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Operation of a Mutually Coupled Dual Three-Phase

SRM Drive Under Faulty Conditions
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Abstract—The mutually coupled dual three-phase switched re-
luctance motor (DTPSRM) is a new type of special 12/8 SRMs,
which possesses high-reliability and fault-tolerant feature. In the
past researches, the model, analysis, and fault-tolerant operation
were mainly focused on the classical single three- and four-phase
SRMs. This paper is mainly to analyze and investigate the fault-
tolerant performances of a 12/8-pole mutually coupled DTPSRM
drive under various open-circuit operations. First, the static mag-
netic characteristics of DTPSRM with single- and two-phase exci-
tations are calculated by finite-element analysis. Then, the mathe-
matic model of the DTPSRM drive under open-circuit condition is
developed with a combination of state and fault functions. The sim-
ulation model of the DTPSRM drive system with a fault-tolerant
control strategy is established for dynamic analysis. The faulty
characteristics and fault-tolerant performances of the DTPSRM
with diverse open circuits are predicted. Finally, a 12/8 DTPSRM is
prototyped and an experimental setup is built for verification. The
experimental normal results and diverse open-circuit operations
and self-starting capability under lack of phases are presented,
validating the accuracy of the analysis and simulation as well as
fault-tolerant characteristics of the DTPSRM drive system.

Index Terms—Dual three-phase switched reluctance motor
(DTPSRM), fault tolerant, mutually coupled, open circuit, sim-
ulation model.

I. INTRODUCTION

THE fault tolerance of motor drives has been attracting more
and more interests during the last several years. In some

safety-critical applications like more electric aircraft (MEA),
electromechanical and electrohydraulic actuators, aerospace,
military fields, electric and hybrid electric vehicles (EV/HEV), it
is crucial for the motor drive to continue operation under diverse
fault conditions. Many literatures have been presented to inves-
tigate on the modeling, analysis, and testing of fault-tolerant
rotor permanent-magnet (PM) brushless [1]–[4] and induction
motor drives. Stator PM motor drives are gaining an increasing
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attention in the HEV application owing to their advantages such
as high power/torque density and high efficiency. In [5], Zhao
analyzes the fault-tolerant characteristic of a doubly salient PM
(DSPM) motor drive by using a cosimulation model with con-
sidering the direct field-circuit coupling. A remedial brushless
ac remedial strategy for the DSPM motor drive under fault-
tolerant operation has been proposed and implemented in [6].
Furthermore, another type of stator PM motor which is termed as
flux-switching PM motor and its control strategies with different
degrees of fault-tolerant capability have been investigated in [7]
and [8]. However, the stator PM motors have also some disad-
vantages such as poor mechanical structure and difficulty in PM
cooling because the PMs are located in the stator. Recently, the
multiphase induction motors have also been gaining more and
more interests for fault-tolerant and high-power applications. In
[9] and [10], the modeling and control of a six-phase symmetri-
cal induction machine drive under open-circuit operation have
been presented.

In order to improve the fault tolerance and enhance the re-
liability of motor drives in the electrical system, the concept
of dual three-phase motor drives is widely proposed for MEA,
EV/HEV, wind power generation, ship propulsion, rail traction,
and high-power industrial applications. A dual three-phase in-
duction motor fed by two sets of voltage source inverters and
its control strategies such as direct torque control and predic-
tive control was investigated in [11]–[13]. Furthermore, the im-
pact of winding arrangement and a set of experimental tests on
a dual three-phase induction motor for fault-tolerant applica-
tions have been described in [14] and [15]. Additionally, there
are also some literatures which have reported the multiphase
PM motor drives for fault-tolerant applications in recent years.
In [16], a 12-slot 10-pole PM motor, which is designed with
dual three-phase winding, has been analyzed and investigated
in healthy and faulty operating conditions. The effects of the dif-
ferent coil configurations have also been investigated. In [17], a
control algorithm for driving two three-phase PM motors with
the reduced-component-count dual integrated inverter was pre-
sented and tested. In [18], an improved vector space decom-
position current control scheme for dual three-phase PM syn-
chronous motors accounting for the current unbalance and the
fifth, seventh current harmonics is proposed. In [19], the sen-
sorless rotor position detention capability of a dual three-phase
PM motor drive under healthy and faulty operating conditions
is investigated.

Switched reluctance motors (SRMs) have simple structure,
low cost and manufacturing complexity due to the absence of
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Fig. 1. (a) and (b) Schematic and prototype of the mutually coupled DTPSRM. (c) Drive topology of the DTPSRM.

windings and PMs on the rotor, which is gaining great attention
in high-reliability and high-speed applications. In the past years,
many studies have analyzed and investigated the fault-tolerant
operations, characteristics, and detection and diagnosis meth-
ods for classical SRM drives. For example, the classification of
electrical faults in SRM drives, several fault detection devices,
artificial-neural-network fault-tolerant model and finite-element
analysis (FEA), several remedial strategies for short and open
circuits, and new comprehensive detection methods of eccen-
tricity fault using high-frequency injection signal, and real-time
diagnosis of power converter faults in SRM drives have been
reported in [20]–[26], respectively. However, in most of above
literatures, the modeling, analysis, and control strategy of fault-
tolerant operation were discussed only for the classical single
three-phase 6/4 and 8/6 SRMs.

The dual three-phase SRM (DTPSRM) is a new kind of spe-
cial SRMs, which is employed the redundant technology in the
classical 12/8 SRM, for high-reliability and fault-tolerant op-
erations in some critical applications. The 12-pole windings of
the classical 12/8 SRM are divided in two symmetrical three-
phase winding units and each winding unit is connected to an
independent set of asymmetric half-bridge power converter. It
is confirmed that this type of DTPSRMs would be very suitable
for developing future integrated high-power and high-torque
fault-tolerant motor/generator with redundancy to enhance re-
liability in some safety-critical applications such as MEA and
EV/HEV. In [27], a nonlinear equivalent magnetic circuit mod-
eling method is developed to calculate the static phase flux link-
ages of a low-speed DTPSRM by using the formulas of the air-
gap and other iron-core permeances. In [28], a 12/8-pole DTP-
SRM prototype with the power of 250 kW and its experimental
drive system are presented for aircraft engine starter/generator
application. The FEA static flux linkage and torque character-
istics and experimental dynamic results at normal conditions
are presented. In [29], the authors proposed a dynamic mod-
eling that accounts for the effect of mutual coupling between
two channels but without consideration of magnetic saturation
for the DTPSRM operation under dual-channel mode (DCM).
After that, the simulation model and steady-state and transient

performances for the low-speed DTPSRM applied as a generator
operation under SCM and DCM were also presented and com-
pared in [30], respectively. Furthermore, an improved decoupled
model of the mutually coupled DTPSRM operation under DCM
is also proposed in [31], which is based on the equivalent in-
ductance and flux-linkage characteristics that consider magnetic
saturation. Moreover, a comparative study of magnetic charac-
teristics and dynamic performances for two mutually coupled
DTPSRMs with the same properties and different winding con-
nections is presented in [32]. Unfortunately, most of the above
analysis, modeling and simulation for the DTPSRM drive were
only based on the normal conditions rather than on the fault-
tolerant operation and control.

This paper is mainly to analyze and investigate the fault-
tolerant characteristic and behavior of mutually coupled DTP-
SRM drives under various open-circuit operating conditions. In
Section II, the 12/8-pole mutually coupled DTPSRM prototype
and the magnetic characteristics of the DTPSRM are presented.
The mathematic model under open-circuit faulty condition is de-
rived and developed in Section III. The whole simulation model
with fault-tolerant closed-loop control is established to predict
the steady-state and transient behaviors of the DTPSRM drive
under open-circuit faults in Section IV. The experimental drive
platform of the prototype DTPSRM is built in Section V. The
experimental results at normal and various open-circuit faulty
operations and self-starting capability under lack of one and
two phases are presented to verify the analytical and simulation
results and fault-tolerant control. Finally, conclusions are drawn
in Section VI.

II. MACHINE TOPOLOGY AND FEA

A. Configuration of the DTPSRM Drive System

The schematic prototype of a mutually coupled DTPSRM
and its drive topology with two asymmetric half-bridge con-
verters are shown in Fig. 1. The 12 stator pole coils are divided
into dual three-phase winding units in a dual-channel topology
and the two coils on opposite poles are in series connection
to make up one phase in one channel. The magnetic polarity
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TABLE I
MAIN DIMENSIONS OF THE DTPSRM PROTOTYPE

Number of stator poles 12 Number of rotor poles 8

Outer diameter of stator 80 mm Stator yoke width 6 mm
Outer diameter of rotor 45 mm Rotor yoke width 6 mm
Stack length 45.8 mm Arc angle of stator pole 15°
Airgap length 0.25 mm Arc angle of rotor pole 17°

Fig. 2. Magnetic flux lines of the DTPSRM with (a) and (b) SPE (A1) at the
unaligned and aligned positions, (c) and (d) TPE (A1 and A2) at the unaligned
and aligned positions.

“NSNSNSNSNSNS” is formed on the stator poles owing to the
given winding configuration, as shown in Fig. 1(a). The six-
phase windings of the DTPSRM are supplied by two power
electronic converters, which consist of two independent sets of
asymmetric half bridges with two controllers to achieve high
fault tolerance, as shown in Fig. 1(c). The dc-link voltage is
established by a diode rectifier from ac variable transformer and
is controlled by the variable ac power supply. Once a power
converter or controller fails, the drive system becomes a single
three-phase SRM drive for continuous operation. Table I gives
the key parameters of the DTPSRM prototype.

B. Static Magnetic Characteristics

Generally, FEA is a suitable method for machine design and
performance prediction. In this paper, the FEA software An-
soft/Maxwell 16.0 is used to analyze the magnetic field distri-
bution and calculate the inductance, flux linkage, and torque
characteristics. Fig. 2 shows the magnetic field distributions of
the DTPSRM at the unaligned (θ = 0◦) and aligned (θ = 22.5◦)
positions with single-phase excitation (SPE) and two-phase ex-
citation (TPE) modes. It can be seen from Fig. 2(a) and (b) that

there is a short flux path pattern under SPE. In this situation,
there are mutual coupling fluxes in the neighboring phases, but
the directions of the mutual flux in all neighboring phases are
different. It can be seen from Fig. 2(c) and (d) that there is also a
short flux path pattern and the DTPSRM has two pairs of mag-
netic polarities under simultaneous TPE. In this situation, there
are only mutual coupling fluxes, which are always positive in
conducting phases A1 and A2 due to the winding connection of
magnetic polarity “NSNSNSNSNSNS,” while there are no mu-
tual coupling fluxes in other neighboring phases. The magnetic
field is also symmetrical.

Fig. 3 shows the self- and mutual flux-linkage characteristics
of this DTPSRM with SPE (x1) (x represent A, B, C). However,
in most situations, the currents of phases x1 and x2 in the two
channels are almost the same (ix1 = ix2) and synchronized un-
der DCM due to the symmetrical structure of the motor. At this
operation, the magnetic material in some regions of the DTP-
SRM will be saturated if the phase currents are large and the flux
linkage of each phase will be somewhat reduced because of such
saturation. Fig. 4 shows the equivalent self-, total, and mutual
flux-linkage characteristics in one phase when two phases (x1
and x2) are simultaneously excited and the magnetic saturation
is also considered. In these figures, the flux linkages are ob-
tained from the FEA simulations and phases x1 and x2 are both
excited with the same current levels at different rotor positions,
and Table II gives the comparison of diverse phase flux linkages
with different excitation modes at different positions. It can be
found from Figs. 3 and 4 that the phase flux linkage around the
aligned position becomes to be saturated as the phase current
is larger than 20 A under SPE, while the phase flux linkage at
the same region will begin to be saturated as the phase currents
are larger than 13 A under simultaneous TPE (x1 and x2). It can
also be found that the phase self- and mutual flux linkages are
almost the same in the linear magnetic region under two excita-
tion modes, respectively, while the phase self- and mutual flux
linkages in the magnetic saturation region under TPE are lower
than those under SPE. For example, λx1,self at ix1 = ix2 = 5 A
and ix1 = ix2 = 25 A under TPE at the aligned position are
5.546 and 19.35 mWb, which are 99.9% and 77.1% of λx1,self
at ix1 = 5 A and ix1 = 25 A under SPE.

The static torque characteristics of this DTPSRM with SPE
and TPE are also calculated, as shown in Fig. 5. Furthermore,
the maximum and average torques at different current levels
during one half of excitation cycle are given in Table III. It can
be found that the average and maximum torques developed with
TPE are larger than two times of those with SPE at the same
currents.

In summary, this DTPSRM can be called as a new type of
mutually coupled DTPSRM because the dual three-phase wind-
ing units in the motor would have strong magnetically cou-
pling when they are excited simultaneously and operating under
DCM.

III. MODELING OF DTPSRM WITH OPEN-CIRCUIT OPERATION

From above analysis and calculation, the DTPSRM looks
like a DTPSRM under the normal DCM operation. The voltage
drops of freewheeling diode and switch conduction are normally
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Fig. 3. Static flux-linkage characteristics when only one phase (x1) is excited. (a) Self-flux linkage in phase x1. (b) Mutual flux linkage in phase x2.

Fig. 4. Flux-linkage characteristics of the mutually coupled DTPSRM under TPE. (a) Equivalent self-flux linkage in phase x1. (b) Total flux linkage in one
phase. (c) Mutual flux linkage between phases x1 x2.

TABLE II
COMPARISON OF STATIC FLUX LINKAGE FOR DIFFERENT CURRENT LEVELS

Current 5 A 10 A 15 A 20 A 25 A

Phase self-flux
linkage with
SPE at 0°, mWb

1.285 2.572 3.856 5.025 6.442

Phase equivalent
self-flux linkage
with TPE at 0°,
mWb

1.285 2.570 3.855 5.141 6.427

Phase total flux
linkage with
TPE at 0°, mWb

1.340 2.681 4.021 5.362 6.703

Phase self-flux
linkage with
SPE at 22.5°,
mWb

5.551 11.12 16.68 21.45 25.09

Phase equivalent
self-flux linkage
with TPE at
22.5°, mWb

5.546 11.10 15.38 17.80 19.35

Phase total flux
linkage under
TPE at 22.5°,
mWb

8.011 16.05 22.13 24.78 26.13

ignored and the full dc-bus voltage is applied across the con-
ducting phase windings in two channels, then the single-phase
voltage and flux-linkage equations of the DTPSRM under nor-

mal operation can be described by{
Vdc − ξjuj = 0, (j = A1, B1, C1, A2, B2, C2)

ϕj = ϕ(θj , iA1 , iB 1 , iC 1 , iA2 , iB 2 , iC 2)
(1)

where Vdc is the dc-bus voltage, uj is the jth-phase terminal
voltage, ϕj is the phase flux linkage, and ξj is a state function,
which is used to represent the state of the jth-phase winding. It
can be expressed as

ξj =

{
1, θon ≤ θ ≤ θoff

−1, θ ≥ θoff
(2)

where 1 and –1 denote energized and freewheeling states, re-
spectively.

To derive the mathematical model of the DTPSRM drive
under fault condition, the phase A1 is assumed to be an open
circuit at some point. If the phase A1 is excited at this time, then
the voltage across the phase A1 is zero. If the phase is during
freewheeling state, then the voltage and current of phase A1
remain unaffected. An open-circuit fault function is introduced
as follows: where

χA1 =

{
0, phase A1 open − circuited and ξA1 = 1

1, ξA1 = −1
.

(3)
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Fig. 5. Static torque characteristics of the DTPSRM with different excitations:
(a) SPE (x1) and (b) TPE (x1 and x2).

Therefore, the first equation in the mathematical model (1)
with one-phase (A1) open-circuit fault is expressed as{

χA 1Vdc − ξA 1uA 1 = 0, Vdc − ξB 1uB 1 = 0, Vdc − ξC 1uC 1 = 0

Vdc − ξA 2uA 2 = 0, Vdc − ξB 2uB 2 = 0, Vdc − ξC 2uC 2 = 0
(4)

From above description in Section II-B, it is concluded that
the DTPSRM could be considered as a DTPSRM when it is op-
erating under DCM. In this operation, there are only positive mu-
tual coupling fluxes in conducting phases A1 and A2 due to the
winding connection of magnetic polarity “NSNSNSNSNSNS,”
and no mutual coupling fluxes in other neighboring phases.

TABLE III
COMPARISON OF STATIC TORQUE FOR DIFFERENT CURRENT LEVELS, UNIT:N·M

Current 5 A 10 A 15 A 20 A 25 A

Average torque with SPE 0.026 0.102 0.230 0.407 0.620
Average torque with TPE 0.079 0.320 0.707 1.158 1.621
Maximum torque with SPE 0.051 0.205 0.459 0.790 1.179
Maximum torque with TPE 0.124 0.498 1.115 1.916 2.809

Thus, the dual-phase (A1 and A2) voltage equations under DCM
can be described as follows [31]: (6) shown at the bottom of the
page

uA1 =
dϕA1

dt
+ r · iA1 , and uA2 =

dϕA2

dt
+ r · iA2 (5)

where A1 and A2 are the simultaneous conducting phases in
channel 1 and 2, respectively. ϕA1 and ϕA2 are the total flux
linkages in phases A1 and A2, respectively. ϕA1A1 and ϕA2A1
are the equivalent self-flux linkage and mutual flux linkage in
phase A1. The meaning of ϕA1A2 is similar to ϕA2A1 .

Furthermore, owing to the symmetrical construction of the
DTPSRM, the currents of phases A1 and A2 are always equal
to each other at any time under DCM operation. The self- and
mutual flux linkages in phases A1 and A2 will also keep the
same. Thus, it can be assumed that iA1 = iA2 = i, ϕA1A1 =
ϕA2A2 , and ϕA1A2 = ϕA2A1 under DCM operation.

In addition, the total torque developed by phases A1 and A2
under DCM operation is expressed as

TA1A2(θ, iA1 , iA2) = TA1A2(θ, iA1 = i, iA2 = i)

= Teq (θ, iA1 = iA2 = i). (7)

As discussed before, there are only mutual coupling fluxes in
conducting phases A1 and A2 and no mutual coupling fluxes
in other neighboring phases, then the above mathematic equa-
tion (see 4) with one-phase (A1) open-circuit fault becomes as
follows: (8) shown at the bottom of the page. (9) Shown on the
next page.

Equation (8) is a complicated nonlinear, time-varying, and un-
steady partial differential equation. We can apply the Cramer’s
rule to get the following: (10) shown on bottom of the next page.

ϕA1 = ϕA1(iA1 , iA2 , θ) = ϕA1A1(iA1 , iA2 , θ)︸ ︷︷ ︸
self flux linkage of phase A1
undertwo−phase excitation

+ ϕA2A1(iA2 , iA1 , θ)︸ ︷︷ ︸
mutual flux linkage in phase A1
under two−phase excitation

ϕA2 = ϕA2(iA2 , iA1 , θ) = ϕA2A2(iA2 , iA1 , θ)︸ ︷︷ ︸
self flux linkage of phase A2
under two−phase excitation

+ ϕA1A2(iA1 , iA2 , θ)︸ ︷︷ ︸
mutual flux linkage in phase A2
under two−phase excitation

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(6)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ξA1

(
∂ϕA 1
∂ iA 1

diA 1
dt + ∂ϕA 1

∂ iA 2

diA 2
dt

)
= PA1 ,ξA2

(
∂ϕA 2
∂ iA 1

diA 1
dt + ∂ϕA 2

∂ iA 2

diA 2
dt

)
= PA2

ξB 1

(
∂ϕB 1
∂ iB 1

diB 1
dt + ∂ϕB 1

∂ iB 2

diB 2
dt

)
= PB 1 , ξB 2

(
∂ϕB 2
∂ iB 1

diB 1
dt + ∂ϕB 2

∂ iB 2

diB 2
dt

)
= PB 2

ξC 1

(
∂ϕC 1
∂ iC 1

diC 1
dt + ∂ϕC 1

∂ iC 2

diC 2
dt

)
= PC 1 , ξC 2

(
∂ϕC 2
∂ iC 1

diC 1
dt + ∂ϕC 2

∂ iC 2

diC 2
dt

)
= PC 2

(8)
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where FA1(iA1 , iA2 , Vdc , θ, ξA1 , ξA2) is expressed as (11)
shown at the bottom of the next page. FB 1 , FC 1 , FA2 , FB 2 and
FC 2 are similar to FA1 .

Here, we introduced two variables as (12) to simplify (11)

ΓA1 =
∂ϕA2

∂iA2
· ∂ϕA1

∂θA1
− ∂ϕA1

∂iA2
· ∂ϕA2

∂θA2
,

ΛA1 =
∂ϕA1

∂iA1
· ∂ϕA2

∂iA2
− ∂ϕA1

∂iA2
· ∂ϕA2

∂iA1
. (12)

Therefore, the differential equation (10) is simplified as (13)
shown at the bottom of the next page.

where ΓB 1 ,ΛB 1 ,ΓC 1 ,ΛC 1 ,ΓA2 ,ΛA2 ,ΓB 2 ,ΛB 2 ,ΓC 2 ,ΛC 2
are also similar to ΓA1 ,ΛA1 . It can be seen from (13) that the
DTPSRM drive under open-circuit operation is developed by
the combination of the state and fault functions ξj and χj .

IV. DYNAMIC PERFORMANCES OF THE DTPSRM DRIVE

In this section, the above developed model based on MAT-
LAB/Simulink is established to predict the normal and faulty
operations of the DTPSRM drive.

A. Simulation Model of the DTPSRM Drive

Several different methods have been proposed for deriving
models of SRM, in which the flux linkage or inductance char-
acteristics are modeled by using lookup tables, curve-fitting, or
fuzzy logic or artificial neural network from FEA or measure-
ment results. To achieve a good simulation of the DTPSRM,
the static flux linkage and torque results of the DTPSRM with
SPE and dual-phase excitation, as shown in Figs. 3–5, are used
in here. According to the mathematical model (5)–(7), the sim-
ulation block diagram of the DTPSRM operation under DCM
with the simultaneous TPE (x1 and x2) and considering mutual
coupling between these two phases is presented in Fig. 6.

In order to achieve open-circuit fault-tolerant operations, a
fault-tolerant control strategy which is to maintain the rotor
speed as the normal operation is performed, as shown in Fig. 7.
Under the normal operation, the command speed is usually com-
pared with the sensed speed in speed closed-loop controller to
satisfy different load requirements and maintain the speed by
adjusting PWM duty cycle. Once one phase is open circuited at
some point, it should be immediately shut off or the torque will
be reduced with no further action. In order to compensate the
lost torque, the most straightforward remedial action is increas-

Fig. 6. Simulation block diagram of phases x1 and x2 of the DTPSRM oper-
ation under DCM.

Fig. 7. Fault-tolerant speed closed-loop control for the DTPSRM drive.

ing the PWM duty cycle, i.e., the current in healthy phases. This
action often happens automatically when the SRM is controlled
with a speed closed loop. But if the load torque is large, this
method is not enough and not always feasible under some open-
circuit fault conditions. In this paper, the angle position control
is also employed together with the PWM method for current
control to fulfill the load torque and maintain the speed. This
alternative method which refers to adjusting the turn-off angle
in the healthy phases is adopted except above automatically ad-
justment. The turn-off delay angle Δθoff is optimized to increase
the turn-off angles in the healthy phases after open-circuit fault,
which can improve the dynamic performances such as healthy
phase torques, output average torque, and power, and decrease

⎧⎨
⎩

PA1 = P
(
Vdc , χA1 , ξA1 , iA1 , r, ω, ∂ϕA 1

∂θA 1

)
= χA1Vdc − ξA1

(
ω ∂ϕA 1

∂θA 1
+ riA1

)
Pj = P

(
Vdc , ξj , ij , r, ω,

∂ϕj

∂θj

)
= −Sj

(
ω

∂ϕj

∂θj
+ rij

)
, j= other phases

(9)

⎧⎪⎪⎨
⎪⎪⎩

diA 1
dt = FA1(iA1 , iA2 , Vdc , θ, ξA1 , ξA2), diA 2

dt = FA2(iA1 , iA2 , Vdc , θ, ξA1 , ξA2)
diB 1
dt = FB 1(iB 1 , iB 2 , Vdc , θ, ξB 1 , ξB 2), diB 2

dt = FB 2(iB 1 , iB 2 , Vdc , θ, ξB 1 , ξB 2)
diC 1
dt = FC 1(iC 1 , iC 2 , Vdc , θ, ξC 1 , ξC 2), diC 2

dt = FC 2(iC 1 , iC 2 , Vdc , θ, ξC 1 , ξC 2)

(10)
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Fig. 8. Whole Simulink model of the DTPSRM drive system.

the torque ripple under open-phase fault-tolerant operations. Af-
ter that, the switching signals are produced to control the power
converter through the PWM generator and electric commutator
by adjusting the PWM duty cycle. Thus, the rotor speed is reg-
ulated in a closed loop. This alternative method which refers to
adjusting the turn-off angle with PWM method is also appropri-
ate for the normal operation with large load torque. However, the
optimized turn-off angle under normal operation will be smaller
than that under fault operation because the number of working
phases is more than that of the fault condition.

The whole simulation system of the DTPSRM drive based on
MATLAB/Simulink is shown in Fig. 8, which consists of the
dual three-phase winding models, speed controller, two asym-

metric half-bridge converters, logic PWM, angle controller, me-
chanical system and dc source, etc. It should be noted that the
dual three-phase winding models mainly conclude the self- and
mutual flux linkages, and torque characteristics.

B. Normal Performances and Model Verification

Fig. 9 shows simulated dynamic performance of speed step
response with closed-loop control for a 0.5-N·m load at nor-
mal condition. The input dc-link voltage and command rotor
speed are fixed at 30 V and set to 3000 r/min, and the turn-
on and turn-off angles are fixed at 0° and 15°, respectively. In
order to validate the developed model of the DTPSRM drive
based on MATLAB/Simulink, Fig. 10(a) and (b) compares the
steady-state phase voltage, current, and dc-link current in one
channel obtained via simulation and experiment when the DTP-
SRM drive operates under the speed closed-loop control at the
same condition of 3000 r/min. Another validation is done for the
DTPSRM running with a speed of 3000 r/min under single-pulse
control. In this case, the dc-link voltage was 25 V. Simulated and
measured phase currents in two channels are shown in Fig. 11.
It can be seen that the simulated waveforms matches the exper-
imental results quite well, which validate the accuracy of the
developed model and analysis.

Furthermore, in order to investigate the effect of different
turn-off angles for the output performance of the DTPSRM
drive, Fig. 12 shows the profiles of phase current and phase
torque and total torque waveforms of the DTPSRM over one
electrical cycle under single-pulse control, varying the turn-off
angle. The dc-link voltage and the rotor speed of the motor are
fixed at 30 V and 3000 r/min respectively, and the turn-on angle
is set at 0° in this simulation. Each current profile shown is for
a different turn-off angle—from 10° to 20° at 2.5° intervals.
Table IV gives the output dynamic performance with different
turn-off angles under single-pulse operation. It can be seen that
the RMS phase current, phase torque, output average torque,
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Fig. 9. Simulated dynamic performance of speed step response with closed-loop control at normal condition. (a) Transient speed, phase currents and torque. (b)
Steady-state phase currents in channels 1 and 2 and total torque waveforms.

Fig. 10. (a) Simulated and (b) measured steady-state phase voltage, current, and dc-link current in channel 1 at 3000 r/min with closed-coop control.

Fig. 11. (a) Simulated and (b) measured steady-state phase currents in channels 1 and 2 with single-pulse control at normal condition.

and output power of the DTPSRM drive increase with the turn-
off angle increased, whereas the torque ripple decreases with
the turn-off angle increased. So the turn-off angle θoff can be
delayed for optimization to improve the performances of healthy
phase torque, output average torque, and power, and decrease
the torque ripple under open-phase fault-tolerant operation. It
should be noted that this optimization is also for all the healthy
phases in both channels under fault-tolerant operation.

C. Open-Phase Performances Under Single-Pulse Operation

Owing to the redundant configuration in the DTPSRM, it pos-
sess high fault-tolerant feature. A faulty phase can be cut off in
the event of open-circuit fault, and the remaining healthy phases
will continue to operate with reduced power if the system does
not take any remedial action. In order to investigate this faulty
characteristic and the mutual coupling effect between each chan-
nel of the DTPSRM drive under open-phase conditions, the
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Fig. 12. Sets of simulated (a) phase current, (b) phase torque, and (c) total torque traces obtained by varying the turn-off angle positions.

TABLE IV
DYNAMIC PERFORMANCE WITH DIFFERENT TURN-OFF ANGLES UNDER

SINGLE-PULSE OPERATION

Parameter θo n = 0°

θo f f = 10◦ θo f f = 12.5◦ θo f f = 15◦ θo f f = 17.5◦

RMS phase current,
A

5.048 6.397 7.783 9.284

Average torque, N·m 0.826 1.151 1.435 1.623
Torque ripple 160.3% 154.6% 105.9% 50.6%
Output Power, W 259.5 361.6 450.8 509.9

above developed simulation model is used to predict the faulty
steady-state performances of the remaining healthy phases un-
der lack of one and multi phases with single-pulse control.

First, Fig. 13 shows the simulated output faulty performances
of the DTPSRM drive under lack of one phase (A1), two phases
(A1, A2 and A1, B1), and three-phases (A1, B1, C1) with single-
pulse operation. In these simulations, the dc-link voltage and the
speed are also fixed at 30 V and 3000 r/min, and the turn-on and
turn-off angles are fixed at 0° and 15°, respectively. It should be
noted that the speed of the machine is fixed at 3000 r/min, which
means that all simulations were performed at a constant imposed
speed of 3000 r/min in the simulation model. The main focus is
to investigate the torque production capability of the DTPSRM
under diverse winding fault conditions with single-pulse control.
For example, when one phase is faulted still 3 + 2 phases of the
machine are working (the 83.3% of the machine’s windings).
The remaining healthy phases are still contributing to the torque
generation, but of lower values. Table V gives some summaries
of the predicted faulty steady-state performances such as the
produced average torque, torque ripple, output power, copper
loss, copper loss per torque, and efficiency during lack of one
and multiphases with single-pulse control at 3000 r/min. It can
be found that the developed average torques of the DTPSRM
under lack of one phase (A1) and two phases (A1 and A2)
conditions are about 1.179 and 0.955 N·m, which are 82.2% and
66.6% of the normal operation torque. The torque ripple under
lack of phases A1 and A2 is 219.2%, which is the maximum in
all of the four open-phase faults. The efficiencies under lack of
phases are lower than that under normal operation.

Furthermore,Fig. 14 shows the developed average torque ver-
sus speed and copper loss per torque characteristics of the DTP-
SRM drive with the same dc-link voltage under the normal and

various open-phase conditions. It can be seen that the output av-
erage torques under both normal and open-phase conditions de-
crease with the rotor speed increased. Moreover, the developed
average torque under normal DCM operation is more than two
times of that under single-channel operation mode, i.e., during
loss of three phases (A1, B1, and C1), and the copper losses per
torque under normal and two-phase (A1 and A2) open-circuit
conditions are almost the same, which are the lowest in all of
the four open-phase faults.

D. Fault-Tolerant Performance Under Closed-Loop Control

Fig. 15 shows the simulated speed and all phase currents re-
sponses of the DTPSRM drive operation with one-phase (A1)
open-circuit under the fault-tolerant control. The simulation
condition was performed using the same setting as that of afore-
mentioned. As expected, the rotor speed of the DTPSRM drive
is able to keep the command speed of 3000 r/min and the cur-
rents in healthy phases increased under the fault-tolerant control
after the phase A1 is open circuited. Furthermore, it can be ob-
served that the current amplitude of phase A2 is larger more
than the other healthy phase currents because there is no mutual
coupling in phase A2 during loss of phase A1.

Fig. 16 shows the simulated speed and all phase currents re-
sponses of the DTPSRM drive operation with two-phase (A1
and A2) open-circuit under the fault-tolerant control. It is evi-
dent that the corresponding faulty phase currents drop to zero
after they are open circuited simultaneously. However, the DTP-
SRM is still able to keep the command speed under the fault-
tolerant control. Furthermore, it can be noted that the healthy
phase currents of C1 and C2 in both channels 1 and 2 are
slightly larger than those of B1 and B2. However, the healthy
phase currents of B1 and B2 almost keep the same with each
other, and the healthy phase currents of C1 and C2 also keep
the same.

Furthermore, Fig. 17 shows the simulated speed and all phase
currents of the DTPSRM drive operation with three-phase (A1,
B1, C1) open-circuit under the fault-tolerant control. It can also
be seen that the DTPSRM is still able to maintain the command
speed as the normal operation.

V. EXPERIMENTAL VERIFICATION

In this section, the experimental drive platform of the pro-
totype 12/8-pole DTPSRM is set up, as shown in Fig. 18, and
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Fig. 13. Simulated steady-state performances with different open-circuit faults under single-pulse control. (a) Phase A1 open circuited. (b) Phases A1 and A2
open circuited. (c) Phases A1 and B1 open circuited. (d) Phases A1, B1, and C1 open circuited.

TABLE V
SUMMARY OF THE PREDICTED NORMAL AND FAULTY PERFORMANCES WITH SINGLE-PULSE CONTROL AT 3000 R/MIN

Condition Normal A1 opened A1 and A2 opened A1 and B1 opened A1, B1, and C1 opened

Sum of RMS phase current, A 7.783 × 6 7.783 × 4 + 8.715 7.783 × 4 7.783 × 2 + 8.758 × 2 8.775 × 3
Average torque, N·m 1.435 1.179 0.955 0.926 0.670
Percentage of normal torque 100% 82.2% 66.6% 64.5% 46.6%
Torque ripple 105.9% 150.5% 219.2% 197.4% 118.5%
Output Power, W 450.8 370.4 300.0 290.9 210.5
Copper loss, W 61.78 54.10 41.19 46.67 39.27
Copper loss per torque, W/N·m 43.05 45.88 43.13 50.39 58.61

Fig. 14. (a) Average torque–speed and (b) copper loss per torque characteristics under lack of diverse-phase operations.
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Fig. 15. Simulated waveforms at fault-tolerant operation when phase A1 is open circuited. (a) Rotor speed, (b) and (c) transient phase currents in channels 1 and
2, (d) and (e) steady-state phase currents in channels 1 and 2 after fault.

Fig. 16. Simulated waveforms at fault-tolerant operation when phases A1 and A2 are open circuited. (a) Rotor speed. (b) and (c) phase currents in channels 1
and 2.

Fig. 17. Simulated waveforms at fault-tolerant operation when phases A1, B1, and C1 are open circuited. (a) Rotor speed. (b) Phase currents in channel 2.
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Fig. 18. Experimental setup: (a) DTPSRM, (b) torque transducer, (c) hys-
teresis brake, (d) dSPACE 1104, (e), (f) driver circuits in channels 1 and 2, (g)
asymmetric power converter in one channel, and (h) rotor position sensor.

the normal and open-circuit fault operations are tested to ver-
ify the above analysis, simulation, and fault-tolerant control
strategy. The DTPSRM is loaded using a hysteresis brake cou-
pled through a torque transducer. The main control system is
implemented by dSPACE 1104 which is used for developing
control programs and the PWM switching signals are trans-
mitted to the gate drivers. The dual three-phase channels of the
DTPSRM are connected to two separate asymmetric three-phase
half-bridge circuit units, which are used as the dual-channel
power converters.

A. Normal Operation With Closed-Loop Control

First, the speed step response of the DTPSRM drive under
normal DCM operation with speed closed-loop control is per-
formed, as shown in Fig. 19. During this operation, the command
speed is set to 3000 r/min; the other experiment conditions were
performed using the same setting as those of the aforementioned
simulation. As expected, the DTPSRM accelerate quickly from
standstill to 3000 r/min and the phase currents in two channels
are almost kept the same and synchronous, which verified the
speed closed-loop control strategy.

B. Faulty Operation With Single-Pulse Control

Second, the output transient average torque characteristics of
the DTPSRM drive under normal and lack of diverse phases
operations with single-pulse control were measured, as shown
in Table VI. In each case, the dc-link voltage is fixed at 30 V and
the speed is maintained at 3000 r/min by adjusting the voltage
of the hysteresis brake, which is used to change the load torque.
The output average torque of the DTPSRM is equal to the load
torque and determined by load characteristics of the hysteresis
brake at steady-state operation, then the developed torque of the

TABLE VI
AVERAGE TORQUE CHARACTERISTICS WITH SINGLE-PULSE CONTROL

AT DIFFERENT CONDITIONS

Condition Normal A1 opened A1 and A2
opened

A1 and B1
opened

A1, B1 and
C1 opened

Simulated
torque, N·m

1.435 1.179 0.955 0.926 0.670

Measured
torque, N·m

1.346 1.107 0.893 0.862 0.624

Relative error 6.20% 6.11% 6.49% 6.91% 6.87%

machine is measured by means of a torque transducer. These
tests were performed for the same conditions as those carried
out during the simulations. As can be seen in Table VI, the
simulated average torques is quite close to those obtained by
measurements. The relative errors between the simulated and
measured data are significantly under 7%, which verified the
aforementioned analysis and simulation again.

C. Fault-Tolerant Performances Under Open-Circuit Faults

First, Fig. 20 shows the measured fault-tolerant performance
during the single- phase (A1) open-circuit occurrence at 3000
r/min. As expected, the speed is maintained before and after the
failure under the fault-tolerant control. The current amplitude
of phase A2 is larger more than the other healthy phase cur-
rents. Second, Figs. 21 and 22 show the measured fault-tolerant
performances when two phases (A1, B1 and A1, A2) in one
channel and two channels are open circuited, respectively. It can
be observed that the speed after two-phase open-circuit is still
maintained. Third, Fig. 23 shows the measured fault-tolerant
performances when the three phases in one channel, namely,
phases A1, B1, and C1, are open circuited. It can be seen that
the DTPSRM drive after three-phase open-circuit still be able
to maintain the command speed. It can be concluded that the
DTPSRM drive under diverse open-circuit fault-tolerant opera-
tions can be able to maintain the command speed as the normal
operation, which verified the fault-tolerant control strategy. Fur-
thermore, it can be seen from Fig. 1(c) that there is a filter circuit
in the supply side of the dc bus. In the practical filter circuit of
the DTPSRM drive, a HCG FA capacitor of 6600 μF/450 V
is connected across the dc link. Owing to the large capacitor,
the dc link is almost like a constant dc power supply, and the
dc-link voltage pulsation is very small under normal and faulty
conditions.

D. Self-Starting Capability Under Open Circuits

Finally, the self-starting capability of the DTPSRM drive
under diverse open-circuit faults is investigated in this paper.
Fig. 24 shows the startup responses under normal and lack of
one- and two-phase operations with single-pulse control (open
loop), respectively. It can be seen that the motor drive can reach
steady-state speed of 4300 r/min at normal condition, while it
can only reach 4000 r/min and 3750 r/min under lack of one- and
two-phase conditions. Furthermore, it can be found that the rise
up times of the DTPSRM drive under normal and lack of one-
and two-phase operations are 0.75, 0.85, and 1.06 s, respectively.
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Fig. 19. Speed step response with closed-loop control at normal condition. (a) Transient speed response and currents in channel 1. (b) and (c) Steady-state current
waveforms in channels 1 and 2.

Fig. 20. Fault-tolerant performance of one-phase (A1) open-circuit. (a) and (b) Transient speed and currents in channels 1 and 2. (c) and (d) Zoomed-in views
of steady-state current waveforms in two channels after fault.

Fig. 21. Fault-tolerant performance of two-phase (A1 and A2) open-circuit. (a) and (b) Transient speed and currents in channels 1 and 2. (c) and (d) Zoomed-in
views of steady-state current waveforms in two channels.

Fig. 22. Fault-tolerant performance of two-phase (A1 and B1) open-circuit. (a) and (b) Transient speed and currents in channels 1 and 2. (c) and (d) Zoomed-in
views of steady-state current waveforms in two channels.
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Fig. 23. Fault-tolerant performance of three-phase (A1, B1, and C1) open-circuit. (a) and (b) Transient speed and currents in channels 1 and 2. (c) Zoomed-in
views of steady-state current waveforms in channel 2.

Fig. 24. Measured speed and current responses at startup under open-loop control. (a) Normal operation. (b) Lack of one-phase (A1) operation. (c) Lack of
two-phase (A1 and B1) operation.

Fig. 25. Measured speed and current responses at startup under fault-tolerant
closed-loop control. (a) Lack of one-phase (A1) operation. (b) Lack of two-phase
(A1 and A2) operation. (c) Lack of two-phase (A1 and B1) operation.

Furthermore, Fig. 25 shows the startup responses under nor-
mal and lack of one- and two-phase operations with fault-
tolerant speed closed-loop control, respectively. During these
operations, the command speed is still set to 3000 r/min. It
confirms that the DTPSRM drive can still successfully perform
self-starting and quickly reach the command speed under lack of
one- and two-phase operations with fault-tolerant closed-loop
control. Moreover, it can be seen from Figs. 19(a) and 25 that
the rise up time of the DTPSRM drive under normal operation
is shorter than that under lack of one- and two-phase operations.

VI. CONCLUSION

This paper has analyzed and investigated the fault-tolerant
characteristics of a mutually coupled DTPSRM drive under var-
ious open-circuit fault operations. From the analysis and simula-
tions, it is confirmed that: 1) the dual three-phase winding units
in the DTPSRM would have strong magnetic coupling when
they are excited simultaneously and operating under DCM;
2) the average and maximum torques developed with TPE are
larger than two times of that with SPE at the same current; 3)
the output average torques under both normal and open-phase
conditions decrease with the rotor speed increased; 4) the devel-
oped average torques of the DTPSRM under lack of one and two
phases conditions are still be able to develop 82.2% and 66.6%
of the normal operation torque, and the torque ripple under lack
of two phases (in one channel) operation is the maximum in all
of open-phase faults; and 5) the efficiencies under lack of phases
are lower than that under normal operation. Finally, an exper-
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imental drive platform of the prototype 12/8-pole DTPSRM is
set up. Both simulation and experiment show that the DTPSRM
drive can still be able to maintain the command speed with one-,
two- and three-phase open-circuit fault-tolerant operations, and
the DTPSRM drive can also successfully perform self-starting
under lack of one- and two-phase operations with the fault-
tolerant control. This fault-tolerant mutually coupled DTPSRM
would have a wide future in some safety-critical applications
such as MEA and EV/HEV applications.
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