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Abstract—SRM drives based on multilevel power electronic
converter presents several advantages, like reducing the switching
frequency and improve the operation of the motor under high
speed. In this way, several multilevel power converter topologies
have been developed for the SRM drives. In line with this, this
paper proposes a new multilevel power converter topology for the
8/6 SRM drive. The topology was developed with the purpose to
reduce the number of power semiconductors, without reducing the
performance of the motor. The proposed topology was designed in
a way that uses crossover switches. The operation of the power
converter topology in all of their modes is analyzed in a detailed
way. The verification of the global system performance (drive and
motor) is realized by the implementation of simulation studies.
Indeed, through these studies it is verified that at low speed
operation the switching frequency is reduced, but maintaining the
application of the maximum voltage during the magnetization and
demagnetization process.

Keywords— switched reluctance motor (SRM), reduced power
semiconductors, multilevel converter, T-Type

I. INTRODUCTION

One of the very well-known motors that were not massively
adopted is the switched reluctance motor (SRM). Indeed, this
motor is known for many years, more specifically since the 19%
century. An important problem associated to the use of this
motor was the impossibility to connect it directly to a DC or AC
power source. However, with the development of the power
electronics area, this problem practically disappeared making
their use become now a reality [1]. Thus, since now the
connection of this motor to the power supply is very easy
through the power converter, it becomes more interesting due to
its simplicity and structural strength. In fact, this motor is now
considered to be use in several applications, such as, electric
traction, wind generators, water pumping systems and air
conditioning fans or even in applications with required position
control [2-6].
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One of the key aspects related to the SRM is its association
with a power electronic converter. Thus, several power
converter topologies have been proposed and used in several
applications. The majority of the topologies are based on the
power converters that generate three-voltage levels. The main
topology have been the asymmetric bridge converter [7,8].
However, other three-voltage level topologies have been
proposed, namely being many of them developed with the
purpose to reduce the number of power semiconductors, or to
increase the reliability. Under the consideration of the reduction
of the power semiconductors several topologies have been
presented. One of the approaches to reduce that number is with
the elimination of one leg per phase using two capacitors serial
connected to obtain a neutral point [9-11]. Another approach is
through the shared phase winding converter, in which in one of
the sides two or more winding phases share the same power
semiconductor(s) [12,13]. Regarding the point of view of the
reliability, the topologies are designed in an opposite way. The
system normally requires extra power semiconductors, and
sometimes even static or mechanical relays [14-16]. In order to
provide voltage regulation capability to the SRM drive, the
association of the quasi-Z converter was also proposed [17,18].

Another aspect related with the choice of the power
electronic converters to be used in the SRM drive, is to adopt
topologies that allows to generate more than three-levels
(multilevel). Indeed, in the last years topologies with this
characteristic have been adopted due to their advantages
associated to the improvement of the SRM performance,
especially at high speeds, as well as, the reduction of the power
semiconductors switching frequency. In this way, several
multilevel topologies have been tested and proposed. The first
approaches were based on the classical inverter multilevel
topologies, namely, the cascaded H-bridge, flying capacitor and
neutral point clamped [19-22]. Then topologies based on the
modular multilevel converter (MMC) and T-Type were
proposed [21-25]. Another different approach was used through
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a quasi-Z converter in which was derived two poles with
different voltage levels [26].

Under the point of view of exploring new power electronic
converters that can be applied to the SRM drive, this paper
proposes a new multilevel topology. Besides the purpose of the
improvement of the SRM high-speed operation and to reduce the
power semiconductors switching frequency, it also has the
objective to reduce the number of components. Due to the
developed topology type, the converter is considered as based
on a cross-switched configuration. In reality, the topology was
designed in a way that uses crossover switches. The proposed
SRM drive will be studied as well as verified its performance, by
simulation tests.

II. IMPACT OF THE POWER CONVERTER IN THE SRM WINDINGS
CURRENT RIPPLE

The SRM operation principle is based on the variation of the
magnetic reluctance with the rotor position. Each stator phase
has to be energized and deenergized at proper times and the
mathematical model is usually considered complex due to the
nonlinearity of its magnetic circuit. Neglecting the mutual
inductance, the SRM electrical equation for each phase is done

by (1):
oy;(6,.i;) di; N az/lj(é?,,ij)w

d;  dri 00, i

(1)

uj=lej+

where u; is the j phase voltage, i;the phase current, R; the phase
resistance, 6, the rotor position, @- the rotor speed and w6, i)
the phase linkage flux. The last term in equation (1) corresponds
to the back EMF, which depends on the rotor speed, -

The linkage flux of each phase (6., i) can be expressed
by (2):

l//j(er’ij)zLj(er)ij ()

where the magnetic self-inductance coefficient, L;, is introduced
and it is considered, in this analysis, not dependent on the phase
current, i;.

Taking into acount eq. (2) in (1) and considering a short time
period in the magnetizing process of the ;j phase (motor
functioning, as an example), it is possible to assume some
simplifications in order to highlight major conclusions, with no
loss of generality. In this way, equation (1) can be rewritten
as (3).

1

( Ai; >

where the time derivative of the phase current was transformed
in a finite variation and the phase input voltage, that assumes
different discrete values (positive, negative or null values) is
assumed to be constant (U), the phase current is also assumed to
have an average value (/;), and the magnetic self-inductance
coefficient (L;) is assumed to have a linear dependence on the
rotor position, which in eq. (3) is expressed by a constant, £.

At 3)

Based on eq. (3) it can be concluded that the switching
frequency can be diminished, keeping a constant ripple for the
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current, having lower input voltage values, particularly for low
speed values. Of course that the voltage signals can change and
the influence of speed can be “in favour” or “against” the input
voltage, but the voltage average value is greatly influenced by
the speed level. Nevertheless, maintaining a constant current
ripple, the frequency is greatly influenced by the voltage levels,
increasing its value if the voltage absolute values are high or
decreasing if low voltage levels are used. So, with a multilevel
converter it is possible to better adapt the operation frequency,
keeping the current ripple in appropriate levels. Another aspect
in favour of the use of multilevel converters is during the phase
commutation periods, particularly for high speed operation,
where the back EMF' of the motor will present high values and
the input voltage should be even higher in order to minimize the
commutation time and also to assure the current level.

ITI. SRM DRIVE WITH A MULTILEVEL CONVERTER BASED ON A
CROSS-SWITCHED CONFIGURATION

As said in the first section, the classical topology of the
power converter used for the SRM drive is the asymmetric
bridge converter that only allows to generate three voltage levels
(=Vpe, 0 and + Vpc). As presented in Fig. 1 (drive for the
8/6 SRM) this topology consists of legs with a transistor and a
diode. Due to the limitation of the voltage levels the
performance of the drive is limited and generates high switching
frequency at low speeds.

Dy

I3

S

Fig. 1. Topology of the asymmetric bridge converter used in SRM drives.

With the purpose of overcoming the limitations associated to
the three-level converters, several multilevel topologies have
been proposed. Indeed, these topologies allow to ensure a fast
magnetization and demagnetization of the motor windings
through the application of the maximum voltage levels (positive
and negative). On the other hand, allows to apply reduced
voltage levels at low speeds, by which will reduce the switching
frequency. The problem associated to this type of topologies is
that increases the number of power semiconductors. This
problem will affect the cost, size, weight and efficiency of the
drive. In this context, it is proposed a new multilevel topology
for the SRM drive, in which one of the design criteria is to avoid
a high number of power semiconductors. In Fig. 2 this new
topology for the SRM drive is presented. Analyzing this figure is
possible to verify that the circuit uses a principle similar to the
cascaded H-bridge topology [19]. However, it requires a less
number of DC power sources and power semiconductors. In
fact, it only requires three DC sources and 8 legs with a
transistor and a diode, which is the same number of the
conventional (asymmetric bridge converter). However, besides
the legs, the topology requires two extra transistors and two
extra diodes. Nevertheless, this is a reduced number of extra
power semiconductors to obtain a multilevel topology. It is also
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possible to verify that the topology uses the extra components to
obtain crossover switches. In this way, this proposed topology
can be considered as a multilevel topology based on a cross-
switched configuration. Regarding the machine windings, on
one of the sides all windings will be connected to each leg of the
module with four legs. For the other side, two of the legs will be

connected to the module of two legs, while the other two will be
connected to the other modules with two legs. In order to avoid
interferences during the magnetization and demagnetization
process, the windings that will be connected to the same module
with two legs will not be the adjacent, by which it is used the
windings AC and windings BD.
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Fig. 2. Proposed multilevel topology based on a cross-switched configuration.

The analysis of the proposed drive can be realized by the
several operation modes associated to the converter. So, this
analysis will be made for one of the phases, since for the other
ones is the same. The operation modes are function of the
switching states. In accordance with this, there are five operation
modes. Using phase A for this analysis, each of the modes is
described:

First Mode: in this mode, switches S;, S5 and Sy are ON
resulting in the circuit of Fig. 3 a). All the diodes are OFF (D,
D; and Dy). From the analysis of the resulted circuit is possible
to verify that in this mode it is applied the maximum positive
voltage (+2Vpc). Due to this, this mode will allow for a fast
magnetization.

Second Mode: this mode is associated to the switches S; and
So and diode D; in ON state. Switch Ss and diodes D; and Dy are
in OFF state. This will allow to apply the intermediate positive
voltage, namely +Vpc. In this way, this mode can be used to
increase/decrease the winding current in a moderate way,
allowing in this way to reduce the switching frequency.

Third Mode: in this mode only switch Sy is in ON state, but
the diodes D; and D; are also in ON state. On the other hand,
switches S}, S> and diode Dy are in OFF state. This results in the
application of a zero voltage to the SRM winding. In this way,
due to the resistance associated to the motor winding SRM, there
will be a very slowly demagnetization.
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Fourth Mode: this mode is associated to the single switch in
ON state Sy, as well as diodes D5 and Dy in ON state. Regarding
switches S5, So and diode D, they are in OFF state. In this
mode, the intermediate negative voltage, -Vpc, will be applied to
the motor winding. Thus, the demagnetization of the winding
will be realized in a moderate way.

Fifth Mode: in this mode all the switches (S, S5 and Sy) are
in OFF state. On the other hand, all the diodes (D;, Ds and Dy)
will be in ON state. From the analysis of the resulting circuit is
possible to verify that in this case the maximum negative
voltage (-2Vpc) will be applied to the motor winding. In this
way, through this mode, it is possible to obtain a fast
demagnetization.

.
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a) Mode 1: +2V b) Mode 2: +V
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Fig. 3. Operating modes of the proposed multilevel converter for phase A.

For the proposed power converter there will be a current
controller (as usually in this kind of motors) for the motor
winding currents. It will be adopted the hysteresis current
controller. The input of the hysteresis block will be the
difference between the reference and the measured winding
currents. However, the strategy must be different at the output
since in this case there are five operation modes. In order to
adapt to this converter, it is proposed a five-level hysteresis. So,
in accordance with the input signal, at the output of the
hysteresis it will be generated a signal that can take five levels
(-2, -1, 0, 1, 2). The gating signals will be function of this signal.
The generation of the gating signals will be implemented by a
look-up table. Considering phase A as an example, Table I
shows the combination that the look-up table must take into
consideration to generate the gating signals. The final block
diagram of the control system is shown in Fig. 4.

TABLEI  COMBINATION OF THE LOOK UP TABLE FOR PHASE A
Output of the Operation Switches and diodes in
hysteresis mode ON state
+2 First S, S5 and Sy
+1 Second S, Sg and Ds
0 Third So, D; and D5
-1 Fourth Ss, D; and Dy
-2 Fifth D;, Ds and Do
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Fig. 4. Control system of the converter.

IV. NUMERICAL VERIFICATION

The behavior of the proposed SRM drive was verified
through numerical simulations. The realization of these
simulations was made through the very well-known program
Matlab/Simulink. 1t was used a model of the 8/6 SRM machine
that exists in the libraries of that program. For the three DC
sources it was adopted a value of 120 V. It was also used an
8 Nm load applied to the motor. Regarding the turn-on and
turn-off angles, it was used predefined and fixed values in any
operation point of 37,5° and 52,5° respectively.

With the purpose to test the proposed SRM drive, several
tests for different speeds were made. The first test was realized
at low speed, 300 rpm. The obtained results for the SRM
winding currents and voltage applied to winding phase A4 are
presented in Figs. 5 and 6. From Fig. 5 it is possible to verify
that the winding currents follow the reference (6 A), presenting
the typical waveforms. Since the speed is low the current is in
accordance with the defined reference, by which presents a
ripple associated to the switching frequency of the switches.
This can also be confirmed by the result of the voltage applied
to winding phase 4, in which between the turn-on and turn-off
angles of this phase the voltage changes between +Vpc and zero.
The exception is during the transition in the turn-on angle in
which the applied voltage is the maximum to quickly magnetize
the winding. This also shows the multilevel operation of the
proposed power converter. Since the applied voltage to maintain
the current at the reference voltage is between +Vpc and zero,
the switching frequency will be reduced, compared with the
application of the maximum voltage. It should be noted that in
this operation mode the intermediate voltage +Vpc is higher
than the back EMF (and far away from this voltage when
compared with the maximum allowed voltage +2Vpc) by which
when this voltage level is applied the winding current will
increase.

10 T T T

o
T

()

IS
T
!

SRM Winding Currents [A]
N
T
T

=)

a4
Fig. 5. Current in one SRM phase for a reference speed of 300 rpm.
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Fig. 6. Voltage applied to the SRM winding phase A for a reference speed of

300 rpm.

A second test, with a higher speed, 900 rpm, to verify the
behavior of the converter, was also realized. In this test a current
reference of 6 A is maintained. Figs. 7 and 8 show the obtained
results for the SRM winding currents and voltage applied to
winding phase A. These figures show that the converter still
maintain their multilevel operation. However, instead of a
continuous change between +Vpc and zero between the turn-on
and turn-off angles of phase A under analysis, now the change is
between +2Vpc and +Vpc. In this operation mode the
intermediate voltage is lower than the back EMF, by which it
can be used to decrease the winding current instead of using the
zero voltage reducing in this way the switching frequency.
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Fig. 7. Current in one SRM phase for a reference speed of 900 rpm.
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Fig. 8. Voltage applied to the SRM winding phase A for a reference speed of
900 rpm.

A final test, realized at high speed, was also made. In this
case, it was adopted a speed of 1250 rpm. The obtained results
for the SRM winding currents and voltage applied to winding
phase A are presented in Figs. 9 and 10. In this case it is
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possible to verify that the converter lost their multilevel
operation. This is expected since the drive is operating at their
limit. In fact, it is possible to verify by Fig. 10 that the voltage
applied to phase A between the turn-on and turn-off angles is
always at the maximum available (+2Vpc).
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Fig. 9. Current in one SRM phase for a reference speed of 1250 rpm.
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Fig. 10. Voltage applied to the SRM winding phase A for a reference speed of
1250 rpm.

V. CONCLUSIONS

A new multilevel power converter developed for an 8/6 SRM
drive was presented in this paper. This developed topology was
designed to maintain the performance of the motor but with a
reduction of the number of power semiconductors. Due to the
use of crossover switches it can be considered that the circuit
resulted in a cross-switched configuration. To verify the
functioning of the proposed converter, the topology was
analyzed in a detailed way, namely through the description of
the several possible operation modes. From this description it
was possible to verify that five voltage levels can be applied to
the SRM windings. A control system that was used with this
circuit was also presented. Finally, the behavior of the proposed
SRM drive was verified through several numerical simulations.
These simulations were realized for different speeds in order to
confirm the characteristics of the drive.
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