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Abstract: Given the increasing integration of wind-based generation systems into the electric grid,
efforts have been made to deal with the problem of power quality associated with the intermittent
nature of these systems. This paper presents a new modelling approach oriented towards harmonic
distortion analysis of the induction machine for wind power applications. The model is developed
using companion harmonic circuit modelling, which is a natural approach for analysis of the adverse
effects of harmonic distortion in electric power systems, and represents an easier solution method than
the well known dynamic harmonic domain, since it solves algebraic equations instead of state-space
differential equations. The structure of the companion circuits simplifies both the formulation and
solution for power systems with wind-based generation systems. This approach is especially useful
for analysis of the harmonic interaction in transient and steady states between the wind power
generator and the power system, whose interconnection is made through electronic converters.
The proposed model allows us to compute the dynamics of the wind turbine, which are influenced by
disturbances such as changes in the wind velocity, voltage fluctuations, electric waveform distortion,
and mechanical vibrations, among other factors. Moreover, the cross-coupling between harmonic
components at different frequencies is considered. The proposed model represents an integral
framework of the electrical and mechanical subsystems of a wind turbine, allowing for analysis of
the interactions between them, and understanding power quality degradation behaviour as well
as causes and consequences, while also giving useful information on the field of simulation and
control. To test the performance of the proposed model, a test power system is used to obtain the
behaviour of a wind turbine induction generator in response to typical power quality disturbances,
i.e., harmonic distortion, and voltage sags and swells. Then, the dynamics of the variables considering
their harmonic interactions are analysed.

Keywords: companion harmonic circuit modelling; induction machine; wind turbine; harmonic
distortion; power quality

1. Introduction

Climate change has led to a continuous worldwide search for knowledge related to cleaner sources
of energy. The goal is not only to avoid emissions of CO, caused by the combustion of fossil fuels,
but also to find a wide range of reliable renewable sources of electricity capable of satisfying the
increasing global electricity demand and contributing to sustainable development. Wind power has
become one of the most popular options for substituting fossil fuels, due to its competitive generation
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costs and technological maturity. In 2016, the capacity installed around the world reached 435 GW,
and, in 2020, this figure is expected to reach 1000 GW [1]. The sustained growth of wind power has led
to grid connections to larger wind energy conversion systems, and as such the intermittent nature of
wind power has been an object of study [2].

In wind turbines, the simplest form of the alternating current generator used is the induction
generator; in fact, this is the most common electric generator in installed wind power plants.
The simplest form of an induction generator is the squirrel cage rotor (SCIG); this machine has
proven its worth due to its qualities, such as robustness, low cost, and simplicity when it is directly
connected to the network. However, such a direct interconnection with the grid may allow speed
variations only in a very narrow range, and therefore, wind turbine utilization is limited, as well as
its electric power output. Another major drawback with SCIG is the requirement of reactive power,
and consequently, the need for an external reactive power compensator [3,4]. Induction generators
are also constructed using wound rotors (WRIG); wound rotors are externally accessible through slip
rings, and it is possible to control the electrical torque and thus the slip. Power electronics modules
can be used to control the rotor windings. This allows the operation of the induction machine as a
doubly-fed induction generator (DFIG) [5].

The integration of large wind-based generation systems into the grid can provide large amounts of
electric power, but there are technical issues concerning the stability and power quality of the electricity
supplied due to wind intermittency and variability. In addition, the electronic power devices used for
their integration, like static compensators (STATCOM), and voltage source converters (VSC)-based
components, among others, play a major role in power quality improvement [6,7]. Particular attention
must be paid to the compensation of reactive power, harmonic distortion, and voltage fluctuation (sags
and swells) during interconnected operation. Adverse effects of harmonic distortion on wind power
generation include, for instance, interference with communication, improper operation of control and
protection systems, reduction of the equipment life span, mechanical shaft failures, and additional
losses in the power system [8]. The harmonic interaction between the wind generators and the power
network has led to some power quality and stability issues, and, recently, this topic has attracted much
attention. For instance, prior works [9,10] deal with the resonance issues in doubly-fed induction
generator (DFIG)-based wind power plants tied to a weak network. This resonance problem in wind
power systems is also studied in [11] using sensitivity analysis. A more recent work [12] shows and
analyses in detail the interaction of harmonic stability and resonance problems with the harmonic
components, passive elements, and control systems. These previous works highlight the relevance
of the proposed harmonic model for further analyses since this model is time-invariant and every
harmonic component of every state variable of the original time domain model is a state variable in
this harmonic framework.

Power quality is not only influenced by the electrical components of the wind turbine, but also
by mechanical components and their interactions. In general, the drive train of a horizontal axis
wind turbine consists of three main parts: a rotor, a gearbox, and an electric generator. Vibrations
occurring in any of these parts are transmitted to the others through relative movements between
the mechanical components, such as shafts, gears, couplings, bearings, etc. Some studies present
the effects of disturbances caused to both the wind turbine rotor and the electrical network on the
power quality in electrical systems. The authors of [13] present the spectral effects that stator supply
harmonics can induce in wound rotor and doubly-fed induction generators. However, the effects
of disturbances originating in the generator (electrical network) on the mechanical elements are
commonly not considered; this is mainly because the wind and mechanical operation disturbances play
a much more important role in stress analysis of mechanical components than the electrical network
disturbances. It is important to notice that, unlike electrical disturbances (typically t < 0.5 s), electrical
failures (t >> 0.5 s) do have a critical effect on the structural analysis of the drive train components [14].

With regards to the above mentioned research, studies on the mathematical modelling including
the mechanical and electric systems for performing analysis in the fields of control, power smoothing,
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electrical fluctuations, harmonics, and flicker [15,16] are necessary. The harmonic effect modelling
in wind induction generators is reported in [17,18], using the principles of generalised harmonic
analysis and complex conductor distribution to develop a method for calculating circuit’s self and
mutual inductance for windings. The authors of [19] propose a steady-state model for the doubly-fed
induction machine for harmonic studies that models a set of equations to give the current response
of the DFIG when it is fed with sinusoidal and non-sinusoidal voltage sources. The development
of appropriate models in order to compute fast, accurate, and reliable results so as to understand,
control, and analyse the harmonic interaction between wind turbine generators and the utility system
is mandatory. In particular, power systems, including wind turbine generators, are non-linear and
discontinuous because of the power electronic converters, the control schemes, and the non-linear
nature of the induction generators and the electric power components. These difficulties are common in
all power systems with power electronic converters and electric machines. An approach to modelling
all the components (i.e., the power system, power electronics, electric generator and wind turbine
drive train) in the same system, while also considering the cross-coupling between the harmonic
content, would increase the accuracy and reliability of the obtained results.

In this contribution, a model of a wind turbine generator is proposed that preserves all the
advantages of the dynamic harmonic domain domain DHD, (also known in the literature as the
extended harmonic domain, dynamic phasor, or shifted frequency), but is so much simpler since
algebraic equations are proposed instead state-space differential equations, as is common in DHD.
This also allows the model to be included in larger system simulations than those modelled in the
DHD. Specifically, a companion harmonic circuit model (CHCM) of the induction machine for wind
power applications is presented. It should be noticed that the DHD is a natural frame of reference for
dynamic power electronics modelling. Then, the proposed model brings a complete description of the
harmonic interaction between the power system and wind turbine generators both in the transient state
and in the steady state. On the other hand, the proposed approach includes the coupling between the
mechanical wind turbine drive train and the induction generator, allowing the analysis of the adverse
effects of the harmonic waveform distortion on the mechanical oscillations and vice versa. That is,
the introduced model includes the interaction between the electrical and mechanical parts of the wind
turbine generator, i.e., the electromagnetic torque, the wind turbine torque, and the mechanical power
extracted from the wind, among others. In addition, an analysis of the effects of harmonic distortion
on the power requirements of the induction machine is given.

This paper is organized as follows: First, the frameworks of the electric and mechanical subsystems
selected to integrate the proposed model are presented. Second, the theoretical model is analysed in
a typical situation to verify the responses of the subsystems in steady and transient states. Finally,
the main conclusions are presented.

2. Companion Harmonic Circuit Modelling

The companion harmonic circuit modelling approach is based on the combination of
two well-known methodologies. The DHD and the numerical approximation together form a simple
but powerful approach for complete harmonic analysis under both transient state and steady-state
conditions of power systems [20]. The DHD is a formulation based on orthogonal bases, operational
matrices, Fourier series, and approximation of operators. The main idea behind the DHD is that a
function, x(t), can be approximated by the time-dependent Fourier series coefficients,

x(1) = Y Xp(t)elh et )

The complex Fourier coefficients Xj,(t) are a function of the time, and each coefficient is calculated by

X, (1) = % /t iTx(T)e_ﬂ“"OTdT @)



Energies 2018, 11, 104 4 0f 19

where wyg = 2n/T, T € [t — T,t] and T is the fundamental period of time under consideration.
Equation (2) computes the time evolution of the harmonics as a window of length T that slides over
the waveform x(t). In [20], it is well explained that the state-space equation d’;(tt) =a(t)x(t) +b(t)u(t)

can be represented in the DHD by

U0 _ 1a(5) ~ DIX(0) + BHU(®) G
The vector X(t) is the state variable whose components are the harmonics coefficients of the
function x(t); U(t) is the input vector of the system whose components are the harmonic coefficients
of u(t). A(t) and B(t) are Toeplitz matrices whose components are the harmonic coefficients of
a(t) and b(t), respectively. D is a differentiation matrix given by the square diagonal matrix,
D = diag[—jhwy ... — jhwy0jwy . .. jhwy]. The expression in Equation (3) gives the dynamic evolution
of the harmonic coefficients of the periodic variable x(t). In addition, the steady-state response is given
when the derivative of the state vector is equal to zero, i.e., % = 0. In steady-state, the harmonics of
the dynamic variable x(t) are time-invariant; then, the steady state is given by,

X =—-|A-D]'BU 4)

Equation (4) establishes the conditions for steady state, and then its solution can be used as an
initial condition when solving Equation (3). This characteristic is very important since in many cases it
is difficult to obtain a steady-state solution of a dynamic non-linear system [20,21].

From the numerical integration point of view, in the DHD, a differential equation can be
approximated by a resistive circuit associated with the integration algorithm [22], henceforth
called the companion harmonic circuit model. The resulting algebraic equation leads to a Norton
equivalent circuit comprised for an admittance matrix and a current source, with the following
equivalent equation,

I(t) =Y(t)V(t) + I(t — At) )

Equation (5) presents the basic structure of the CHCM. In general, the admittance matrix is
time-varying but it is constant in the particular case of linear systems [21].

It should be noted that the use of CHCM preserves the qualities of the DHD but facilities their
application and solution. Up to this point, the basic methodology of the time-frequency modelling used
in the development of the proposed model has been presented. Next, the wind turbine modelling is
explained in two separate sections: Section 3 presents the induction machine modelling, and Section 4
the drive train wind turbine modelling.

3. Induction Machine Model

The time domain differential equations system that represents the dynamics of an induction
machine in terms of machine variables may be expressed as [23]:

. dA
Vapes| _ |Rs 0 Lbes éltb <
o R 1 + Agber (6)
Vaber 0 r Laber —dr

All the parameters in Equation (6) represent a three-phase system, and the s and r subscripts
denote variables and parameters associated with the stator and rotor circuits, respectively. For a
magnetically linear system, the flux linkages may be expressed as

/\abcs o Ls Ls iabcs (7)
E T .
/\ubcr (LSV) L, Laber

The winding inductances are presented in Appendix A.
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The substitution of Equation (7) into Equation (6) yields the state-space equation that represents
the dynamic behaviour of the induction machine in terms of machine electrical variables.

; -1 ) -1
% - _ L Lsr Labes + Ls Lsr Vabes ®)
% (Lsr)T L, igber (Lsr)T L, Vaber
Applying the dynamic harmonic domain methodology to Equation (8), and then applying a
numerical integration rule, the companion harmonic circuit model in the Norton equivalent form is

obtained as shown in Equation (9). The detailed procedure of the development of the CHCM of the
induction machine is presented in Appendix A.

R, dL
dLT R,

Lope (£) = Y1mVape(t) + histyy )

The description of Yjps and histyy, is also presented in Appendix A. Notice that the time-varying
nature of the complex matrix Yy is due to the rotor angular position, and the variables for the stator
and rotor are all included in Equation (9). A graphical representation of the CHCM for the induction
machine is shown in Figure 1, where the phase inductances and sources are given by the time-varying
complex inductance matrix Yy, and the harmonic current source histyy;, respectively. Note that
Equation (9) can represent both induction machines: the wound rotor or squirrel cage rotor.

IHistcs

YC r

IHistbs

Yar

IHistar

Figure 1. Companion harmonic circuit model for the induction machine.

On the other hand, the electromagnetic torque equation in machine variables is expressed in the
harmonic domain as

JL
T, = g(labcs)TT(,;:

where p is the number of poles of the machine, and the derivative matrix is given by

(Iahcs ) (10)

sin(6,)  sin(6, + &) sin(f, — &)
= —Ls |sin(6, — ZF)  sin(f,)  sin(f, + &)
sin(0, + 27”) sin(6, — 27”) sin(0,)

aLsr
a®r

Each element in the above equation is a square sub-matrix with Toeplitz structure. Then, for a
typical electric power system with dominant fundamental component and odd harmonics, a dominant
direct current term and even harmonics in the electromagnetic torque are expected.

Steady-State Induction Machine Model

One of the advantages of the use of the dynamic harmonic domain is its performance on
steady-state calculation [20]. Applying this property of the DHD, the following model that describes
the steady state for the induction machine is obtained,

Lipe = Yim,s5 Ve (11)
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-1
v _|R+LD dL+L,D
IMSS = 14LT 4 LTD R, +L,D

Notice that the solution of Equation (11) requires the steady-state of the mechanical variables w;,
and 6,, since these values are required for the calculation of the admittance matrix.

The mechanical variables needed as input for the solution of the CHCM in Equations (9)
and (11) could be obtained from several sources: the solution of mathematical equations, databases,
and measurements of actual equipment, among others. The next section presents the modelling of
the wind turbine drive train in order to complete the coupling between the mechanical and electrical
subsystems in the wind-based generation system.

4. Wind Turbine Aerodynamic Model

The mathematical model used in this contribution to describe the relationship between the wind
speed and the mechanical power extracted from the wind is [24,25].

1
Py = EpAwtvaCp()t, B) (12)

where Py is the extracted power from the wind (watts), p is the air density (kg/ m3), Ay is the area
covered by the wind turbine rotor (m?2), vy, is the wind speed (m/s), and C,, is known as the coefficient
of performance or power coefficient, which is a function of the tip speed ratio A, and the blade pitch
angle B (°). The power coefficient Cp is calculated as,

c
Cy(AB) =c1 (Az — o3 — c6> (13)
1
and the tip speed ratio is defined as,

- 1 C9 -1
Ai_(A—CS/S_ﬁ3+1> (14)

The values of coefficients c; to cg depend on the wind turbine design. Numerical estimations for
wind turbines designs are given in [26].
A two-mass model is shown in Figure 2. This model can be used to represent the behaviour

and connection of the wind turbine with the induction machine. The major sources of inertia in this
system lie in the turbine and in the generator rotors. The tooth wheels of the gearbox contribute only a
relatively small fraction [26]. Hence, the mechanical system model can be represented by two masses
connected by a shaft. The torque equations describing the mechanical behaviour of this system in the
time domain are,

dw
Juwt d;ut = Tyt — Ds (wwt - wm) — Ksy
dw
]mditm = T, + Ds(wwr — wm) + Ksy (15)
d
d;l)f/ = Wyt — Wn

where Ty is the aerodynamic torque (N-m); T is the electromagnetic torque (N-m); [+ and ], are the
inertia constants (kg-m?) of the wind turbine and the induction machine, respectively; v is the angular
displacement between the two ends of the shaft; wy and w,, are the frequency of the wind turbine
and the induction machine rotor, respectively; D; is the damping coefficient (N-m s/rad); and K; is the
shaft stiffness (N-m/rad).
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th

Figure 2. Two-mass shaft model of the wind turbine.

Applying the CHCM methodology to Equation (15) yields the model for the harmonic analysis of
the two-mass drive train.

th
wwt(t) H
wn(t) | = [M] | Te | + [histrg] (16)
y(¥) ](rln

The detailed procedure for the development of the CHCM of the two-mass drive train is presented
in the Appendix B.
Finally, the turbine torque Ty (t) is obtained from the extracted power Py (f) as:

Tot(t) = Z‘Z((?) (17)

Equation (16) computes the dynamic behaviour of the harmonic content of the speed for both the
wind turbine and the induction generator.

The simultaneous solution of CHCMs in Equations (9) and (16) for the electrical and mechanical
subsystems, respectively, allows for a complete analysis of the wind turbine dynamics, including the
response to distorted electrical signals, disturbances, failures, and wind velocity variations. The next
section presents an analysis of a wind turbine induction generator with respect to the effects of typical
power quality disturbances.

5. Performance of the Proposed Model

To demonstrate the performance of the proposed model, the test system shown in Figure 3 was
used to analyse the behaviour of a wind turbine induction generator (WTIG) under typical power
quality disturbances, and, then, analyse the dynamics of the variables considering their harmonic
interaction. The test system consists of a wind turbine SCIG connected to a power system through
two lines; for reactive power compensation a capacitor bank is also connected to the terminals of
the induction generator. Notice that the proposed model includes the mechanical and electrical
subsystems in the wind turbine generator, and then it is possible test perturbations or faults from
both sides. For this study, typical cases are considered. From the wind turbine side, a change in
the wind velocity (using a ramp) from 15 m/s to 11 m/s is tested; please note that perturbations or
mechanical vibrations can be included. From the electrical system side, two perturbations are tested,
a voltage sag and a voltage swell; perturbations were arbitrarily defined but within power quality
definitions. For example, sag and swell definitions consider variations of between 10% and 90%, with a
duration ranging from a half-cycle to one minute [27], while [28] considers a maximum duration of
a few seconds. Therefore, the tested sag and swell were of 50% in magnitude, with a duration of
30 cycles. At the point of common coupling, the power system presents typical harmonic voltage
distortion associated to a six-pulse VSC-based system connected to the power network; as is well
explained in [29], these are the negative and positive sequence harmonic multiples of six, i.e., the 5th,
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7th, 11th, 13th, 17th, etc. At the presented analysis, the magnitudes are 64.5V, 6.73 V,0.85V, 0.76 V and
0.8 V for each harmonic, respectively, and a total harmonic distortion (THD) of 12%.

Turbine
j l Three-phase
 — T Grid
Rotor
—> Delta connected
i I i
Drive capacitor bank
. Stator
train

Wind

Figure 3. Typical test system for interconnection.

The parameters of the 900 kW wind turbine were taken from [30], and are presented in Table 1.
In this reference, some results were found with respect to the real power and the angular speed,

which can be used to validate the results obtained with the proposed model.

5.1. Mechanical Response

Table 1. Wind turbine induction generator data.

Element Value
Wind Turbine Data

Rated power, P, 900 kW
Rotor diameter, 2R 522m
Gearbox ratio 67.5

Drive Train Data

Turbine inertia, [y
Generator inertia, [y,
Stiffness of the shaft, K;
Damping coefficient, D;

1.6 x 10° kg- m?
35.184 kg-m?

6 x 107 N-m/rad
1 x 10° N-m-s/rad

Generator Data

Nominal voltage, V;
Pole-pairs

Stator resistance, R,

Rotor resistance, R;z

Stator leakage reactance, Xjg
Rotor leakage reactance, X’IR
Magnetizing reactance, Xy,

690V, 50 Hz
2

0.0034 O
0.003 O
0.055 Q2
0.042 )

1.6 O)

The behaviour of the electromagnetic torque is shown in Figure 4 to illustrate the importance of
harmonic analysis in distorted systems. To obtain these results two cases were simulated: the voltage

sag with harmonic distortion as previously mentioned, and without harmonic distortion. The graphics

clearly show the effect of the harmonics introduced by the electrical system on the mechanical
behaviour of the WTIG. For example, at steady-state without harmonic distortion, the electromagnetic
torque has a constant magnitude, which means a “soft operation”. However, with harmonic distortion,

significant oscillations appear, which can physically be observed as mechanical vibrations. In the
transient stage, both cases present oscillations, but it is clear that with harmonic distortion the transient

oscillations are meaningful, with a ripple of almost 12%.
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Electromagnetic Torque
T

30 T T T T
_7 -
20 -
10 - .
§ 11.5
=
g OF _ Te with harmonic distortion _
é — T without harmonic distortion
%D (S
P
-10 '
20 - i
6 f
9.5 9.51 9.52 9.53 9.54 9.55
230 1 1 1 1 1
9 10 11 12 13 14 15

Time [ sec ]

Figure 4. Electromagnetic torque in the induction generator.

Therefore, to show the improvement introduced by the proposed models, Figure 5 presents the
time evolution of the harmonics in the electromagnetic torque with harmonic distortion. Although there
are only odd harmonic components in the electrical system, the harmonic cross-coupling generates
even harmonic multiples of six at the mechanical variables. As previously mentioned, the time domain
waveform of the electromagnetic torque (Figure 4) presents some oscillations caused by the harmonic
distortion in the electric power system, and the proposed methodology allows us to learn exactly how
these oscillations are composed. These harmonic distortion components are thus exposed, as shown
in Figure 5, where the direct current component clearly dominates the dynamic behaviour of the
electromagnetic torque, but the sixth harmonic and its multiples are the principal components of
its oscillations. Learning this information is relevant since in wind turbines mechanical stress is the
primary factor in terms of faults, damage, and maintenance, among others.

Similar effects are presented in the rest of the mechanical variables due to the harmonic distortion
in the electric power system, but it should be noted that these effects are stronger in the induction
generator, and decrease towards the wind turbine side, principally because of the action of the gearbox
and the damping and stiffness of the drive train. This can be observed in Figures 6 and 7, where the
oscillations are much larger in the induction generator than in the wind turbine. It should be noted
that the dynamic behaviour of the harmonic content was obtained for all the variables in the WTIG
and in the power system.
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Dynamic Harmonic Domain Electromagnetic Torque Behavior
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] 400 ]
350 ¢ 1
‘s 300
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— 250 F 1
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2200t 1
=
)
§ 150 ¢ 1
12" Harmonic Component
100 P
50+ N 1
18" Harmonic Component
I I 0 I I I I
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Time [ sec | Time [ sec ]
(a) (b)

Figure 5. Harmonic content of the electromagnetic torque in the induction generator: (a) Direct current

component; (b) Even harmonics.

Magnitude [ kN m ]

Magnitude [kN m ]
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— — T, bahavior for swell perturbation

remneenn T bahavior for wind perturbation

T, behavior for sag perturbation

1 1 1 1 1

10 11 12 13 14 15
Time [ sec ]

@)

'." — — T bahavior for swell perturbation
‘x‘ sessnnas T bahavior for wind perturbation
“0,‘ T, behavior for sag perturbation
“ 7
1 1 1 1 1
10 11 12 13 14 15
Time [ sec |
(b)

Figure 6. Dynamic response in the wind turbine torque: (a) Electromagnetic Torque; (b) Mechanical Torque.
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360 U 4
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8 340 I "\‘\‘\W\‘\‘\‘\‘\‘\‘\‘\‘\W\‘\’\iL i " ”mwmmm | |
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Figure 7. Dynamic response in the angular speed on both sides of the drive train: (a) Induction
Generator Rotor Speed; (b) Wind Turbine Speed.

Here, a comparative analysis is presented with respect to the behaviour of the wind turbine
generator in response to common power quality disturbances against the voltages sag and swell,
as well as a change in the wind velocity from 15 m/s to 11 m/s. Figures 6 and 7 show the time domain
behaviour of selected mechanical variables of the wind power generator with the three previously
mentioned disturbances starting at t = 10 s. Notice in Figure 6 that the sag disturbance affects the
wind turbine by increasing its speed, while the mechanical torque decreases, as shown in Figure 7.
These figures also show that the voltage swell and the wind speed change have the opposite effect to
the sag, but to a lesser extent. It is clear that the harmonic distortion has a larger impact in the rotor
of the induction generator than in the wind turbine; this effect is shown in the form of oscillations or
noise over the rotor speed curve (Figure 6). A similar conclusion is obtained for the electromagnetic
torque (Figure 7a) in which not only is dynamic behaviour higher but it presents a higher distortion
than the mechanical torque (Figure 7b). These waveforms were obtained considering all the harmonic
components in current and voltage presented in the power network equivalent, i.e., the 5th, 7th, 11th,
13th, and 17th. Note that only positive and negative sequence harmonics are presented.

5.2. Electrical Response

A key fact in the harmonic analysis is the effect of the harmonics on the power losses and the
reduction of the equipment life span. These effects are evident when the typical power relationships
do not meet the power balance. Then, the power analysis must be undertaken remembering that in a
system with waveform distortion the apparent power S is separated into three orthogonal components
§2 = P2 + Q2% + D?. P is the active power in watts (W), which is defined as,



Energies 2018, 11, 104 12 of 19

PP= Y Y Vil wVul, (18)

mM=—00 N=—00

Q is the reactive power in volt-ampere reactive (VAR), given by the multiplication of harmonic voltages
and currents of the same frequency,

QZZ Z (|Vm|2|1m|2vmlfmvnlfn) (19)

m=—oo

D is the distortion power in volt-ampere distortion (VAD), defined in terms of the harmonic
components as the multiplication of harmonic voltages and currents of different frequencies;
this component is a direct cause for the harmonic distortion,

D? = 2 2 i(‘vm|2|1m|2vm1—mvn1—n) (20)

A complete definition of the power components and other electrical relations under non-sinusoidal
conditions is presented in [31].

The dynamic evolution of the apparent, active, reactive, and distortive powers in the induction
machine terminals are presented in Figure 8. At first sight, it is clear that the active power is close
to the extracted power from the wind, but the higher level of apparent power is generated because
of the reactive power required for the operation of the induction machine, and additionally by the
distortion power. In fact, the impact that the harmonic distortion has over the power requirements
of the induction generator in the form of distortion power can be appreciated. While the active and
reactive power values are close to those values obtained under sinusoidal conditions, the apparent
power is higher. Consequently, the harmonic distortion increases the apparent power requirements,
and then the losses, which affects the proper operation of the induction machine.

Remember that the principal characteristic of the dynamic harmonic domain methodology is its
capacity to compute each harmonic individually, explicitly taking into account harmonic cross-coupling.
The voltages at terminals of the induction generator are shown in Figures 9 and 10. Note that behaviour
is affected by the operation of the induction generator itself. The sag and swell in voltage perturbation
can be observed in the time domain waveforms shown in Figures 9a and 10a, respectively. However,
Figures 9b and 10b also present the harmonic content evolution of the same voltage; these figures
show the dynamic behaviour of the principal harmonics presented in the voltage. At this point, it is
important to remark that the time domain results, i.e., graphics in Figures 9a and 10a, can be obtained
from the dynamic harmonic domain results presented in Figures 9b and 10b, respectively, but not vice
versa. As expected, the dynamics in the harmonic content of the voltage at terminals of the induction
generator are principally dependent on the capacitor bank; also, the behaviour of the harmonic content
in the voltage and current is strongly tied to the behaviour of the electromagnetic torque, as can
be appreciated in Figures 9 and 10, and thus determines the behaviour of the power requirements,
as shown in Figure 8.

Figure 11 shows the dynamic behaviour of the harmonic content in the current in the stator of the
induction machine. Please note that the same information is available for any harmonic component
of any mechanical or electrical variable of the test system. Then, the harmonic content information
obtained with the proposed model is necessary to study the interaction between the induction generator,
the power system, and the power electronic devices.
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Figure 8. Dynamics in the power components required for the wind turbine induction generator
(WTIG). (a) Apparent Power; (b) Active Power; (c) Reactive Power; (d) Distortion Power.
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Figure 9. Voltage sag in the induction generator; (a) Time domain waveform; (b) Fundamental
component; and (c) Harmonic content.
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component; and (c¢) Harmonic content.
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The harmonic studies provide the precise identification of the instants in which the dynamics
start and end. Besides, the power quality indices can be computed in an easy and straightforward way
with the harmonic components explicitly available, e.g., the total harmonic distortion (THD), and the
RMS values, among others.

Notice that the time evolution of the harmonic components and the power quality indices (as
shown in previous figures), can be easily computed in the DHD since the harmonic components are
already available, whereas the time domain approaches require additional processes in order to obtain
the harmonic information from the time domain waveforms. For steady-state time domain waveforms,
the Fourier integral or the fast Fourier transform are widely used; however, for transient state in
the time domain, high-precision methods for the computation of the harmonic components are not
readily available.

6. Conclusions

For wind power studies, an efficient model based on the dynamic harmonic domain has been
proposed for the induction generator. The model provides complete information on the harmonic
content evolution throughout the whole system. This model has been proven in a typical test system
using harmonic distortion and typical power quality perturbations. It has been shown that the
proposed model can compute the transient and steady-state solution of practical power networks with
wind power generation systems, power electronic converters, and non-linear components. These are
harmonic sources and consequently are a perfect match with the proposed modelling approach in
order to perform harmonic analysis of large and complex systems. Another remarkable characteristic
of the presented approach is its capability to study and analyse the effects of harmonic distortion on
the behaviour of the wind turbine drive train. As presented in the paper, it is possible to compute
exactly which harmonic impacts directly on the mechanical dynamics of the drive train. The fact that
the proposed approach computes every harmonic individually enables the possibility of analysing the
harmonic interaction between the induction generator and the power electronic devices used for the
interconnection to the power grid.

The obtained results show interesting information. It has been shown that the negative and
positive sequence harmonic multiples of six caused by a six-pulse VSC produce the odd zero sequence
harmonic in the mechanical subsystem, i.e., 6th, 12th, 18th, etc. It has also been shown that the
dynamic behaviour of the system is mainly dominated by the behaviour of the electromagnetic torque.
Regarding the presented power analysis, the importance of the harmonic distortion with respect
to the power production of the generator, represented in the form of distortion power, is also clear.
Considering harmonic distortion only, the distortion power represents more than 10% of the active
power, but has major effects when other disturbances appear. For example, when the extracted power
is lower than the nominal power, the importance of the distortion power increases since a constant
value is maintained while the active power decreases, reaching 15% for the presented case. A larger
effect is produced for the swell disturbance presented, reaching more than 20% with respect to the
active power.

Finally, please note that the proposed model has been only tested on a small network, solely in
order to probe its performance; however, this model can be used for larger and more complex systems.
In addition, note that the SCIG has been tested, but the model can be applied to the DFIG if the CHCM
of the power electronics converters is included.
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Abbreviations

The following abbreviations are used in this manuscript:

WTIG Wind Turbine Induction Generator
SCIG Squirrel Cage Induction Generator
WRIG Wound Rotor Induction Generator
DFIG Doubly-Fed Induction Generator
CHCM Companion Harmonic Circuit Model
DHD Dynamic Harmonic Domain

THD Total Harmonic Distortion
STATCOM  Static Compensator

VSC Voltage Source Converter
Appendix A

Starting from the Equations (6) and (7), the winding inductances are given by

_Lls + Lins —%Lms —%Lms ]
L = _%Lms Lis + Lis —%Lms
L _%Lms _%Lms Lis+ Lms_
- . . )
Ly + Ly _ijr _ijr
Lr = _%Lmr Llr + Lmr _%Lmr
L 7%1"”” 7%147117 Ly + Lmr_
cos(f,)  cos(6r + 2) cos(6, — &)
Lss = Ls | cos(6y — %”) cos(6;) cos(6, + %”)
cos (6 + 3 cos(6, — ) cos(6y)

In the previous inductance expressions, L; and L;, are the leakage and magnetizing inductances,
respectively. On the other hand, the inductance L, is the amplitude of the mutual inductances between
stator and rotor windings.

In the induction machine Equation (8), the dL matrix is given by

sin(6) sin(f, + &) sin(6, — 2F)
dL = —wp L |sin(6, — 27”) sin(6;) sin(6; + 27”)
sin(f, + 2F) sin(6, — 2F) sin(6,)

and wy, is the machine angular speed.
According to the dynamic harmonic domain methodology, Equation (8) is expressed for dynamic
harmonic analysis as

-1
Lol | L Ly
dIﬂ cr - T
s (L) L

Finally, the matrices in the companion harmonic circuit model in Equation (9) are defined by

-1
RS + LsD dL + Ler IﬂbCS LS LSV VﬂbCS
dLT + LsTrD R, +L,D Iabcr (Lsr)T L, Vﬂbcr

-1
| Re+ALi+LiD dL+ ZLs + LD
Yim = T, 27T T 2
dL” + ZLL +LID R, + AL, +L,D
7o R,— ZL;+LD dL— %Ly, +L,D
M= gT - 21T + LD R,— 2L, +L,D
ArLsr + Ly r — asLr + Ly
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At is the integration step, and D is the operational matrix of differentiation. Note that the time-varying
nature of the complex matrix Yy is due to the rotor angular position, since

@ = w
e "
that could be expressed in the DHD as

A0,
dt

= -0,D+ w;,

and, finally, the CHCM for the rotor angular position is given by
2 -1
O, (t) = [NUJFD} wp (t) + histy

where

, 2 112 2 !
histy = [AtU + D} [NU - D] O, (t — At) + [NU + D] wm(t — At)

Appendix B

The state-space equations that model the dynamic behaviour of the two-mass shaft in the dynamic
harmonic domain using matrix notation are

dwar —&U -D &U —EU Tor
dt ]wr Iwr K[wr Wuwr ]wr
i T T T Y T
I U -U -D 0

Then, from Equation (16), the matrices that define the CHCM for two-mass drive train are

Tuwr(t — At)
wr (t — At) Juor
[histrp] = [M] [N] | wn(t — At) | + [M] | Te(t — At)
y(t — At) Jm
0
2, Byop Dy Ly
At ]ﬁr 2 éwr ]wr
M| = _Ys L s D _-%
M o SRR P P
~-U U A
2 _ Dby p Dy Ky
At éwr ]ﬁr }%wr
N] = —U —-2U-D U
N Jm At Jm ZIm
U —-U A D
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