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This paper proposes a control strategy for switched reluctance motors (SRMs)
using the asymmetric half-bridge (AHB), shared switch, and Miller converter
based on MATLAB/Simulink and TMS320F28379D. The control strategy
implemented in this study involves the application of proportional-integral
(PI) speed control with a pulse width modulation (PWM) switching method

for each topology. By employing this control strategy, the system aims to
regulate the speed of the motor and achieve the desired performance while

Keywords: ensuring efficient power utilization. The PI controller is utilized to adjust the
. . motor's speed based on the error between the desired and actual speeds,
':‘A?/I?rmemc half bridge enabling precise control. Additionally, the PWM switching method is

employed to modulate the motor voltage, allowing for smooth and continuous
speed adjustments. A thorough method for maximizing each topology's
performance and raising the overall system efficiency is provided by this
combination of control techniques. The detailed analysis and operation of
each converter are presented in this paper. Simulation and experiment results
show that AHB and shared switch have better performance than Miller. But
the Miller converter needs the least number of switching components.
Although the performance of the shared switch is equal to that of AHB, uses
of this topology are limited to SRM with an even number of phases.
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1. INTRODUCTION

A switched reluctance motor (SRM) is an electric motor that operates based on the principle of
variable reluctance. SRMs have a relatively simple mechanical structure compared to other motor types,
reducing manufacturing complexity and cost [1]-[3]. Unlike traditional electric motors, SRMs do not have a
permanent magnet in the rotor. Instead, the rotor is typically a simple piece of ferromagnetic material with
salient poles. The absence of permanent magnets in the rotor enhances the robustness of SRMs, making them
less susceptible to demagnetization and thermal issues. The stator, on the other hand, contains windings that
are energized in a sequential manner to create a magnetic flux path, inducing motion in the rotor. SRMs exhibit
good performance over a wide range of speeds and loads, making them versatile for various applications, and
it can achieve high torque density [4]-[8]. However, it has significant torque ripple and acoustic noise as
disadvantages, which can be a concern in applications where noise is a critical factor [9]-[13].

The operation of an SRM is characterized by the reluctance torque produced due to the alignment of
the rotor and stator poles. Several crucial considerations must be taken into account, such as ensuring that all
stator and rotor poles are not aligned simultaneously, as this would result in the absence of torque generation.
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Consequently, the rotor and stator pole numbers cannot be equal. The motor phases are energized in a specific
sequence, causing the rotor to move to the position of minimum reluctance. This circumstance also causes
torque to be generated, which pushes the rotor into alignment [14]-[17].

There have been numerous SRM topologies that have been widely recognized thus far, including SRM
12/10, 8/6, 6/4, and others. This specific combination of numerical values effectively represents the total count
of pole stator and rotor. The visual representation depicted in Figure 1(a) serves to illustrate SRM 8/6 topologies
with four phase conditions. The region in orange clearly indicates the presence of eight stator poles, while the
region in blue signifies the existence of six rotor poles. To establish a winding phase, the windings on B1 and
B2 are meticulously connected in series. Consequently, a total of four-phase windings is ingeniously created,
extending from A1-Az2 all the way to D1-D2 [18]. SRM 8/6 has been extensively employed in numerous home
appliances. This can be observed in Figure 1(b), which showcases the application of SRM 8/6 in some
automatic cooking machines.

For driving the SRMs, it needs a converter. The converter that is utilized to drive SRM has certain
prerequisites. These prerequisites include the converter having at least one switch that can independently
conduct for each phase of the motor and possess the capability to excite the phase prior to entering the
demagnetizing region [19]-[21]. Among the various converters available, the asymmetric half bridge (AHB)
converter stands as the most widely accepted topology. This topology is known for its efficiency in fault-
tolerant operations and its ability to control each phase independently. However, it is important to note that this
topology does have its disadvantages, one of which is the presence of large switching components. Due to this
drawback, the shared switch and Miller’s topology can be considered as an optional alternative for driving
SRMs. The shared switch topology, when compared to the AHB topology, requires fewer components but is
limited to SRMs with an even number of phases. On the other hand, Miller’s topology needs the fewest
components.

The previous works provide a brief outlook about the performance of each topology for driving SRM,
none of them comprehensively investigates the performance of each topology for SRM 8/6 with the same
control strategy using PI control in voltage regulation mode with PWM. This paper will describe the small
signal linearization method, the switching strategy, and model the simulation of SRMs with the control of firing
angle and speed regulation using pulse width modulation (PWM) for AHB, Shared Switch, and Miller topology
in the MATLAB/Simulink environment. Finally, the experimental tests, which employ the microcontroller
TMS320F28379D with logic based on the MATLAB/Simulink environment, are conducted in order to validate
the simulation result.

(@) (b)

Figure 1. Four phase-SRM 8/6: (a) topology and (b) actual unit for home appliances

2. CONTROL and SWITCHING STRATEGY
2.1 Control strategy: closed-loop control

The closed-loop control, which serves as the most elementary controller for the switched reluctance
machine (SRM), is primarily utilized in speed control scenarios and does not demand optimal drive
performance [22]. In its typical implementation scheme, as shown in Figure 2, the closed-loop control is
comprised of several components, including a speed controller, a phase control method, and a block responsible
for generating the switching signals. The speed controller, commonly employed in motor drives featuring
different types of electrical machines, typically employs a linear proportional-integral (P1) controller. This
controller receives the speed error and generates a reference voltage signal by determining the PWM duty cycle
with the fixed frequency of the switching component.

The phase control component plays a crucial role in triggering each phase and determining how the
reference voltage should be applied. To ensure the effectiveness of this phase control, it is imperative to have
accurate rotor position measurements. To achieve this, there are various methods for determining the switching
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angle. The most common strategy for the switching angle is described in Figure 3. The phase will magnetize
when the phase inductance is at minimum condition (8on). The position of rotor and stator is unaligned in
minimum phase inductance, and it will be off before it reaches maximum condition (0f). This strategy is used
to prevent negative torque and achieve the needed current level, especially in high-speed applications [23]. The
SRMs model in an electrical equation can be described as in (1):

. . L(8) ai
V—LRS+L—69 a)+Lat 1)
where V is the voltage, i is the current, R,is the stator resistance, L phase inductance, 8 is the rotor position,
and w is the rotor speed. The individual torque electric (T,) equation can be described as in (2).

1., 3L(6,)
Te=3 i 26 O]

The mechanical equation can be described as in (3):
T,-T,=Bw+] 22 3)

where T; is the torque load, B is friction coefficient, and J is SRM inertia. If we assume that the magnetic
structure is non-saturated and the phase current is in a steady-state condition, so L (6,i) ~ L(8). To effectively
address the remaining non-linearities, it becomes imperative to undertake the process of linearizing the model.
A widely employed technique in this regard is the linearization approach centered around an operation point,
commonly referred to as small-signal linearization. The Linearized transfer function model of SRM is shown
in Figure 4.
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Figure 4. Linearized transfer function of SRMs
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2.2 Switching strategy: AHB

In order to drive the SRM 8/6, the AHB converter necessitates the utilization of eight switches and
eight diodes. Figure 5 shows the topology employed by the AHB converter, which consists of two switches
and two diodes for each phase. By employing this specific configuration, the AHB converter possesses the
advantageous capability to independently regulate each phase without being hindered by the influence of other
phases, despite the fact that the total number of switches surpasses that of other converter topologies [24].

The SRMs converter functions in three distinct modes: magnetizing, demagnetizing, and freewheeling
[25]. These modes are described in Figures 6(a)-6(c). In these figures, the flow of current is represented by the
red-colored circuit or components (active component), while the black-colored circuit or components represent
the passive component. Figure 6(a) exemplifies the magnetizing mode of the AHB converter, wherein the
excitation process for the A-phase winding is executed by activating switches S1 and S2.

The frequency switching is fixed to minimize electromagnetic interference. To achieve soft chopping
through pulse width modulation (PWM), the freewheeling and magnetization modes are utilized by
commutating the switches. Specifically, one switch is commutated while the other remains in the "ON" state
for the entire duration. The freewheeling mode, as illustrated in Figure 6(b), involves reducing the voltage
across the A-phase winding to zero, resulting in a gradual decrease in current.

Additionally, Figure 6(c) provides an explanation of the demagnetization mode of phase A and the
subsequent magnetization mode of phase B. Prior to aligning the rotor and stator positions, which is indicated
by maximum inductance, it is necessary to deactivate the stator current using the demagnetization mode
(achieved by turning off switches S1 and S2 for phase A). Meanwhile, the next phase begins the magnetization
mode. Figure 7 shows the switching signal of S1, S2, S5, and S6 in the AHB converter. S1 and S5 are controlled
by rotor position, S2 and S6 are controlled by rotor position and PWM.
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Figure 5. 4-Phase converter AHB
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Figure 6. 4-Phase converter AHB working condition: (a) magnetization mode, (b) freewheeling mode, and
(c) demagnetization mode of phase-A and continue to magnetize phase-B
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Figure 7. Switching signal for phase A and C through switch S1, S2, S5, S6 in AHB converter
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2.3 Switching strategy: shared switch

Figure 8 presents the topology of a shared switch converter designed for SRM 8/6. This particular
converter topology utilizes switches that are shared between non-adjacent phases. Specifically, switches S2
and S5 are shared between phases A-C and B-D, respectively. The advantage of this configuration is that it
requires fewer switches per phase while still allowing for independent control of the phase current. To drive
the SRM 8/6, this converter employs a total of 6 switches and 6 diodes. Consequently, the rating for switches
S2 and S5 is higher than that of the phase switches S1, S2, S3, and S4. It is important to note that this topology
is only applicable to SRMs with an even number of phases. The operation of each phase can be divided into
three distinct modes, namely magnetization, freewheeling, and demagnetization, as depicted in Figure 9.
Similar to Figure 6, the red-colored circuit or components represent the active components, while the black-
colored ones are passive components.

To facilitate the explanation of the operation, let us begin by examining the waveform of this
converter, which starts with the magnetization of phase A. This is achieved by turning ON switches S1 and S2,
as shown in Figure 9(a). During magnetization in the shared switch, the voltage across the winding in phase A
is equal to the input voltage Vdc, resulting in the generation of positive torque. Additionally, the inductance of
phase A increases. Soft chopping by PWM is implemented by means of the freewheeling and magnetization
modes, achieved by commutating one of the switches while maintaining the other switch in the "ON™" state
throughout the entire period, as depicted in Figure 9(b). In this mode, switch S1 is commutated, while switch
S2 remains ON throughout the entire period.

When the positions of the rotor and stator are aligned, the activation of the demagnetization mode
takes place. During this mode, the flow of current in the stator is halted, and phase B transitions into
magnetization mode, as displayed in Figure 9(c). Switches S4 and S5 are employed for magnetization mode in
phase B. The demagnetization mode of phase B is depicted in Figure 9(d), where switches S4 and S5 are
deactivated, thereby causing phase C to enter magnetization mode. In phase C, switches S2 and S3 are utilized
for magnetization mode. It is important to note that switch S3 carries the currents of phases A and C, while
switch S5 carries the currents of phases B and D, as illustrated in Figure 9(e). This situation arises when phase
C is in demagnetization mode and phase D transitions into demagnetization mode. Lastly, Figure 9(f) presents
the functioning when phase D is in demagnetization mode and phase A commences magnetization mode.
Figure 10 shows the switching signal of S2, S1, and S3 in shared switch converter when phases A and C are
active. S2 is controlled by rotor position, S1 and S3 are controlled by rotor position and PWM.
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Figure 8. 4-Phase converter shared switch
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Figure 9. 4-Phase converter shared switch working condition: (a) magnetization of phase a, (b) free-wheeling
of phase A, (c) magnetization of phase B and demagnetization of phase A, (d) magnetization of phase C
and demagnetization of phase B, (e) magnetization of phase D and demagnetization of phase C,
and (f) magnetization of phase A and demagnetization of phase D
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Figure 10. Switching signal for phase A and C through switch S2, S1, S3 in shared switch converter

2.4 Switching strategy: Miller

Figure 11 presents the topology of the Miller converter designed for the SRM 8/6. This particular
topology offers notable advantages, namely the diminished count of power devices and the potential for
independent phase control. Specifically, this topology shared S1 for phases A until D. However, it is not
without its limitations. One such drawback is the inability to activate certain phases simultaneously.
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Figure 11. 4-Phase converter Miller

The magnetization of the Miller converter is shown in Figure 12(a) by switching ON the S1 and S2.
Figure 12(b) shows the freewheeling condition, achieved by commutating switch S2 while maintaining the S1
in the "ON" state throughout the entire period. Before the rotor position is aligned with the stator, switches S1
and S2 should be OFF. It cannot simultaneously magnetize to phase-B since there is still residual current in
phase A. It is necessary to switch OFF all the switches for several degrees to prevent the overlap situation,
which leads to inefficient power consumption. The demagnetization of Miller topology is shown in
Figure 12(c). After the current of phase A becomes zero, phase B can magnetize as shown in Figure 12(d).
Figure 13 shows the switching signal of S1, S2, S3, S4 in the Miller converter when phases A, B, and C are
active. S1 is controlled by rotor position, S2, S3, and S4 are controlled by rotor position and PWM.
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Figure 12. 4-Phase converter Miller working condition: (a) magnetization of phase A, (b) free-wheeling of
phase A, (c) demagnetization of phase A, and (d) magnetization of phase B
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Figure 13. Switching signal for phase A, B, and C through switch S1, S2, S3, S4 in Miller converter
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3. SIMULATION

The control model and strategy are simulated using MATLAB/Simulink. Figure 14 shows the block
diagram of the simulation in MATLAB. Switching logic will determine the condition of the switching
components through position. The output of PI based speed control and switching logic will determine the
switching components, which are controlled by position and PWM.

In order to accurately represent the motor load, a generic model of the 8/6 SRM was utilized. The
simulation employed a set of parameters that are illustrated in Table 1. As you can see from the stator resistance
until the current reference, these are the parameters of SRM 8/6. Those parameters are gotten from the actual
SRM 8/6 that we used for the experiment. The load torque is 0.04 N.m. since the application of SRM 8/6 is for
home appliances that have a small load torque. The other reason is because we only applied a small voltage to
the converter for the experiment. Each converter is powered by 35 Vdc, and the switching frequency is 10 kHz.
In this simulation, we try to maintain the speed of the SRM at 800 rpm using each topology. The simulation
result determines parameters phase flux, phase current, torque electric, and speed for each converter topology.
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Figure 14. SRMs block diagram in MATLAB

Table 1. Parameters of SRM simulation

Description Total
DC voltage 3BV
Switching control PWM 10 kHz
Speed control PI
Speed reference 800 rpm
Turn on angle 30°
Turn off angle 45°
Stator resistance 10Q
Load torque 0.04 N.m
Inertia constant 0.0005 kg.m?
Viscous friction coefficient  0.005 N.m.s
Unaligned inductance 35mH
Aligned inductance 150 mH
Maximum current 3A
Current reference 27A

Moving on to the simulation results, Figures 15-17 provide a comprehensive overview of the AHB,
shared switch, and Miller topologies, respectively. Figure 16 illustrates the performance of the AHB converter.
Figures 15(a)-15(b) show flux and current capture of the data at a specific time interval between 0.47 and
0.5 seconds. During steady-state operation, the AHB converter showed a maximum phase current of 0.67 A,
with a switching period of 12.46 ms for each phase. Moreover, the average phase current for the AHB was
recorded at 0.41 A. Figure 15(c) shows the torque electric rms in steady-state conditions at 0.04 N.m.
Figure 15(d) shows that speed control is succeeding in reaching the setpoint at 800 rpm.

Figure 16 illustrates the performance of the Shared Switch converter. The simulation results showed
that it has the same performance as the AHB Converter. Figures 16(a)-16(b) show flux and current capture of
the data at a specific time interval between 0.47 and 0.5 seconds. During steady state operation, the Shared
Switch converter showed a maximum phase current of 0.67 A, with a switching period of 12.46 ms for each
phase. The average phase current for the Shared Switch was recorded at 0.41 A. Figure 16(c) shows the torque
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electric rms in steady state condition is 0.04 N.m. Figure 16(d) shows that speed control is succeeding to reach
the setpoint at 800 rpm.

However, Figure 17 shows the simulation result from Miller converter. Figures 17(a) and 17(b) show
the flux and current. The current shows the overlap condition between each phase. This current waveform
occurred because there is not enough time for each phase to demagnetize. As you can see in Figure 17(b), when
phase A is demagnetizing, phase B is directly magnetizing. The switching period is 16.74 ms for each phase.
Figure 17(c) shows the torque electric rms in steady state condition is 0.033 N.m, but Figure 17(d) shows that
the speed of the SRM controlled by Miller converter cannot reach 800 rpm. The maximum speed is 599 rpm.
For this reason, we need to change the parameter of the Miller topology for demagnetizing. We need to decrease
the turn off angle of the Miller converter. The new parameter is explained in Table 2.

Table 2. New parameter for Miller converter

Description Total
Speed reference 500 rpm
Turn On angle 30°
Turn Off angle 41°
FLUX (Wh) CURRENT (A) TORQUE ELECTRIC (N.m) SPEED (RMS)
FLUX PH-A 1PH-A 0.7
FLUX PH.B | peak : 0.62 A |PH-8
1246 ms :t:: E:_ﬁ Irms:0.41 A ::ﬁ 05
0.04 0.6 '
Terms:0.04 N.m TIME 05s
o 0 0 0 Speed: 801 rpm
0.47 0.5 047 05 0 0.4 0 0.4
(a) (b) (c) (d)

Figure 15. AHB converter simulation results for (a) phases flux, (b) phases current, (c) torque electric,
and (d) speed control
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@ ® © @

Figure 16. Shared Switch converter simulation results for (a) phases flux, (b) phases current,
(c) torque electric, and (d) speed control
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Te rms : 0.04 N.m Time :0.5s
— .
0 0 e 0 Speed : 599 rpm
0.47 0.5 0 0.4 0 0.4
(b) (© (d)

Figure 17. Miller converter simulation results for (a) phases flux, (b) phases current, (c) torque electric,
and (d) speed control

The new simulation result for Miller converter is described in Figure 18. Figures 18(a) and b18(b)
show the flux and current. From Figure 18(b), as we can see, the current does not show any overlapping
condition, and each phase has time for de-magnetizing itself. The peak current shows 0.81 with the rms 0.28
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A. With this current and voltage applied, the Miller converter still cannot reach 800 rpm. The parameter is
mentioned as the speed reference becoming 500 rpm to find out the control modelling. Figure 18(c) shows the
torque electric produced by the SRM, and it shows 0.03 N.m. The control can maintain the Miller converter at
500 rpm as described in Figure 18(d).

CURRENT (A) FLUX (Wb) TORQUE ELECTRIC (N.m) SPEED (RMS)
| peak : 0.81A T ipHA
|rp:2 10.65A e
08 IPH-D 0.05 <
Terms : 0.03N.m Time:0.5s
== Speed : 500 rpm
0 0 0
047 0.5 0.47 0.5 0 0.4
(a) (b) (d)

Figure 18. Miller converter with new parameters simulation results for (a) phases flux, (b) phases current,
(c) torque electric, and (d) speed control

4. EXPERIMENTAL RESULT

For the verification of the speed control modeling, we are using TMS320F2837D as a microcontroller
to process the signal and determine the switching of the MOSFET. This device is programmed in MATLAB.
Figure 19 shows the experiment setup. The experiments conducted involved the utilization of AHB, shared
switches, and Miller converters. The switching frequency used to drive the MOSFET was set to 10 kHz, while
a power supply of 35 Volts was connected to provide the necessary power to the motor. The experiment
parameter and the SRM parameter are mentioned in Table 1. The SRMs motor is also loaded by generator DC
to see the performance and actual speed of each topology.
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Figure 19. Experimental setup

Figure 20(a) shows phase voltage A, current A, speed control, and actual speed while loaded. As you
can see, when the phase starts magnetizing, the current starts rising. The experiment shows that the peak current
of the SRM is 0.63 A, while the simulation shows 0.62 A and the current waveform is slightly different between
the simulation and the experiment. The difference between simulation and experiment happened because we
did not model the characteristic of magnetization of the experiment, the SRM 8/6, in simulation. Since we are
using the generic model in the simulation, the magnetization characteristics are different between the
simulation and the experiment SRM 8/6. The speed control is working, as we can see from the set point speed
(SP) and actual value (PV). When the 15 W loads are applied by closing the load switch, the control can
maintain the speed at 800 rpm.

In Figure 20(b), the shared switch converter results also show the same performance as the AHB
converter. The unique characteristics of a shared switch converter are sharing a switch for the adjacent phase,
as shown on the phase voltage on La and Lc. The current through the switch S2 is showing the current for
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phases A and C. The peak current and the waveform are equal with the AHB converter. The peak current is
0.63 A. The speed control is also working, as we can see from the set point speed (SP) and actual value (PV).
When the 15 W loads are applied by closing the load switch, the control can maintain the speed at 800 rpm.

Figure 20(c) shows the experimental result of Miller topology. The commutation angle is already
reduced (it has the same parameter as Table 2), and the voltage figures show that the phase voltage A and phase
voltage B are not demagnetized and magnetized at the same time. There is a time for the phase to fully
demagnetize until the current is zero, then continue to the next phase. S1 carries all the phase current since it
is shared for all of the phases. When the motor is loaded with 15 W, the motor cannot maintain the speed at
800 rpm. With this condition, the maximum speed, the Miller converter can reach is 550 rpm. We change the
set point to 500 rpm when loaded, and after that, we try to switch off the load, and the Miller converter can
maintain the speed at 500 rpm.

Voltage(La) Voltage(Lc) { [1] Voltage(La) [T]
20V/div 20V/div 20 V/dwl
m o m. .mm 1]
d |<A ", et | |
3ms/div I _jms/dr'v | | | | Imy/div_ | |
Current (81) Voltage(La) Voltage(Lb)
0.2A/div/ - I 20V/div 20V7div
| i o " ]
0 J L —
Ims/div Ims/div o 3msidiv
Speed Motor  ____gp Current (52) { | I Current (SI)
100rpm/div PV 0.4A/div I 0.2A/div
200 . ‘ ' | | i AR A e |
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Figure 20. Phase voltage, phase current, changing setpoint of speed, and speed control motor with load for
(a) AHB, (b) shared switch, and (c) Miller

5. CONCLUSION

This research paper extensively examines the proposed control strategy for driving the SRM 8/6 by
modelling the speed control in MATLAB/Simulink. The experiment using the TMS320F2837D device with
function block logic in MATLAB/Simulink was also proposed in this research. The AHB, Shared Switch, and
Miller converter are used and compared to prove the proposed control strategy. The simulation and
experimental results show that the control model can drive and control the speed of the SRM with all types of
converters. The performance in the experiment validates the simulation for all types of converters, The
performance of the Shared switch shows equal with the AHB converter. Interestingly, the Shared Switch
converter only consists of six switches and six diodes. which are less than AHB. The Miller converter shows
the fewest components needed by only consisting of five switches and five diodes, but the performance of the
Miller converter is not better than the other topologies. To summarize, the shared switch converter offers a
preferable solution for driving the SRM with an even number of phases. This preference is primarily due to its
cost-effectiveness, as it requires fewer components.
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