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Fast Discharging (N+1) Switch Converter With
Regenerative Flyback Operation for

N-Phase SRM Drives
Ashwani Kumar Rana , Student Member, IEEE, and A. V. Ravi Teja , Member, IEEE

Abstract—This article proposes a converter topology that can
provide fast discharging for any N-phase switched reluctance motor
(SRM) drive. The proposed converter achieves fast discharging
with only (N+1) switches for an N-phase SRM drive. The discharg-
ing can also be varied and made faster as per requirement. The pro-
posed converter achieves fast discharging by dumping the winding
energy to a capacitor and feeding it back to the source through a
flyback transformer. The proposed converter uses fewer switches,
is easy to control, and has variable discharging voltage which can
be made much greater than the supply voltage. The proposed
converter has been implemented with a four-phase SRM drive
using MATLAB/Simulink software and the results are presented. A
hardware prototype of the proposed converter is developed in the
laboratory and tested on a four-phase SRM. The corresponding
experimental results are presented at different operating condi-
tions. The proposed converter is also compared with other existing
SRM converters with respect to different performance metrics
and a detailed comparison table is presented. Using the proposed
converter, a minimum discharge time of 0.32 ms has been achieved
at 3 A reference current.

Index Terms—Capacitance minimization, flyback, modular
converter, switched reluctance motor (SRM) converter, torque
ripple.

I. INTRODUCTION

SWITCHED reluctance motor (SRM) offers numerous ad-
vantages like fault tolerance, robust operation, compre-

hensive speed range capability, low cost, and high-reliability.
However, SRM is a highly nonlinear motor and has some issues
like torque ripple, acoustic noise, and vibrations [1]–[3]. Recent
developments in control algorithms and advanced converters
have made it easier to overcome these issues. Advance con-
trol algorithms such as torque sharing functions (TSF) [2],
[4]–[10], direct torque control [11], [12], sliding mode con-
trol (SMC) [13], [14], model predictive control (MPC) [15],
[16], and fuzzy logic-based techniques [17], [18] improve the
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performance of SRM. However, these are not fully able to
reduce the limitations. Hence, power converter has a crucial
role in SRM drive operation [19]. Various converters are being
used for the SRM drives, such as conventional asymmetrical
converter [20], C-dump converter [21], [22], and high demagne-
tizing converter [23]. SRM being a multiphase machine requires
more number of switches with increasing number of phases. A
higher number of switches increases the cost of the converter
and makes it bulky. Therefore, the development of the power
converters with low cost (lesser switches) and giving less torque
ripple is desirable for SRM drive development [24], [25]. For
achieving minimum torque ripple, fast demagnetization must be
done by the converter. In a conventional asymmetrical converter,
same dc voltage is used for charging and discharging the SRM
windings. Hence, the dc bus voltage has to be increased to
increase the charging or discharging times [20]. Conventional
C -dump converter requires a high capacitance with voltage
rating equal to double the demagnetizing voltage. Also, this
converter does not fully transfer the energy back to source [21].
Improved C-dump converter is presented in [22], but it does not
provide a detailed analysis of the capacitor design and requires a
high-value of capacitor for effective demagnetization. A variable
voltage converter is proposed in [23]. It has a lower number
of switches but lacks phase independence in multiphase SRM
machines. The integrated multiport converter is also becoming
popular in SRM for reduction of capacitance requirement in dc
bus [26]. For fast magnetizing and demagnetizing, a three-phase
asymmetrical converter is proposed in [27] but this converter
requires an extra switch along with two switches per phase. It
also requires a high value of capacitor and lacks phase inde-
pendence. Recently, some converters are developed to extend
the fault-tolerant capability [28]–[34] but they require a large
number of switches and relays. A converter with extended speed
capabilities is presented in [35] but this converter is bulky due
to extra windings. A converter with voltage boost features is
presented in [36]. This converter is designed for fast excitation of
SRM at higher speeds. For higher efficiency, a low-cost converter
is proposed in [37], but it is bulky in size.

In this article, a converter requiring minimum switches is
proposed which is suitable for any N-phase SRM drive. The
proposed converter requires a smaller value of capacitor, across
which desired demagnetizing voltage is maintained. This voltage
is used to discharge the SRM windings quickly. A flyback
converter is integrated with this capacitor for regenerative action.
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Fig. 1. Circuit diagram of the proposed converter.

The flyback operation is performed using a high frequency
switch in order to reduce the size of the core and hence the con-
verter. The proposed converter can be extended for more number
of phases with minimum number of changes. The unique fea-
tures offered by the proposed converter are outlined as follows.

1) The proposed converter has almost half the number of
switches when compared with the conventional asymmet-
rical converter.

2) It has a variable voltage discharging capability with min-
imum voltage stress on the capacitor unlike conventional
C-dump converter.

3) The capacitor requirement is small as compared to other
existing converters.

4) The integrated flyback converter facilitates regenerative
action to the source.

5) The proposed converter can be extended to a higher num-
ber of phases with only one extra switch per phase.

The rest of this article is organized as follows. Section II
presents the proposed SRM converter topology and its modes
of control. The control of SRM drive employing the proposed
converter is explained in Section III. Capacitance calculation
and design of flyback transformer are explained in Sections IV
and V, respectively. Simulation study is presented in Section VI.
Experimental prototype description and hardware results are
presented and explained in Section VII. Comparative analysis
is presented in Section VIII. Finally, Section IX concludes this
article.

II. PROPOSED CONVERTER AND ITS MODES OF CONTROL

The proposed converter is shown in Fig. 1. The proposed
converter is used to drive the four phase 8/6 SRM drive. This
converter is suitable for four phase SRM drive but can be
extended to more number of phases by adding one switch per
phase. The converter is divided into two parts. The first part has
four switches and used to excite the phase windings indepen-
dently while the second part consists of switch G5, capacitor
Cd and flyback inductor. The switch G5 is used additionally

to modulate the discharging voltage Vcd and send the energy
back to the source through flyback operation. The capacitor Cd

is employed for freewheeling and discharging operation of the
phase winding.

The modes of operation of proposed converter are shown in
Fig. 2. It has four modes of operation which are defined as
follows:

Mode 1: Excitation mode [see Fig. 2(a)].
Mode 2: Discharging mode [see Fig. 2(b)].
Mode 3: Flyback mode-a [see Fig. 2(c)].
Mode 4: Flyback mode-b [see Fig. 2(d)].

A. Excitation Mode

In Mode 1 or the excitation mode, the winding is excited
with source voltage by turning ON the switch G1 for phase-a.
Similarly, switch G2 is turned ON for exciting phase-b and so
on. In this mode, the dc source is directly connected to the phase
winding and the winding charges in the path as shown in Fig. 2(a)
for phase-a.

B. Discharging Mode

In Mode 2 or the discharging mode, the winding is discharged
through capacitorCd with voltage−Vcd when the switchG1 (for
phase-a) is turned OFF. In this mode, the current completes its
path throughL1,D1, andCd (for phase-a) as shown in Fig. 2(b).
Discharging of the other phase windings is similarly achieved by
turning OFF their respective series connected switches (G2–G4

for phase-b to phase-d).

C. Flyback Mode-A and Flyback Mode-B

Flyback mode-a (Mode 3) and flyback mode-b (Mode 4) are
used whenever we need to discharge the capacitor Cd and give
this energy back to the dc source.

In Mode 3 or the flyback mode-a, the switch G5 is turned ON

and the capacitor’s energy is transferred to the T2 coil of the
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Fig. 2. Modes of operation of the proposed converter. (a) Mode 1: Excitation mode. (b) Mode 2: Discharging mode. (c) Mode 3: Flyback mode-a. (d) Mode 4:
Flyback mode-b.

flyback transformer. In this mode, the current path completes
through Cd, G5, and T2 of flyback as shown in Fig. 2(c).

In Mode 4 or the flyback mode-b, the switchG5 is turned OFF.
The energy in the T2 coil discharges to the dc source through T1
coil and diode D5 as shown in Fig. 2(d).

III. CONTROL OF SRM DRIVE USING THE PROPOSED

CONVERTER

To understand the control, the mathematical modeling [1] of
4-phase 8/6 SRM is given as follows:

V = Rsi+
dψ(θ, i)

dt
(1)

where Rs, ψ(θ, i), V , i, are the per phase winding resistance,
flux linkage per-phase voltage, and current, respectively, of the
stator winding and θ is the rotor position.
ψ(θ, i) is given by

ψ(θ, i) = L(θ, i) ∗ i (2)

where L(θ, i) is the inductance per phase.
SRM is a nonlinear motor and the torque per phase is given

by

Te =
∂(
∫
L(θ, i)idi)

∂θ
. (3)

When SRM is operating in the linear operating region (dL(θ,i)
dθ

is constant), the per phase torque can be calculated as

Te =
dL(θ, i)

dθ
∗ i

2

2
. (4)

Fig. 3. Block diagram of SRM drive using the proposed converter.

The control block diagram is given in Fig. 3 and explained as
follows.

1) Reference current (I∗): Reference current is selected based
on the torque requirement of the drive.

2) Rotor position, current, and voltage detection
a) Rotor position is detected using speed encoder and fed

back to the controller.
b) All the four phase currents of SRM (Ia, Ib, Ic, and Id)

are sensed using current sensors and fed back to the
controller through ADC.
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Fig. 4. Four-phase inductance profile with phase reference currents generated
by the commutation controller.

c) Capacitor voltage Vcd is also sensed using a voltage
sensor and fed back to the controller through ADC.

3) Commutation controller: This generates the individual
phase current references (I∗a, I∗b , I∗c , and I∗d) from the
reference current based on rotor position as follows.
Typical inductance profile of a four-phase SRM plotted
with respect to rotor position (θ) is given in Fig. 4. Any
SRM phase provides positive torque for a phase current
in positive slope region of inductance, zero torque in zero
slope region of inductance, and negative torque in negative
slope region of inductance. Therefore, for running the mo-
tor in positive direction, we need to switch the phases and
provide current in their respective positive slope regions
only. Therefore, the commutation controller receives rotor
position feedback from the encoder connected to the SRM
and generates phase current references only during the
turn-ON and turn-OFF periods of the respective phases.
Other than this period, the phase currents references are
made zero. This ensures that the phase current is present
only during θON to θOFF period, thus giving a continuous
positive torque on the motor.

4) Hysteresis current controller: The hysteresis current con-
troller gives gate pulses according to the error between
the reference and actual currents of a phase. A hysteresis
band is selected with suitable upper and lower limits. If the
current error exceeds the upper limit, the respective switch
is turned OFF (mode 2). Similarly, if the current error falls
below the lower limit of the hysteresis band, the switch
is turned ON (mode 1). Four such hysteresis controllers
are employed for controlling the four phase currents. The
corresponding gate pulses are given to the four switches
G1–G4, respectively.

5) Hysteresis Vcd voltage controller: This decides the opera-
tion of flyback converter. First, the desired demagnetizing
voltage to be applied on the SRM windings is selected as
the reference V ∗

cd. The error er between the actual Vcd
(from voltage sensor) and V ∗

cd is given to a hysteresis
controller with a desirable band. If the error er ≥ er1 (er1
is the upper limit of the hysteresis band), then a 50 kHz

Fig. 5. Sample waveforms of the SRM drive control using the modes of
proposed converter.

gate pulse with 0.5 duty ratio (mode 3 and mode 4) is
given to the flyback converter switch G5. This feeds back
the excess energy at the capacitor Cd to the source and
hence the voltage Vcd decreases until er goes below er2.
In the case when the error er ≤ er2 (er2 is the lower limit
of the hysteresis band), then the flyback converter is laid
to rest by giving a zero gate pulse to switch G5. Since
the flyback is not operating, power is not fed back to the
source. In this period, whenever a phase is demagnetizing,
the voltage Vcd increases until er goes beyond er1.

6) Control of the proposed power converter: The control of
SRM currents andVcd voltage using different modes of the
proposed converter is shown in Fig. 5. When a reference
current I∗a is given, mode 1 is applied to increase the phase
current from zero. When the reference current is reached,
mode 1 and 2 are alternately applied based on hysteresis
current controller and the phase current is maintained. Af-
ter this, when the reference current becomes zero, mode 2
is applied permanently (until again the reference is given).
Vcd control is done by the voltage hysteresis controller
using modes 3 and 4.

IV. CAPACITANCE CALCULATION

The capacitance requirements can be calculated from the
amount of energy to be stored. The voltage Vcd of the capacitor
Cd (see Fig. 1) is used to discharge the phase winding. Let Em

be the energy stored in the winding which needs to be discharged
to the capacitor Cd

Em =

∫ θa

θu

i(ψ, θ) dψ. (5)
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Fig. 6. Simulation results of flyback operation to control Vcd in proposed converter. (a) Vcd and G5 gate pulses during a change in V ∗
cd from 48 to 72 V.

(b) Magnified view of Vcd and G5 gate pulses during a change in V ∗
cd from 48 to 72 V. (c) Vcd, IT1, and IT2 during a change in V ∗

cd from 48 to 72 V. (d) Magnified
view of IT1 and IT2. (e) Magnified view of IT1 and IT2 along with G5 gate pulse.

Fig. 7. Simulation results of current control of SRM drive. (a) Four phase currents of SRM drive. (b) Total torque. (c) Speed at 2 A reference current. (d) Current
dynamics of SRM drive when I∗ is changed from 2 to 3 A. (e) Change in total torque due to current dynamics. (f) Speed dynamics of SRM.

When the motor operated in the linear mode, it can be further
simplified as

Em =

∫ θa

θu

i(ψ, θ) dψ =
1

2

∂ψ

∂i
i2 =

1

2
Li2 (6)

where θu and θa are the angles at unaligned and aligned position
of rotor. Let Ec be the kinetic energy stored in capacitor Cd due

to the voltage difference Vcmax to Vcmin

∫
Ec =

1

2
CV 2

cmax − 1

2
CV 2

cmin (7)

ΔVc = Vcmax − Vcmin. (8)

From (6) and (8), we get

Cmin =
2Em

2VcminΔVc +ΔV 2
c

. (9)
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Fig. 8. Experimental setup of the SRM drive using proposed converter.

For the worst case scenario, inductance is considered as max-
imum (Lmax). Generally, in practical situation voltage ripple is
considered about 5% of the dc link voltage so capacitance can
be calculated as

Cmin =
Lmaxi

2

0.1V 2
cmin

. (10)

From (10), it can be observed that, the capacitance value can
be reduced by increasing the voltage ripple. As the value of
voltage ripple will decrease, capacitance value will increase. In
the proposed converter, the capacitor is not connected to the dc
bus directly, it is used to discharge the winding energy and then
through flyback inductor it transfer its complete energy to the
source. In the proposed converter capacitor, value depends on
the current rating of the machine and maximum value of voltage
that the capacitor can handle.

V. DESIGN OF FLYBACK INDUCTOR

The design of the inductor should follow some standard
norms, which requires the following steps.

1) Calculate the size of wire to be used for the electric circuit
to carry the rated current safely.

2) Calculate the size and shape of the magnetic core to be
used such that core should not saturate.

3) Calculate the size of the core to accommodate the conduc-
tor safely.

4) Calculate the desired inductance based on the switching
frequency and number of turns.

The voltages for both the winding is given by

V1 = 4fBmAcT1 (11)

V2 = 4fBmAcT2 (12)

where, V1, V2, T1, and T2 are the primary voltage, secondary
voltage, number of primary, and secondary turns, respectively.

TABLE I
SRM PARAMETERS

TABLE II
PROPOSED CONVERTER PARAMETERS

Bm, Ac, and f are the flux density, core area, and switching
frequency of the flyback inductor.

Both the windings are accommodated in window of the fly-
back

kwAw =
T1I1
J1

+
T2I2
J2

(13)

whereAw is the window area of the core andKw is the winding
factor.

From the above (11)–(13), following equations are derived:

V1I1 + V2I2 = 4kwfJBmAcAw (14)

V A = 2fBmAcAwJKW (15)

AcAw =
V A

2fBmJKw
. (16)

In (16), Ac and Aw represent the area product of the core to
handle the VA rating of flyback.

Wire size for secondary and primary are calculated as follows:

aw1 =
I1
J
, aw2 =

I2
J

(17)

where aw is the cross sectional area of wire and J is the current
density.

VI. SIMULATION STUDY

The simulation study is conducted on four phase 8/6 SRM
drive. The parameters of the SRM and proposed converter
are given in Tables I and II, respectively. The proposed con-
verter is tested under different operating conditions in MAT-
LAB/Simulink software. To test the efficacy of proposed con-
verter, it is tested under dynamic conditions and results are
analyzed and shown in Figs. 6 and 7.

A. Analysis of the Proposed Converter

The simulation results of the proposed converter are shown in
Fig. 6. The gate pulses of switchG5 along with capacitor voltage
(Vcd) is shown in the Fig. 6(a). The capacitor voltage is given a
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Fig. 9. Experimental results of SRM drive. (a) Vcd and gate pulse of G5 switch. (b) Magnified view of Vcd and gate pulse of G5 switch. (c) Reference and actual
phase currents at the discharging voltage (Vcd) of 48 V. (d) Reference and actual phase currents at the discharging voltage (Vcd) of 72 V.

Fig. 10. Experimental results of current control of SRM drive. (a) Four phase currents. (b) Total torque. (c) Speed at 2 A reference current. (d) Current dynamics
of SRM drive when reference is changes from 2 to 3 A. (e) Change in total torque due to current dynamics (f) Speed dynamics of SRM.

reference (V ∗
cd) of 48 V till 0.1 s and then it is changed to 72 V.

The magnified view of the Vcd voltage along with gate pulse of
switch G5 is illustrated in Fig. 6(b). Vcd voltage with respect
to the flyback transformer currents (IT1 and IT2) is shown in
Fig. 6(c). The magnified view of IT1 and IT2 and the same
waveforms with respect to gate pulseG5 are provided in Fig. 6(d)
and (e), respectively.

B. Simulation Results of SRM Drive Using the Proposed
Converter

The simulations results of closed loop current control for 4
phase 8/6 SRM drives are shown in Fig. 7. The four phase
currents of SRM are shown in Fig. 7(a). The total torque and
speed at 2 A is shown in the Fig. 7(b) and (c). The dynamic result

of four-phase currents is shown in Fig 7(d). The current reference
is changed from 2 to 3 A at 1.498 s and the current dynamics
are presented in Fig. 7(d). The torque and speed dynamics are
presented in Fig. 7(e) and (f).

VII. EXPERIMENTAL SETUP

The experimental setup of the proposed converter is shown in
Fig. 8. The experimental verification is done on 0.6 hp four-phase
8/6 SRM. The control algorithm is implemented using Nexys
A7 FPGA digital controller. A 1024 ppr encoder is integrated
to the shaft for rotor position. The feedback is taken using LA-
55p current sensors and fed to FPGA controller using ADC.
A 4 channel DAC is interfaced to obtain the results in digital
oscilloscope.
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TABLE III
COMPARATIVE ANALYSIS OF CONVERTERS FOR 8/6 SRM DRIVE

A. Hardware Results

For experimental results, the parameters of the SRM and the
converter are taken to be same used as in simulation which
are given in Tables I and II, respectively. Fig. 9 presents the
voltage control of capacitor voltage and phenomena of variable
discharging. The capacitor voltage along with control pulses of
switch G5 is shown in Fig. 9(a). The magnified view of Vcd is
shown in Fig. 9(b). It is observed that Vcd is maintained for a
reference voltage satisfactorily. Fig. 9(c) shows the phase current
atVcd = 48 V . It takes 0.60 ms to discharge the winding from the
3 A reference. In similar fashion when the discharging voltage
is increased to 75 V the discharging time is reduced to 0.32 ms
as shown in the Fig. 9(d). In Fig. 10, experimental results of
proposed converter with SRM drive are shown. The four phase
currents are shown in Fig. 10(a). The SRM is operated at 2 A
current. The total torque and the speed characteristics of the
SRM corresponding to 2 A current are shown in Fig. 10(b)
and (c). The current dynamics of the SRM drive is shown in
Fig. 10(d). The current reference is changed from 2 A to rated
current 3 A and corresponding change in total torque is observed
in Fig. 10(e). The speed dynamics is given in Fig. 10(f). It can
be observed that the experimental results are in good match with
the simulation results.

VIII. COMPARATIVE ANALYSIS

Table III presents the comparative analysis of the proposed
converter with other existing converter topologies. The dc input
has been kept constant at V for all the converters. Converters
in [23] and [27] are proposed for a three-phase SRM. These are
extended for four-phase SRM and presented in Table III for fair
comparison. The following can be inferred from Table III.

1) There is no phase independence in [23] and [27] since
magnetizing and demagnetizing cannot happen simulta-
neously. One phase can magnetize only after other phase
has completely demagnetized.

2) Among all the converters, converter in [21] and the pro-
posed converter require minimum number of switches.
However, for a demagnetizing voltage of −V , capacitor
voltage rating in [21] is 2 V , whereas it is V in the
proposed converter.

Fig. 11. Efficiency comparison of proposed converter with C-dump and asym-
metrical converters.

3) The VA rating of all the converters is calculated as per the
method given in [38] and compared in Table III. The VA
rating of the proposed converter is comparable with the
existing converter topologies. The VA rating is calculated
using dc-bus voltage V and current Idc. The normalized
diode conduction and MOSFET switching losses are also
calculated and given in Table III.

4) The proposed converter offers flexible demagnetizing
voltage of any magnitude. The maximum demagnetizing
voltage, Vcdmax , depends on how fast the winding needs to
be demagnetized and this decides the voltage rating of the
capacitor.

5) The normalized losses of the proposed converter along
with other topologies are shown in Table III. It is observed
show that the proposed converter offers good efficiency as
shown in Fig. 11.

IX. CONCLUSION

This article has proposed a novel converter topology with
fewer switches and variable demagnetizing voltage capability.
The unique feature of the proposed converter topology is that
it can be easily extended to any higher number of phases by
adding just one switch per phase. This converter also offers
a feature of modulating the demagnetizing voltage Vcd to any
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desired value. Also, it feeds back the demagnetizing energy to
the source through a flyback transformer. Further, the capacitor
requirement in the proposed converter is confined to the demag-
netizing voltage required. Also, the capacitor can be allowed
to have more ripple since it is not charging the dc bus directly.
Using the switchG5 used in the flyback circuit, the voltageVcd is
modulated, and the energy is sent back to the source whenever
the reference value of Vcd is exceeded. This converter offers
independent operation for all phases, and hence any number of
phases can be magnetized/demagnetized simultaneously as per
control requirement. The proposed converter has been imple-
mented with a four phase 8/6 SRM using MATLAB/Simulink
software. The results are also experimentally validated on an
FPGA-based hardware setup developed in the laboratory. From
the results, it can be observed that the converter is able to
work as expected and control all the phases independently while
maintaining the desired demagnetizing voltages (48 and 75 V)
that are set. The discharging time for these two demagnetizing
voltages are found to be 0.6 and 0.32 ms, respectively. The
proposed converter is also compared with other existing topolo-
gies. The proposed converter shows the advantages in terms of
requiring minimum number of switches, one capacitor, offers
full flexibility in demagnetizing voltage, good efficiency, and
provides complete phase independence making it suitable for
any N phase SRM drive.
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