg (14)
Y49 = —P8XedX1d T P12%2d4 — P2X34 — P10X64X34 T PoXaq + P7ilsq + P11iing (15)
Xsq = P13¥sd+ PraXsy + p1sxza (16)
Xed = P16Xed + P17X74 — P17X8d 17)
X7 = P18¥sa+ P1oXsy + P20Xed + Pa1Xza + P22Xsa (18)

Xsg = posxsq— paTer (19)
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Note that i1y, s, il,4, 11y and Tg,r in (12)—(19) represent the reference inputs of the wind energy
conversion system. The computation of these reference inputs will be discussed in the next section.
Define the errors ¢; (i = 1,2, ...,8), such that:

e1 = X1 — Xy
€y = X2 — X4
€3 = X3 — X3
ey = Xg— Xy (20)
65 = X5 X54
€6 = Xp— Xed
€7 = Xy —Xy4
g = Xg— Xgd

Using Equations (12)—(21), the dynamic model of the error system can be written, such that:

é1 = pie1+ paea2 + pa(x6x2 — XeqX24) + paes + p5(XaXe — X4aXea) + V1

¢y = —pae1r — p3(XeX1 — XeaX14) + p1re2 — P5(XeX3 — XeaX34) + Pacs + 02

és = pier+ ps(XeX2 — XeaX2d) + poes + paea + pro(X6Xa — XeaXaa) + V3

¢ = —ps(xex1 — XeqX14) + p12€2 — p2e3 — p10(X6X3 — X64X34) + poes + V4 (21)
és = pises + pra(x3 — x3,;) + p1se

€6 = P66 + P17€7 — P17€8

é7 = pises + p1o(x3 — x3;) + paoes + paies + paes

ég = poases+ g

where the inputs v1, v, v3, v4 and v are defined, such that,

01 = peltsg — fisg) + p7(trg — Tirg)

vy = pelusg — tisg) + p7(ttrg — firg)

v = prlusg — 1sq) + p11 (g — tya) (22)
vy = pr(usqg — flsq) + p11(ttrg — flrg)

vg = —paa(Tgr — Tgr)

After some manipulations, the error dynamics in (22) can be written as follows,

é1 = pier+ paex + pa(ece2 + Xeaea + X24€6) + paes + ps(eses + X4q€6 + Xgges) + 01 (23)
&y = —paer — pseser + Xgge1 + X14€6) + p1e2 — ps(eses + Xege3 + X34€6) + pacs + 02 (24)
é3 = pioe1 + ps(esez + Xgaea + X24€6) + poes + paes + pro(esee + X4qe6 + Xog€s) + U3 (25)
és = —ps(eser + Xege1 + X1466) + proes — paes — pro(eses + Xpge3 + Xageq) + V4 (26)
és = pises+ pra(ed + 2xs4e5) + pises (27)
€6 = Pl 1T P17€7 — P17€8 (28)
é7 = pises + pro(ed + 2xsae5) + paoes + pa1e7 + pes (29)
¢g = pa3eg+0g (30)

Define the matrix M,, and the vectors u, v and ii,, such that,
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pe p7 0 0 0 Usd 01 Usd
0 0 ps pr O U () iy
My=1|p7 pu 0 O 0 ,ou= | uy |, v=| 03 |, #=| iy |- (31)
0 0 pr pu O Urg (2 ilrg
0 0 0 0 —p23 Tg,r Ug Tg,r
T
Remark 1. The controller u = { Usg Upg Usqg Urg Tgr } of the wind energy conversion system model

T
in (12) is computed using the controller v = [ U1 U U3 U4 Vg } and the reference inputs iy, flsq, fyg, frg
and Ty ,, such that,

Usd pe p7 0 0 0 01 Usd
Upd 0 0 ps pr O 02 %
Usq =|p7r pnu O 0 0 v3 | + | sy (32)
Urg 0 0 p7 pn 0 04 g
Tg,r 0 0 0 0 —p23 Vg Tg,r
Equation (32) can be written in compact form, such that,
u= M, v+, (33)

Note that the determinant of the matrix M, equals pa3(p3 — pepi1)?, which is different from zero.
Hence, the matrix M,, is nonsingular, and its inverse always exists.

3. Computations of the Desired States and the Reference Inputs of the WEC System

This section deals with the computations of the values of the desired states of the wind energy
conversion system, as well as the values of the reference inputs of the system.

3.1. Computation of the Desired States of the WEC System

The flux linkages of the stator and the rotor of the generator can be expressed as,

Ys¢ = Lsisg+ Liipg (34)
Psg = Lsisg+ Liniyg (35)
Yra = Lyiyg + Limisq (36)
Yrg = Lyirg+ Lunisg (37)

where 1, is the stator d-axis flux linkage and s is the stator g-axis flux linkage. The flux ¢, is the
rotor d-axis flux linkage, and 1, is the rotor g-axis flux linkage.
The stator active power, Ps, and the stator reactive power, Qs, can be expressed as follows,

[6V]

Py = S (usgisg + ”sqisq) (38)

WN

Qs = 5 (usqisd - ”sdisq) (39)

N

where iy and isg are the stator currents; 1,y and us, are the stator voltages.

In the stator voltage oriented reference frame, the g-axis is aligned with the supply voltage V;;
then, the reference inputs ;5 and ils; are such that ii;; = 0 and ils; = V.

Using Equations (38)—(39), the desired stator active and reactive powers can be written as follows,
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3 _ 3

Py = 5 (@i + fsgXoa) = 5%24Vs (40)
3 _ 3

Qsy = i(usqxld — fggXpy) = Exldvs (41)

where x14 is the desired value of i;; and x,; is the desired value of is;.

Moreover, the stator flux s is set to be aligned with the d-axis; hence, the stator d-axis and g-axis
flux linkages are such that ;5 = ¢s = Vs/ws and 955 = 0. In addition, we choose to set the desired
stator active power P, to be equal to the maximum power that can be captured from the wind and the
desired stator reactive power Qs, to be zero, then Ps; = P,;(inax) and Qs, = 0.

Remark 2. Note that the desired reactive power is selected to ensure a unity power factor.
Hence, the desired states x14, Xp4, X34, Xad, X54, Xed, X74 and xgg are computed as follows.
At first, using Equations (40) and (41), we can compute x14 and X, as follows,

2 Qsd

2 Py 2 Pm(max)
frd —_ = = . 4
T2 3V, 3 V. 43)

Then, using Equations (34) and (35) with 53 = s = Vs /ws and sy = 0, we can compute x3;3 and xyq,
which are the desired values of i,; and irg, aS follows,

1 Vs
X34 L s (44)
2 L P m(max)
= —=— . 4
X4q 3L, V. (45)

Furthermore, the desired value of generator torque xg; is chosen to provide an appropriate opposing torque.
Using Equations (2) and (4), xgz can be written as follows,

1
Xgd = _EnhanBCp(max)Vz/)\opb (46)

Finally, the remaining desired states Xs4, Xeq and x74, which are the desired values of Oy, Qg, Ty, are
determined by solving the ordinary differential Equations (16)—(18). Recall that these equations are as follows,

Xs1 = P13Xsg+ praxd; + pisaz (47)
Xed = PleXed + P17X74 — P17X84 (48)
X7 = P18Xsq -+ P19Xag + P20Xed + P21X74 + P22Xsd (49)

3.2. Computation of the Reference Inputs of the WEC System

Recall that in the stator voltage-oriented reference frame, it is assumed that the g-axis is aligned
with the supply voltage V;. Hence, the reference inputs i,y and iis4 are such that i1,; = 0 and 15y = Vs.
On the other hand, the reference inputs i,4, il,; and Tg,r are computed as follows. First, we define the
terms c1, o, ¢3, ¢4 and cs, such that,

€1 = p1X1g + P2Xog + P3XedXod + PaX3d + P5XadXed (50)
€2 = —PpaX1g — P3XedX1d + P1X2d — P5X6dX3d + PaXaq (51)
€3 = P23Xgq (52)
cs = dog = Cpmax) (Aopt, B)IR*VZV (53)

. n
5 = gy = _thcp(mx) (Aopt, B)pTRZVZV (54)
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where V represents the derivative with respect to time of the wind speed model.
Then, using Equations (12), (13) and (19), the reference inputs are obtained, such that,

g = 0 (55)
b = Lo s
sy = Vs (57)
g = ;7(04—62—%%) (58)
Tor = 19123(P23x8d_c5) (59)

4. A Feedback Linearization Controller for the Wind Energy Conversion System

This section deals with the design of a feedback linearization control law for the wind energy
conversion system represented by the nonlinear system of odes given by (12).
We start with defining the variables z1, zp and z3, such that,

z1 = ¢ (60)
2 = pises + praled + 2xs4e5) + piser (61)
z3 = (p13+2p1aes + 2p1axsq) [p13es + p1a(es + 2xs4e5) + prser]

+2p14tsaes + p1s[pises + pro(e3 + 2xs4e5) + paoes + parer + paes). (62)

Furthermore, define the functions f; and f,, such that:

fi = (p13+2piaes + 2p1axsa) [pises + pra(ed + 2xs4e5) + prses]
+2p1a¥ses + pis[pises + pro(ed + 2xse5) + paoes + parer] (63)
fo = 2pia(pises + pra(ed + 2xsqe5) + piser + 2%54)22

+(p13 + 2p1aes + 2p14Xs4)z3 + 2p1a¥sges
+p15[p18z2 + 2p19(es + x54)22 + 2p19Xsaes]) + pi5p20(piss + pizer — pizes)
+p15P21 (P1ses + p1o(€3 + 2xsqe5) + paoes + paier + pares) (64)

Let the control parameters a1, ap, a3 and a4 be positive scalars and choose the parameters 1,
B2 and B3 to be positive scalars, such that the polynomial Py (s) = s> + B3s* + Bas + B1 is Hurwitz.
The following proposition gives the feedback linearization controller.
Proposition 1. The feedback linearization controller,

u= M, v+, (65)

with My, and 1, given by (31) and (55)—(59) and v = [v, v1 v1 Vg vg]T, such that,

v1 = —paer — paleeer + Xeger + Xp466) — paes — ps(eses + Xage6 + Xpges) — a1€q (66)

vy = poer + p3(eser + Xpge1 + X146) + P5(e6e3 + Xege3 + X34€6) — paesy — K2en (67)

v3 = —pier — pgleser + Xeqe2 + X2€6) — p2es — Pro(eses + Xyqe6 + Xgqes) — (363 (68)

vy = pgleger + Xgge1 + X14€6) — P12€2 + p2e3 + pro(eses + Xgge3 + X34€6) — Aaey (69)
1

vg = (—f2 — p1sp2pases — P1z1 — Paza — P3z3) (70)

P15pP22
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when applied to the model of the wind energy power system given by (12) guarantees the asymptotic convergence
of the states of the system to their desired values.

Note that the block diagram representation of the DFIG-based WEC system with the proposed controller is
depicted in Figure 3.

Wound Rotor

Induction Mot ili
nduction Motor Ainding Utility

Transformer Grid

—_

Wind Speed
A%

=

—# rsc

v Vi

Psd¢ ¢ =

—& Desired
od States
—&|Eqgs. 42-49

B

Q

Reference
mnputs
Eqgs. 55-59

Figure 3. A block diagram representation of the variable speed DFIG-based wind energy conversion
system with the proposed controller. GSC, grid side converter.

Proof. Applying the controllers given by (66)—(69) to the first four differential equations of the error
system given by (23)—(26), we obtain:

& = —(u—pa
& = —(x—pie (71)
&3 = —(a3—po)es
6y = —ngey.
Because the a;’s (i = 1, ...,4) are chosen to be positive scalars and since the parameters p; = — %
and pg = — % are negative, then it can be concluded from the system of odes in (72) that the errors

e1, €2, e3 and e4 asymptotically converge to zero as t tends to infinity.

The second part of the proof involves proving the asymptotic convergence to zero of the errors es,
es, e7 and eg. Taking the time derivative of the variables z1, z; and z3 defined in Equations (60)—(62)
and using the equations of the error system given by (23)—(30), we obtain:

1 = 2
o= 7 (72)
z3 = fo+ pispa(pses +vg)

The application of the controller vg in (70) to the system of odes in (73), yields,

i1 = 2o
Z = z3 (73)
z3 = —P1z1 — Przo — B3z3
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The above system can be written in compact form, such that:
Z= M,z (74)

with the matrix M, and the vector z being such that,

0 1 0 Z1
MZ - 0 0 1 , Z= Zn
—B1 —B2 —B3 z3

Since B1, B2 and B; are positive scalars, such that the polynomial P; (s) = s® + B3s% + Bas + B is
Hurwitz, then the matrix M, is a stable matrix (i.e., its eigenvalues are located in the left half of the
s-plane). The solution of the Equation (74) is z(t) = exp(Mt)z(0), where z(0) is the value of z(t) when
t = 0. Therefore, the asymptotic convergence of zj, z; and z3 to zero as ¢ tends to infinity is guaranteed
because M, is a stable matrix.

The zero dynamics [44] is defined as the internal dynamics of the system when the output is
kept identically zero by a suitable input function. For the third order system given by (73), the zero
dynamics is analyzed by studying Equations (27)—(30) when z; = 0,z = 0 and z3 = 0.

Using Equations (60) and (61), it is clear that the asymptotic convergence of z; and z; to zero
implies the asymptotic convergence of e5 and ey to zero as t tends to infinity.

Moreover, since z1, 2z, z3, €5 and ey converge to zero as t tends to infinity, then the equation given
by (62) yields,

eg = —@66. (75)
P22

As t tends to infinity, the differential Equation (28) of the error system given by (23)—(30), which
represents the zero dynamics of the system, reduces to,

€ = P16C6 — P17€8
= (p1o+ 7260 = gpe. (76)
P22
The constant a, = p16 + % in (76) is such that,
B = pie+ P17P20
P22
D 11 D,Djs n?]
= — K- )5t (77)
I Jgm, Jg Is
_ D¢ Ky Dy Ky
]g Dls ]g Dls
Therefore, since a, = —g—i is always negative, Equation (76) guarantees the asymptotic

convergence of the error e4 to zero as f tends to infinity. Moreover, Equation (75) implies the asymptotic
convergence of the error eg to zero as t tends to infinity.

The asymptotic convergence to zero of the errors ¢; (i = 1,...,8) as t tends to infinity implies the
asymptotic convergence of the states of the wind energy power system given by (12) to their desired
values as t tends to infinity. [
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5. Simulation Results of the Controlled Wind Energy Power System

The performance of the wind energy conversion system controlled using the proposed feedback

linearization controller was simulated using the MATLAB software. The parameters of the system

used for the simulation studies are given in Table 1.

Table 1. The parameters of the DFIG-based wind turbine power system.

Parameter

Value

Rated power

Rated apparent power
Rated voltage (line to line)
Frequency/angular speed
Nominal system frequency
Stator resistance

Stator leakage inductance
Rotor resistance

Rotor leakage inductance
Magnetizing inductance
Inertia of the generator
Pole pairs

Wind turbine with a rotor diameter
Air density

Cut-in wind speed

Cut-out wind speed

Rated wind speed

Rated rotor speed
Drive-train torsion damper
Drive-train torsion spring
Gearbox ratio

Inertia of the rotor

1.5 MW

1.5 MVA

575 v

27t60 rad/s

60 Hz

0.0014 O

89.98 mH
0.99187 mQ)
82.088 mH
1.526 mH
53.036 kg-m?

3

70 m

0.55 kg /m?
4m/s

25m/s

12m/s

19.7 rpm

1.0 x 10 Nm/s
5.6 x 10 Nm/rad
75.7098

34.6 x 10° kg-m?

The wind speed model used for simulation purposes is given by the following formula:

V =

12 4 0.55[sin(0.0625w) — 0.875sin(0.1875w) + 0.75 sin(0.3125w)
—  0.625sin(0.625w) + 0.5 sin(1.875w) + 0.25 sin(3.125w) + 0.125 sin(6.25w)]

(78)

with w = 21—751‘. The wind speed profile versus time generated using Equation (78) is depicted in

Figure 4.

14

- -
- N
T

Wind Speed (m/s)

e
o
T

0 20 40 60 80 100
Time (Sec)

120 140 160 180

Figure 4. The wind speed profile versus time.
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The wind energy conversion system was modeled using Equation (12) and controlled using the
proposed feedback linearization control scheme given by Equations (65)—(70). The desired values of
the states of the wind energy conversion system are obtained using Equations (42)—(49). The gains of
the controller are taken to be: a1 = le4, ay = 3¢€5, a3 = 2e6, ag = 3.5¢8, f1 = 3.15¢10, B = 6.35¢8 and
B3 = 9.7¢4.

5.1. Simulation Studies of the WEC System When Using the Nominal Parameters of the System

The simulation results of the controlled system when using the nominal parameters are presented
in Figures 5-13. Figure 5 shows the trajectory of the rotor speed (), versus time, and Figure 6 depicts
the trajectory of the generator speed (), versus time. The high speed shaft torque and the generator
torque versus time are shown in Figures 7 and 8. The errors between the actual and the desired values
of the eight states of the system are shown in in Figures 9 and 10. Figure 9 shows the errors in the
electrical state variables of the system versus time. It is clear from this figure that the errors e;, e3 and
eq converge to zero. However, the error e, shows some fluctuations around zero; these fluctuations
are due to the fact that ep, which is equal to x; — x4, where x5, is proportional to V3 (V is the speed
of the wind). Figure 10 shows the errors of the mechanical states variables of the system. It is clear
from this figure that the errors es and e4 converge to zero. However, the errors ey and eg show some
fluctuations around zero; these fluctuations are due to the fact that their desired values are dependent
on the wind speed. Note that the average value of the generated torque Ty = xg is about —2.5¢7 Nm.
Therefore, it can be concluded that the states of the wind energy power system track the desired states.
Figures 11 and 12 present the trajectories of the stator active and reactive powers Ps and Q; versus
time. The average of the stator active power Ps is about —0.6 MW. The average of the stator reactive
power Qs is about —0.002 MVAR. Figure 13 depicts the power coefficient C), versus time; it is clear that
the maximum value of the power coefficient is achieved when C,(1,,y) = 0.48. It is clear from these
figures that all of the closed loop system signals are bounded and that all of the states of the power
system converge to their desired values.

34 T T T T T T T T

32 1

30 [ .

28 - 1

Qr (rpm)

26

24 1

22 1

20 . . . . . . . .
0 20 40 60 80 100 120 140 160 180

Time (sec)

Figure 5. The turbine rotational speed on the low-speed side of the gearbox, (), versus time.
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3000 T T T T T T T T

2500 i

2000 1

1500 [ 1

Qg (rpm)

1000 1

500 1

0 . . . . . . . .
0 20 40 60 80 100 120 140 160 180

Time (sec)

Figure 6. The mechanical generator speed ()¢ versus time.

5
3.5 <107 : : : : : : :

-0.5+ .

_1 -5 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180

Time (sec)

Figure 7. The high-speed shaft torque T}, versus time.

%107

0 20 40 60 80 100 120 140 160 180
Time (sec)

Figure 8. The generator torque Ty versus time.
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Figure 9. The errors e1, e, e3, ey of the electrical state variables of the WEC system versus time.
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Figure 10. The errors es5, eg, e7, eg of the mechanical state variables of the WEC system versus time.
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Figure 11. The stator active power Ps versus time.
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Figure 12. The stator reactive power Qs versus time.
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Figure 13. The power Coefficient C;, versus time.

Therefore, it can be concluded that the simulation results indicate that the wind energy conversion
system controlled using the proposed feedback linearization controller shows good performance.

5.2. Robustness of the Proposed Control Scheme

Simulation studies were carried out to investigate the robustness of the proposed control scheme
to changes in some of the parameters of the wind energy conversion system. At first, the effects of the
changes in the stator resistance R;, the rotor resistance R, and the rotor inductance L, are investigated.
We simulated the performance of the closed loop system when the stator resistance Rs, the rotor
resistance R, and the rotor inductance L, are increased by 30% of their nominal values. The responses
of the system are not shown because of space limitations. However, the steady state performance of
the system with the changed parameters is very similar to the steady state performance of the system
with the nominal parameters. Hence, the change in some of the electrical parameters of the system did
not affect the steady state performance of the system.

In addition, simulation studies were carried out to investigate the robustness of the proposed
control scheme to changes in some of the electrical and some of the mechanical parameters of the wind
energy conversion system. The effects of the changes in the stator resistance Rs, the rotor resistance
R;, the rotor inductance L,, the moment of inertia of the rotor J, and the moment of inertia of the
generator |, are investigated. Figures 14-22 show the system responses when the stator resistance
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Rs, the rotor resistance R, and the rotor inductance L, are increased by 30%; and when the moment
of inertia of the rotor J, and the moment of inertia of the generator ], are increased by 15% of their
nominal values. Figures 14 and 15 show the rotor and the generator speed responses versus time.
The high speed shaft torque and the generator torque versus time are shown in Figures 16 and 17.
The errors between the actual and the desired values of the eight states of the system are shown in
in Figures 18 and 19. Figure 18 shows the errors of the electrical state variables of the system versus
time. It is clear from this figure that the errors e1, e3 and e, converge to zero. However, the error ep
shows some fluctuations around zero. Figure 19 shows the errors of the mechanical states variables
of the system. It is clear from this figure that the error e5 converges to zero. However, the errors eg,
e7 and eg show some fluctuations around zero. Note that in this case, the error e; fluctuates between
—10 and 10 Nm. The error eg fluctuates between —5e3 and 5¢3 Nm. The fluctuations in the error eg
seems to be high. However, it should be kept in mind that the average value of T; is a bout —2.5¢7
Nm. Even though the error is high in absolute value, it represents less than one percent of the value of
T,. Figures 20 and 21 depict the stator active and reactive powers versus time. Figure 22 depicts the
power coefficient C,. In this case, the reader can see the differences in the steady state performances of
the system with the nominal parameters and the system with the changed parameters.

T T T T T T T T

36 1

1 1 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180
Time (sec)

Figure 14. The turbine rotational speed on the low-speed side of the gearbox, (),, versus time when Rs,
Ry, Ly, Jr and ¢ are different from their nominal values.

2500 1

2000 d

(rpm)

== 1500 f 1

1000 4

500 5

0 20 40 60 80 100 120 140 160 180
Time (sec)

Figure 15. The mechanical generator speed ()¢ versus time when Rs, Ry, Ly, Jr and ¢ are different
from their nominal values.
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Figure 16. The high-speed shaft torque T}, versus time when R;, Ry, Ly, Jr and J; are different from

their nominal values.

7
0.5 210 , , , , : : :

35 . . . . . . . .
0 20 40 60 80 100 120 140 160 180

Time (sec)

Figure 17. The generator torque Tg versus time when Rs, Ry, Ly, J; and ], are different from their

nominal values.
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Figure 18. The errors ey, ey, e3, ey of the electrical state variables of the WEC system versus time
when R, Ry, Ly, Jr and J¢ are different from their nominal values.
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Figure 19. The errors e5, ¢g, ey, eg of the mechanical state variables of the WEC system versus time

when R, Ry, Ly, Jr and J¢ are different from their nominal values.
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Figure 20. The stator active power Ps

nominal values.
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Figure 21. The stator reactive power Qs versus time when Rs, Ry, Ly, J; and ] are different from their

nominal values.
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Figure 22. The power Coefficient C, versus time when Rs, Ry, Ly, J» and J; are different from their
nominal values.

Hence, it can be concluded that the simulation results show that the proposed controller is
robust to changes in some of the electrical parameters of the wind turbine conversion system.
However, the simulation results indicate that the proposed controller is sensitive to changes in some
parameters of the mechanical system.

6. Conclusions

In this paper, the control of a DFIG-based wind energy power system is investigated. The power
system is modeled using a system of eight nonlinear ordinary differential equations. The proposed
controller is based on the feedback linearization technique. It is proven that the control scheme
guarantees the asymptotic convergence of the states of the power system to their desired values.
Simulation results are presented and discussed to show the effectiveness of the proposed scheme.
In addition, the effects of the change of some of the parameters of the power system are studied
through simulations.

Future work will address the design of other types of controllers, such as observer-based
controllers and sliding mode controllers for DFIG-based wind energy power systems.
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