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Abstract This paper presents a proposed generated V0|tage Variation SpeedS and the |Oad. About Of these teChniqueS
control for a Switched Reluctance Generator (SRG). The strategy the authors in [8] compare three strategies to control the
developed uses a Pl controller to vary the magnetization angle of applied voltage to the load and claim that the PWM
the machine phases, acting in the top switches opening angle control with fixed shooting angle and the technique of the

(0o) Of the converter. The strategy is used together with the

excitation voltage control has similar performance and

freewheel intermediate step, between the steps of magnetization have lower efficiency comparing with the technique of

and demagnetization of the phases. The main vantage is decreas
the input power of the excitation source and to get the better use
of mecanic energy to increase the phase current of the generator

maximizing the electric energy production. Is used the classic
half-bridge converter without the need to alteration in your
project, changing only the switching strategy. A nonlinear model
of the SRG and the control strategy were implemented in
MatLab/Simulink. The experimental platform was developed to
validate the proposal presented.
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1. Introduction

Svariation of the opening anglé.g). In [9] the generated

voltage is regulated keepingy fixed and varyingd,,
"(closing angle of the switches) through an algorism based
in fuzzy logic, showing that the efficiency increase with
the increase on the rotor speed.

Before this information’s, this paper presents a proposal
of a strategy to control the generated voltage based on the
variation of magnetization angl®.f) only on the top
switches of the HB converter. A step of intermediate
freewheel is added in the strategy of control to allow a
better use of the mechanic energy source. A detailed
description is commented to substantiate its importance
on the control strategy proposed. The strategy was
simulated and validated through experimental results.

The Switched Reluctance Generator (SRG) has been 2. Nonlinear Model for Dynamic Analysis of

subject in research for applications that require variable
speed, which its constructive characteristics make it
competitive in relation to others types of machine [1].

the SRG

The mathematic model for the dynamic analysis of the

There are several applications where its use has beensSRG is described using one phase of the machine like

explored: electricity generation in aircrafts [2],
automobiles [3-4] and wind energy [5]. In the case of

aeronautics and automotive applications the operation in

variable speeds is requirement of compability with the
primary mechanic machine and that usually works in high

reference so that is described as

3A(,6) )
dt

With a constant speed, the voltage equation of the phase

v=Ri+

speeds. These applications, the demand for generatedIS

power tends to oscillate sharply with the input and output

of the loads that proportionally represent high transients

for the electrification system. Since the applications in

()

wherev is the applied voltage,is the phase currer® is

V:Ri+lg+e
dt

wind energy, research has been realized for the adaptationthe phase resistance=«,0A(i,8)/d8 is the back emf,

of the SRG in the range of low and medium rotation in
speed variable. The aim of the control in this application is
to optimize the captured energy to produce maximum
output power [6-7].

| =0A(,0)/di is the incremental phase inductan@ds
the rotor position.

The saturation effects are considered on the model
through the representation of the variation on phase

Several techniques of generated voltage control by the inductance in function of the current and the rotor
SRG has been proposals in last years in function of the position using an approximation of the Fourier Series.

voltage available in its terminals to suffer influence of
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The inductance function for this prototype tested in this

i
work was determinated as W, = J‘A (é,0)dé (5)
. 18 . 0
L{.6) :62( e 0y ) ("aj))(a<j+1) _a'j)+ From the equations presented, the mathematical model
= (3) that describes the dynamic of the SRG can be presented
> (& in states matrix form by means of
Z[zq i+ DAG 1 (i)B(jvn)))]coshP,H) d .
M =[] ®
where:

Where X and Y are matrices that depend the constructive
cos(nF} a(j’nﬂ))—cos(nPraj) parameters of machine. The solution of the system thus
\ allows a complete analysis of SRG [8] [10].
N (i) =)

Ain) == Si”(”F’r“(jnﬂ))*
ni

3. Switching Strategy

2| COS(nPra(j +1))-005(nPraj) In this work is proposed a switching strategy for the
Biim = 5'”(”3‘71-)’“ ( - ) HB converter (Half-Bridge), which is connected to the
e NP (1) =9 SRG phases so that make possible an increment on the
generated electric energy when compared to the classic
mis the number of line segmentsis the harmonic order, switching strategy. The HB converter is presented on
P, is the number of rotor pole§ = 277P, is the polar step Fig. 3 and it was assumed thés = G during a

of the rotor ,@ is the rotor position; is the inductance for variation cycle of inductance in one phase as shown in
j’ésimo segmente; is the position associated to this  Fig 4
inductance, according Fig. 1 and Fig. 2.
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Fig. 4- Variation of the inductance and current of one phase as a
function of rotor position.

A > The classic switching function of the HB converter to
g G+a 0 operate a SRG is usually given by [12].
1 $S:on(f, <0 <6,,)
$5.8)= | @
-1 §,S :off (0<8 <6,,6,,<8 <6,)

on? ~offl

Fig.2. - Line segments of inductance versus rotor position

More details in relation to the inductance representation
using Fourier can be found in [11].
The electromagnetic torque produced for a phase is

The voltage function of the phase can be described as
expressed as

. S=1
W, (i,6) 4 g =) 8
T(i,6)= 22 (@) U9=1"y gom (8)
whereW, is the co-energy which is given by A intermediate freewheel step was added to compare

with the classic model. The switching function for one
phase is given by
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1 §' % :On(gon < 5S goffl)

ifase S ] S s,
$32S)=10  $:off S :on(fy, <0< by,) (9) c % ° >
-1 3,S :0ff (0<0<6,,6,,<0<8,) re ua b b o e
Y ) )
The voltage function on the phase can be described as 2 E E
y  s=1 ®
WS)={0 S=0 (10) ;
-y S=-1 S oo S i foe
c D, D, D, )
As can be seen in (10), the strategy presented provides * uag | M o e 3 o
three different levels of voltage for the winding stator o s . .
phase: 1, 0 e -1 which is equivalentOe— u,. In this case ‘ :
the operating procedure of the SRG becomes realized in

three steps: excitation region, intermediate freewheel ©

region and g_ene_ratlon freewheel reglon_. These steps (e Fig. 5. Region of excitation (a) Region free-wheeling intermediate (b)
[lI) are in highlighted on Fig4 and will be described Region freewheeling generation (c).

bdlow for one phase cycle.

Step | - Excitation (6,, < < 6,4, 4. Simulation Results
Initially the magnetization current is established .
through the closing of the switches &d $ of the HB A. Open loop operation of SRG o
converter, according to theigF 5(a) This current is To illustrated the practicality of switching strategy

responsible for the magnetization flux in the core, which with intermeqliate freewheel, are realiz_ed simulations_of
produces a restorer torque that results in a back emf to the the SRG with HB converter operating with classic
excitation voltage. In this step, both voltage sources SWitching and with the proposed strategy for different
contribute to the increment of current. The switchearsl values oféy. In both situations the SRG operated with
S, are closed just before the alignment position for better speed of 1500rpmg,, fixed in -3 in relation to the
use of the magnet flux when the machine is operating in aignment position, load of 2% and excitation voltage

higher speeds. fixed in 80V. Here considered as electricity production
the relation between the electric energy dissipated in the
Step II- Intermediate Freewheel(&’oﬁl <f< 6’0“) load by the electric energy used in the magnetization. The

Fig. 6 illustrates the electricity production in functioh
The intermediate freewheel step originates with the g for the two situations. Can be observed a strong
opening switch & In this step the energy flux circulates  influence of the angle variatiof; on the electricity
through the diode Pand the switch Saccording to k. production and that during all the scanning rafige the
5(b). The current on the phase remains incremented production is higher when use the strategy of
through theback emf Therefore, no current is requested intermediate freewheel.
from the excitation source and the increased energy to the In sequence of simulation was chosen and fixed the

inductor is proceeding only from the electromechanical value of 8 in 22 that corresponds in a value where the

conversion. electricity production is higher than 100% for both
strategies. The SRG operated in same conditions
Step Ill — Freewheel on Generation(6,,, < @< 6,) described before. The figur&sand 8 shows the current

phase waveforms in the phase A of the statoen as the
pulses of switching of the bottom and top switches of the
HB converter.

This step happens with the opening of the switcTl8e
winding of the winding stator changes its direction,
starting the energy transfer process to the load, according
to Hg. 5(c).In this region, due the back emf, the current on

. . . I I I I I
the phase continues to increase and reaches its peak values _ | | | | |
X | | | | |
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@) Fig. 6. Production of electricity due tél to the strategies classical

and the intermediate freewheel
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Fig. 7- Operating without a freewheel between. CuroéPhase A and
pulses S1 and S2
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Fig. 8 - Intermediate operation with freewheel. Current of Phase A
and pulses S1 and S2

Notes that the current in the excitation step issthime
in the two situations however the maximum magnitude of

the phase current in the strategy presented is larger than in

the classic mode. This highlights a better use of mechanic-
electric conversion of the SRG, once that this increase in
the current is due to the action of the back emf in the
intermediate freewheel step.

B. Closed loop operation of SRG

For operation in closed loop with generated voltage
control was developed a strategy that consist in the
variation of width of the magnetization period of phases,
keeping &,, fixed in -3 and choosing the value dfx
through a PI controller. The differential of the strategy is
that the action of the controller is done only on the top
switch of the converter. The bottom switch is keeping in
conduction since that the 30° are completed to allow the

The simulation tests were realized with the following
criteria: the reluctance generator operated in closed loop
using the strategy described above, excitation voltage
fixed in 80 V, reference voltage of the controller in 110 V
and rotor speed in 1500rpm. The machine was simulated
during 6 seconds. Was submitted a load transient where
the resistance of the same was reduced frorf 26 11
Q with 1,5 s of simulation and when the time reached
4,5s, the load resistance returns for its initial value.

The Fig. 10 shows the behavior of the generator
voltage applied to the load during the load transient.
Notice that the reference value (110 V) was properly
maintained. This test showed that the control was able to
keep with precision the generated voltage around the
reference value even during the load transients. For the
same situation Fig 10 shows the current in one of the
machine phases.
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Fig. 10- Behaviour of the generated voltage (top) and phase current

(below) during transient load

5. Experimental Platform

To validate the proposed and simulated strategy was
developed with success an experimental platform. The
Fig. 11 presents the block diagram of the assembly held.
The platform consists of a SRG of 6HP 6/4 coupled in a
three-phase motor operated with a frequency converter. A
not controlled rectifier bridge with a capacitor of 20mF
was used to supply the input power of the grid AC. The
variable voltage source was used to regulate the

intermediate freewheel step occurs between the steps of €Xcitation voltage. The HB converter was mounted with
magnetization and demagnetization of the phases. Then the IGBT’'s modules of 1200V/50A. A PI controller was

bottom switch off the converter is open doing that the
energy stored in the coil is delivered to the load. It is
noteworthy that this variation occurs in the same way for

the other phases of the machine, whereas the PI controller ‘g

changes the value dfy for all the (three) phases. The
block diagram of simulation is presented in Fig. 9.
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Fig. 9- Block diagram of the simulation
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Fig. 11- Block diagram of the experimental platform

Three photoelectric transducers properly installed on
the SRG @, fixed in -3 in relation to the alignment
position) provide signals in square waves with intervals

RE&PQJ, Vol.1, No.10, April 2012



of 30° that represents the information about the rotor  Thus, without the intermediate freewheel step, was
position. These signals enter in the pulse generator circuit adjusted the opening angle of the switch@g Y in 22°.
that transforms in ramp corresponding to the same interval The Fig. 14 shows the waveforms of the applied pulses in
for each phase. So, the variation of the width of the trigger the switches Se S, current and voltage of phase A and
pulses of top switches occurs with the comparing between the voltage in resistive load. In this situation the SRG
the output signals of the PI controller with the three ramps operates with excitation voltage in 80V, speed of
generated. The bottom switches has conduction intervals 1500rpm and load of 24. In these operation conditions
fixed in 30° and do not suffer with the controller the voltage generated was around of 100V while that the

performance. Th&ig. 12illustrates the strategy used. current peak in the phase reached the value of 12 A.
,’ “"'s._ Inductance of one phase.
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Fig. 12 - Experimental strategy to change the anfgfeagnetization of ) )
the top key In sequence, the tests were realized adding the

intermediate freewheel step for the same conditions
In open loop in place of the output signal of Pl  gescribed before. Can be observed in B#(d)that the
controller is used a voltage signal in direct current (dc) generated voltage reached the approximately value of
whose amplitude can be changed until the signal peak 132 v and that the current peak of the phase 30A,
value in ramp. In this way is possible to adjust the according Fig. 15(b). In other words, with the

magnetization angle adjusting the level of the voltage jntermediate freewheel step was a increase of 32% in the
signal dc that is compared with the generated ramp in the voltage generated

pulses generator circuit. A photo of the experimental
platform is showed in Fig.3L

Pulse Generator
Card

[DRefLlt TOV2me b4 kG Lo
F2). Refi2h, 3OV i2mB it it Fa). Refidi, 10 A6 i,

Fig. 13- Experimental platform

6. Experimental Results

Fig. 15- Operation with the strategy of intermediate freewheel. Pulses
Initially tests were realized with the SRG operating in Sl and S2 (a) - Current in Phase A (b) - voltage in phase A (c) -
open loop without intermediate freewheel strategy and Voltage at Load (d)
after was added the step for the comparison.
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For the operation of the SRG in closed loop a transient technique of control is satisfactorily the load voltage with
load test was realized. The load resistance was reducedthe SRG operating in different situations of transient.
from 252 to 11Q, according the simulation test. For this Moreover was proven the importance of adding the
situation, the generated voltage of reference was set in intermediate freewheel step proposed for a better use of
110V and the speed in 1500rpm. Thg.Fifa) shows the mechanic energy.
behavior of the generated voltage applied to the load
during the transient load. Notice that the reference value
(110V) was properly held demonstrating that the control Acknowledgement
was able to keep the generated voltage around the
reference value even during the load transient. For the The authors are grateful to FAPEMIG for supporting the
same situatiom Fig. 16(a)shows the current in one of the  development of this work.
phase’s machine. The Fid.6(b shows the voltage and
current for one of the phases.
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A control technique of the load voltage in a switched

reluctance generator based on the variation of the
magnetization angle using an intermediate freewheel step
was proposed in this work. This technique varies only the
closing angle of top switches of the HB converter,

allowing that the electromagnetic conversion of energy
continue to be exploited through the bottom switches that
are open with fixed angle. The control strategy proposed
was implemented in forms of simulation and

experimentally. The results presented shows that this

https://doi.org/10.24084/repqj10.345 462 RE&PQJ, Vol.1, No.10, April 2012





