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Abstract: A new topology was recently developed to drive generators, aiming to avoid power
electronic devices directly connected to the grid, and making possible the hybridization of the wind
power with other sources. The system is composed by an induction machine with rotor in squirrel
cage, and a rotating armature endowed with a three-phase winding that may be fed by a secondary
source. The previous purpose was to convert a variable velocity imposed by the wind turbine to the
armature in a constant velocity to be developed by the cage rotor, driving a shaft of synchronous
generator. This article proposes the use of an induction generator instead of a synchronous one in
order to explore the maximum available wind energy (MPPT). The simulation results show that
the proposed topology is viable and supports both variations in wind speed and disturbances in
power grid.

Keywords: Electromagnetic Frequency Regulator (EFR); induction generator; maximum power point
tracking (MPPT); hybrid generation; low voltage ride-through; wind turbine

1. Introduction

Human necessity for electric power grows continually. This way, the use of renewable resources
which requires minimal impacts to environment is strongly desirable. Among renewables mentioned
by [1] study wind and hydraulic resources are predominant. Data obtained from [2] shows that the
growth of wind energy in the last years is worldwide the most significant.

Nowadays, there are several topologies of wind generators, each one presenting advantages
and disadvantages. In [3], most used topologies in wind farms are presented. They are based in
synchronous machines or in induction machines, either with wounded rotor or with squirrel cage.
Except rare cases, they are coupled to the wind turbine by means of a gearbox and are connected to the
grid by means of electronic converters. New topologies, however, have been proposed in recent years,
looking for reducing effects relative to power quality or for optimizing generated power, among others.
For example, articles [4,5] present a generation system based on two double fed induction machines in
cascade. One of them achieves the whole control whereas the other is responsible for power generation.
Another concept is a new generator using permanent magnet addressing a large number of poles as
proposed in [6], with the main objective of eliminating necessity of gearbox. More topologies based on
permanent magnet are presented in [7].

Considering the increasing use of renewables as well the search for more efficient generation
topologies, some efforts have also been carried out with the aim of integrating different resources
in a hybrid generation scheme. In this sense, the proposal presented in [8] consists in a hybrid
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system composed by a wind turbine, and a micro turbine driven by vapor produced by solar h eaters.
The results of a study showing the effects of variation in solar intensity and wind velocity in the
performance of a hybrid isolated generation system is presented in [9]. Some other studies present
alternatives to hybridization of solar and wind generations [10-12].

Following this trend, a new topology was recently developed to drive generators, aiming to avoid
power electronic devices directly connected to the grid, and making possible the hybridization of the
wind power source with another one. This system is named Electromagnetic Frequency Regulator
(EFR) and consists of an induction machine with rotor in squirrel cage and a rotating armature
endowed with a three-phase winding that may be fed by a secondary source [13,14]. Although the
term “stator” is proper for induction machines, it will not be used here because this term suggests
something stationary (from Latin). The authors of references [13,14] preferred to designate it as an
asynchronous rotor because the other rotor would drive a synchronous machine and, therefore, would
rotate at a synchronous speed. Since in this work it is not necessary to classify the parts in relation to a
synchronous speed, since the adopted generator is an induction machine, the authors preferred to
designate the parts of the EFR simply as armature (connected to the gearbox) and rotor (connected to
the generator shaft). The main function of the EFR is to convert a variable speed imposed by the wind
turbine to the armature in a desirable speed to be developed by the cage rotor.

Another generation topology similar to that here proposed is presented in [15]. It also consists
of a squirrel cage induction machine in which there is no stationary part, i.e., both parts are rotating.
The device presented in reference [15] is named Electromagnetic Coupler. Articles [13-15] still have the
similarity of the use of a synchronous generator connected to high speed shaft of the induction machine.
There are two main differences between the devices. Whereas the EFR uses the cage connected to
the synchronous generator, the Electromagnetic Coupler has the cage connected to the shaft of the
gearbox. Furthermore, the EFR’s inverter is DC/AC and needs to be connected to an external DC
power source, whereas the structure with Electromagnetic Coupler uses a back-to-back converter that
receives power from the grid. The advantage of both topologies is the mechanical decoupling between
the wind turbine and the generator. However, the EFR like presented in [13,14] is not as efficient as the
Electromagnetic Coupler of [15], for driving a synchronous generator, because the EFR is not associated
with control devices necessary to allow a reasonable range of active and reactive power generation.
This way, the topology present in this article uses an EFR, but not driving a synchronous generator.

This article presents a new application for the EFR: instead of using a generator with constant
speed (synchronous), coupled to its shaft, the use of an induction generator will be explored, thus
enabling the tracking of the point of maximum power extraction of the wind (MPPT). This may
be achieved by imposing to the generator the torque corresponding to the maximum wind power
extraction, and so defining the reference velocity to be controlled by the EFR.

An analysis in steady state was carried out in order to determine the contributions to the generated
power from the wind source and from the other source. Dynamic simulations are introduced to
evaluate the robustness of the new topology in the face of events such as wind disturbances like steps,
ramp, turbulence and gust as well as the ability to not disconnect after short circuits, according the
ride-through curves of some countries.

2. Mathematical Modeling of the System

2.1. Horizontal Axis Wind Turbine

The extraction of mechanical power from the winds for a horizontal axis wind turbine is determined
by [16-18]:

1
Py = SpRCy(A, PV, @
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where p is air density, R is the radius of the blade, C, is the power coefficient which depends upon
the tip-speed ratio (1) and blade pitch-angle (8), and Vy, is the wind speed. The tip-speed ratio is

calculated by
a)tR

V'
where w; is the turbine angular speed. The power coefficient (C,) describes the aerodynamic
performance of the turbine whose theoretical maximum value is known as the Betz limit and is equal
to 0.593. Each wind turbine has its own power coefficient curve. For the purposes of this work the
coefficient defined in (3) was adopted [19]:

A= @)

151 —184
Cp(A,B) = 0.73(%—0.58/3—0.02ﬁ2'14—13.2)e T, ®)
1
where )
1 0.003 \~
: (A—O.025+ﬁ3+1) @

and g is the blade pitch angle in degrees.

Figure 1 shows the curves of the power coefficient as a function of tip-speed ratio (1) and for some
blade pitch angle (B) values. The maximum value of the power coefficient (Cp_mﬂx) is approximately
0.441, corresponding to A = Ayt = 7.206, when the blade pitch angle is at its minimum (8 = 0°).

0.45
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0.35

(4 B)
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Figure 1. Power coefficient curves as a function of tip-speed ratio and blade pitch angle.
The mechanical torque produced by the wind turbine can be obtained from the following equation:

_ Py _ 1 3CP(/\'ﬁ) 2
T; = o zan 1 Ve, (5)

2.2. Induction Generator

Considering the simplifying assumptions presented in [20], the voltage equations of a squirrel
cage induction generator can be expressed as [21]:

Vag = Tiglig — Welqig T Z Adigs (6)

Uq1g = 71giq1g+ we/\dlg"' EAqlg/ (7)
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P d
~ g
Ud2¢ = 0= r2glazg — (we - ?wm)/\qu + E/\dzg, (8)
. Pgy d
Ugag = 0= ragigog + |we — 5 @m Aing + E)\ng, )

where v ¢s Ugig are the terminal voltages in d and q axes at the stator, 71 ¢l1s the stator resistance, iy ¢
iq1¢ are the electrical currents in the d and q axes at the stator, w, is the synchronous angular frequency,
ie., the grid voltage pulsation, A ¢, A414 are the flux linkages in the d and q axes at the stator, v, V524
are the rotor voltages in d and q axes, 12, is the rotor resistance, idzg, igng are the rotor currents in the d
and q axes, Py is the number of poles of the induction generator, w;, is the angular speed of rotor shaft
and A g, Apg are the flux linkages in the d and q axes of the rotor.

The relationships between the electric currents and the flux linkages are expressed by:

Aaig = Liiglag + Lioglang, (10)

Aqig = Ligiqig + Lizgigog, (11)

Aing = Lazglang + Linglarg, (12)

Aq2g = L22giq2g+ LlZgiqlgr (13)

where:
Lllg = leg - Lmlg/ (14)
3
L12g = Eng/ (15)
L22g = LsZg - LmZgr (16)

where Lgj, is the self-inductance of any stator winding, Ly, is the self-inductance of any rotor winding,
Lyng is the mutual inductance between any two windings in the stator, Ly24 is the mutual inductance
between any two windings in the rotor and Ly is the maximum mutual inductance between stator
and rotor windings.

The electromagnetic torque of the induction generator T, can be obtained from:

3P ) .
Teg = §7(Ad1glq1g — Aqigiaig)- (17)
Using the convention of electric currents adopted, the numerical evaluation of Equation (17)

results as a negative value.

2.3. Electromagnetic Frequency Regulator

The Electromagnetic Frequency Regulator (EFR) is a system consisting of an induction machine
with a squirrel cage rotor and rotating armature, as well as a frequency inverter that adjusts the electric
current injected into the armature. The purpose of this system is to receive a variable angular speed
(such as that of a wind turbine) and deliver a desired angular speed to the EFR’s rotor [13,14].

The conventional induction machine has as stationary element the stator (armature), housing a
set of coils connected to a three-phase power grid. The innovation of the EFR is to allow the armature
to rotate integrally with the wind turbine. Thus, in this system there is not a stationary part but two
components that rotate with different speeds. In order to have electrical access to the rotating armature
it is necessary to insert collector rings that do not normally exist in an induction machine with a rotor
in a squirrel cage.

Considering that the speed of wind turbines is significantly lower than the rotating field speed
required for generating voltage at the grid frequency, several topologies of wind turbines adopt the
use of a gearbox. Its effect is to multiply speeds and as well to reduce torque. This component is
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also considered to compose the EFR-driven generation system as shown in Figure 2. The relationship
between the turbine and EFR armature speed is shown in the following equation:

Wq Tt

L (18)

where wj, is the armature speed and T is the armature torque.

Figure 2 shows a schematic 3D visualization, highlighting some constructive aspects of the
proposed system. The shaft attached to the gearbox, which supports the collector rings which receive
the power from the inverter, is also mechanically connected to the EFR armature, although this coupling
is not visible in the figure.

Induction
Generator

Grid

Turbine

Inverter

Figure 2. Schematic 3D visualization of EFR.

Figure 3 presents the proposed generation system adapted from [13], replacing the synchronous
generator by an induction one.

Since the objective of the EFR is to keep the rotor speed at the desired reference, it is necessary to
control the frequency of the electric current injected in the armature. The armature speed added to the
rotating field speed of the armature causes a rotor speed corresponding to the desired slip. This is
achieved by the frequency inverter connected to the armature.

The frequency inverter needs to be supplied by a direct current source, which could be provided
by a solar panel, a hydrogen cell, or even a set of smaller wind turbines, for example.

The whole development presented in this article considers that the direction of the mechanical
angular speed of the armature is the same as the rotational magnetic field caused by the armature
currents. This way, the resulting magnetic field speed is the sum of the mechanical speed of the
armature and the speed of the rotating magnetic field caused by the electric frequency of the inverter
output currents.

As sketched in Figures 2 and 3, the EFR rotor and the induction generator rotor are mechanically
coupled and therefore have the same mechanical speed wy,. Although the rotor speeds of both machines
are the same, their slips present opposite signs. The EFR operates with positive slip, i.e., in the motor
region once the speed of the rotating field is greater than the speed of the rotor, whereas the induction
generator operates with negative slip, in order to generate electrical energy.
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Figure 3. Schematic diagram of EFR.

The speed of the rotating field relative to the armature is given by the difference between the
absolute speed of the rotating field and the speed of the turbine, that is: (a)eR + PZ—Rwa) - PTRa)a. Thus,

the voltage equations for the armature are identical to those of conventional induction machine:
. d
VaIR = TRIIR ~ @eRAQR + —AdiR, 19)

UgiR = T1RigIR + WeRAGIR T AqIR, (20)

where vy1r, v41r are the terminal voltages in d and q axes at the EFR’s armature, ijR, ijir are the
electrical currents in the d and q axes at the EFR’s armature, w,r is the inverter voltage pulsation, A4z,
Ag1r are the flux linkages in the d and q axes at the EFR’s armature.

Regarding to rotor voltages, the rotation imposed to the armature causes an additional rotating
voltage superposing the one caused by the armature currents, so that the resulting equations become:

. P P d

UipR = T2RIgR — [(weR + TRwa) - Tme]AqZR + E/\dZR =0, (21)
. P P d

UpR = T2RigoR + [(weR + TRwa) - %wm]AdZR + Aer =0, (22)

where vr, Upor are the EFR’s rotor voltages in d and q axes, ipg, ij2r are the EFR’s rotor currents in
the d and q axes and A g, Apr are the flux linkages in the d and q axes of the EFR’s rotor.

The relationship between the electric currents and flux linkages are the same as for a conventional
induction machine.

Unlike a conventional induction machine in which only one part rotates in the EFR both the
armature and the rotor are movable. Thus, two dynamic angular acceleration equations are required,
one for each part.

In order to arrive at the balance equations of the EFR it is necessary to keep in mind that the
electromagnetic torque is responsible for accelerating the rotor and at the same time for the deceleration
of the armature. Then the armature is accelerated by the wind turbine torque and braked by the
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electromagnetic torque. While the EFR rotor shaft is accelerated by its electromagnetic torque, it is
braked by the electromagnetic torque of the induction generator connected to the shaft. Equations (23)
and (24) describe this relationship.

dw
]Zd_tm = Ter + Teg — Kpwm, (23)

dw
]“d_ta = Ty — Ter — Kprwt, (24)

where [y, is the sum of the inertia of the EFR rotor with the inertia of the induction generator rotor, T, is
the electromagnetic torque of the induction generator (a negative value), J, is the inertia of the turbine
added to the inertia of the rotating armature (referred to the high speed side of the gearbox), Kp; is the
turbine friction and T,y is the electromagnetic torque developed in the EFR that may be calculated by:

3 PR . ,
Ter = E?(Alelqu - )\qlkldm)- (25)

In addition to dynamic equations of both machines, the power conservation principle must be
considered according to:

P+ P = Pger + Plossess (26)

where P; is the power contribution delivered by the inverter, Pjy,; are the electrical and mechanical
power losses, and Py, is the generated power. It must be pointed out that Equation (26) is used only to
prove validity of results obtained by simulations.

3. Control Strategy

The generation topology of the Electromagnetic Frequency Regulator has been designed so that
the EFR receives a variable speed in the armature of the machine and delivers a desired speed in the
rotor shaft. Then, when connecting an induction generator to the rotor shaft it is possible to control the
torque of the generator through the slip.

The electromagnetic torque of an induction generator as a function of the slip is given by the
Equation (27) [22]:

1 Mph V%,eq (r2/s)
Teg = oo 2 2
s (rl,eq + (1’2 /5)) + (Xl,eq + X2)

where w; is the synchronous angular mechanical speed, 7,, is the number of phases, s is the slip, X; is
the per-phase reactance of the rotor windings and V1 ¢, 71,¢; and Xj ; can be obtained by:

1% (]X—’”)‘ 28
1 7’1+j(X1+Xm) s ( )

JXm(r1 + jX1)
r 4 (X + X))

where V] is the grid phase voltage, X, is the magnetizing reactance and X; is the per-phase reactance
of the stator windings.

According to Equations (23) and (24), by a steady state the turbine torque, the electromagnetic
torque of the EFR and the electromagnetic torque of the induction generator are equal. This allows the
torque throughout the system to be controlled by the slip of the induction generator.

According to Equation (5) there is only one optimal torque for each wind speed. This is achieved
when the power coefficient is at its maximum value. This way it is possible to achieve the Maximum
Power Point Tracking (MPPT). Thus, the desired torque for each wind speed can be calculated from
Equation (5), using Cp_max = 0.441 and Aqpr = 7.206, resulting in:

, (27)

Vl,eq =

Leg = (29)



Energies 2019, 12, 2100 8 of 19

1 50441 V2

T = PR 06 gb (30)

where T" is the desired torque for the system.
Entering the desired torque in Equation (27), it leads to Equation (31), having the desired slip as
unknown:

% 2 *, % * %
Ty + (Xrg + X2)' |2 122 g = V2, )5+ T3 = 0, (31)

where s* is the desired slip. Solving Equation (31) results in two real roots. The choice between the two
slips should be the one with the lowest absolute value. This choice results in lower electrical current
and lower reactive power, corresponding to improved system performance.

The rotational speed of the rotor shaft may be calculated from the desired slip according to [23]:

wy, = (1 =5 ws. (32)

Thus, if the EFR controls the rotation speed of the shaft at the desired value, the electromagnetic
torque required by the induction generator will be equal to the turbine torque that delivers the
maximum power for each wind speed.

Figure 4 shows the block diagram of the control used in this article whose objective is to control
the frequency and the voltage supplied by the inverter to feed the EFR armature windings.

- 1 0441 1 T w* : Vabc Sab( Iab: w,,
V\\r‘[ X )— Ean3 720695 Eq.31 4 Kp + 5 PWM _| W EFR m

~

Figure 4. Block diagram of EFR control.
4. Results

A simulation program was developed using Scilab platform to solve the above differential and
algebraic equations. A 4th order Runge-Kutta algorithm was adopted for solving time-varying
equations. Although power electronic devices can provide significantly faster responses, all simulated
disturbances could be controlled by slower actuation, thus in order to accelerate simulations the step
size of 1 ms was preferred.

The induction machine parameters used for the EFR simulation were taken from [24] considering
the same rated power of 2 MW, which is compatible to the informed rated power of turbine. The values
are shown in Table 1.

Table 1. Parameters of the Electromagnetic Frequency Regulator.

Parameter Value  Unity
Number of poles 4 -
Armature resistance 0.01 p-u.
Rotor resistance 0.01 pu
Armature leakage inductance 0.10 p-u.
Rotor leakage inductance 0.08 p-u
Mutual inductance 3.0 pu
Inertia constant 0.5 s

The parameters used for the simulation of the induction generator are same as adopted for EFR,
including the number of poles.
Finally, the simulated wind turbine parameters are presented in Table 2 below.



Energies 2019, 12, 2100 9 of 19

Table 2. Parameters of the wind turbine.

Parameter Value  Unity
Diameter 90 m
Gearbox ratio 100 -
Nominal turbine speed 18 RPM
Nominal wind speed 11 m/s
Inertia constant 2.5 S

In relation to the data reported in [24], the turbine diameter and the nominal wind speed were
adjusted to match the nominal turbine and machines power ratings.
The moment of inertia | can be obtained in terms of inertia constant H by [18]:

J= =35 (33)

where wy is rated angular speed in mechanical radians per second and S, is the volt-ampere rating.

4.1. Steady State Analysis

The proposed system using the Electromagnetic Frequency Regulator was simulated in steady
state for several wind speeds. The contribution of the wind turbine and the inverter to the generated
power by the induction generator is shown in Figure 5.

2.2x 108

{ | = Generator
2x10% | — Turbine
Inverter

1.8 x 10°

W)

< o

TS0 AN

W

<

PIC 11, e—
1x 108

Active power

8x10°

Mechanical power

3 35 4 45 5 55 6 65 7 75 8 85 9 95 10 105 11
Wind speed (m/s)

Figure 5. Active power as a function of wind speed.

When the wind speed reaches 11 m/s the active power in the induction generator is equal to the
rated power of the machines. For wind speeds above this value, the pitch control of the wind turbine
would act in order to maintain the power values at the same level.

The wind turbine design was developed so that the rated wind speed was 11 m/s, in order to
better take advantage of the winds of the Brazilian Northeast since most of the time the winds have
speeds between 5 m/s and 7 m/s.

Another relevant point in the graph analysis of Figure 5 is that, the maximum active power
provided by the inverter is less than 18% of the rated power of the induction generator. Nevertheless,
dimensioning of inverter must consider also possible stresses due to disturbances.

The slip of the induction generator for each wind speed are sketched in Figure 6.
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Figure 6. Induction generator slip in steady state as a function of wind speed.

The efficiency of the electrical generation system can be defined as the active power delivered by
the generator to the power grid divided by the sum of the power supplied by the wind turbine and the
power delivered by the inverter:

. p ger
1= Py +P;

Considering just cooper losses, the efficiency is greater than 98% for any wind speed from 3 m/s
up to the nominal speed. Here must be pointed out that this result was obtained using the machines of
reference [24], whose data set is limited, omitting information like, e.g., iron losses.

(34)

4.2. Dynamic Analysis

The objective of this subsection is to present the dynamic performance of the proposed system
during the main disturbances in a wind farm. Disturbances in the wind and in the grid connected to
the generator are considered for analysis. It must be emphasized that because of very high inertias all
graphics sketched in this section are thought to give an idea of the responses immediately after the
disturbances, but not comprehending the whole period until steady state is reached.

4.2.1. Step Response

The proposed system was submitted to three steps of 1 m/s in wind speed, starting from a steady
state of 8 m/s. Thus, at the end of the simulation, the induction generator will be at rated power.
The simulation result for the rotor speed and the desired speed is shown in Figure 7.

190.8

190.6 k

- —~
© ©
o o
[} i

190 e e s

Angular speed (rad/s)

N
©
©
®

189.6

Rotor
Reference

0 10000 20000 30000 40000 50000 60000 70000 80000 90000
Time (ms)

189.4

Figure 7. Angular speed of the rotor shaft.
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As described in the control strategy, the control variable that guides the speed to the desired value
is the frequency of the current at the inverter output. The frequency variation due to the wind speed
steps is sketched in Figure 8.

20

— Frequency

18- - - .
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[+2]

_
N
o

Frequency (Hz)
2N

[eo]

B [=>]

0 10000 20000 30000 40000 50000 60000 70000 80000 90 000
Time (ms)

Figure 8. Frequency at the inverter output.

The power generated by the induction generator and its turbine and inverter contributions are
presented in Figure 9.
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Figure 9. Generated power.
4.2.2. Wind Speed Variations

The simulated wind speed model is similar to that proposed in [24]. It is assumed that the wind
speed is composed of the sum of four components:

e The initial average value of the wind speed
e Aramp component

e A gust component

e  Turbulence

The simulation run was carried out in order to illustrate the response of EFR operating under
normal conditions for 60 s. The applied wind speed signal is composed by all four components.
The simulation starts with wind velocity equal to 8 m/s and there is a ramp with amplitude of —2.5 m/s
up to 10 s. Between the instants of 10 s to 20 s there is a gust amplitude equal 4 m/s. After the instant
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of time equal to 30 s, there is a new ramp with amplitude of 5 m/s during 25 s. The average value
component is equal to 5.5 m/s, and turbulence is present throughout the simulation. The simulated
wind speed is shown in Figure 10.

1
10.5
10
9.5
9
8.5
8

Wind speed (m/s)
(o] ~
o N »

o
3

5
0 5000 10000 15000 20 000 25 000 30 000 35000 40 000 45 000 50 000 55 000 60 000
Time (ms)

Figure 10. Simulated wind speed.

The generation topology using EFR was simulated considering the wind speed shown in Figure 10.
The rotational speed of the rotor and its desired speed are shown in Figure 11.

190.6
190.4
190.2

190
189.8
189.6

Angular speed (rad/s)

189.4
189.2

189 KW, y 4 ...“A Y e — Rotor

Reference

0 5000 10000 15000 20 000 25000 30 000 35 000 40 000 45 000 50 000 55 000 60 000
Time (ms)

188.8

Figure 11. Angular speed of the rotor by wind speed variations.

The frequency variation in time is presented in Figure 12, and the powers of generator, turbine
and inverter are shown together in Figure 13, in order to make possible a comparison.



Energies 2019, 12, 2100 13 of 19

32

— Frequency

w
o

N
[o4]

N
[«

Frequency (Hz)
N
S

N
N

20

18

16 " - T - T - -
0 5000 10000 15000 20 000 25000 30 000 35000 40 000 45000 50 000 55 000 60 000
Time (ms)

Figure 12. Frequency at the inverter output by wind speed variations.
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Figure 13. Generated power by wind speed variations.
4.2.3. The Fault-Ride-Through Capability

The fault-ride-through requirements are represented through a voltage against time profile as
shown in Figure 14 [25]. According to this figure, the German regulations impose the most restrictive
limits for fault-ride-through capability of wind turbines, requiring that wind farms must have voltage
withstand capability up to zero during 150 ms.

A Voltage[%]
100 —

Germany
5
I s
B O TR . | ——— ]
g:: o ‘ ' ~  Hydo |
] e i Quebec |
must remain  Denmark ] i
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| Ireland /”‘I:eland 5
) . /’( =T |
.=~ US-FERC |
25 - : &
20 - AESO Alberta
15- L
i msec] |
| | | L ] |-
0 0
100 500 700 1000 1200 1500 2000 3000

Figure 14. Low-Voltage Ride Through (LVRT) requirements of some grid codes.
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In order to simulate the most severe case of voltage deep, the proposed system was subjected
to a stator voltage of the induction generator equal to zero for 150 ms. The disturbance occurs at the
instant 100 ms and returns to the rated voltage at the instant 250 ms. The line-to-line voltage (p.u.) at
the induction generator terminals representing the disturbance is presented in Figure 15.
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Figure 15. Line-to-line voltage (p.u.) at the induction generator terminals.

The desired speed and the speed of the rotor shaft for the admitted voltage disturbance are shown
in Figure 16.
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Figure 16. Rotor speed for ride-through analysis.

This is the disturbance with the major speed variation in generator rotor shaft. Nevertheless, the
system is able to re-establish the speed close to the desired one in less than 3 s after the return of the
voltage to the rated value. As can be seen in Figure 17, the frequency of the current at the inverter
output returns smoothly to the steady state, after a brief undershoot. This occurs because of inertia J,,
as can be observed in the curve of Figure 18, describing the behavior of speed w,. The voltage dip
occurred at the generator stator produces a major decrease in the electromagnetic torque, leading to a
fast gain in armature speed. However, a slow return to the its steady state value occurs. Note that the
frequency assumes a similar behavior, in order to assure a fast return of rotor speed to the steady state
(see Figure 16). Although the armature speed reaches its maximum value in a time close to 2 s, the rotor
speed and the currents at the same time are already close to their steady state value. This occurs
because of the compensation performed by the control action on the frequency of the inverter currents.
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Figure 17. Frequency behavior at the inverter output for ride-through analysis.
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Figure 18. Armature speed for ride-through analysis.

The currents of the induction generator and at the output of the inverter are both shown in
Figure 19. As can be observed in this figure the resulting stator current of the generator during the
simulated short-circuit is very high, if compared with corresponding steady-state value, whereas at
the inverter, it does not happen. Another relevant aspect is that the maximum short-circuit current of
the generator is almost 13 times the steady-state current, whereas the current in the inverter is only
20% higher than its steady-state value. Thus, it is unnecessary to switch off the inverter during the
disturbance, as this overcurrent is compatible with the levels supported by actual devices. Therefore,
extra protection for the inverter is not required, as by Rotor Side Converter (RSC) in a Doubly-Fed
Induction Generator (DFIG).
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Inverter
7

Current (p.u.)

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
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Figure 19. Currents of the induction generator and inverter output for ride-through analysis.



Energies 2019, 12, 2100 16 of 19

5. Discussion

The results show that the topology using the Electromagnetic Frequency Regulator coupled with
an induction generator is feasible in sense of exploring the maximal wind power available for the
whole wind speed range, starting from the usual cut-in speed until that one corresponding to the rated
power. In this way, it is possible to have a hybrid generation source using a single topology.

The generation topology proposed in this article presents some similarities with the already
known Doubly-Fed Induction Generator (DFIG), as: use of gearbox, converter not dimensioned for
full power, and use of an induction machine for generation. Therefore, the comparison between the
two topologies is inevitable.

By the DFIG topology a back-to-back converter is required while the EFR uses a unidirectional
inverter, fed by another source, and not connected to the grid. This aspect allows the use of a
supplementary primary source to feed the rotating armature windings. Furthermore, no harmonic
sources interact galvanically to the grid.

An apparent disadvantage of the proposed topology is the use of two induction machines instead
of only one, like by DFIG, but avoiding the back-to-back converter.

6. Conclusions

Besides the advantages highlighted in previous section, the generation topology using the
Electromagnetic Frequency Regulator driving an induction generator has proved to be able to
withstand large variations in wind speed, like a gust, without necessity to disconnect. This topology
proved also to be effective to ride-through a severe short-circuit at the induction generator terminals,
even without being endowed with a crowbar, as is usual in DFIG topologies. It happens because
the current at the EFR inverter output during a disturbance is not high as the current in the DFIG
converter, once the inverter has no connection to the grid. These statements are consistent to the results
of dynamic simulation presented in Section 4. In addition, high values of efficiency for the set of
electrical machines have resulted within the wind speed operational range.

According to the steady state simulations the EFR inverter may be dimensioned for about 20%
of the generator rated power. The same percentage may be applied to define the EFR armature
rated power, although the rotor must be dimensioned for the total generated power. This should be
considered during EFR design, resulting in economy of manufacture costs.

Concluding, all presented simulations results encourage to use the proposed system for practical
applications, in sites where a supplementary source to the wind power is available.
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Nomenclature

Ta
Yd1Rs Yq1R
InR, ig1R
Adir, AgiR
WeR
Ud2R, Ug2R
igoR, Ig2R
Adors AqeR
J=
TeR
Teg
Ji
Kpt
Ws
nph
s
X2
Vi
Xm
X1

Turbine mechanical power

Air density

Radius of the blade

Turbine Power Coefficient

Wind speed

Tip-Speed Ratio

Turbine angular speed

Blade pitch angle

Turbine mechanical torque

Voltage in d and q axes of the stator

Stator resistance

Electrical current in the d and q axes of the stator
Synchronous angular frequency

Flux linkage in the d and q axes of the stator

Voltage in d and q axes of the rotor

Rotor resistance

Electrical current in the d and q axes of the rotor

Number of poles of the machine

Angular speed of rotor shaft

Flux linkage in the d and q axes of the rotor
Self-inductance of any stator winding

Self-inductance of any rotor winding

Mutual inductance between any two windings in the stator
Mutual inductance between any two windings in the rotor
Maximum mutual inductance between stator and rotor windings
Inertia of the rotor

Electromagnetic torque

Mechanical torque

Rotor friction constant

Gearbox ratio

Angular speed of the EFR’s armature

Mechanical torque at the EFR’s armature

Voltage in d and q axes of the EFR’s armature

Electrical current in the d and q axes of the EFR’s armature
Flux linkage in the d and q axes of the EFR’s armature
Inverter voltage pulsation

Voltage in d and q axes of the EFR’s rotor

Electrical current in the d and q axes of the EFR’s rotor
Flux linkage in the d and q axes of the EFR’s rotor

Sum of inertia of the EFR’s rotor with the inertia of induction generator rotor
Electromagnetic torque developed in the EFR
Electromagnetic torque in the induction generator

Inertia of the turbine added to the inertia of the rotating armature
Turbine friction constant

Synchronous angular mechanical speed

number of phases of the induction generator

Slip of the induction generator

Reactance of the rotor windings

Grid phase voltage

Magnetizing reactance

Reactance of the stator windings
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