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1. Introduction

Wind energy is one of the renewable energy must used actually. It is the kinetic energy
contained in moving air masses. Its use occurs through the conversion of kinetic energy
translation in kinetic energy of rotation with the use of wind turbines to produce electricity.
To ensure the best exploration of wind energy is necessary the use of generators that take
of this energy form more efficient in variable speed systems. The electrical induction
machines and synchronous generators are widely used in wind turbines. The switched
reluctance generator has been studied and pointed as a good solution for applications for
wind generation systems of up to 500kW [1].

The switched reluctance generator (SRG) has as main characteristics: mechanical robustness,
high starting torque high performance and low cost. The SRG can operate at variable speeds
and its operating range is broader than synchronous and induction generators. Some works
that study the behavior of the SRG in case of variable speed are presented in [2—4]. In these
studies, the control systems used for power control of SRG are controls that utilize pulse
width modulation control and a current loop, but the use of these controllers has shown that
their performances are not satisfactory due to switching losses and consequently decrease of
efficiency in operations with varying speeds of SRG.

An alternative for the power control of electrical machine is the direct power control (DPC).
This technique allows to control directly the power without the use current loops or torque
and flux loops and it is applied satisfactory in DFIG and inverters [5] .

In this work is performed a control method of the switched reluctance generator through
simulation techniques using mathematical models of the studied system. A wind power
generation system with the SRG connected to the grid was performed based on control of
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two separate converters. The control of the converter connected to the SRG regulates the
extraction of electrical power to be generated and the control of the converter connected to
the grid is responsible for regulate the transmission of the generated energy to the grid. A
direct power control was developed to control the power generated by SRG. Unlike most
of SRG control schemes found in the literature in which the power of the SRG is indirectly
controlled by a current loop, the direct control of power acts directly on the power generated
by SRG. The energy generated by SRG is sent to the grid by a voltage source converter, which
also controls the active power delivered to the grid.

2. Wind Energy Systems

From 1998 to 2008 the growth of wind power installed in the world was approximately 30%
and in the last three years the value of installed wind power kept in the mean 45GW, with
a total current value of 237.7 GW of installed power in the world. China has the largest
installed wind power value (about 62.3 GW) followed U.S. (46.9 GW) and Germany (29.06
GW) [1].

The electrical machine widely used as a generator in wind power generation systems are
the induction and synchronous [6, 7]. These generators can operate with variable speed
depending on the use of electronic converters for the processing energy of generators. A
machine that can be used in wind power generation systems is the switched reluctance
machine [8, 9].

A schematic diagram of wind power generation system connected to the grid using the
SRG is shown in Figure 1. This system is based on the control generation of two separate
converters. The converter connected to the SRG regulates the maximum extraction of electric
power according to the profile of wind system.

i

Transformer Grid
SRG 1 |CC _
J Converter] T~ CA ‘.,—e
¢ Gear box

Switched reluctance generator(SRG)

|

Figure 1. Structure of cascade converters for wind generation using the SRG.

In the literature were found articles that discuss the connection of SRG and the grid in wind
power generation systems with variable speed. In [4] the authors used two strategies to
control output power of a SRG 8/6. These experiments demonstrated a high efficiency of the
system to a wide range of variation of speed. However, the PWM control used is contested
by [10] for its hardware complexity for variable speed situations in a wide range of speeds.
The converter used in [4] to drive the SRG uses a converter buck to magnetize the phases of
the machine. This increases the cost and complexity of the converter.
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In [2] was developed a system to control the power generated by the SRG using a hysteresis
control. It was observed a satisfactory result just to low speed operation. In [11] has been
proposed a control system where the power sent to the grid is controlled directly by the
inverter connected to the grid. It was observed that this form of control has slow response
and poor performance in situations of high speed variations.

A system that consists in controlling the power generated by a SRG 6/4 connected to a
DC network has been proposed in [12]. The converter used requires a converter buck-boost
voltage to regulate the magnetization of the SRG.

An alternative analyzed in studies in literature relates to the development of controllers to
connect the SRG directly to the load to be fed through the converter SRG. In [13, 14] controls
were performed using fuzzy logic to keep the generated voltage constant. Other controls
using optimization of switching angle of of SRG were performed in [15, 16], but require
high processing power and storage tables.

2.1. Mechanical power extracted from the wind

To use the energy contained in wind is necessary to have a continuous and fairly strong wind
flux. The modern wind turbines are designed to achieve the maximum power in wind speeds
in the order of 10 to 15m/s. The energy available for a wind turbine is the kinetic energy
associated with a column of air that moves at a constant uniform speed. The mathematical
model allows to calculate the aerodynamic torque mechanical value or mechanical power
applied to the shaft of the electric generator from the information of the wind speed and
position value of the step angle of the turbines. The model also depends on the type of the
turbine to be represented as having the characteristics of vertical or horizontal axis, number
of blades, blade angle control, and regardless of the type of electrical generator chosen or
the type of control of converters. Accordingly, this allows it to be studied regardless of the
types of electrical generators. The mechanical power in steady state can be extracted from
the wind is shown in Equation 1 [17-19].

P = 50AV°Cy (1, B1) )

Since P, mechanical power of the turbine, p density of air, A area swept by the turbine

R
blades, v wind speed and Cp coefficient of performance, ¥ a linear relation %, R; the

radius of the turbine and B; pitch angle of the vanes of the turbine. The power coefficient
of Cp indicates the efficiency with which the wind turbine transforms the kinetic energy
contained in wind into mechanical energy rotating. The power ratio depends on the linear
relationship between the wind speed and the speed of the propeller tip psi and the propeller
pitch angle B;.

In expression (1) it appears that the mechanical power (Py;) generated by wind power directly
depends on the power coefficient Cp. On the other hand, considering the pitch angle of the
vanes fixed to zero, the power coefficient depends exclusively on the relationship between
the velocity and the linear speed of the tip of the helix, therefore the mechanical power
produced by a wind turbine is varied according to their operating speed. For each value
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of the wind speed is a region in which the rotor speed maximizes the mechanical power
generated. Therefore, for wind speeds below rated speed operation with variable speed rotor
increases efficiency in power generation [18, 19]. The profile of optimizing the efficiency of
the power generated for variable speeds can be expressed by:

Popt = koptwf 2)

Where P, is the optimum power and k,p; depends of aerodynamics of the helix, gear box
and parameters of the wind turbine.

3. Structure and operation principle of the switched reluctance machine

The switched reluctance machine (SRM) is a primitive conception, and its basic concept of
operation has been established for around 1838. However, only with the development of the
power electronics has become possible to use this machine operating system for applications
requiring variable speed [20].

3.1. Basic structure

SRM is a double salient (in rotor and in stator) having field coils in stator as the DC motor and
does not have coils or magnets in the rotor. The rotor is composed of ferromagnetic material
with salient regularly. Figure 2 there is a MRV 8/6 (number of stator poles/rotor poles
number). Other possibilities existing construction are 6/4, 10/4, 12/8 and 12/10, among
other configurations.

The operation principle of the MRV as motor is based on the principle of minimum
reluctance, ie, when the winding on a stator pole pair is energized, the poles of the rotor are
attracted to a position that represents the minimum reluctance (axes aligned ), generating
a torque on the rotor. while two rotor poles are aligned with the stator poles other poles
are out of alignment rotor. These other stator poles are driven bringing the rotor poles
into alignment. By the sequential switching of the stator windings, there is production of
electromagnetic torque and the rotor rotates [10].

Figure 2. Front view of a switched reluctance machine 8/6.
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4. The switched reluctance generator (SRG)

The switched reluctance generator (SRG) is an electromechanical energy converter capable of
transforming mechanical energy into electrical energy. To operate as a generator, the machine
must be excited during the degrowth of inductance and a mechanical torque must be applied
on the machine shaft. The magnetization of the phase conjugate added to the input of the
mechanical axis of the machine causes an emf appears which increases the rate of growth of
the current curve [9, 21].

A typical drive system for switched reluctance generator is shown in Figure 3. This drive
the SRG structure consists of a converter and a control system in closed loop since the SRG
is unstable for operation in open loop [9]. The converter of Figure 3 drives the SRG and it is
represented only one phase of SRG. Drive for a number of phase SRG higher is given below.
The SRG can power the load directly as shown in Figure 3 or send energy to the grid using
another power electronic converter.

Converter SRG

+ Q,
70l

Loadg
Ve ~C = ]

SRG Control | &~ Encoder

Figure 3. Drive system of SRG.

4.1. SRG converters

The SRG operates in two stages: excitation and generation. The excitation stage is performed
when one phase of the SRG is submitted to the excitation voltage, which causes current flow
in the winding of this growing phase (Figure ( 4)). In generating the current through the
SRG phase to the load. In each period of the excitation voltage bus transfers energy to the
magnetic field of the corresponding phase. In the generation period this energy flows to
the load together with the share resulting from the conversion of mechanical energy into
electrical [4, 20, 22]. Therefore, the SRG drive converter should be able to apply voltage in
individual phases of the machine and create a path for the generated energy can flow to the
electrical load.

There are several converters to drive the SRG, but the asymmetrical half-bridge converter
AHB (Assimetric Half Bridge), Figure 5, is the most used because it allows robustness and
the stages of regeneration energy and free-wheel when needed.

The converter of Figure 5 makes the SRG self excited, an initial excitation is required for
the operation of the SRG. Usually the initial excitation is provided by an external source (a
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Figure 5. Converter AHB four phase.

battery for example) until the capacitor is charged. This pass the same capacitor exciting the
phases when the external source is removed. The capacitor also has the function of stabilizing
the voltage delivered to the load.

The Figures 6(a) e 6(b) illustrates the stages of operation of the AHB converter. In the
excitation stage (Figure 6(a)) the two switches (of phase to be excited) turn on. Then a
current flows from the capacitor to the stage, magnetizing it. After the excitation interval
both switches are opened and the diodes are now to conduct the generated energy to the
load and recharge the capacitor (Figure 6(b)). This process is repeated cyclically for each
phase of the converter.

One of the main advantages of this converter is its flexibility in the control individually
of current in each phase. Furthermore the converter not allowing short circuit in DC bus
converter due to the fact that the switches connected in series with machine winding [10,
23]. However, this configuration is not the cheapest, because it requires two semiconductor
switches per phase of the SRG. There are topologies that use less than two switches per phase
of the GRYV, as shown in [10, 20, 24], but these topologies have limitations regarding the AHB
converter as the literature describes.
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Figure 6. a) Excitation stage b) Generation stage.

4.2. SRG drive control

The SRG control is accomplished through the control of the switches of its converter. The
SRG control requirements depending of each application. The quantities for controlling the
generation of SRG is the period of excitement, the operating speed and excitation voltage
[10]. When the load is connected directly to the converter (Figure 5) is necessary to provide a
controlled voltage to the load. In case of load change control must act on the above quantities
to maintain the generated voltage constant. This type of control is known as SRG voltage
control bus. There are several controls proposed for this type of configuration as shown
in [21]. This type of control is important for embedded applications such as vehicle and
aerospace, where there is a need to maintain the dc bus voltage (responsible for food loads)
at a constant value [10]. Figure 7 illustrates the typical configuration of this control.

ﬂ;®_. Drive
- Control Converter
| 7 Converter
' [ |
o,,w
Load

Encoder

Figure 7. Bus voltage control structure.

When it is desired that the SRG operate at its optimum generation point is desirable controller
the power generated directly [25, 26]. The typical control is shown in Figure 8. This control
is typically used for power generation connected to the grid as seen in [25, 26]. The main
applications of this type of control is in wind generation and generators driven by steam
turbines . In this case the SRG is not connected directly with the load, but with another
power converter that is responsible for sending the generated energy to the grid.

5. The power control system of the SRG

In this section its presents a technique of power control for the GRV connected to the
grid. Unlike the controls proposed in [2, 4, 11] the converter connected to the generator
is responsible for controlling the power to be generated and the other converter connected to
the grid controls the voltage V. and its sends the energy generated to the grid.
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Figure 8. Generated power control structure.

5.1. Power converters

The converter used to drive the GRV was the AHB converter. This converter is connected via
the DC link with the voltage source converter that it is connected to the grid.

VSC
%@%G%é G

A HC

VSC Control |

Figure 9. Power converters.

5.2. Direct Power Control

The direct power control system for SRG must regulate the power generated at the point of
maximum aerodynamic efficiency, in other words, P, = koptw;o’, where P, is the reference
of active power. The proposed direct power control system consists in control the power
generated by SRG directly. The diagram of the direct power control is shown in Figure 10.
The control consists in keeping angle of activation of the switches of the HB converter at
a fixed value 6,,.The PI controller processes the error (ep) between P, s and the generated
power P and controls angle of shutdown of the switches 6,77, as shown in Equation (4).
Thus, the principle of the control is when the step of the excitation increases, the generated
power increases, as well.

The expression for the error power is given by:
eép = Pref —P (3)
The angle 6,/ is given by:

Qoff = erp + KZ'/Epdt (4)
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where: K}, is the proportional gain and k; is the integral gain of PI controller.

Current limiter
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Speed_' Turbine _® P1 > C?)gtvn?ol AHB
TP 6, —| AHB Converter
Célculation
of average
L —Vdc Absolute
X j—ndc Encoder

Figure 10. Diagram of direct power control for SRG.

5.2.1. Tuning of PI controller gains

The PI controller gains were adjusted using the second tuning method of Ziegler-Nicholds
described in [27]. Figure 11 illustrates the procedure performed. Initially, the integral gain
is zero and sets the proportional gain value (Kj) for the closed loop system, until the point
where the response of the system starts to oscillate periodically. This setpoint is known as
the critical point, in which the period of oscillation is defined as the critical period (P)
proportional gain and proportional gain is defined as critical (K¢;). From the P, e K¢, PI
controller gains are determined using the relationship shown in Equation 5. This technique
allows a good initial value of line when you do not know the process of plant be controlled.

Kp - 0.45Kcr
1
Kl — Epchcr (5)

@ . u(®) o c®)
» > ant >
«® 5 ‘
’4_ Pcr_>‘

Figure 11. Second tuning method of Ziegler-Nicholds.
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5.3. Power Grid Connection Converter

The Voltage Source Converter (VSC), shown in Figure 9, controls the voltage V. and it allows
to send the generated power by SRG to the grid. The control strategy applied to the converter
voltage source consists of two control loops. There is an internal control loop that controls
the current sent to the grid, and, externally, there is a control loop of bus voltage control
(Vi) The current loop control (is4,is4) is responsible for controlling the power factor of the
power sent to the grid [28]. The control voltage of the DC link is responsible for balancing
the flow of power between the SRG and the grid [29].

The DC link voltage control of the voltage source inverter is realized in the synchronous
coordinate system (dgq) with employment grid voltage angle (¢ = wt) used in the
transformation abc dq, which is obtained using a Phase-Locked Loop (PLL). The control
voltage of the DC link (V) is performed by a PI controller, which comes from the reference
value iy; (6), while the value of ig, is derived from the power factor desired FP and Py (7).

ivg = Kpi(Vie = Viae) + Kij | (Vg — Vye)dt (6)

. 3. 1—FP?
= Pref T ppr

@)
The reference values of current are compared with the values obtained from electrical grid
(isq4 € isg) and are processed by two PI controllers that generate the value of the space vector
voltage of grid 7 4, (8) and (9) in the synchronous coordinate system (Equation 10). This
space vector is transformed for the coordinate system abc generating the signals voltage
Umod,,, (Equation 11) which are then generated using the PWM sinusoidal. The control system
for VSC is shown in Figure 12.

Vs = Kps (i:d —igq) + Ki (i;kd — igq)dt (8)

Ugs = Kps (i:q T isq) + Kis (i;kq - isq)dt (9)

ig| _ 2| cos® senf| |1 -3 -1 z_a w0
iq 3 | —sent) cosf | |0 @ _\/73 ib
C

Ugwd 1 0 mod

ool | = | -1 \/Tg [cos@ —sen@} [U%od] a1
1 # senf cosf vg
2
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Figure 12. Block diagram of ve

ctor control of the converter connected to the grid.

5.4. PWM sinusoidal (SPWM)

There are several modulation techniques performed on the VSC to obtain a modulated
voltage Va”ggd in the terminals of the converter [30]. The most used technique is known
as PWM sinusoidal (SPWM) using a triangular carrier for generating waveform desired [31].

SPWM modulation is obtained by comparing a reference voltage (sinusoidal) with a signal

symmetrical triangular.

The frequency of the triangular wave is to be at least 20 times greater

than the maximum frequency of the reference signal, so that it is possible to obtain an
acceptable reproduction of the waveform after filtering [32].
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The Figures 13 shows the three-phase SPWM modulation signals used in this work. The
carrier is compared with the reference sine wave for each phase, so that: when the carrier is
greater than the reference phase, the switch top to respective phase is activated, otherwise
the switch is operated below. Thus the output voltage of the modulated VSC is formed by a
succession of rectangular wave. With a low pass filter can eliminate harmonic components
generated by the modulation.

5.5. Synchronism with the grid

To perform the operations 10 e 11 correctly, it must obtain the angle of the voltages (6 = wt).
The main methods of obtaining the angle of the mains voltage are: method of zero crossing
detection, filtering of the network voltages and PLL techniques. However, the use of a PLL is
the most widely used technique due to its greater precision and less influence to the presence
of harmonics and power grid disturbances in the grid [29].

There are various structures as described in [33]. However, the basic idea of operation of
the PLL is to detect a difference between the instantaneous internal reference signal and
external signal, as illustrated in Figure 14. The filter produces an error voltage proportional
to the phase/frequency between the signals and operates in the VCO (Voltage Controlled
Oscillator), which is a voltage controlled oscillator to change the frequency. So that internal
matching the frequency of the signal external now obtains the angle of the external signal.

0 = (wt)
External |

signal Phase .
detector —T> Filter |——»] VCO

Figure 14. Basic idea of operation of the PLL.

The technique used in this work is known as three-phase SRF PPL ( synchronous reference
frame). This technique is the most widely used because it has little influence on the presence
of harmonics and disturbances in the grid [34, 35].

Figure 15 shows the block diagram of three-phase PLL SRE. The basic operation of this PLL
is to synchronize the synchronous reference frame PLL with the vector of the mains voltage.

Wir
Vi HT- PI % 5 - 6.
d

Vv
dq
Vq R — (IB
Va—
Ve abc \A \
Ve— (XB

Figure 15. PPL synchronous reference frame
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The voltages of the network (v,, vy, V) are obtained and then are transformed to stationary
reference frame, using Equation 12. So has v, e vg using the proper angle estimated (6,),
the variables v, and vg are transformed into the synchronous reference frame (Equation 13)
resulting in tensionsv, e v,. Reference voltage v} is set to zero. The error between v; and v}
is processed by a PI controller that changes the value of (6) in order to reset this error. When
(02) tends to the value of (61) the sine tends to zero and the PLL is locked. In this situation,
the value V; is equal to the amplitude of the input voltages. The frequency obtained directly
(wfy) is added to improve the performance of the PLL.

1 1 va(t) = Vcos(6r)
Oy ] [1 2 T2 ] — 4n _ | Veosby
= V3 V3 Z)b<t) = VCOS(91 — ?) = |:_ (12)
[UIB 0% —% vc(t) = Vcos(0y — ZTT[) Vsenty

[vd} _ { cost sene] {v} _ [—Vsen(@l—Gz)} 13

(o —sen6 cos0 | | vg Vecos(6h — 67)

5.6. SRM nonlinear model

Below will be described the operation of the model proposed by [36] that was developed
for simulation in Matlab-Simulink software. This model is based on of magnetization curve
that can be obtained by experiments, calculated by finite element or determined analytically
by means of machine parameters that are available. The inputs of this model are the stator
voltages in the phases of the machine and the outputs are the mechanical variables (torque,
speed and rotor position).

5.6.1. General configuration model

The general configuration of the nonlinear simulation model can be seen in Figure 16. This
model can be divided into 3 parts: model circuit, calculating the electromechanical torque
and mechanical model.

The data of the magnetization curves of the machine are used to calculate the necessary
magnetic characteristics in the model of the electrical circuit and for calculating the torque of
the electromechanical machine.

5.6.2. Modeling the electrical circuit

The electrical circuit of a SRM of F stages, consisting of a resistor in series with an inductance
is not linear for each phase of the machine. It has been that the flow equation for a phase j
of MRV is given by:

t .
#i() = [ (v, = Ryipys (14)
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Figure 16. General configuration of the nonlinear model.

The currents in the stator phases are nonlinear functions I(¢,0) tha can be calculated from
the magnetization curves ¢(I,0). Therefore the electric circuit of a phase of MRV is modeled

as shown in Figure 17.
.

Integrator

> ]

Figure 17. Electrical circuit model.

5.6.3. Magnetization curves.

The magnetization curves ¢(I,0) are highly nonlinear due to the fact that MRV mainly
operates in the saturation region. These curves can be obtained mainly in three ways:
calculated by finite elements, analytical approach and experimental measurements.

5.6.4. Experimental measurements

The magnetization curves of MRV can be obtained through different forms as described in
[37]. One way of measuring the magnetization curves are based on Equation 14. For each
position of the rotor, a voltage is applied to the winding machine and the phase of the current
and voltage are measured and stored. Then the magnetization curves are obtained from the
processing of the waveforms of voltage and current. Figure 18 show the curves is observed
in a test performed on an experimental MRV 8/6 obtained in [38].

This form of the curves is more accurate, but need experimental setup to perform
measurements on the machine.
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Figure 18. Experimental curver measurements.

5.6.5. Electromechanical torque

The electromechanical torque in SRM is the sum of the individual torques developed at
each stage. When the magnetization curves are obtained experimentally or finite element
electromechanical torque may be calculated using the equation of torque:

!

Te _ (SWf B (SWf(i,Q) B dL(i,@) 2

i
60 60  do 2 (15)
Where (W}) is the coenergy.
5.6.6. Mechanical model
The equation of the mechanical model is given by:
dw
Tm = Temag — Dw — ar (16)

The mechanical model is then modeled as shown in Figure 19.

T, T.—> - 1 O‘)‘ 1 0
T,— * Js +B g

TLV*' Te

+

Figure 19. Mechanical model.

5.7. Machine model in Simulink

The nonlinear model developed by [36] became a block from the Simulink library
SimPowerSystem. This block has an operating structure that can be viewed in Figure 20.
From the data of magnetization of the two tables are created MRV. The table of current (ITBL)
used in the model circuit and the torque table (TTBL) that gets the touch electromechanical

53
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each phase. For input values that do not exist in the tables the outputs are obtained by linear
interpolation. The total electromechanical torque is obtained by summing the phases torques
and sent to the mechanical model. The rotor position is obtained by integrating the speed of
the machine. The bold lines refer to multiple streams of data that depends on the number of
phases of the machine. The currents obtained from the table of the currents are generated at
the terminals of the machine model.

Mechanic

wi w

/ TTBL

v (rad/s)
KTs L

.. - > (A

! V[ z-1 Flux (°s) % ~ %_»@ Te ( ’mk Te Teta
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V)
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A VV‘VVV

teta (rad)

Figure 20. Diagram SRM model in Simulink.

6. Simulation results

The power control system proposed for the SRG connected to the grid was simulated using
the Matlab-Simulink software . It was simulated a power profile (Figura 21) to be generated
by the SRG in variable speed operation (Figura 23) and it observed that the reference active
power was followed by the proposed DPC. In Figure 22 is observed the profile for the power
factor of the energy sent to the grid and the output reach the reference..
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Figure 21. Power generated by SRG and the reference power.

Figure 24 shows the inverter phase currents of the SRG, it which observe the variation of
current amplitudes, a fact that is justified due to the fact the controller changes 6,7;. As can
be seen in Figure 10. The voltage phases was set to 280 V and this should be the voltage of
the link current which is controlled by the VSC.
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Figure 24. SRG current phases.

Figures 25 and 26 presents V. voltage and the phase a voltage and current for the operation
of the SRG and allow to observe the performance of the control performed on the converter.
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In Figure 26 is observed the voltage and phase current from the power grid. The THD (Total
Harmonic Distortion) of the current sent to the grid analyzed by FFT ( emph Fast Fourier
Transform) (Figure 27) was 1.57%.
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Figure 25. Voltage V;. controlled by VSC.
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Figure 26. Phase a voltage and current grid.
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Figure 27. THD and harmonic components of the phase current.
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7. Conclusions

This book chapter was presented a proposal for direct control of power for a SRG. The DPC
controller allows the power control of the generator directly without using current loops.
The controller has a satisfactory performance and no complexity for its implementation. The
AHB converter allows robustness and the stages of regeneration energy and freewheel when
needed. The simulation results confirm the effectiveness of the power controller during
conditions of generator operation at variable speed and with different reference values of
active power and power factor. Thus, the strategy of direct control of power is an interesting
tool to control the power of the variable reluctance generator powered wind turbines.
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