
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 11, NOVEMBER 2017 8277

An Approach for Switched Reluctance Generator
in a Wind Generation System With a Wide

Range of Operation Speed
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Abstract—This paper presents a complete approach for switched
reluctance generator (SRG) in variable wind energy conversion
systems. Two forms of direct power control (DPC) and a commuta-
tive system that allows SRG performance at a wide range of speed
variations are proposed. Thus, more mechanical energy can be
captured in wind generation. In the proposed structure, the SRG
operates in a self-excited mode using a common dc bus system
of a voltage source inverter connected to an electrical grid. DPCs
are proposed by hysteresis of the SRG phase current for low-speed
operation (DPC-LS) and by a single pulse of current for high-speed
operation (DPC-HS). The low-pass filter employed to obtain the av-
erage power generated may slow down the response of the control
system of the DPC applied to SRG. To improve the system perfor-
mance, sliding mode controllers in DPCs were used. For operation
throughout a wide speed range, the DPC-LS and DPC-HS controls
should be joined. Therefore, a commutative system with smooth
transition between DPC modes is proposed. Finally, simulations
and experimental tests were conducted to verify the behavior of
the proposed arrangement. The results confirmed correct opera-
tion of the proposed system.

Index Terms—Direct power controls (DPCs), sliding mode (SM)
controllers, switched reluctance generators (SRG), variable speed
operation, wind energy.

I. INTRODUCTION

THE switched reluctance generator (SRG) has been sug-
gested as a good alternative for applications in wind power

Manuscript received October 27, 2016; revised December 4, 2016 and Febru-
ary 6, 2017; accepted April 15, 2017. Date of publication April 25, 2017; date
of current version June 23, 2017. This work was supported in part by the São
Paulo Research Foundation, FAPESP, under Grants 12/04872-0, 12/08911-0,
and 15/12861-6. Recommended for publication by Associate Editor P. Bauer.
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generation because it operates over a wide range of speeds at
a high performance level [1], [2]. Moreover, the SRG has at-
tractive features, such as its mechanical robustness, high perfor-
mance, low manufacturing cost, and an absence of permanent
magnetic elements [2]–[7]. The main obstacles to the industrial
use of the SRG are torque ripple, audible noise, the need for
position sensors, the need for robust controls for a wide range
of speeds, and the lack of methodologies for its electromagnetic
design. A considerable amount of effort has been invested in
mitigating these obstacles as in [4], [8]–[10].

The majority of the current works has approached SRG elec-
tromagnetic project. In [11], a high-efficiency small SRG, ap-
plied to variable speed wind generation, was projected and built
using finite-element techniques. Building a prototype have con-
firmed the efficiency of the studied SRG. The analysis of projects
and configurations using different number of poles were per-
formed by [12]–[15]. In [16], a 10 kW SRG-C was built to
operate in wind systems without using a gearbox. In [17], an
axial reluctance generator was projected to operate at low speed.
A complementary excitation winding was incorporated to a
C-core SRG to increase the generated power [18].

The strategy adopted to control an SRG is directly related
to the operating speed and application [19]. The bus voltage
control is important for applications in electric vehicles and
aircraft in which the dc bus voltage needs to be maintained at
a constant value [2], [19]–[22]. This type of control has also
been studied for wind power generation in isolated systems or
dc microgrid.

For applications in wind power generation, where the objec-
tive is to generate the maximum possible energy, the SRG must
operate at variable speed and power control should be used to
capture all the energy provided by the wind turbine. Studies that
addressed this type of control are discussed next.

In [23], a speed control system with maximum power point
tracking for SRG was simulated. Park and Chen [24] demon-
strated a speed control system for SRGs applied in wind power
generation systems. A self-adjusting fuzzy controller controls
the SRG speed-acting reference of the SRG current. Controllers
for SRGs operating at low speed have also been developed [25],
[26]. In [27], an innovative control strategy of SRG, operating
in continuous-conduction mode, was implemented for a wind
power plant application. First, the procedure for determination
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Fig. 1. Proposed structure of the SRG in a wind generation system connected to the electrical grid.

of the optimal control parameters as a function of rotor speed
that provides the maximal output power of SRG was described.
Thereafter, the control angles versus speed dependence were
linearized to be used for control of SRM in the wind turbine
generator system (WTGS). The output power of the WTGS was
simply controlled by controlling the dc supply voltage of SRM.
In these studies, the generation system was not connected to an
electrical grid and only the simulation results were presented.

Some articles discuss the connection of an SRG to the elec-
trical grid in wind power generation systems that have variable
speed. In [28] and [29], simulations of a speed-control system
were performed using an adaptive neural network acting on
the current control of an SRG connected to an electrical grid
by means of a voltage source converter (VSC). McSwiggan
et al. [30] examined a similar current control system and a sys-
tem was added for keeping the dc-link voltage constant when a
fault occurred in the electrical grid. However, the results were
satisfactory only for low operating speeds and only simulations
were performed in these studies.

In our literature survey, few experimental studies that ad-
dressed the SRG connection to an electrical grid were found.
In [1], a control system for SRGs applied in wind power gen-
eration was presented. A current controller adjusted the power
generated by the SRG. Experiments showed high system effi-
ciency for a wide range of variable speeds. However, the control,
which used pulse width modulation (PWM) in situations where
the speed varies in a wide range, was contested by Sawata [19]
because of its hardware complexity and increased losses. In ad-
dition, the system was connected to the electrical grid through a
VSC and had a buck converter between the inverter connected to
the electrical grid and the SRG, as the SRG used was designed

to operate with a voltage lower than the dc link. In [31]–[33],
a single-phase inverter connected to an SRG with dependent
electrical grid excitement was used.

In these studies, however, neither direct power control (DPC)
nor optimization system for the SRG operating points were
used. Therefore, the parameter settings for activation of the
SRG were adjusted randomly. Furthermore, there seems to be
no methodology for determining the activation mode of an SRG
depending on the operating speed.

In this paper, an approach for SRG operation in variable wind
generation systems with a wide speed range is proposed. Fig. 1
shows the complete systems proposed. In the proposed struc-
ture, the SRG operates in a self-excited mode using a common
dc bus system of a VSC connected to an electrical grid. Thus, the
need for additional converters and excitation sources for mag-
netization of the SRG is eliminated. An approach to determine
the modes of SRG activation is presented. Two forms of DPC
for SRGs were used: DPC by hysteresis for low-speed opera-
tion and by a single pulse of current for high-speed operation.
A commutative system of DPCs is proposed, which allows the
SRG to operate at a wide range of speed variations. DPCs were
first developed using proportional integral (PI) controllers and,
to improve system performance, sliding mode (SM) controllers
were used. Furthermore, the optimal activating parameters are
adjusted according to the operating speed and control mode.

II. GENERATION SYSTEM USED IN THE STUDY

The wind turbine mechanical power is given by

PT =
1
2
πR2ρCp (λ, β) v3 (1)
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Fig. 2. Optimal power for the wind system studied.

where R is the rotor radius, ρ is the air density, Cp(λ, β) is the
turbine power coefficient, λ is the tip speed ratio, β is the pitch
angle, and v is the wind speed. When the wind is below the
rated speed, the system operation at variable speeds increases
the energy generation efficiency [1]. When the wind speed is
lower than the nominal speed, the generator torque is calculated
to obtain the maximum aerodynamic efficiency the turbine. The
optimizing profile of the generated output power for variable
speeds can be expressed by

Popt = koptw
3
r (2)

where Popt is the required optimal output power, kopt is a con-
stant that depends on the blade aerodynamics, turbine parame-
ters, and gearbox of the wind turbine, and wr is the rotational
speed.

The prototype of the wind generation system employs a
2 kW three-phase SRG, which has 12 salient poles on the stator
and 8 salient poles on the rotor (12/8) (see appendix), with
rated speed of operation equal to 157 rad/s (1500 r/m). Thus,
a value of kopt was adopted so that at the nominal speed the
wind turbine presents the rated power of the SRG. Therefore,
it is possible to calculate the profile of the optimal power
generation for the system being studied (see Fig. 2). The power
reference is equal to 2 kW for speeds greater than rated speed.
In this mode, the angular speed is a closed loop controlled
by adjusting the pitch angle. For wind speeds greater than a
predefined maximum speed, the wind turbine shuts down in an
orderly fashion for safety purposes.

The structure of the wind power generation system, with the
SRG connected to an electrical grid, proposed in this paper (see
Fig. 1) is based on the separate control of two power electronic
converters.

The converter used to activate the SRG is an asymmetric
half-bridge (AHB) converter. It is connected via the dc link to a
VSC, which is connected to the electrical grid. The SRG control
should regulate the extraction of the maximum electric power
according to the wind profile of the system. The VSC control is

Fig. 3. Excitation and generation stage in one SRG phase.

responsible for regulating the dc-link voltage VDC and sending
the power generated by the SRG to the electrical grid, in addition
to controlling the power factor of the energy sent to the grid. In
other works [31], [34] the V DC regulation is performed by the
SRG control, and the generated power is regulated by the VSC.

Stability problems in a self-excited mode usually occurs when
the load is directly connected to the dc bus and whenever the
dc bus voltage is regulated by the SRG control. Instability may
occur because the energy generated by the SRG is used to keep
the voltage VDC under control to supply the energy sent to
the load and the SRG phase excitation. If the load demands
a high power, the energy stored in the dc bus capacitor may
not be sufficient to excite the SRG phases, which may reduce
the energy generated and, consequently, the dc bus voltage will
tend to become unstable [2], [35]. Nevertheless, in the proposed
systems, VDC is controlled by the VSC control. Initially, the
VSC control loads the dc bus voltage through the electrical
grid, and then the SRG power control is activated. In this case,
stability problems are not a concern because if the SRG requires
high energy in the magnetization step, the VSC control acts in
order to keep the energy in the dc bus capacitor constant.

III. SRG OPERATION

A switched reluctance machine operates as a generator if
each phase is excited when the phase inductance is decreasing.
Hence, if L(θ) is the angle-dependent phase inductance, the
excitation must occur when dL(θ)/dt < 0, as shown in Fig. 3.
Many converter topologies can be employed to achieve this goal
[1]–[3].

The AHB converter is extensively used because of its
robustness and simplicity of control. This converter provides
unidirectional phase currents and drives each phase indepen-
dently. Each converter phase consists of two transistors and two
freewheeling diodes in order to allow energy recovery to the dc
bus. Moreover, the AHB allows energy regeneration stage and
freewheeling technique when necessary [36].

To operate as a generator, two steps of the converter are re-
quired for each phase of the machine: excitation and generation
(see Fig. 3). During the excitation step, one of the SRG phases
is submitted to the excitation voltage and current flows through
its winding. The turn-on angle θon is defined as the rotor angle
in which magnetization starts. At each excitation period, energy
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Fig. 4. (a) Types of waveforms from the SRG currents. (b) Back electromotive
force estimated.

is sent to the magnetic field of the corresponding phase. During
the generation step, the energy flows to the load in addition to
the resulting mechanical-to-electrical conversion. The turn-off
angle θoff defines the rotor angle in which the generation step
begins.

A. Defining the Activation Modes of the SRG

The proposed methods for activating the system according to
the SRG operating speed are discussed below.

Neglecting resistive voltage drop on the SRG windings, then
the phase current, when the excitation stage is terminated, de-
pends on the phase voltage v and the back electromagnetic
force (EMF) e, as shown in (3). Thus, the electric current can
take three forms, as shown in Fig. 4(a)

v − e = L(θ)
∂i

∂t
. (3)

In the case where e < VDC , the current decreases after the
excitation period. This occurs when the operating speed is re-
duced, since the Electromotive force decreases. When VDC = e,
the electric current tends to remain constant after the excitation
period. At higher speeds, e > VDC , the electric current tends to
increase after the excitation period. In the case where VDC < v,
the exciting factor ε is larger. In general, ε = 0.3 − 0.4 is consid-
ered acceptable. Higher values of ε decrease efficiency, because
much energy flow is required to magnetize the SRG [19], [37].

Fig. 5. Variable of hysteresis and single pulse activation.

When the current generated is lower than the maximum peak
current, which is limited by the system, it is recommended that
the current should be controlled in such a manner that e > VDC .
If the current reaches high values, the voltage VDC must be
increased so that it approximates e. In a low-speed operation, e
decreases and single pulse operation should be avoided. In this
case, current control by hysteresis or PWM may be used, as in
[1], [3], [19].

To determine the SRG’s operating mode, the operation base
speed was estimated. By considering a constant current when
activating the SRG, one can estimate the back EMF by

e = i ∗ w
∂L(θ, i)

∂θ
. (4)

The voltage VDC is defined as 400 V; this value allows the
energy to flow through a voltage-sourced converter for a three-
phase 220 V electrical grid. The SRG’s base speed wsb is defined
as the speed at which e = VDC [38]. The estimated value of wsb

was 100 rad/s [see Fig. 4(b)].
To improve the SRG performance, it is proposed this acti-

vation should be performed in two modes. For low operating
speeds (w < wb ), SRG activation should be performed by cur-
rent hysteresis, and for high speeds (w > wb ), the activation
should be performed by single pulse. Therefore{

for : w < 100 rad ⇒ hysteresis of current

for : w > 100 rad ⇒ single pulse.

For activation through hysteresis, the power control system is
based on the adjustment of the reference current Iref ; this is the
case the firing angles θon and θoff are drive’s parameters (see
Fig. 5). For high speeds, the power control is realized by varying
the turn-off angle θoff and firing angle θon is drive’s parameter.

High EMF values can cause high currents in SRG. However,
using the activating parameters, which were obtained throughout
optimization algorithms, high EMF situations are avoided. The
angle θoff has its maximum value limited, avoiding that the
single pulse control leads the system to operate with high EMF.
Furthermore, the system is endued with overcurrent protection.
If an overcurrent occurs, the converters AHB and VSC will
be disconnected automatically and a resistance is activated by
means of a brake circuit at the dc bus to flow the energy.

IV. OPTIMAL FIRING ANGLES

To obtain an analytical expression of the generated power
is not an easy task because of the switching and the nonlinear
nature of the electric current produced by an SRG [39]. Some



BARROS et al.: APPROACH FOR SRG IN A WIND GENERATION SYSTEM WITH A WIDE RANGE OF OPERATION SPEED 8281

simplifications should be performed to facilitate the understand-
ing of the variables behavior versus the power generated by the
SRG. The average output power of the SRG, not taking into
consideration the losses discussed in [39], can be calculated by

Pout =
NsNrV

2
DC

w

(∫ θ

θo n

(θ − θon)
L(θ)

dθ

+
∫ θ

θo n

(θoff − θ − θon)
L(θ)

dθ

)
(5)

where Ns and Nr are the number of poles of the stator and the
rotor, respectively, θ is the angular position of the rotor, and w
is the mechanical speed.

By (5), it is verified that the output power is directly influ-
enced by the firing angles, the dc-link voltage, and operation
speed. The same output power can be generated with different
combinations of these driver variables. However, these variables
affect directly the electric and magnetic losses, as well as the
torque ripples. Thus, it is fundamentally relevant to define the
optimal values of the activation variables so that they can be ad-
justed such that the SRG operates satisfactorily in a wide speed
range.

In the proposed system, the dc voltage is constant. Then,
the power generated by the SRG can be reached using different
combinations of firing angles, hysteresis current (at low speeds),
and speed.

Thus, knowing the operation points of the wind optimal pro-
file (speed and generated power), algorithms with dynamic sim-
ulations of the operation at low and high speed were developed
[40]. The results obtained show that for the situation of mini-
mum torque ripple, the magnetic and electric losses are high and
the efficiency is decreased. Moreover, for situations of minimum
losses, the torque ripple, which is associated with mechanical
stress, is higher. Hence, algorithms that obtain the optimal pa-
rameters of the driver were proposed to improve the performance
of SRG in wind energy systems. The simulation results are pro-
cessed to obtain the minimization of the cost function (6). The
variables used in the cost function are torque ripple Trip , average
phase current Imed , and the maximum flux linkage Φmax . Equa-
tions with the optimal firing angles of the SRG for low and high
operation speeds were obtained using the proposed algorithms

fc(θon)|θo f f = T rip(θon) + Imed(θon) + Φmax(θon). (6)

As a result of the optimization algorithms for operation at low
speed, the optimal firing angles can be obtained by

θon−opt(w)[deg] = − 0.1177w + 51.03

θoff−opt(w)[deg] = 18. (7)

For operation at high speeds in single pulse mode, the firing
angle θon should be adjusted according to

w < 165 rad/s ⇒ θon−opt(w) = −0.098w + 55

w ≥ 165 rad/s ⇒ θon−opt(w) = 39. (8)

V. DIRECT POWER CONTROLS

The SRG control system should regulate the power generated
at the maximum aerodynamic efficiency point to capture the
wind power more efficiently, that is, Pref = Popt = koptw

3
r ,

where Pref is the power required in the SRG output. Two modes
of activation and DPC for the SRG are proposed according to the
operating speed. In the following, these controls are described.

A. Direct Power Control Operation at Low Speeds (DPC-LS)

For speeds where the EMF is lower than the dc bus volt-
age, the power control system is based on the adjustment of
the reference current Iref of activation through hysteresis. The
average power generated Pmed (see Fig. 1) is obtained from
the average value of the product between the voltage VDC and
the electric current Ie of the dc link, which has its value obtained
using a Butterworth low-pass filter of second order with cutoff
frequency wc = 10 Hz [see (3)]

Pmed(s) = VDC · Ie
w2

c

s2 +
√

2wcs + w2
c

. (9)

The “pulse generator” stage (see Fig. 1) is responsible for
activating SRG stages and performing hysteresis control. The
optimal firing angles θon and θoff are adjusted in accordance
with the SRG operation speed by (7).

B. Direct Power Control Operation at High Speeds (DPC-HS)

At high speeds, DPC is performed by varying the firing angle
θoff to allow a single pulse operation. This control is based on
the principle that the longer the SRG excitation stage, the greater
is the generated power. In this paper, unlike the studies [1], [28],
[31], [32], the firing angles are not set randomly. For high speed,
the optimal firing angle θon is adjusted in accordance with the
SRG operation speed given by (8).

C. DPC by PI Controller

The DPCs, DPC-LS, and DPC-HS were initially tested using
a PI controller. The controls developed were named DPC-LS-PI
and DPC-HS-PI.

1) DPC-LS-PI: It consists in processing the error of gener-
ated power (eP = Pref − Pmed ) by a PI controller. The current
hysteresis reference Iref is then obtained as

Iref = KpbveP + Kibv

∫
eP dt (10)

where Kpbv is the proportional gain and Kibv is the integral
gain of the PI controller.

2) DPC-HS-PI: The angle θoff is obtained through process-
ing of (eP ) by a PI controller as

θoff = KpaveP + Kiav

∫
eP dt (11)

where Kpav is the proportional gain and Kiav is the integral
gain of the PI controller.

Initially, the model of the plant was obtained using Simulink’s
system identification toolbox. Then, the PI controller gains were
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Fig. 6. Operating principle of the SM control.

adjusted using Ziegler–Nichols’ second tuning method, as de-
scribed in [41]. These parameters were set to obtain an answer
without overshoot during transient (ζ = 1).

D. DPC Using Sliding Modes Controller (DPC-SM)

The average generated power is obtained using a low-pass
filter. This may slow down the response of the control system.
Therefore, controllers that have a control effort greater than
that of PI controllers must be used to obtain a shorter time
response without overshoot. To improve the performance of the
power controllers, SM controllers in the DPC’s are proposed.
The developed controls were named DPC-LS-SM and DPC-
HS-SM.

1) DPC-LS-SM: In DPC-LS-SM, the processing of eP is
performed by nonlinear SM controllers. The operating princi-
ple of the SM control used can be reviewed in detail in [42]
and [43]. The main idea of the control method is to drive the
state of the system’s initial condition to the desired state by a
switching surface S. The desired state is the point origin of the
phase plane. By using an appropriate design and alternating the
system structure constantly, the response of a system can be
stabilized [44].

The objective of the SM control method is to make the system
status go to the point at which the power error and the derivative
of the power error are equal to zero, and remain at that point.
If the system status is such that S �= 0, a control effort is made
to take it to a new condition near the switching surface. The
system dynamics are now controlled by the dynamics imposed
by S = 0 because the system status is prevented from leaving
the surface by the controller, rapidly producing a large control
effort to keep the system very close to the switching surface. In
DPC, the objective is to control the active power generated by
the SRG. Therefore, the switching surface is defined according
to the error between the power reference and the current value of
the generated power (see Fig. 6). Based on [44], the switching
surface S is defined as

S = eP + kd
deP

dt
(12)

where kd is a constant set according to the desired system
response.

Thereafter, the controller was designed based on the principle
that the SRG power can be controlled using the performance in

Fig. 7. SM controller used in the DPC-LS-SM.

the reference current Iref . The control rule that reproduces this
behavior is given by

Iref =
(

kpsm +
kism

s

)
eval(S) (13)

where kp and ki are the controller gains and the function eval is
responsible for determining the reaction of the system according
to the status position in the status space.

Function eval was used as a linear gain with saturation, as

eval(s1) =

⎧⎪⎨
⎪⎩

s1ke, if lmin < s1ke < lmax

lmax , if s1ke > lmax

lmin , if s1ke < lmin

(14)

where ke is the function gain eval and lmin and lmax are the
minimum and maximum limits, respectively.

Implementation of the system with power control in SMs for
SRG is represented in the form of a block diagram in Fig. 7.
The power reference signal is compared with the value of the
measured power and the surface S is calculated using (12).brk
The control rule shown in (13) is applied to the surface S and
the value Iref is regulated to obtain the desired generated power.

2) DPC-HS-SM: An SM controller was also used in the
DPC-HS-SM. In this case, the control rule that reproduces this
behavior is given by

θoff =
(

kpsmh +
kismh

s

)
eval(S). (15)

Sliding mode parameters design and analysis of stability were
performed by proceedings described in [42] and [45]. These pa-
rameters were set to get an answer without overshoot during
transient. The sliding surface is designed to enforce SM opera-
tion with first-order dynamics. In the SM, the control laws (13)
and (15) restrict the system state onto the surface, and its behav-
ior is exclusively governed by S = 0 [42], [45]. Therefore, the
first-order linear error dynamics of the generated power result
from (12) as

kd
deP

dt
= eP (16)

Thus, the constants are selected so as to impose the de-
sired dynamics on the control errors (16). The control variables
(13) and (15) have two components: a discontinuous one con-
trolled by kpsmh eval(S), and a linear slow motion controlled
by kismh/s eval(S). Although a large kpsmh value accelerates
the power response during transients, on the other hand, it in-
creases the chattering in the steady state. A large kismh value
makes the quasi-linear behavior dominates. An adequate gain
selection must ensure balance between quasi-linear behavior, PI
specific behavior, and switching. Making this selection properly,
the power error can be significantly reduced, while the transient
operation and the robustness are not much compromised [42].



BARROS et al.: APPROACH FOR SRG IN A WIND GENERATION SYSTEM WITH A WIDE RANGE OF OPERATION SPEED 8283

Fig. 8. Commutative system.

The robustness with respect to parameter deviations and per-
turbations is an important aspect. The SM design procedure
[42], [45] requires the variable structure controller gains be
large enough to compensate model uncertainties, perturbations,
and to assure the stability. Large enough values for the pro-
portional gains kpsmh and kismh satisfy the stability condition
(S.dS/dt < 0) [44].

VI. COMMUTATIVE SYSTEM

For operation throughout a wide speed range, the DPC-LS and
DPC-HS controls should be joined. Thus, a commutative system
is proposed. The switch operation is based on a hysteresis system
(see Fig. 8) that reduces the frequency of switching between the
control modes if the speed is varying near the base speed wb . In
addition, the hysteresis Δwb substantially reduces the switching
in the system because of signal acquisition noise.

Fig. 1 shows the complete power control system of the SRG
with the control switch. The output of the control switch per-
forms the switching of the activation variables. For low speeds,
the pulse generator receives the current Iref from the DPC-LS
controller, whereas the activating angles θon and θoff are ob-
tained from the optimization equations for low speeds, see (7).
At high speeds, θoff is obtained from the DPC-HS controller and
the current reference Iref is set with the maximum value allowed
to protect the SRG phases. The firing angle θon is obtained from
the optimization equations for high speeds, see (8).

To ensure the system’s stability during the switching of con-
trol modes, the memory variables and output of the controllers
must be reset. However, this may decrease the power gener-
ated during switching. Thus, the use of an initial feedback in
the output variable was proposed at the time when the systems
are switched. When switching from DPC-HS to DPC-LS, the
current in the SRG phase, at the time when the last activated
phase turns off, is determined and is taken as the initial value
of the control DPC-LS output. When switching from DPC-LS
to DPC-HS, the initial angle θoff of the output corresponding to
half the angle θoff used in the DPC-LS control is added.

VII. VSC CONTROL

The VSC, shown in Fig. 1, controls the voltage VDC and
it allows to generate power flow from the SRG to the grid,
controlling the power factor. The VSC controls are realized

in the synchronous coordinate system (dq) employing the grid
voltage angle (θ = wt) used in the transformation abc − dq,
which is obtained using a phase-locked loop (PLL). The control
strategy applied to the VSC consists basically of two control
loops (see Fig. 1). The currents id and iq are controlled by
two PI controllers Kd(s) and Kq (s), which process the error
between the currents idref − id and iq ref − iq . The voltage VDC
is regulated by the controller K(s), which is connected to the
control loop of current id . The control loop of current iq is
responsible for controlling the power factor of the power sent
to the electrical grid, and thus, a good dynamic response is an
important property for this current control.

Through the modeling performed in detail in [46], the transfer
function of voltage loop Gv (s) is obtained

Gv (s) =
δV 2

DC(s)
P (s)

= −
(

2
C

)
τs + 1

s
(17)

τ =
2
3

LPext

V̂ 2
. (18)

VIII. DESIGN OF THE VSC

The design of a VSC is divided in two stages: the ac and the
dc designs. In the ac design, the objective is to find the value
of the coupling inductors L, whereas in the dc design stage, the
focus is the calculation of the link capacitor C.

A. Calculation of Inductor L

The design of the coupling inductor is based on the analysis
of the current ripple in the line for finding L. The project of
the inductance depends on whether PWM is used or not. In this
paper, the design in case of using the PWM center aligned or
left aligned is given. In these cases, it is possible to use (19),
whose dimension can be obtained in [47]–[49]. The value of
the inductance L is computed through the value of the dc bus
voltage VDC , VSC switching frequency fsw, and of the desired
current ripple Iripple . If current ripple decreases, the quality of
the energy sent to the electrical grid through the VSC tends to
increase

L =
VDC

6.Iripple · fsw
. (19)

In this paper, L = 10 mH inductors were used, since they
were available at the laboratory. Hence, as fsw = 10 kHz
and VDC = 400 V, the calculated current ripple is Iripple =
0.6667 A.

B. DC-Link Capacitor Calculation

The project of the dc bus capacitor is a crucial stage in the
VSC design, since higher values of voltage ripple may lead to
a decay in the VSC behavior and, also, may cause torque oscil-
lations in the SRG. There are some methodologies to compute
the capacitor value in VSC systems, as found in [47] and [50].
However, for systems employing SRG, a different analysis has
to be done because, in this case, the power source current Ie

flows in both directions of operations. On the SRG excitation
stage, the current flows from the capacitor to the SRG, and on
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Fig. 9. Design of the VSC’s components. (a) Excitation stage. (b) Generation
stage. (c) Currents of the dc link.

the generation step, it flows in the inverse direction. Hereafter,
the methodology used to determinate the capacitor value is ex-
plained.

In one control cycle, the variation of voltage in the capacitor
is represented through the following equation:

vcap(tf ) − vcap(ti) =
1
C

∫ tf

ti

icap(t).dt (20)

where tf = ti + tch = ti + 1
fs w , and tf and ti are the final and

initial times, respectively.
The capacitor current, shown in Fig. 9(a), is calculated by

icap = io − ie . As io = Sr ir + Ssis + Stit where Sr , Ss, St

are the switching stage, then

icap = Sr ir + Ssis + Stit − ie . (21)

As described in [47], the switching state 001 can be selected
for the analysis, as the resulting analysis of the other switching

Fig. 10. Simulation results of voltage ripple estimation.

states will result in the same conclusion. In this case, icap =
ie − ir .

The voltage ripple in the capacitor is defined as vripp =
vcap(tf ) − vcap(ti) and it is supposed that the power factor
is corrected by the controller (PF = 1), then

vripple =
1
C

(Ir sin(wt) − ie).(tf − ti). (22)

As the switching frequency is very high compared with 60 Hz
and with the frequency of the current Ie , then icap is almost
constant during tf − ti = Tsw. Thus

vripple =
1
C

(Ir sin(wt) − ie) · Tsw. (23)

The worst case of the sinusoidal wave is at its maximum value
sin(wt) = 1. The current ie has a negative value at the stage of
SRG phase excitation as observed in Fig. 9(a). In this case, the
higher value of ie is equal to ISRGexc . Hence

C =
1

vripple
(Ir + ISRGexc) · Tsw. (24)

At the generation stage [see Fig. 9(b)], the current icap has
a higher value when sin(wt) = 0 and ie is equal to ISRGm a x . In
this case

C =
1

vripple
(ISRGm a x ) · Tsw. (25)

Knowing the values ISRGm a x , Ir , ISRGexc at the operation point
of nominal power is possible to calculate the desired capacitance
to obtain the maximum desired ripple. In this case, ISRGm a x =
9.3 A, Ir = 7.4 A, ISRGexc = 8.3 A, and vripple = 2 V, which
result in capacitors values of 785.37 μF and 796.29 μF. As an
industrial VSC SKS22FB6U (Semikron) was available at the
lab, with capacitance value of C = 1360 μF, both conditions
were satisfied. Fig. 10 depicts the simulation results employing
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Fig. 11. Bode diagram of voltage control. (a) Without Kv (s). (b) With Kv (s).

the capacitor C = 1360 μF and a ripple of 1.1 V and 1.3 V was
observed.

C. Design of VSC Controllers

The setting of the current controller is given by

K(s) =
Kpis + Kii

s
(26)

where Kpi and Kii are proportional and integral gains.
The PI controller gains depend on the inductive filter param-

eters so that Kpi = Ll

τi
and Kii = Rl

τi
. Inductor parameters are

Ll = 10 mH and Rl = 0.15 Ω. Thus, the current controllers
could be determine for τi = 1 ms (wi = 1000 rad/s).

For the voltage control, the desired phase margin was set up
equal to 60◦ and wcv = 0.2wi = 200 rad/s. To ensure a zero
steady-state error, the controller Kv (s) must have an integrator;
moreover, Kv (s) is multiplied by − (

C
2

)
. Initial phase margin

ΘM nc = −11.3 was determined according to the system fre-
quency response without a compensator [see Fig. 11(a)]. Thus,
the compensator lead N(s) was determined to add ΘM = 71.3

Fig. 12. Experimental setup.

in the system phase margin [see Fig. 11(b)]

Kv (s) = −
(

C

2

)
N(s)

s
(27)

N(s) = no

s + ( p
α )

s + p
. (28)

IX. PERFORMANCE TESTS

The proposed system was precisely modeled to achieve re-
sults consistent with the practical reality. A nonlinear model of
an SRG based on experimental magnetization curves was devel-
oped. Power electronic converters were performed using blocks
of the SimPowerSystem library from Simulink.

For experimental confirmation of the DPCs, an experimental
setup (see Fig. 12) was assembled. To simulate a wind tur-
bine, a 2.2 kW three-phase induction motor (IM) was coupled
to the SRG. Through a frequency inverter, the IM operating
speed could be controlled. The SRG and IM were connected
by a torque transducer model HBMT22/50NM. A central con-
trol board was developed, which has a digital signal processor
(TMS320F28335), signal conditioning circuits, and protection
and isolation circuits. Furthermore, this circuit board also has
communication circuits between the DSP and peripherals: an
SSI absolute encoder with a 12 bit resolution and a digital ana-
log converter that allows taking the experimental results in the
oscilloscope. As AHB converters are not commercially avail-
able, a converter was designed for use in the test.

In earlier tests, the DPCs for low and high speeds were tested.
The power control systems, DPC-LS and DPC-HS, were mod-
eled and simulated using Simulink/MATLAB software. These
tests of controls were implemented on the experimental plat-
form. The results of the systems connected to the grid are pre-
sented. An experimental test for variable speed operation was
conducted to validate the commutative system of power control.
Finally, a simulation emulating the wind turbine system was
created to verify the operation of the proposed system for use
of the SRG in wind generation.
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Fig. 13. Results of DPCs tests. (a), (b), (c) Simulation. (d), (e), (f) Experiment. (a), (d) DPC-LS. (b), (e) DPC-HS. (c), (f) Error ep and d
dep

dt .

TABLE I
PERFORMANCE PARAMETERS OF THE DPC

Control Set. time Overshoot Max. erro tracking

DPC-LS-PI 700 ms no 1.6%
DPC-LS-SM 200 ms no 1.2%
DPC-HS-PI 350 ms no 0.94%
DPC-HS-SM 200 ms no 0.35%

A. DPC Tests

1) Direct Power Control at Low Speeds: A power refer-
ence to be generated by the SRG with speed equal to 80 rad/s
(746 r/min) was created. Fig. 13(a) and (d) shows that the results
for the simulation and the experiment for the DPC-LS-PI and
DPC-LS-SM are highly similar. This verifies the accuracy of
the modeling performed in the simulations. Table I shows ob-
tained performance of the DPC. It was observed that the power
reference was achieved by the proposed power control systems.
However, as expected, better performance results in both the
simulation and the experiment were achieved by applying the
DPC that uses the SM controller than by applying the DPC that
uses only the PI controller. The high control effort characteristic
of the SM controller allowed a settling time of 200 ms to be
obtained, whereas the PI controllers produced a settling time of
700 ms. Small maximum power error tracking was obtained.
But, again, the DPC-LS-SM presented better result (1.2%).
Table I shows the obtained performance parameters of the DPC.

2) Direct Power Control at High Speeds: A power refer-
ence to be generated by the SRG with speed equal to 120 rad/s
(1146 r/min) was created. It was observed that the power refer-
ence was achieved by the proposed power control systems, as

shown in Fig. 13(b) and (e). The DPC-HS-SM had a settling
time of 200 ms, whereas the PI controllers gave a settling time
of 350 ms. Fig. 13(c) shows the phase plane of the control sys-
tem DPC-HS-SM for the simulation. The arrows indicate the
route of the status (eP , deP

dt ). It was observed that after the ref-
erence power degrees, the system was driven to the switching
surface (reaching mode). After reaching the switching surface,
the system status was driven to the plane origin (SM), where
it was captured. Fig. 13(f) shows the imprisonment of the sys-
tem state in the plane origin during the experiment, proving the
functionality of the SM controller used.

B. Generation Connected to the Electrical Grid

Results from the tests for the power controls for the SRG
connected to the electrical grid are presented below.

1) Operation at High Speeds: For the SRG operating at
135 rad/s (1290 r/min), a step was applied in the reference
of power generated. In this case, the generated power increased
from 800 to 1200 W, which is the optimal power generation
at 135 rad/s. Fig. 14(a) shows the increase in the SRG current
IA and the action of the VSC control to increase the electrical
current sent to the electrical grid.

Fig. 14(b) and (c) shows the SRG variables operating at
135 rad/s and generating 1200 W, which are sent to the elec-
trical grid by the VSC. The SRG phases were activated by a
single pulse, as can be seen in Fig. 14(b). The electric currents
in the SRG phases increased after the excitation stage, at the
moment when the switches F1 and F1B were turned OFF, which
indicates a reduction in the excitation factor, implying a higher
SRG efficiency. The experimental results [see Fig. 14(b)] show
that the voltage in SRG phase A is under the magnetic influence
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Fig. 14. Experimental results at generation connected to the electrical grid. (a) Generated power, current, and voltage in phase A of SRG, and current IR of the
electrical grid at 135 rad/s. (b) Voltage and electric current in phase A of SRG at 135 rad/s. (c) Electromechanical torque, electric current Ie , and angle θA at
135 rad/s. (d) DC-link voltage initialization. (e) Step in iq. (f) Three-phase currents (P = 1200 W and Q = 1200 VAr). (g) Generated power, current, and voltage
in phase A of SRG, and current IR of the electrical grid at 95 rad/s. (h) Voltage and electric current in phase A of SRG at 95 rad/s. (i) Electromechanical torque,
electric current Ie , and angle θA at 95 rad/s.

of the other phases at the moments of switching when voltages
were induced; however, as the F1 and F1B switch were turned
OFF, there was no electric current in phase A of the SRG.

Fig. 14(c) shows the torque and the electric current in the dc
link. In a single pulse operation, the torque ripples are greater
than in hysteresis. The electric current Ie ranges from negative
values in the magnetization to positive values in the genera-
tion stage. The average value of this current defines the energy
generated by the SRG.

First, the VSC control system performs the synchronization
with the electrical grid. Then, the voltage VDC control [see
Fig. 14(d)] is initialized in ramp through the precharge circuit
connected to the grid. When VDC accomplishes the steady state
(400 V), the SRG controller starts operating.

To check the dynamic response of the current control of the
converter connected to the electrical grid, a test was conducted
in which a step was applied to the reactive power reference.
For the SRG generating 1200 W, the reactive power reference
increased from 800 to 1200 VAr. Fig. 14(e) shows that the

Fig. 15. FFT analysis for the current waveform.

response time, as intended, is equal to 1 ms and the three-phase
currents are sent to the electrical grid. Fig. 14(f) shows the three-
phase currents when P = 1200 W and Q = 1200 VAr. Fig. 15
shows the FFT analysis of the current waveform. Total harmonic
distortion (THD) was equal to 3.4%, which is below the value
recommended by IEC standards 1000-3-2. This fact confirms
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the feasibility of using the proposed structure to send energy
generated by SRG to the electrical grid.

2) Operation at Low Speeds: For the SRG operating at
95 rad/s (900 r/min), a step was applied to the active power ref-
erence generated by the SRG. In this case, the generated power
increased from 200 to 400 W (which is the optimal power gen-
eration at 95 rad/s). Fig. 14(g) shows the increase in the current
in phase A and the action of the VSC control to increase the
electrical current sent to the electrical grid.

Fig. 14(h) and (i) shows SRG variables when operating at
95 rad/s generating 400 W. The SRG phases were activated by
hysteresis, as shown in Fig. 14(h). The hysteresis was held in the
soft-switching mode, with only one switch turned OFF after SRG
magnetization. Only the switch F1B is used in the hysteresis
control. Low frequency of switch is observed in F1B when
compared with systems that use PWM in control of the current.
Besides, the voltages on the insulated-gate bipolar transistors
during the generation period varied only between 0 V and−VDC .
These factors led to a reduction in the switching losses.

Fig. 14(i) shows the torque and the electric current in the dc
link. In the operation by current hysteresis, the torque ripple is
smaller than that in the single pulse mode.

C. Switching System of Power Controls

To validate the commutative system of power control, a vari-
able speed test was conducted. The speed begins in 900 r/min
and increases by ramp until 1100 r/min. Afterward, the speed
returns to 900 r/min. This speed profile was determined for the
occurrence of variations between the control modes. The control
must pass from DPC-LS-SM to DPC-HS-SM and then return
to DPC-LS-SM. The hysteresis of switch was defined equal to
5 rad/s. The reference power for the controls was calculated as
a function of the operating speed by (2).

Initially, the commutation system was tested without the use
of initial feedback during systems switching. Fig. 16(a) shows
the results of this test. It was noted that during the system com-
mutation, transients occurred in the generated power. This hap-
pened because the controls started with the reset variables. These
abrupt variations in power generated during system switching
can cause mechanical damage to the system.

The results shown in Fig. 16(b) were obtained adding initial
feedback during the transition. There was a smooth transition
between the control modes, avoiding mechanical damage to the
generator. The power generated followed the power reference
even during speed variations.

The phase current (see Fig. 17) of the SRG during the
transitions between control modes indicated a change in the
power control mode. The SRG current is slowly falling after
(Zoom 1 of Fig. 17) switches were turned OFF (generation step).
This occurs because the back emf is increasing when the speed
is also increasing, then the switching of the drive modes is nec-
essary because if the back emf becomes higher than the bus
voltage, the drive by hysteresis may not be performed, and the
power control system does not work properly. At this moment,
single pulse control must be activated.

Fig. 16. Experimental results of commutation controls. (a) Without initial
feedback. (b) With initial feedback.

Fig. 17. SRG current IA during switching of controls.
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Fig. 18. Speed, firing angles, and Iref during speed test.

Fig. 19. Wind turbine emulation.

Before the transition from DPC-HS-SM to DPC-LS-SM
(Zoom 2 of Fig. 17), even with optimal activation variable ad-
justments, it was observed that the current in the SRG phase
decreased after the excitation period. This was because of a
decrease in the back EMF. As this mode of operation should
be avoided, activating by hysteresis starts with the control mode
change. Fig. 18 shows the drive variables during the experiment.
The firing angles were adjusted according to the control mode
and operating speed to obtain the optimal conditions, which are
defined such that the balance between torque ripples, iron losses,
and electric losses are maintained.

D. Variable Wind Speed Turbine Emulation

A simulation was conducted emulating a wind turbine system
(see Fig. 19) to verify the operation of the proposed system for
use of the SRG in wind generation. To obtain a time series of
wind speed, the methodology developed in [51] and [52] was
used. A Von Karman filter (29) is used to generate the wind time
series. The filter is excited by a normalized Gaussian noise and
added with the average wind speed

Fkarman(s) = Kf
0.4Tf s + 1

(Tf s + 1)(0.25Tf s + 1)
(29)

Fig. 20. Variable wind speed test. (a) Wind speed. (b) Mechanical speed and
pitch angle. (c) Reference power, generated power, and power traking error.
(d) Results of commutation system without hysteresis and the use of initial
feedback during systems switching.

where Kf and Tf s are gain and time constant of the filter,
respectively.

A generic equation is used to model Cp(λ, β). This equation,
based on the modeling turbine characteristics of [1], is

Cp(λ, β) = c1

(
c2/λi − c3

1
λi

c4

)
e−c5 /λi + c6λ (30)

with

1
λi

=
1

λ + 0.08β
− 0.035

β3 + 1
.

The coefficients c1 to c6 are: c1 = 0.5176, c2 = 116, c3 = 0.4,
c4 = 5, c5 = 21, and c6 = 0.0068.

As shown in Fig. 19, the turbine torque TT is calculated
from the wind speed and the wind turbine static characteristic
block. Hence, the turbine torque is subtracted by the generator
torque and the mechanical speed is calculated in the wind tur-
bine dynamics block. The pitch angle control is implemented
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Fig. 21. Results of AHB and VSC variables. (a) SRGs currents. (b) Firing angles and hysteresis current IREF. (c) VSC variables. (d) Grid currents. Test with
variable wind speed profiles. (e) Variable wind speed. (f) Generated power.

by a proportional error controller with limited pitch rate vari-
ability. For speeds below wmax , the pitch angle is zero. The
mechanical speed is used by the DPC control to calculate the
power reference. Table II shows the data of the wind turbine
simulation.

A 90-s simulation was performed to test the system perfor-
mance. Similar to the procedure performed in [1], a wind profile
with high-frequency turbulence was emulated to test the robust-
ness of the proposed system. The effects of the wind turbulence
were increased using a very low inertia of 0.1 kg · m2 . Fig. 20(a)
presents the wind speed during the simulation. Fig. 20(b) shows
the rotational speed, which has large variation because of low
inertia consideration. The speed variation obtained was 60–
157 rad/s (572–1500 r/min). The pitch angle control acted at
70 s of simulation, close to the maximum speed.

Fig. 20(c) shows the reference power and the generated power.
The effectiveness of the proposed power controls is observed
even during the switching of the controls. The obtained power
tracking error is ever smaller than ±24 W (1,2% of nominal
power). Fig. 20(c) shows the results of the commutation system
without hysteresis and the use of initial feedback during systems
switching. In this case, a high power tracking error was veri-
fied during DPC’s commutations. Besides, without hysteresis in
the commutation systems, a higher number of fast transitions
occurred, which causes abrupt variations in power generated
during system switching and mechanical damage to the turbine.

The SRG currents at the time of switching between DPC
modes can be seen in Fig. 21(a). Fig. 21(b) shows the SRG drives
variables during the simulation. The firing angles (θon , θoff ) were
adjusted according to the control mode and operating speed to
obtain the optimal conditions. In DPC-LS, the hysteresis current
Iref is varied to control the power generated. These results show

that it is possible to adjust the firing angles for optimizing values
without causing problem in the generated power. Fig. 21(c)
and (d) shows the VSC’s variables. The dc-link voltage was
controlled with good regulation even with variation in power
generated. The reactive power is set to zero (iq = 0) . A good
power quality of the three-phase currents sent to the electrical
grid was obtained, the THD was always less than 4%. To test the
robustness of the proposed system, various wind profiles were
simulated [see Fig. 21(e)]. Fig. 21(f) shows the obtained results.
In all wind profiles, the proposed control systems capture the
optimal power with good performance.

X. CONCLUSION

The proposed structure to use SRG in a variable speed wind
generation system was verified. Two DPCs were proposed, one
by hysteresis of the SRG phase current for low-speed operation
and second by a single pulse of current for high-speed operation.
To improve the performance, the DPCs were tested with PI con-
trollers and with SM controllers. SM controllers presented better
results than PI controller. For operation throughout a wide speed
range, the DPC-LS and DPC-HS controls should be joined by a
commutative system. The results for the tests performed show
that commutation of the DPCs occurred with a smooth transi-
tion, avoiding mechanical damage to the generator and allowing
the SRG to operate over a wide range of speed variations. Thus,
more mechanical energy can be captured in the wind genera-
tion. It was observed that the SRG can operate in a self-excited
mode using a common dc bus system of a VSC connected to an
electrical grid. Results of tests confirm the feasibility of using
the proposed structure to send energy generated by the SRG to
the electrical grid.
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APPENDIX

Parameters of the switched reluctance generator: Pn =
2.0 kW; Vn = 300–450 V; wn = 1500 r/min; Ns

Nr
= 12

8 ;
Rs =4.52 Ω.

TABLE II
DATA OF THE WIND TURBINE SIMULATION

Parameter Description Value

P rated Rated power 2 kW
ko p t Wind turbine power coefficient 5.16 × 10 4

w rated Rotational speed rated 157 rad/s
vw −rated Rated wind speed 14.3 m/s
ρ Air density 1.225 kg/m3

Kf Gain of Karman filter 200
Tf s Constant time of Karman filter 3.55 × 103

TABLE III
PARAMETERS OF SIMULATIONS AND EXPERIMENTS

Control Parameters Value Parameters Value

DPC-LS-PI K pbv 0.002 K ibv 0.04
DPC-HS-PI K pav 0.01 K iav 0.02

Gi 1/2000 K d 0.01
limint +−100 Kp sm 0.1

DPC-LS-SM K i sm 20 G eval 10
Limeval 15
Gia v 1/2000 K da v 0.01
limint ±100 Kp i 0.1

DPC-HS-SM K piav 20 G evalav 4
Limevalav 15

Kd (s), Kq (s) K pvsc 10 K ivsc 150
−n0 −6.08 p 1216

Kv (s) α 36.9666
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