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Cost-Effective and High-Efficiency
Variable-Speed Switched Reluctance Drives
with Ring-Connected Winding Configuration
Xu Deng, Barrie Mecrow, Member, IEEE, Haimeng Wu, Member, IEEE , Richard Martin and Yaohui Gai

Abstract—This paper presents a novel converter topology for
six-phase Switched Reluctance Motor (SRM) drives, which
reduces the number of switches and diodes by half, compared with
the conventional asymmetric half bridge converter, but needs no
additional energy storage component. A dynamic model of a
six-phase SRM is developed in the MATLAB/SIMULINK
environment and conventional current chopping and angle
position control techniques are applied to the proposed converter,
demonstrating successful operation across the full speed range
with modified conventional control techniques, lower converter
losses and higher system efficiency compared with the asymmetric
half bridge converter. Experimental tests comparing two versions
of the proposed converter with an asymmetric half bridge are
described and verify the predictions of the simulations.
Index Terms—Control method, High efficiency, Low cost,
Power Converter, Switched reluctance motor (SRM), Switch
number.

I. INTRODUCTION
witched Reluctance Machines (SRMs) offer many
advantages including simple and robust construction, low
manufacturing cost, high reliability, high efficiency and a
wide speed range, and are therefore good contenders for
electric vehicle traction drives[1, 2]. In recent years they have
also been developed for the aviation industry [3, 4].
However, SRMs characteristically develop pulsating torque
which can give rise to significant torque ripple and acoustic
noise, creating a considerable limitation [5]. Furthermore the
resulting input power pulsations can necessitate a larger dc link
capacitor. The torque ripple can be 70% or more in three-phase
SRMs [6, 7], and 50% or more in four-phase SRMs [8, 9]. The
reduction of torque ripple is an active research topic and
improvement strategies include machine design optimization
[10-12] and advanced control techniques [13-17].
Fundamentally, the phase number of an SRM sets the number
of torque pulses per electrical cycle and so directly determines
the nature of the torque waveform. Higher-phase motors have
experienced some popularity in recent years due to lower
torque ripple, reduced phase current for a given power rating
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and improved fault tolerance in comparison to conventional
machines [18, 19].
Although the continued development of power electronic
devices offers some support for higher phase numbers, the cost
and volume of the converter, and the number of connections to
the SRM, all increase with phase number. The continued use of
asymmetric half bridge converter with higher phases should be
reconsidered if possible. Therefore, despite the benefit to
torque production, the development of SRM converters has
tended towards fewer switches, fewer energy storage devices,
fewer connections between the SRM and converter, and
increased efficiency.
Many potential converters exist for SRMs, including the
asymmetric half bridge converter[20], the H-bridge
converter[21], the magnetic type converter[22] and the
dissipative converter amongst others[23]. The asymmetric half
bridge converter is most commonly employed, exhibiting
excellent phase independence at the expense of a large number
of power electronic devices, requiring two switches and two
diodes per phase [20]. Of the alternatives, the H-bridge, bifilar,
and dissipative converters each reduce the number of switches
by half, but each has consequent drawbacks and limitations.
The H-bridge converter is only suitable for four or multiples of
four-phase machines [21]; the bifilar converter employs an
extra inductance for each phase, which increases the converter
cost and volume [22]; the dissipative converter employs extra
resistance to absorb the energy stored in the phase winding,
giving rise to reduced efficiency and limited scope of
application [23]. Except all the conventional converters
mentioned above, some application specific converter
topologies for SRM are proposed [24-26], which can also be
treated as the potential converters.
A method for driving a six-phase SRM from a three-phase
inverter has recently been proposed[27]; an unconventional
winding scheme was investigated in this context, and the
resulting drive demonstrated low torque ripple and high torque
density, in addition to a number of substantial benefits arising
from the use of a standard converter. In particular, it was shown
how additional steering diodes rectified the sinusoidal,
three-phase supply to a six-phase unipolar group suitable for a
six-phase SRM. However, current control is somewhat
decoupled from the machine in this configuration and
conventional SRM control cannot be directly implemented.
The current paper develops the advantages of the six-phase
SRM, proposing a ring converter topology which facilitates the
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application of conventional control techniques with some
adjustments. By employing the same number of power devices,
the novel six-phase SRM drive system can produce lower
torque ripple than the three-phase SRM drive system. A
dynamic control model for this proposed drive has been
simulated in MATLAB/SIMULINK and the results are
presented here. On this basis, a second ring converter with
additional diodes is proposed for the avoidance of distortion in
the current waveforms. Experimental investigation and
validation of the proposed drives is presented through a range
of tests on a dedicated 4.0 kW prototype SRM.
II. CANDIDATE CONVERTERS FOR SIX-PHASE SRM DRIVES

commutation times.
Fig. 3 presents a six-phase SRM driven by a three-phase full
bridge converter[29], in which six phase windings are arranged
in a delta connection. The three-phase full bridge converter
produces three-phase sinusoidal or trapezoidal currents to drive
three pairs of anti-parallel phase windings. In this configuration
an additional six diodes are used to convert the bipolar current
waveform into two unipolar half waveforms. Note that
conventional control strategies for SRMs cannot be applied
with this converter topology.
TABLE I.
OPERATING MODES OF THE SIX-PHASE ASYMMETRIC HALF BRIDGE
CONVERTER

Converters for six-phase SRM drives can simply be achieved
by extension of conventional three-phase designs. Three
candidate converters are examined, below.
S1

S1
on
on
off
off

D1
phA

Vdc

D2

phB

phC

phD

phE

2

S2
on
off
on
off

Phase A
+Vdc Magnetization
Zero Voltage Freewheeling
Zero Voltage Freewheeling
-Vdc Demagnetization

TABLE II.
OPERATING MODES OF THE SPLIT DC LINK CONVERTER

phF

S1
on
off

S2

Fig. 1. Asymmetric half bridge converter for six-phase SRMs

Phase A
+1/2Vdc Magnetization
-1/2Vdc Demagnetization

S1

III. PROPOSED CONVERTER TOPOLOGY AND CONTROL METHOD

Cdc1
phF

phA

Vdc

phC

phD
phE

D1

phB
Cdc2

Fig. 2. Split DC link converter for six-phase SRMs

phD

Vdc

phB
phA
phE
phC

In order to develop the advantages of the six-phase SRM, the
ideal converter has the following features:
1)
2)
3)
4)
5)

Minimal number of switches;
Minimal number of diodes;
Minimal connections between the motor and converter;
No additional energy storage element;
Conventional control techniques are applicable.

None of the above candidates are fully compliant and so a
new converter configuration is proposed here. Fig. 4 shows a
novel converter for a six-phase SRM created from a three phase
asymmetric half bridge converter.

phF

Fig. 3. Full bridge converter for six-phase SRMs

Fig. 1 shows a six-phase asymmetric half bridge converter,
which is the most popular converter topology for SRM drives
due to its excellent phase independence. Depending on the
on-off states of two switches in each phase, there are three
operating modes for each phase as summarized in Table I. This
converter requires two switches, diodes, and power connections
per phase; there are no additional energy storage components
and the magnetization and demagnetization voltages are equal
in magnitude to the DC link voltage with full phase
independence.
A six-phase split DC link converter is shown in Fig. 2
referring to a two phase split DC link converter in [28]; this
utilizes two equal capacitors to divide the DC link voltage in
two, and one switch per phase gives rise to only two switching
states per phase as shown in Table II. This converter requires
one switch and diode, and potentially seven power connections
between the converter and the SRM. The capacitors represent
an additional energy storage requirement, and the
magnetization and demagnetization voltages are half the
magnitude of the DC link, which normally leads to longer

+Vdc

phA

phB

phC

phD

phE

phF

+Vdc
SFA

phF

phA

DAB

SAB

phB

DFA

DBC

SEF

DEF
phE

SDE

SBC

SCD
phC

DDE

phD
DCD

Fig. 4. The proposed ring converter for six-phase SRMs

This converter combines many of the advantages of the
candidates described in section II, requiring only one diode,
switch and power connection per phase, having no additional
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energy storage element, and facilitating some form of
conventional SRM current control. Compared to the full bridge
converter of Fig. 3, the diodes placed in series with each phase
are no longer required. Since the six phase windings are
connected in a ring, this arrangement is subsequently named a
“ring converter”.
+Vdc

+Vdc

SFA
phA
SAB

phF
DFA
SEF
DEF
phE

SFA

DAB

phA

phB

SAB

phF
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(a)
(b)
Fig. 5. Magnetization modes ‘+1’ in the ring converter.(a) Single phase (b)
three phases in parallel.
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Fig. 6. Freewheeling modes ‘0’ in the ring converter. (a) Single phase (b) three
phases in parallel.
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Fig. 7. Demagnetization modes ‘-1’ in the ring converter. (a) Single phase (b)
three phases in parallel.

In the ring converter, adjacent phase pairs share one switch
and one power diode. For example, phase B shares its top
switch SBC and bottom diode DBC with phase C, meanwhile,
phase B shares its top diode DAB and bottom switch SAB with
phase A. The sharing of switches between phases reduces the
number of switches required but, just as in a standard three
phase bridge, it also reduces phase independence, which will
now be explored.
Like the asymmetric half bridge converter, the ring converter
facilitates
three
operating
modes
(magnetization,
demagnetization and freewheeling) in each phase, depending
on the states of all six switches. These three modes are
illustrated with a single phase excited in Fig. 5(a), Fig. 6(a), and
Fig. 7(a) respectively. The voltage equations of these modes
can be expressed:
d A
 Vdc  RAiA
(1)
dt

d A
  RAiA
dt

(2)

3

d A
 Vdc  RAiA
(3)
dt
As six-phase SRMs usually have three adjacent phases
conducting simultaneously, when all these phases have the
same operating mode, they are connected in parallel. Fig. 5(b)
illustrates the magnetization mode of three phases in parallel.
Phases A, B and C are magnetized simultaneously. The positive
dc-link voltage +Vdc is applied to the parallel combination of
phases A, B and C through switches SFA, SAB, SBC and SCD. The
voltage equation of this operating mode can be expressed as
d
d
d
(4)
Vdc  A  RAiA  B  RBiB  C  RC iC
dt
dt
dt
Fig. 6(b) illustrates the proposed freewheeling mode of three
phases in parallel. In this mode, phase A circulates through SFA
and DAB, phase B circulates through SBC and DAB, while phase
C circulates through SBC and DCD. Therefore, there is no voltage
applied on the phases. The voltage equation of this operating
mode can be expressed:
 d A
 dt   RAiA

 d B
  RB iB
(5)

 dt
 d C
 dt   RC iC

Fig. 7(b) illustrates the proposed demagnetization mode of
three phases in parallel. Phases A, B and C are demagnetized
simultaneously. The negative dc-link voltage -Vdc is applied to
the parallel combination of phases A, B and C through switches
SFA, SAB, SBC and SCD. The voltage equation of this operating
mode can be expressed:
d
d
d
(6)
Vdc  A  RAiA  B  RBiB  C  RC iC
dt
dt
dt
Whilst positive, zero or negative voltage can be applied to
any group of phases, there are some restrictions with regard to
the voltages applied to two adjacent phases. If, for example,
positive voltage is applied to phase A, then Phase B must also
have positive or zero volts applied: the converter topology does
not permit application of positive voltage to one phase and
negative voltage to the adjacent phase. The above restrictions
give rise to significant phase interactions and so the application
of conventional control strategies requires some adaptation.
Fig. 8 illustrates the control diagram of the six-phase ring
converter using a modified current control method. In the
diagram, the first two steps are similar to that of a conventional
converter.
Step1: compare the phase current with the current reference
value to get the current hysteresis control result.
Step 2: combine the current hysteresis control result with the
firing angles to achieve the single phase switching signals.
Step 3 is further designed in order to obtain the final
switching signals GAB to GFA. In order to guarantee enough
magnetization energy, the switching signals GAB to GFA for the
six switches in the ring converter are the logical OR operation
results of every adjacent two single phase switching signals as
expressed:
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(7)

GBC  GB GC

(8)

GCD  GC GD

(9)

GDE  GD GE

(10)

GEF  GE GF

(11)

GFA  GF GA
(12)
Where GA to GF are single phase switching signals for phases A
to F. Hence, if there is a positive demand for either phase A or
phase B, then GAB is high and switch SAB is on.

OR

GFA

IC(A)

IC(A)

OR

GEF

IE(A) ID(A)

ID(A)

OR

GDE

GC

GD

GE

Ring Converter

IE(A)

OR

GCD

GB

IF(A)

GBC

IB(A)

IA(A)
GAB

IB(A)

GA

OR

AND

θon &θoff

AND

θon &θoff

Step 3

OR

θon &θoff

AND

F

θon &θoff

AND

- i
E
i*+
- i

θon &θoff

AND

- i
C
i*+
- i
D
i*+

θon &θoff

AND

i*+
- i
A
i*+
- i
B
i*+

Step 2

IF(A)

Step 1

60° offset between two adjacent phases, Fig. 10(a). The current
waveforms of the ring converter, Fig. 10(b), exhibit some
distortion by comparison, namely an increasing current
midway through the conduction period and a pronounced tail
current after turn-off. Although the current distortion increases
the maximum current rating of the DC link, it does not make
torque output inferior, conversely, the ring converter produces
higher average torque and lower torque ripple as shown in Fig.
11. The torque output difference between these two converters
is generated by the increasing current midway which helps the
ring converter avoid the low output in each conduction period
(encircled in purple in Fig. 11).
IA(A)

GAB  GA GB

GF

t(s)

t(s)

Fig. 8. Control diagram of six-phase ring converter under modified current
control method
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(a)
(b)
Fig. 10. Simulation results of six phase currents under current control.
(a) Asymmetric half bridge converter. (b) Ring converter

A dynamic model of a six-phase SRM was developed in the
MATLAB/SIMULINK environment for simulation of the
proposed ring converter and a six-phase asymmetric half bridge
converter. The model used experimentally measured
electromagnetic parameters from a prototype six-phase, 12/10
SRM, and the parameters are shown in Fig. 9.

T(Nm)

IV. SIMULATIONS

Same current reference=15A, 160 Deg.

t(s)

Fig. 11. Torque comparison between AHB converter and ring converter under
current control

(a)
(b)
Fig. 9. Measured nonlinear electromagnetic characteristics of a six-phase SRM
prototype. (a) Relationship between rotor position, current and flux-linkage. (b)
Relationship between rotor position, current and torque.

A. Current Control
In order to compare the performance of the converters at low
speed, current chopping control strategy is applied at 200rpm.
The phase reference current is 15 A, the turn-on and turn-off
angles are 0° (unaligned position) and 160° respectively, and
the DC link voltage is 200 V.
Fig. 10 shows the six phase current waveforms under current
control, comparing the asymmetric half bridge converter with
the ring converter. The phase currents of the asymmetric half
bridge converter are approximate square waveforms and have

These distortions arise from the phase interdependence
which is characteristic of the ring converter. For example,
consider the time when phase B has been conducting for 60°
and is midway through its conduction period. Phase C
commences its excitation period with the closure of switch SBC.
Positive voltage is applied to Phase C and the state of phases B
and A are dependent upon switch SAB. If positive voltage is
applied to phase A through closure of SFA and SAB then positive
voltage is also applied to phase B, irrespective of whether it is
required. This situation continues until Phase C reaches its
demanded current, and so the current in phase B continues to
increase, unless phase A is switched off. In summary, the
voltage applied to the incoming and outgoing phases affects the
conduction state of the intermediate phase, owing to the
conduction overlap between the three phases.
The angle position difference between incoming phase N and
outgoing phase (N+2) is calculated by (13). As analyzed above,
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as long as phase N and phase (N+2) do not overlap, equation
(14) is fulfilled and the distortion current around 60° can be
avoided.

360
 (N 2  N)  120
6
  N(N 2)  120

 N(N  2)   N  2   N 

con

(13)

(14)
In order to verify how the conduction width affects the
current distortions around 60°, the following simulations are
conducted. Varying the conduction width of the ring converter
from 80 ° to 160 ° , different current waveforms can be
subsequently observed and compared. Fig. 12 compares phase
current waveforms under different conduction widths in
verification of this analysis. Varying the conduction width of
the ring converter from 80° to 160°, it can be seen that current
distortion is not present where the conduction width is less than
120°as suggested by the analysis.
Limiting the conduction to 120 ° can prevent current
distortion around 60°, however a pronounced tail current after
turn off can still be observed in Fig. 12 and may cause extra loss
for the whole system. The reason for the current distortion after
turn-off is once more the special winding connection topology
of the ring converter. In order to explain this, a control instant
of the ring converter is picked out and shown in Fig. 13.

reduced, resulting in the tail current.
Since phase A is freewheeling, ignoring back-EMF under
current control, application of Kirchhoff’s voltage law gives:

Vdc  uB  uC  uD  uE
  LB ( )

+Vdc

2

SFA

1
phF

phA

DAB

SAB

phB

DFA

DBC

SEF

DEF

SBC

SCD

phE

phC

DDE

SDE
3

diB
di
di
di
 LC ( ) C  LD ( ) D  LE ( ) E
dt
dt
dt
dt

(15)

The distortion current can be expressed:

iB  iC  iD  iE  idist

(16)

Substituting (16) into (15) gives:

idist 

 o   Vdc dt

LB ( )  LC ( )  LD ( )  LE ( )

(17)

where Ψo is the original flux linkage existing in phases B, C, D
and E. Assuming Ψo=0, the distortion current is proportional to
the volt-seconds applied, and it is in inverse proportion to the
total inductance of these four phases.
Table III gives the switching and phase conduction states for
phases A and F over a single electrical cycle, indicating the
presence of current distortion.
TABLE III.
RELATIONSHIPS BETWEEN SWITCHES AND PHASE STATE IN ONE ELECTRICAL
PERIOD

SEF
off
off
off
off
on
on
on
on
Fig. 12. Phase current with different conduction widths in the ring converter
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SFA
off
off
on
on
off
off
on
on

SAB
off
on
off
on
off
on
off
on

Phase F mode Phase A mode Current Distortion
-1
-1
no
-1
0
yes
0
0
no
0
+1
yes
0
-1
yes
0
0
no
+1
0
yes
+1
+1
no

Since two phases are conducting, three switches are active
and therefore there are eight switch conduction combinations. It
is clear that there is no current distortion when then conduction
states of the two phases under consideration are the same, since
there is no voltage drop across the four other phases. However,
the conduction states of adjacent phases cannot always be equal
and so the conditions for current distortion are unavoidable.
A simple way to solve the problem shown in Fig. 13 is to
connect a power diode in series with each phase winding to
restrict the directions of the phase currents. This solution is
shown in Fig. 14.
+Vdc

phD

SFA

DCD

Fig. 13. Current loops in the Ring converter for six-phase SRMs

DA phA

DAB

SAB

phB

DF
phF

At this instant, only phases A and F are conducting,
assuming application of the 120o conduction limit. When phase
F is in the magnetization state (green loop 1) and phase A is in
the freewheeling state (green loop 2), switches SEF and SFA are
“on” and all other switches are “off”. Five phases A, B, C, D
and E are now connected in series with the DC link (red loop 3).
Phase E has just finished its conduction phase and is now
switching off. However, because phase F has positive voltage
applied via switch SEF then phase E cannot have negative
voltage applied at the same time, so its rate of current decay is

DFA

DBC

SEF

DEF
phE

DE

SDE

SCD

DB
DC SBC
phC

DDE
DD phD
DCD

Fig. 14. Ring converter with additional diodes for six-phase SRMs

Fig. 15 shows the current waveforms in the ring converter
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with additional diodes. Current distortion is no longer present
owing to the conduction width limitation and the presence of
additional diodes. However, the extra diodes increase the
conduction losses and the component count.

6

count; this is particularly in evidence in current chopping mode
at the lower end of the speed range owing to the reduced
switching losses. However, when the extra diodes are included,
the ring converter exhibits increased loss overall owing to the
additional continuous diode conduction loss, Pd.
TABLE IV.
SIMULATED CONVERTER PERFORMANCE COMPARISON
n(r/min) Tav(N·m) TRR(%)
Asymmetric
Half
Bridge

Fig. 15. Current waveform of the ring converter with additional diodes

B. Voltage control
In order to compare the performance of the proposed
converters under voltage control, an angle position control
strategy is applied at 1500 rpm. The DC link voltage is 200 V,
the conduction width is 80°, and the advance angle is 0°. Fig. 16
compares the phase voltage and current waveforms from the
ring converters with those from the asymmetric half bridge
converter under voltage control.

Fig. 16. Phase voltage and current waveform under voltage control.

Some differences in the voltage waveforms may be
observed, since each phase of the ring converters has 80° of
positive applied voltage for magnetization, followed by 60°
freewheeling at zero voltage (owing to overlap between
adjacent phases), followed by 80 ° of negative voltage for
demagnetization. However, the simulation of the ring
converters give reasonable current waveforms indicative of
satisfactory application of voltage control.
C. Performance comparison
Precise control requirements generally mean that SRM
drives tend towards high switching frequencies, which
increases the impact of switching losses under current chopping
control. In order to compare the output performance of the
proposed converter (with and without the additional diodes)
with the asymmetric half bridge converter, the following
simulation parameters are chosen: the reference torque output
Tav of the SRM is 20 N·m at 200 r/min, 15 N·m at 800 r/min and
10 N·m at 1500 r/min. IGBT models are employed for three
converters. The control frequency is 20 kHz, the conduction
width is 160° with the asymmetric half bridge converter and the
ring converters. Comparison results including switching losses
are shown in Table IV.
The ring converter without extra diodes has the smallest
overall device losses owing to the reduced switch and diode

Ring
Ring with
Extra
Diodes

200
800
1500
200
800
1500
200
800
1500

20
15
10
20
15
10
20
15
10

39.6
38.8
58.9
37.5
36.6
37.9
37.0
36.2
37.7

Ps(W)

Pd(W)

η(%)

112.8
78.2
25.6
90.9
58.7
21.3
91.7
55.2
22.3

27.6
20.7
9.1
25.2
19.6
11.4
54.9
44.6
31.9

47.2
78.5
83.7
52.9
80.2
83.9
45.7
78.4
82.5

The Torque Ripple Ratio (TRR) is defined:
T T
TRR  max min 100%
(18)
Tav
The asymmetric half bridge converter exhibits reduced TRR
at low and medium speed owing to the wider conduction width,
whilst the ring converters exhibit reduced TRR at high speed as
a result of the smoother current waveforms arising from the
characteristic voltage angles.
V. EXPERIMENTAL VALIDATION
In order to test the proposed converters and compare them
with a conventional asymmetric half bridge converter, a test rig
is constructed with a six-phase SRM prototype, a load machine,
power converters and a controller as shown in Fig. 17. Twelve
fast switching IGBT modules are employed and mounted on the
top of an air cooling heat sink as shown in Fig. 17(a). The
components employed in the controller and drive are listed in
Table V.
IGBT modules

Gate drive

(a)

(b)

(c)
Fig. 17. Test rig construction. (a) Power converter. (b)Mechanical part.
(c)Electrical part.
TABLE V.
EMPLOYED COMPONENTS IN THE CONTROLLER AND DRIVER
Component
Selected Model
Component
Selected Model
IGBT module 1
SKM150GAR12T4 DSP
TMS320F28335
IGBT module 2
SKM150GAL12T4 Gate driver SKYPER 32 PRO R
Current transducer
LEM LA 55-P
Encoder
HENGSTLER AC58
Decoding chip
MAX1486EUB
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A. Low speed test
Fig. 18 shows experimental six phase current waveforms and
torque waveform of the asymmetric half bridge converter. The
presence (Fig. 19(a)) and absence (Fig. 19(b)) of any sharp
distortions in the current waveforms at around 60 ° may be
clearly observed in verification of the simulation and analysis
work. Extended current tails are in evidence in both cases.
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the ring converter with additional diodes with 120° conduction
width. In this case, all the current distortions are avoided by
comparison with Fig. 19(a). Owing to the conduction
limitation, the TRR in Fig. 20(b) is 41.8%, greater than the
asymmetric half bridge converter in Fig. 18(b).

(a)
(a)

(b)
Fig. 20. Experimental waveforms of the ring converter with additional diodes
under current control (200 r/min, 20 N·m). (a) Six phase current. (b) Torque.
(b)
Fig. 18. Experimental waveforms of the asymmetric half bridge converter
under current control.(a) Six phase current. (b) Torque.

B. High speed test
Fig. 21 shows the phase current and torque waveform,
comparing the asymmetric half bridge converter with the
proposed converters under voltage control at 1500 r/min,
developing 10 N·m mean torque in all three cases. The TRR of
the proposed converters is slightly lower, as predicted, owing to
the characteristic voltage angles giving rise to a wider current
waveform.

(a)

(b)

(a)

(b)
Fig. 19. Experimental waveforms of the ring converter under current control.
(a)160° conduction width. (b)120° conduction width.

Fig. 20 shows the phase current waveforms measured with

(c)
Fig. 21. Experimental phase current and torque waveforms under voltage
control (1500r/min, 10Nm). (a) The asymmetric half bridge converter. (b)The
ring converter. (c) The ring converter with additional diodes.

C. Performance comparison
The three different drives are compared on the bases of TRR
and system efficiency at three different average torque settings,
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Tav. System efficiency is calculated from the output mechanical
energy Pm, and input energy Pe from the DC power supply. The
parameters used and the results are summarized in Table VI.
∆𝜂 is the system efficiency error between simulation and
experimental results.
TABLE VI.
EXPERIMENTAL PERFORMANCE COMPARISON
n(r/min) Tav(Nm) TRR(%) Pm(W)
Asymmetric
Half
Bridge
Ring
Ring with
Extra
Diodes

200
800
1500
200
800
1500
200
800
1500

20
15
10
20
15
10
20
15
10

29.7
33.0
47.7
42.1
31.2
36.9
27.5
30.8
36.7

194
966
1289
211
975
1291
180
958
1270

Pe(W)
418
1256
1570
418
1256
1570
418
1256
1570

ultimately rejected due to increased continuous diode
conduction loss.
By comparison with an asymmetric half bridge converter, the
proposed ring converter evidences lower converter loss, fewer
devices and higher system efficiency, and is therefore an
attractive proposition for this application.
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η(%) ∆η(%)
46.3
76.9
82.1
50.4
77.6
82.2
43.1
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0.9
1.6
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2.5
2.6
1.7
2.6
1.9
1.6
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