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Thyristor-Based Resonant Current Controlled Switched Reluctance

Generator for Distributed Generation

Ali Emadi’, Yogesh P. Patel* and Babak Fahimi**

Abstract - This paper covers switched reluctance generator (SRG) and its comparison with induction
and synchronous machines for distributed generation. The SRG is simple in design, robust in
construction, and fault tolerant in operation; it can also withstand very high temperatures. However, the
performance and cost of the SRG power electronics driver are highly affected by the topology and
design of the converter. IGBT and MOSFET based converters are not suitable for very high power
applications. This paper presents thyristor-based resonant converters which are superior candidates for
very high power applications. Operations of the converters are analyzed and their characteristics and
dynamics are determined in terms of the system parameters. The resonant converters are capable of
handling high currents and voltages; these converters are highly efficient and reliable as well.
Therefore, they are suitable for high power applications in the range of IMW or larger for distributed
generation.
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1. Introduction

There are many applications where switched reluctance
machines (SRMs) offer distinct advantages over the
conventional induction and synchronous machines. This is
due to the simplified design, robust construction, fault
tolerance operation, substantial saving in the operation and
maintenance expenses, and tolerance to high temperature
(1]-8].

One of the main aspects of research in switched

reluctance generators (SRGs) has been the converter design.

The performance and the cost of the driver are highly
affected by the topology of the converter. Almost all the
power electronic converters, which have been proposed for

SRMs in the literature [9]-[11], are based on IGBTs and

MOSFETs. However, for very high power applications,
IGBTs and MOSFETs are not suitable. MOSFETs with
high voltage and high current capabilities are not even
available. For IGBT-based converters, IGBTs need to be
connected in parallel to be able to handle high currents.
This considerably reduces efficiency and increases cost.
Besides, maintaining balance current sharing between
parallel IGBTs is of great concern. However, utilizing
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thyristors at high power applications is feasible because of
their high voltage and current capabilities as well as low
cost. Yet, the main challenge in this work is that, to the
best of our knowledge, thyristors have not been used for
SRG applications. This is mainly because SRGs have
traditionally been used for lower power applications where
IGBTs and MOSFETs are available.

In this paper, special attention is given to justify the use
of SRM as generator by comparing it with the induction
and synchronous machines. In addition, novel thyristor-
based resonant converters for high power SRGs are
proposed. Each converter operation is analyzed and its
characteristics and dynamics are determined in terms of the
system parameters. The mathematical analyses are
performed for each mode of operation. Resonant circuit
parameters have also been designed. Both turn-on and turn-
off of the switches occur at zero current. Therefore, the
switching losses are reduced considerably. Active energy
recovery into a high-voltage source is used to reduce the
fall time of the phase current during commutation period.
The proposed topologies have advantages like high
efficiency and low stress on the switching devices.
Therefore, they are suitable for high power generation in
range of IMW or larger [12].

This paper is organized as follows. Section II is the
comparison of various machines. Section III focuses on
SRG and includes the fundamentals of operation as well as
the classic converter for SRGs. Section IV describes the
proposed resonant converter. A quasi-resonant converter is
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presented in Section V. Section VI deals with the
comparison of the resonant and quasi-resonant converters.
Finally, Section VII presents the conclusion.

2. Comparison of Various Machines
2.1 Machine Classification

If we consider the machines on the principle of how the
torque is produced, they can be classified in two different
classes. In the first category, which includes induction and
synchronous machines, the torque is generated by
interaction between the two magnetic fields: one on the
rotor and one on the stator. These machines could be
differentiated by the geometry used and different methods
of generating the two fields, i.e., permanent magnets,
energized windings, or induced currents. In the second
category, which includes SRM, the rotation of the rotor is
created by the tendency of the rotor to align itself with the
excited stator poles. This is because when a stator winding
is energized, a reluctance torque is produced as the rotor
moves to its minimum reluctance position. As the first
excited phase makes the rotor poles move to the aligned
position, the next phase to be exited is chosen to be the
most aligned stator poles with respect to the required
position.

2.2 Synchronous Generator

In synchronous machines, armature winding is
stationary and mounted on the stator. The field winding is
rotating and mounted on the rotor. If we consider the
synchronous machine as synchronous generator, then DC
excitation is given to the field winding by the DC source,
€.g., 125V or 250V. When the rotor rotates, the stator
conductors are cut by the magnetic flux; hence, they have
induced emf produced in them. The stator and rotor cores
are made up of stampings. Two types of rotors are used in
synchronous machines. One is salient pole type, which is
used in low and medium speed synchronous machines.
Such machines are characterized by their large diameters
and short axial length. The other is smooth cylindrical type,
which is used for steam turbines, which run at very high
speeds. Such rotors are designed mostly for 2-pole or 4-
pole turbo generators running at 3600 or 1800 rpm. In
synchronous machines, there exists a definite relationship
among rotational speed (N) of the rotor, the frequency (f)
of the generated emf, and the number of poles (P).

/=10

The main disadvantage of the synchronous generator is
that it is operated at a constant speed to deliver electric
power at particular frequency. Therefore, the gearbox and
other speed regulating or governing systems are necessary
to maintain the speed of the generator. The efficiency of
the gearbox is very low. Therefore, the overall efficiency
of the turbine generator system reduces considerably. In
addition, the speed regulating system is very complicated,
which, in term, results in higher cost of the system. The
failure of a single phase or more leads to the machine out
of synchronism with the supply system.

2.3 Induction Machine

In an induction machine, the windings are arranged on
the stator in a sinusoidal distribution. There are two types
of rotor: squirrel cage and wound rotor. When the stator
windings are connected to an external alternating current
power source, a magnetic field is set up in the airgap,
which rotates at the synchronous speed. Magnetizing
current must be supplied by the system to which it is
connected. Operating mode of the machine as a motor or
generator depends solely on its speed. For the generation
mode of operation, the rotor is driven by a prime mover at
a speed slightly above the synchronous speed. The slip
under this condition is considered to be negative and power
is delivered from the mechanical prime mover to the
supply line. Induction generators have been widely utilized
for the electricity generation such as wind power. The main
limitation of the induction generator is lack of control of
the generator terminal voltage and frequency under varying
stochastic wind [1]-[3]. In addition, when short-circuited,
the generator delivers little or no sustained power because
its excitation quickly becomes zero. The other
disadvantage is that it cannot operate as an isolated power
source. It must be connected to a power system capable of
supplying the magnetizing current required to establish the
magnetic field across the airgap. This tends to lower the
power factor of the system and is usually compensated by
shunt capacitors. Theoretically, the induction generator
could operate as an isolated system with the magnetizing
current supplied by the capacitors connected to the system;
but, it is difficult to maintain the generator terminal voltage
constant with changing load. In general, the induction
generator has a lower efficiency than the comparably rated
synchronous generator.

2.4 Switched Reluctance Machine

SRMs have the simplest mechanical structure compared
with the induction and synchronous machines, making
them one of the most interesting from the economic point
of view. In SRM, the phase windings are only located on
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the stator; the rotor is only made with steel laminations.
There is no winding or permanent magnet on the rotor
reducing the cost of the construction and increasing the
thermal limit of the machine compared to the induction and
synchronous machines. The torque produced by one phase
of SRM at any rotor position is given by the equation
below.

r-tpd @

2 do

The positive or negative sign of the current does not
affect the torque, as torque is proportional to the square of
the current. Torque is related to the slope of the inductance.
Therefore, phase excitation during the positive slope of the
inductance gives motoring mode and phase excitation
during the negative slope of the inductance gives
generating mode. This means that a single machine can be
operated as a motor as well as a generator. SRG can
operate over a wide range of speed eliminating the
requirement of gearbox and speed governing systems,
which provide the cost effective and simplified solution
instead of using the synchronous generators. For SRG,
phase windings are electrically separated from each other.
Therefore, fault on one phase does not alter the operation
of the other phases. The freedom to choose any number of
phases is an inherent characteristic of SRG leading to high
reliability of operation compared to the induction and
synchronous generators. Furthermore, the SRG can work
as an isolated power source with the separate excitation

source for the phase windings. In most of the cases, the

SRG system generates its own separate excitation, which
overcomes the difficulty arises in the case of the induction
generators. Fig. 1 shows the comparative study of different
types of machine used for power generation.

3. Switched Reluctance Generator
3.1 Fundamentals

The switched reluctance generators convert the
mechanical energy to the electrical energy by the virtue of
proper synchronization of phase current with the rotor
position. The torque production in SRG is the same as in
the SRM. During generation, SRG produces the negative
torque that trying to oppose the rotation of the rotor, thus,
extracting energy from the prime mover. In SRG, it is
essential to provide proper excitation to the phase windings
to support continuous energy conversion. The ideal
inductance profile, phase current, and torque for the SRG
are depicted in Fig. 2.

The torque speed characteristic of the SRG is almost the

same as the SRM. During the constant torque region, the
hysteresis control technique is used, as in SRM, to generate
the electricity. The main difference is that, we need to shift
the reference position by , ; y . For both SRG and SRM,

base speed is the speed at which phase currents are
nominally constant without the need for the current
regulation. Base speed can be taken to be the speed where
the phase back-emf balances the source voltage and
resistive drop. The base speed in the SRG is slightly higher
than the SRM due to the different sign on the resistive drop.
If the speed of the prime mover increases beyond the base
speed, the phase current of the SRG is the mirror image of
the SRM around the align rotor position (see Fig. 3). The
main difference between the SRG and SRM is the effect of
the motional back-emf [3], [4]. The motional back-emf in
SRM decreases the phase current. The maximum phase
current is determined by the turn-on angle only. Therefore,
by advancing the turn-on angle, we can control the torque
production. In SRG, the phase current is increased even
after a turn-off command is issued. Due to the high-speed
nature of the SRG, this might be an excessive and
unexpected overcurrent during the turn-off process.
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Fig. 1. Comparative study of different machines.
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Fig. 2. Ideal inductance, current, and torque waveforms for
SRG.
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Fig. 3. Phase current during motoring and generating
modes.

3.2 Classic Converter

For the low-power applications, the classic converter is
the good candidate to drive SRGs [5]. Fig. 4 shows the
SRG with the classic converter. MOSFETs or IGBTs are
incorporated in the classic converter. The machine draws
energy from the bus while switches are on and returns
energy through the diodes when the switches are off. The
generator obtains its excitation from the same bus that it
generates into. Let’s consider the square wave mode of
operation; each IGBT switch turns on and off only once
per cycle. This mode of operation is limited to the higher
machine speeds, where the back-emf of the machine is
comparable to or higher than the dc output voltage. At a
given bus voltage, a certain amount of power and, thus,
average generated current will be produced. Consider next
a small perturbation where the bus voltage increases
slightly. As the bus voltage increases, the machine
excitations will increase, which, in turn, the generated
current increases. This tends to increase the bus voltage
further. Thus, there is a potential for instability.
Furthermore, if there is a short circuit at the output of the
SRG@G, it always exceeds the generators maximum loading
capability and brings the voltage at the output of the SRG
to zero. Even if a fuse is blown to disconnect the short
circuit, the SRG does not recover its operation.

Providing a separate bus to excite the generator as
shown in Fig. 5 can eliminate this problem. It is possible to
provide excitation thorough the multiple dc buses [6]-[8].
These multiple buses can be connected to gather as shown
in Fig. 4 with help of diode to provide necessary power to
the excitation bus. The battery with diode provides the
excitation during starting. Afterward, the other excitation
source provides the necessary power. This excitation
source can be charged though the energy generated by the
SRG. The excitation source provides around 30% of the

power going to the load at the rated load. During each
generating cycle, the phase winding is totally
demagnetized requiring a Jarge amount of excitation power.
For the high power applications, one cannot use classic
converter with MOSFETs or IGBTs.

D1 @ D3 @} )Ds
D s1 3 $5
Vde=L Le PH PH PH
Starting/ T 1 2 3
Fault F)p2 P4 ®s
Source S2 S4 S6

Fig. 4. Self-excited SRG.
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Fig. 5. Separate excitation bus for SRG.

4. Thyristor-Based Resonant Current Controlled
Converter for SRG

The circuit for the thyristor-based resonant current
controlled converter is shown in Fig. 6. The LC resonant
circuit is connected in series with each resonant switch and
in parallel with each machine phase winding. Auxiliary
circuits are added to modify the converter configuration
according to the operating modes, which are discussed in
previous section. This auxiliary circuit is nothing but a
Buck converter made up from Ld, Dd, S, and Cd. The
pulse-width modulation (PWM) or frequency modulation
(FM) scheme can be used to regulate the motor winding
current. This in turn controls the output (electromagnetic
torque or DC link voltage) at the desired value. The
thyristor switching occurs at zero current, which minimizes
switching losses. During the commutation period, the
current in the off-going phase must be reduced to zero as
fast as possible.

We assume that initially all the thyristors and diodes are
off. The circuit operation can be divided into five different
operating modes, similar to the motoring mode of
operation [13]. The equivalent single-phase circuit is
shown in Fig. 7.

In mode 1, a gating signal is applied to thyristor S2. The
DC link voltage is supplying the magnetizing current to the
machine phase winding. For the mathematical analysis of
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different modes of operation, the phase current can be
derived as [14], [15],

% (1 - e?] +i, (O)[e?) ()

— Lml (0)
R (3b)

R=R, +R,

Iml (t) =

R, is the resistance of the thyristor S2. 7 is the time
constant of the circuit. The time constant is assumed to be
i,,(0) is the

constant in order to simplify the analysis.

initial phase current.
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Fig. 6. Resonant converter for SRG with control circuit.
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Fig. 7. Equivalent single-phase circuit of the resonant
converter.

When S2 is triggered, a fast resonance occurs having
the frequency given by,

1

ffr 27[ V Lrslcrsl

This charges Cy, to 2V, through the loop D1, Lrl, S2, and
V. The equivalent circuit equations can be given as,

@

L,(0= RE (1 e;’] +i,,,1(0)[e_7'}‘ ©)

Vdc = Lrsl dIVl + I/cr.vl (6)
d E
1 (7
Vcrsl - Crsl J.Irldt

However, in the simulations, we consider that phase
winding current I, increases linearly with time having
slope of Va/Lyi. Therefore, the equation for the phase
current is given by,

]m1 = _1_ Vdcdt (8)
L

'ml

In mode 2, when Cy; is charged to 2V, the phase
winding current reaches the reference value I,.;. This is the
end of mode 2. The equivalent circuit equation can be
given as,

I@=Ye=E - E, (1 - e%tj iy, (0)(5) ®)

In mode 3, when the phase winding current reaches its
reference value L., thyristor S1 is triggered. This causes a
fast resonance having frequency given by 7= 1 .

27 LCr
The resonant current flows in counter clockwise direction
through the loop Ly, S1, Vg, S2, and Cy;. Therefore, Cy;
is charged in the negative direction. The resonant current
I, reduces the current through S2 to zero and then D2
conducts. After that, I; reaches its peak value of

-v, Ci , and then begins to decrease in magnitude.
: Lrsl

When the negative I, equals to I,;, S2 and D2 are opened.

The circuit turn-off time is ty+t.. At time ty+tc, the phase

current reaches its peak value. The equivalent circuit

equations are given by,

i —~
Imlmaleml(to +t1)=VchE}7 (l—e’J +]re{er] (10)

dr, +V

rsl d it crsl

Ve=L amn

ersl —

[ (12)
rsl
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In mode 4, only S1 is on. The phase current L, flows
through the loop S1, Ly, Cy, and L. This causes a slow
resonance because there are two inductances added
together. The frequency of the slow resonance is given by,

f = 1 (13)
" 2”\/6”11 + Lrsl) + Crsl

This charges C in the negative direction. When Cy is
charged negatively to the value V, + |-V, 2V, =2V,

where V4 is the voltage across capacitor C4, then D11
starts to conduct ending mode 4. We already noted that
capacitor Cy4 had been charged to 2Vy. The circuit
equations can be given as,

Vcrl + Lml ﬂﬂ‘i_ Lrl dIrl = O (14)
dt dt
1
Vcrsl = E: j]rldt (15)
1,=-1, (16)

In mode 5, there are two subsections. In the first part,
L and Ly, are charging C, in the negative direction until
I, reduces to zero. When I,; reaches its zero value, Cy is
charged to its maximum value in the negative direction.
Now, D11 conducts and S1 is off. I, reaches the maximum

value of . [(C.i+C,) - DIl conducts as long as
de
Lrsl

Lni+11>0. The phase winding I,; then reduces to the
desired value either only a few percentage below the
reference value I, if the conduction period continues or to
zero when the phase current is turned off. For low speed
operation, we need to define the tolerance limit above and
below the reference value. Assume that the maximum
deviation from reference current is 10% of the reference
current. Therefore, the minimum phase current for the
current control hysteresis method is as follows,

Iml min (t) = 0‘91ref (17)

The rate of decrease of phase winding current depends
upon the maximum value it attends previously.

When [, (8)=1,, ., . thyristor S2 is triggered.

Therefore, the cycle is repeated until period of conduction

is not complete. Once the period of phase conduction is
about to complete, S2 is no longer trigged. And [, (f) is

allowed to decrease down to the zero value; during this
time, it charges the dump capacitor Cy4. The equivalent
circuit equations are given as follows,

v, ~Ved =Lrs1d1;:1+r/crs1 (19)

crs.

_ 1 20
V. l—a“.[rldt ( )

For reliable operation of the circuit, V4 must be equal
to 2V This condition is fulfilling to some extent by using
a large capacitor. In that case, the changes in the capacitor
voltage due to the discharge of the trapped energy of the
phase winding will be small. One can keep this voltage
constant by mean of PWM control of the IGBT. The
following are equations describing the modes of operations.

I/dc + Rdlrec

dl,, |Vu 0<t<dT 21
dt

+L, =
0 dT<:<T

1,th)=%(1—5] +Im(0{e:’J o<t<dr (22

;=L 23)

TR,

Ry is the resistance of the recovery inductor and its
inductance is Ls. The equation of the current in inductor
when IGBT is off is given by,

-+ -
14 ;ii{l—e’v] +Im(0)(e”] dr<i<r 24
d

f=(1-d)T (25)

The duty cycle, d; is variable and determined by the
feedback circuit to keep the voltage across Cy constant,
which is equal to 2Vg4. The waveforms for the above
modes of operations are given in Fig. 8.

Simulations of the thyristor based resonant current
controlled converter have been carried out in PSIM
software. In these simulations, we have assumed that the
phase winding inductance is constant and current through
the inductance varies linearly. The current through the
phase winding, the voltage across the phase winding, the
current through the resonant circuit, and the voltage across
the resonant capacitor are shown in Fig. 9. The zoom in
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waveforms is shown in Fig. 10. The waveforms are
approximately the same as we derived from the
mathematical analysis. The voltage across the dump
capacitor, the current through the IGBT, the current
through the diode Dd, and the current through the
inductance Ld are shown in Fig. 11. Phase inductance is
L.;=0.5mH; resonant inductance is Lrs1=5.4uH; resonant
capacitor is Crs1=12uF; dump capacitor is Cd=20mF;
dump inductor is Ld=0.1mH; and capacitor is C1=10uF.

ON —
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1 I |
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2Vde

Vde
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e | \/
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<
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IMode
4

Fig. 8. Waveforms for the resonant converter.

Simulations of the resonant current controlled converter
for hysteresis current control operation have also been
carried ‘out. The current though the phase winding, the
voltage across the phase winding, the current through the
resonant inductor, and the voltage across the resonant
capacitor is shown in Fig. 12. The enlarged waveforms are
shown in Fig. 13. The current though switches S1 and S2
and diodes D1 and D2 are shown in Fig. 14. Phase
inductance is L;,;=0.5mH; resonant inductance is
Lrs1=5.4uH; resonant capacitor is Crsl=12uF; dump
capacitor is Cd=20mF; dump inductor is Ld=0.1mH; and
capacitor is C1=10uF.

The thyristors are used as power switches, which can
withstand high voltages and currents compared to
MOSFETs and IGBTs. Therefore, the converters are
suitable for high power applications. The large dump
capacitor is used for the energy recovery during the
generating mode, which leads to a reduction in fall time of

the phase current during the commutation period. The
thyristors are turned on and off at the zero current.
Therefore, the switching losses are reduced and system
efficiency is improved. Variable structure approach is used
in order to optimize the converter performance versus the
operating conditions. In addition, each phase is
independent of each other.
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Fig. 9. L1, Vpni, Iist, and Ve of the resonant current
controlled converter.
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Fig. 11. V¢4 and currents through D11, S, and Dd.

IR

Fig. 12. 1,1, Ve, L1, and Vi of the resonant current
controlled converter.
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5. Quasi-Resonant SRG Converter

The operation of the proposed quasi-resonant converter
for SRG can be de divided into two distinct periods: (1)
active and (2) commutation. In active period, the current is
conducted in one phase, the other phases being cut off.
During commutation period, current in the off going phase
is reduced to zero and current in on going phase has to
build up from zero. For the low speed application, the
current in the machine phase winding must be regulated by
the pulse width or frequency modulation. In these schemes,
the thyristors are turned on and off at high frequency. The
zero current switching can be applied during this period to
eliminate turn off losses. The resonant circuit is used to do
this job. During the commutation period, off going phase
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Fig. 15. Quasi-resonant current controlled converter for SRG.

energy is dump into the large capacitor. This leads to
reduction- in the commutation interval. The converter
circuit is shown in Fig. 15. There are three resonant
switches, each of them formed by a thyristor in parallel
with a diode and LC resonant circuit. The single-phase
equivalent circuit is also shown in Fig. 16.

— 9

Fig. 16. Single-phase equivalent circuit of quasi-resonant
converter.

5.1 Active Phase Period

The active phase period equivalent circuit is shown in
Fig. 17. The current regulator regulates the phase current
during the active phase period, which controls the
operating frequency of the resonant switches. We assume
that, during the active phase period, the currents in other
phases are zero. The on-state voltages of the diodes and
thyristors are negligible.

During the active phase, the phase winding is
represented by an equivalent circuit consisting of an
inductance [ (@), a resistance R, and a back-emf E,

which is proportional to current I, machine speed, and rate
of change of inductance with rotor position.

E {_dLa@ w]z (26)
dé

a a

From the equation (26), one can represent back-emf by

do
circuit consists of an inductance [ (6) in series with

an equivalent resistor of value (dl‘a wj. The equivalent

resistance R,=R,+ (& wj shown in Fig. 18. The
do

machine phase winding carries current I,; therefore, it can

be represented by a current source equal to I, The different

operating modes during the active phase period are as the

following.
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PH1

D4

Fig. 17. Circuit configuration of quasi-resonant during
active phase period.

Fig. 18. Equivalent circuit during active period of quasi-
resonant converter.

Mode 1: Assume that initially switch S1 and diode D1
are off. The machine phase current I, is circulating through
free wheeling thyristor S4. Now S1 is turned on. The
current through L, increases linearly with a slope equal to
Vde/L,. When the current Ijreaches to I,, switch S4 turns
off and resonance between L, and C, begins. The
equivalent circuit equations are as follows.

_1 27
u_zjmm @7n
Vdc = Lr gIl + I/cr (28)
dt
y -2 [iwae 29)
C"

The duration of mode 1 can be calculated as

4 =1, (30)
Vdc

Mode 2: During this mode, S1 is conducting and
current Iy, and Voltage V. vary sinusoidally. The frequency

of the resonant frequency is given by the equation
f=1/2z/L.C.. Equivalent circuit equations are given as

follows.
_1 (31)
u_zjmm
Vdc = Lr ﬁ + I/'cr (32)
odt
(33)

v, = E]'— [1Lar

When I, goes zero, thyristor S1 turns off and diode D1
starts conducting. The time duration of this stage can be
calculated as

T )
t2 =E+t2 IIL=0 (34)

where 7 is the time period of one cycle of the resonance.

Sin-l( 10 \/f]
T Vde \ C, (35)
T w | Lo | (36)
=.LC N o [
tz r r(ﬁ+sm [Vdc \/;]]

Mode 3: Diode D1 conducts current Iy until it reaches
zero again. The circuit equations remain the same. The
time duration for the mode is given by

f=Saag) @an

T2

(38)

t,=+JLC, (;z 45111*‘[% %B

In mode 3, negative voltage is applied across thyristor
S1 until t;. To ensure reliable turnoff, t; should be greater
than the turnoff time t; of the thyristor S1.

Mode 4: In this mode, the capacitor is discharged by the
current source I,. When the capacitor voltage is zero, the
auxiliary switch S4 is turned on to provide a continuous
path for the current source I,. Then, the freewheeling
period begins. For the low speed, the SRG is operated by
hysteresis current control technique. Therefore, one needs
to repeat the above modes. For the high speed, SRG is
operated in single pulse mode. Therefore, the commutation
period starts right after mode 4. The duration of mode 4 is
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given by

2
Ec{l L (L) } 69
I, V¢ \Vdc
The maximum I;, can be calculated as

L =] + Vdc (40)

max o

v

C

r

The waveforms for phase A of the quasi-resonant
converter during the active phase period are shown in Fig. 19.
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Fig. 19. Waveforms of phase A during active phase period.

5.2 Commutation Period

For the SRG at low-speed operation, the commutation
is relatively easy compared to the high-speed operation due
to the higher energy level involved. For the high-speed
operation of SRG, the phase current goes through the peak
value after the turnoff. The turn off energy at high-speed
operation is 0.5L]°,.., which is very high compared to the

low speed operation (0,5 LI az ) Dumping this energy into

a capacitor can accelerate the low-speed and high-speed
operations of the SRG during turnoff. The capacitor
voltage must be maintained at a high and safe value. A
chopper driven by a voltage regulator can do this. During
the turnoff time, the triggering signal for auxiliary thyristor
S4 is inhibited. Therefore, there is no freewheeling path
through S4. A small part of the energy stored in the phase
winding is recovered into C,. The remaining stored energy
is dumped into the capacitor Cd. The equivalent circuit for
the commutation period is shown in Fig. 20. The turnoff
operation can be divided into two modes.
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Fig. 20. Circuit during commutation period of quasi-
resonant converter.

Mode 1: During this mode, the phase A winding current
flow through D4 to charge C,in negative direction. When
the capacitor voltage attains value [Vdct+V,[>=Vcd, the
diode DA begins to conduct and D4 stops conducting. The
duration of this mode is give by equation as

- - Cr VCdI— Vdc (41)

o

Mode 2: The current in phase A decreases exponentially

with time constant equalto g — p + (_d_L,“_ a)) . This time
X a de

constant is supposed to be a constant in order to simplify
the analysis. Current Ia during this stage can be determined
as follows.

a

X X

RX
, _Vde—Ved +(10 . Vcd—Vdcje 2] )
R
At the end of mode 2, 1a=0. The duration of this stage is
equal to

I
= Lln[n—&—“—j 3)
R de

x od

The total turn off time is given by

The waveforms for phase A of the commutation period
of the quasi-resonant converter are shown in Fig. 21. The
simulation of the quasi-resonant converter is carried out in
PSIM software. The single pulse mode operation is
simulated here. The current though the resonant inductance
and voltage across the resonant capacitor are shown in Fig.
22. The enlarge view of Fig. 22 is shown in Fig. 23. The
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waveforms of the current through the resonant inductor and
capacitor of Fig. 24 are the same as the waveforms shown
in Fig. 20. The current through switch S1, S4 and diode D1
are shown in Fig. 25. The voltage across capacitor Cd and
current through diode DA are also shown in Fig. 26. The
value of current source is I;=30A, the resonant inductor
Lr=5.4uH, and resonant capacitor Cr=0.5uF. The excitation
bus voltage Vdc=312V, the dump Capacitor Cd=20uF, and
inductor Ld=20mH. Cg=20uF and Rg=20Q.

Io

Ia

tf-1 tf-2

Vdc-Ved

Fig. 21. Waveforms of phase A during commutation period.
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Fig. 22. Simulation results of I; ;; and V.
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Fig. 25. Current through switch S1, S4, and D1.
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Fig. 26. Voltage across Cd and current through diode DA.

There is only one current sensor used in the quasi-
resonant current controlled converter for the SRG. The
sensor detects the sum of the currents in the two phases
during the commutation from one phase to another. The
regulator tends to maintain this sum constant. Therefore,
the current in the ongoing phase is forced to follow the
decreasing rate of the off going phase. The rise time and
fall time of the phase currents are thus identical.

6. Comparison of Quasi-Resonant and Converters

Some of the advantages are common in both converters.
Thyristors are used as power switches, which can
withstand high voltage and current compared to IGBTs and
MOSFETs. Therefore, the converters are suitable for high
power applications. The large dump capacitor is used for
energy recovery during the generating mode, which leads
to reduction in fall time of the phase current during the
commutation period. Thyristors are turned on and off at
zero current. Therefore, the switching losses are reduced
and efficiency is improved. However, the quasi-resonant
converter has some disadvantages. During the active phase
period, the current through the phase winding is assumed
to be constant. To make the phase winding current constant,
we assume that the speed of the machine is constant during
the active phase, which is not the case in practice. During
the commutation period, the current of the off going phase
is decreased and the current in the in coming phase is
increased. Yet, to make the current constant during the
active phase period, the effect of the mutual inductance is



Ali Emadi, Yogesh P. Patel and Babak Fahimi 79

considered. This means that the rate of decrease of current
in the off going phase is the same as the rate of increase of
current in the on going phase. Therefore, the independent
phase operation characteristic of SRM is no longer
applicable with quasi-resonant converter. The control
technique is less reliable compared to the resonant
converter as well. This is because in quasi-resonant
converter, only one current sensor is used due to the effect
of the mutual inductance. However, in the SRM, the effect
of mutual inductance is less compared to other machines.
Therefore, some times the rate of decrease of the current in
the off going phase is much higher than the rate of increase
of the current of the on going phase. The total current
sensed by the current sensor is the same even though the
current in the on going phase is less. This may lead to
malfunction of the control circuit. The resonant current
controlled converter overcomes all the difficulty that we
face in the quasi-resonant converter. In addition, due to the
separate current sensors for each phase, the operation of
each phase is independent of the other phases. Therefore,
the resonant current converter is the most suitable for the
high power applications.

7. Conclusion

The main features of the switched reluctance machines
are low cost, simple construction, wide speed range
operation, fault tolerance, and ability to withstand high
temperatures. These advantages make SRG very popular
compared to the induction and synchronous machines. One
of the main concerns of this paper in SRG drives has been
the converter design. The performance and the cost of the
drive are highly affected by the converter switches. For
very high power applications, IGBTs and MOSFETs are
not suitable. MOSFETs with high voltage and high current
capabilities are not even available. For IGBT-based
converters, IGBTs need to be connected in parallel to be
able to handle high currents. This considerably reduces
efficiency and increases cost and complexity. Besides,
maintaining balance current sharing between parallel
IGBTs is of great concern. However, utilizing thyristors at
very high power applications is feasible because of their
high voltage and current capabilities. Yet, the main
challenge in this work is that, to the best of our knowledge,
thyristors have not been used for SRG applications. This is
mainly because SRGs have traditionally been used for low
power applications where IGBTs and MOSFETs are
available.

In this paper, novel thyristor-based resonant converters
for high power switched reluctance generators have been
proposed. Both turn-on and turn-off of the switches occur
at zero current. Therefore, the switching losses are reduced

considerably. Active energy recovery into a high-voltage
source is used to reduce the fall time of the phase current
during commutation period. The proposed topologies have
advantages of high efficiency and low stress on the
switching devices. In addition, the resonant current
controlled converter has advantages of simplicity on circuit
configuration.
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