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Abstract—This paper proposes a fault-tolerant control strategy
of the open-winding inverter for dc-biased vernier reluctance ma-
chines (dc-biased VRMs), aiming to maintain the output capa-
bility after the open-circuit fault occurs in the inverter switches.
DC-biased VRMs are with integrated winding current for both
dc component for field excitation and ac component for torque
generation. The torque generation is not associated with the cur-
rent direction, making the full-bridge inverter be divided into two
groups of devices. The proposed fault-tolerant control strategy is
based on the regular full-bridge inverter for each open winding and
can control the motor in the fault-tolerant mode with one group
of devices. When an open-circuit fault of a device appears in the
normal mode, the controller will switch to the fault-tolerant mode.
After a short transient period, the motor will be able to work. More-
over, in the fault-tolerant mode, a pulsewidth modulation driving
method is proposed to reduce the current ripple. The proposed
method does not require any additional components, and the relia-
bility of the drive control system with the open-winding inverter is
improved. Experimental results verify the validity and feasibility
of the proposed fault-tolerant control strategy.

Index Terms—Control strategy, dc-biased, fault-tolerant, open-
winding inverter, vernier reluctance machines (VRMs).

I. INTRODUCTION

THE dc-biased vernier reluctance machine (dc-biased
VRM) is developed from the stator wound field syn-

chronous machine. Fig. 1(a) shows the topology of the dc-
biased VRM, the machine combined the dc field winding and
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Fig. 1. Topology and stator current of the 12/10 dc-biased VRM. (a) Machine
topology. (b) Stator winding current.

the ac armature winding into the single stator winding [1], [2].
Thus, the winding resistance is reduced by half, and it helps
to improve the efficiency [3]. The armature winding current
waveforms are sinusoidal with dc bias [4], and it is shown in
Fig. 1(b). The dc-biased current can flexibly change the vir-
tual rotor flux, which assures a superior flux regulation capa-
bility. The dc-biased current is directly injected by an open-
winding inverter with common dc bus, and the additional dc
voltage source is avoided [5]. Compared with the traditional
three-phase inverter, the open-winding inverter contributes to
higher output voltage utilization. It leads to the extended op-
erating speed range [6], [7]. Meanwhile, the dc-biased VRM
has concentrated stator windings and doubly salient structure,
similar to a switched reluctance machine (SRM) [8]. The simple
structure makes these types of machines to have high reliability,
low cost, and suitable for high-speed operations [9]. Compared
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with the SRM drive system, the dc-biased VRM can be easily
controlled in the synchronous rotating reference frame, a bet-
ter control precision is guaranteed [10], [11]. The sinusoidal
armature current also contributes to smaller torque ripple and
vibration [12]. With these characteristics, the machine can be
ideally used for traction applications requiring variable speed
operation [13].

The power device is one of the vulnerable components among
the drive control system [14]. According to a survey based on
over 200 products from 80 companies, about 38% of faults
in converters occur due to failures of power devices [15]. The
power switches of the open-winding inverter are twice the quan-
tity of the traditional three-phase inverter. Furthermore, since
the current is asymmetric in positive and negative directions,
the current stress in the power switches for conduction current
in two directions will be different, and it makes the failure rate
for the devices with larger stress to be higher. The characteristics
reduce the reliability of the drive control system.

The power device failures can be classified into two cases: a
short-circuit fault and an open-circuit fault [16]. A short-circuit
fault occurs during the wrong gate voltage, overvoltage, and high
temperature. It is difficult to handle and most of the existing in-
sulated gate bipolar transistor (IGBT) short-circuit fault-tolerant
controls are mainly through additional hardware circuits [17],
[18]. An open-circuit fault occurs due to the lifting and crack-
ing of bonding wires in the IGBT modules due to the thermal
cycling. A gate drive fault is also one of the common causes
of open-circuit faults. Compared with a short-circuit fault, an
open-circuit fault does not cause serious damage, but it will re-
duce the system performance. It leads to current distortion and
can cause secondary problems in other components through in-
duced noise and vibrations. IGBT open-circuit failure can be
with disattachment of die or wire-bond in the package of the
module, which may be caused by high current, high tempera-
ture, or fatigue. In a typical IGBT module, the dies of IGBT and
antiparalleled diodes can be with separate substrates. The fail-
ure of the IGBT may not impact much the antiparalleled diode.
Therefore, utilization of the antiparalleled diode when the IGBT
is with open-circuit failure is possible.

This paper proposes a novel fault-tolerant control strategy of
the open-winding inverter for dc-biased VRMs, aiming to main-
tain the output capability after the open-circuit fault occurs in
the inverter switches. The devices in the open-winding inverter
can be divided into two groups: group 1 switches and group 2
switches. When an open-circuit fault happens in one group of
devices, the inverter can switch to the other group of devices.
Meanwhile, the antiparalleled free-wheeling diodes of the fault
group are utilized to reconnect the phase windings and reconfig-
ure the open-winding inverter into the asymmetrical half-bridge
inverter. The operation principle of the dc-biased VRM is also
analyzed, and a unidirectional current operation mode is asso-
ciated with the reconfigured topology in order to maintain the
output capability. Moreover, in the fault-tolerant mode, the two
switches of the same phase are driven by the pulsewidth modula-
tion (PWM) signal shifted by half-switching periods. Compared
with the traditional PWM drive method without phase shift, the
current ripple is reduced effectively.

Before actuation of the fault-tolerant control, fault detection
and identification should be achieved. There are many fault
identification methods for the IGBT open-circuit fault with cur-
rent and voltage detection in the converter [19]–[21]. This paper
mainly focuses on the fault-tolerant control method and the dis-
cussion on the fault identification method is little. But, it should
be noticed that the fault identification speed is important for
fault-tolerant control. Slower fault identification can degrade
the fault-tolerant control performance.

The proposed fault-tolerant control strategy does not require
any additional components, and the reconfigured topology also
prevents the dc-bus shoot-through failure risk of the inverter. The
reliability of the drive control system with the open-winding
inverter is improved. This method can be helpful for several
reliability critical applications that need the continuous oper-
ation. The drive system of the dc-biased VRM is introduced
in Section II, open-circuit fault and fault-tolerant control are
presented in Sections III and IV, with simulation results. Exper-
imental results verify the validity and feasibility of the proposed
fault-tolerant control strategy in Section V. Finally, conclusions
are summarized in Section VI.

II. DRIVE SYSTEM OF THE DC-BIASED VRM

A. Drive System Topology

Fig. 1(a) shows the topology and stator currents of the 12-
stator 10-rotor dc-biased VRM, the machine combined the dc
field winding and the ac armature winding into the single stator
winding. Thus, the phase currents are sinusoidal with dc bias,
as shown in Fig. 1(b).

The three-phase currents of the dc-biased VRM are expressed
as

⎧
⎪⎨

⎪⎩

iA = Iaccos(θe) + Idc

iB = Iaccos(θe − γ) + Idc

iC = Iaccos(θe + γ) + Idc

(1)

where Iac is the magnitude of the ac armature current com-
ponent; θe is the electrical angle; Idc is the dc-biased current
in phase windings; γ is the electrical angle between different
phases, and γ equals to 2π/3. The stator flux is produced by the
ac current component in the armature windings. Meanwhile,
the rotor flux is flexibly changed by the dc-biased current. The
average torque is produced by the interactions of the rotor flux
and the stator flux.

Fig. 2 shows the topology of the dc-biased VRM drive system.
The open-winding inverter with common dc bus is associated
with the machine to produce the dc flow path, and the dc bus
voltage is Udc . The stator windings of the dc-biased VRM are
connected by the output terminals of inverters 1 and 2. The
whole inverter has 12 switches together with the antiparalleled
diodes. The 12 switches are divided into two groups: Group 1
(Sx1 and Sx4, x = a, b, c in this paper) and group 2 (Sx2 and
Sx3). It is clear that group 1 devices will conduct the current in
the arrow direction in Fig. 2, and group 2 devices will conduct
the current in the reversed direction. This function determines
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Fig. 2. Topology of the dc-biased VRM drive system.

the different roles for devices, and it is the hardware basis for
the fault-tolerant control.

B. Operation Principle

The voltage equations for the dc-biased VRM in the syn-
chronous rotating frame [6] are given by
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where ud , uq , and u0 are dq0-axis voltages, and id , iq , and i0
are dq0-axis currents. Ls is the stator inductance, L0 is the zero-
axis inductance, and L3 is the third self-inductance. Rs is the
stator resistance, and ωe is the electrical angular speed. In fact,
i0 is the dc-bias current used for field excitation, which does not
exist in regular ac machine stator currents.

The cross-coupling component is the last term in (2), and the
d-axis and q-axis flux are derived by the following:

{
φd = Lsid + L0i0

φq = Lsiq
(3)

where φd and φq are the d-axis and q-axis flux linkage, respec-
tively.

Then, the mean torque is derived by the cross product of φd

and φq . In the following equation, nr is the number of rotor
slots:

Te =
3
2
nr (φdiq − φq id) =

3
2
nrL0iq i0 . (4)

From (4), the average torque is related to the product of iq and
i0 . Meanwhile, if iq and i0 are controlled with the same polarity,
the positive output torque will be generated. For example, if iq
and i0 are both positive, or both negative, the output torque is
exactly the same. In the constant torque operating region, the
maximum torque per ampere control strategy is adopted [1], [4].
At the moment, id = 0, iq = irms , i0 = 0.707irms , and irms is

Fig. 3. Change of current waveforms. (a) Normal operating condition.
(b) Fault-tolerant condition under group 1 switches’ fault. (c) Fault-tolerant
condition under group 2 switches’ fault.

the root-mean-square (rms) value of phase currents. According
to (4), the corresponding output torque is

Te M T P A =
3
√

2
4

nrL0irms
2 . (5)

It is clear that when iq and i0 are in the same direction, the
torque can be controlled to be the same no matter the wind-
ing direction is positive or negative. Also, when the ac current
amplitude is equal to the dc bias, the full current can be unidi-
rectional. This is the basis for the proposed fault-tolerant control
strategy.

III. OPEN-CIRCUIT FAULT IN THE OPEN-WINDING INVERTER

When the drive system is operating under a normal condition,
the phase current waveforms are shown in Fig. 3(a). The current
waveforms passing through the group 1 switches are the positive
part in Fig. 3(a), and the current passing through the group 2
switches is the negative part. Since the current is asymmetric in
positive and negative directions, the current stress in the devices
for conduction current in two directions will be different. The
dc-biased current makes the group 1 switches to have a larger
quantity of heat, and it makes the failure rate for the group 1
switches to be higher.
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Fig. 4. Space voltage vector diagram of the open-winding inverter. (a) Indi-
vidual voltage vectors for inverters 1 and 2. (b) Synthesized voltage vectors
from the individual vectors.

The output voltage vector is synthesized by inverters 1 and
2, and the two inverters are driven by the space vector PWM
(SVPWM) method. Fig. 4 shows the voltage vectors for the
open-winding inverter. As shown in Fig. 4(a), the maximum
voltage vector of inverters 1 and 2 for both is 2Udc / 3. In order
to prevent the alternating common mode voltage, the voltage
vector of inverter 2 leads inverter 1 by 120° electrical angle
[25]. For example, uαβ 1∗ leads uαβ 2∗ by 120°. As shown
in Fig. 4(b), the synthesized voltage vector uαβ∗ is solved by
the subtraction of the two voltage vectors. Hence, the open-
winding inverter has seven space voltage vectors, and they are
located at the edges of H, J, L, N, Q, S, and O. The maximum
value of the synthesized voltage vector is 2Udc

√
3. When an

open-circuit fault of the open-winding inverter occurs, taking
the fault occurring in switch Sa1, for example, as shown in the
dotted line in Fig. 4(a), the voltage vectors V1 , V2 , and V6 of
inverter 1 become zero instead of 2Udc / 3.

In this instance, the synthesized voltage vectors of the open-
winding inverters H, Q, and S are unachievable because of the
lacking of voltage vectors in inverter 1. Instead, the synthesized
voltage vectors depending on leg A become V ′

1 , V ′
5 , and V ′

6 .
The modulation index is reduced to the shaded area shown in
Fig. 4(b). The undesirable output voltage causes the distortion
of output phase currents.

The fault condition is performed in MATLAB/Simulink.
Fig. 5(a) shows the simulation results of output phase currents,
phase voltage, and output torque under the Sa1 fault condition.
The first stage is the normal condition, and the second stage is
the faulty condition. When the open-circuit fault occurs, the pos-
itive current in phase A is unachievable. The above-mentioned
undesirable output voltage also causes the current distortion in

Fig. 5. Simulation results of phase currents, phase voltage, and output torque
under (a) Sa1 fault and (b) Sa2 fault.

other phases. It leads to 132.3% torque ripple. Fig. 5(b) shows
the simulation results under the Sa2 fault condition. The neg-
ative phase A current is unachievable, and the torque ripple is
12.3%. The torque ripple under the faulty condition causes sec-
ondary problems in noise and vibrations. The current flowing
path under the faulty condition should be changed properly in
order to maintain the output capability of the drive system.

IV. PROPOSED FAULT-TOLERANT CONTROL STRATEGY

A. Operation of the Open-Winding Inverter Under the
Open-Circuit Fault

The analysis is carried out considering two conditions: the
faulty switches belong to group 1 (Sx1 and Sx4) or belong
to group 2 (Sx2 and Sx3). The current that flows from input
terminal 1 to output terminal 2 of the machine is the positive
phase current ia > 0 in this paper. The fault-tolerant control
strategy is divided into two modes.
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Fig. 6. Current flowing paths when the open-circuit fault occurs in group 1.
(a) Phase current increase. (b) Phase current decrease. (c) Freewheeling state 1.
(d) Freewheeling state 2. (e) Three-phase equivalent circuit.

Mode 1: Faulty switches belong to group 1 (Sx1 and Sx4).
When the open-circuit fault occurs in group 1, the low-level

latching signals are applied to the gate pole of group 1 switches.
All the six switches (Sx1 and Sx4) in group 1, including the
faulty ones, are turned OFF. The corresponding antiparalleled
freewheeling diodes (Dx1 and Dx4), together with the group
2 switches (Sx2 and Sx3), are utilized to provide the current
flowing paths. The change of current flowing paths is shown in
Fig. 6. It can be seen that the phase voltage has three states as
following:

1) +Udc , for the switching state (1 1);
2) −Udc , for (0 0);
3) 0, for (1 0) and (1 1).
Fig. 6(a) indicates the current path when the phase current

increases. At the moment, Sx2 and Sx3 are turned ON syn-
chronously, and the switching state is (1 1). The output-pole volt-
age becomes +Udc , and the phase currents increase. Fig. 6(b)
denotes the current path when the phase current decreases. At
the moment, Sx2 and Sx3 are turned OFF, and the switching
state is (0 0). The phase currents flow through the freewheeling
diodes Dx1 and Dx4. The output-pole voltage becomes −Udc ,
and the phase currents decrease. Fig. 6(c) and (d) shows the
freewheeling state. At the moment, only one switch is turned
ON, and the other switch is turned OFF. The corresponding pole
voltage is nearly 0. These four modes’ combination is used for
winding current control in mode 1.

The three-phase equivalent circuit is shown in Fig. 6(e). Be-
cause of the unidirectional characteristics of the antiparalleled
diodes, the output currents are also unidirectional. The dc and
ac components need further distribution. The negative dc-bias
current is set equal to the amplitude of ac current, as shown

in Fig. 3(b). At the moment, id = 0, iq = i0 = −
√

2
3 irms . Ac-

cording to (4), the corresponding output torque is

Te Fault = nrL0irms
2 . (6)

Compared with (5), the output torque remains in the same
direction under the faulty condition. The output torque only
reduces 5.7% under the same phase current rms value. What is
more, the architecture in Fig. 6(e) is with only one IGBT in each
phase leg, which means there is no dc-bus shoot-through failure
risk in the inverter. The reliability of the drive system with the
open-winding inverter is further improved.

The proposed control strategy is performed in
MATLAB/Simulink. The third stage in Fig. 5(a) shows
the fault-tolerant control under the Sa1 fault condition. The
current distortion is eliminated and the currents become
unidirectional. The negative unidirectional phase currents
generate the same output torque. Meanwhile, torque ripple
disappears and the machine operates stably.

Mode 2: Faulty switches belong to group 2 (Sx2 and Sx3).
When the open-circuit fault occurs in group 2, the low-level

latching signals are applied to the gate pole of group 2 switches.
All the six switches (Sx2 and Sx3) in group 2, including the
faulty ones, are turned OFF. The corresponding antiparalleled
freewheeling diodes (Dx2 and Dx3), together with the group
1 switches (Sx1 and Sx4), are utilized to provide the current
flowing paths. The change of current flowing paths is shown in
Fig. 7. The phase voltage also has three states: +Udc , −Udc ,
and 0.

Fig. 7(a) indicates the current path when the phase current
increases. At the moment, Sx1 and Sx4 are turned ON syn-
chronously, and the switching state is (1 1). The output-pole volt-
age becomes +Udc , and the phase currents increase. Fig. 7(b)
denotes the current path when the phase current decreases, and
the switching state is (0 0). At the moment, Sx1 and Sx4 are
turned OFF. The phase currents flow through the freewheeling
diodes Dx2 and Dx3. The output-pole voltage becomes −Udc ,
and the phase currents decrease. Fig. 7(c) and (d) shows the
freewheeling state. At the moment, only one switch is turned
ON, and the other switch is turned OFF. The corresponding pole
voltage is nearly 0. These four modes’ combination is used for
winding current control in mode 2.

The three-phase equivalent circuit is shown in Fig. 7(e). Be-
cause of the unidirectional characteristics of the antiparalleled
diodes, the output currents are also unidirectional. The dc and
ac components need further distribution. The negative dc-bias
current is set equal to the amplitude of ac current, as shown in

Fig. 3(c). At the moment, id = 0, iq = i0 =
√

2
3 irms . Accord-

ing to (4), the corresponding output torque is the same to (6).
The output torque remains in the same direction under the faulty
condition.
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Fig. 7. Current flowing paths when the open-circuit fault occurs in group 2.
(a) Phase current increase. (b) Phase current decrease. (c) Freewheeling state 1.
(d) Freewheeling state 2. (e) Three-phase equivalent circuit.

The third stage in Fig. 5(b) shows the simulation results of
the fault-tolerant control under the Sa2 fault condition. The
current distortion is eliminated and the currents become unidi-
rectional. The unidirectional phase currents generate the same
output torque. Meanwhile, torque ripple disappears and the ma-
chine operates stably.

B. Modulation Method Under the Faulty Condition

When the drive system is operating under the normal condi-
tion, the voltage vector of inverter 2 leads that of the inverter 1
by 120 electrical angle. However, under the faulty condition, the
two inverters are unable to produce the shifted voltages. Hence,
the common mode voltage produced by the SVPWM method
is inevitable. In the fault-tolerant mode, the sinusoidal PWM
(SPWM) method is utilized to generate the unidirectional phase
currents.

Fig. 8 shows the symmetrical switching sequence for fault-
tolerant mode 1. The switching sequence for fault-tolerant mode
2 is exactly the same. Tx is the equivalent ON-time of phase
voltages, and

Tx = ux/Udc (7)

where ux is the reference phase voltage applied to the phase
winding, and x = a, b, c.

Fig. 8. Switching sequence for fault-tolerant control when (a) Tx = 0,
(b) Tx > 0, and (c) Tx < 0.

Fig. 8(a) shows the circumstance when Tx = 0 (x = a, b, c).
It can be seen that Sx3 and Sx2 are driven by the PWM signal
shifted by half-switching periods, and the duty cycle for both
is 0.5. The purpose of the shifted PWM signal is to provide
the freewheeling states (1 0) and (0 1), shown in Fig. 6(c) and
(d), respectively. The current ripple will be much lower [23],
[24]. Fig. 8(b) shows the circumstance when Tx > 0. The duty
cycle of each PWM signal is increased by Tx / 2. The switching
state (1 1) appears, shown in Fig. 6(a). It denotes the +Udc

phase voltage with the switch ON time Tx . Fig. 8(c) shows the
circumstance when Tx < 0. Compared with Fig. 8(a), the duty
cycle of each PWM signal is reduced by Tx / 2. The switching
state (0 0) appears, shown in Fig. 6(b). It denotes the −Udc

phase voltage with the switch ON time Tx . Compared with the
normal condition, the maximum value of the phase voltage is
also Udc , and the voltage utilization ratio remains unchanged.

Although the SPWM method does not introduce the third-
order common mode voltages [23], the back electromotive force
(EMF) waveforms of the dc-biased VRM contain the third-
order harmonics. The zero-axis harmonic voltages lead to the
harmonic currents, and further cause torque ripple and energy
loss. A zero sequence harmonic current suppression method is
introduced.

According to the analysis mentioned above, the zero-
sequence equivalent circuit of the open-winding dc-biased VRM
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Fig. 9. Equivalent circuit of the dc-biased VRM drive system in the syn-
chronous reference frame.

Fig. 10. Open-loop Bode diagram of the closed-loop current control strategy
with PIR regulators when the parameter deviation is considered.

drive system is shown in Fig. 9, in which u0 is the inverter out-
put voltage, and 3ωeL3i0sin3θe is the third-order back EMF
generated by the dc-biased VRM. Thus, in order to suppress
the zero-sequence current, the zero-sequence voltage reference
should be modulated to counteract the third-harmonic compo-
nent in back EMF.

Due to the limited ac signal tracking capability, the PI current
regulator in synchronous rotating coordinate cannot eliminate
the current distortion caused by the distorted EMF [25], [26].
The proportional integral and resonant (PIR) regulator is widely
used in eliminating the alternating harmonic currents [27]. A
current control strategy considering back EMF distortion using
the PIR regulator in the zero-axis is illustrated. The forward
transfer block Gc(s) for a simple PIR controller is

Gc (s) = Kp +
Ki

s
+

Krs

s2 + ω2
0

(8)

where Kp and Ki are the proportional and integral parameters of
the PI part, Kr is the resonant parameter, and ω0 is the resonance
frequency. The open-loop transfer function of the PIR control
loop is also defined from Fig. 10

Gopen (s) = Gsys (s) Gc (s) Gd (s)

=
Kps

3 + (Ki + Kr )s2 + Kpω
2
0s + Kiω

2
0

s (Lss + Rs) (s2 + ω2
0 )

e−sTd

(9)

where Gd(s) = e−sTd is the digital control time delay caused
by AD sampling. The control time delay Td is selected as a
sampling period 0.05 ms.

In order to suppress the third-order zero-sequence harmonic
current of the dc-biased VRM drive system, the parameter de-
sign process of the PIR regulator needs to guarantee a phase
margin around 45°. Meanwhile, the gain margin needs to be

kept around 4–6 dB [28], [29]. Fig. 10 shows the open-loop
Bode diagram of the closed-loop current control strategy with
PIR regulators when the inductance parameter deviation is 20%.
The parameters for the PIR regulator after the optimization are
Kp = 3.9, Ki = 300, and Kr = 3800.

The resonance frequency of the PIR regulator changes with
the motor speed (or current frequency). For the 12/10 dc-biased
VRM, the pole pair number is 10. In order to eliminate the
third-harmonic current in variable speed operations, the res-
onance frequency ω0 (rad/ s) is set to π times the rotational
speed (r/min). It changes closely with the rotational speed in
order to assure the dynamic performance. Taking the speed at
1200 r/min, for example, the resonance frequency ω0 is set as
1200π. As shown in Fig. 10, for a 600 Hz ac input signal, the
open-loop gain of the PIR regulator is 34.0 dB. The open-loop
gain at low frequency is 39.8 dB. It is large enough to eliminate
the control error, and the accuracy of the current control can be
guaranteed. The phase margin is 46.2° at 983.1 Hz when Ls is
596 μH, and the value decreases to 46.5° at 1314.0 Hz when the
value is 0.8Ls . When the value is 1.2Ls , the crossing frequency
is 836.6 Hz, and the corresponding phase margin is 43.3°. The
degradation in the phase margin is harmful to the system stabil-
ity. In order to ensure the stable closed-loop current control, the
maximum inductance 1.2Ls is chosen as the design standard,
and the stability is also guaranteed.

C. Overall Control Method

The control scheme for the dc-biased VRM drive system
is shown in Fig. 11. Fig. 11(a) shows the normal mode, and
Fig. 11(b) shows the fault-tolerant mode. The control diagram
consists of one speed loop and three current loops. The phase
current reference irms∗ is given by a speed error through the
PI regulator. The additional closed-loop current control with
the PIR regulator is introduced in the zero-axis to alternating
zero-axis harmonic current.

Fig. 12 shows the flowchart of the operation mode selection
algorithm. When the machine is operating under the normal
condition, it is driven by the SVPWM method. In order to pre-
vent the alternating common mode voltage, the voltage vector
of inverter 2 leads inverter 1 by 120° electrical angle [25], as
shown in Fig. 11(a). When the open-circuit fault occurs in the
switches, the low-level signal is applied to the gate pole of the
six corresponding half-bridge switches. As shown in Fig. 11(b),
all the six corresponding switches, including the faulty ones, are
turned OFF by the latching signal. The corresponding antiparal-
leled freewheeling diodes, together with the other six half-bridge
switches, are utilized to provide the current flow paths. Because
of the unidirectional characteristics of the antiparalleled diodes,
the output currents under fault-tolerant modes are also unidirec-
tional. The dc and ac current components need further distribu-
tion. The dc component is set a little larger than the amplitude
of the ac component to assure the unidirectional current.

V. EXPERIMENTAL RESULTS

To verify the proposed fault-tolerant methods, the experi-
ments have been performed based on the dc-biased VRM drive



YU et al.: FAULT-TOLERANT CONTROL STRATEGY OF THE OPEN-WINDING INVERTER FOR DC-BIASED VERNIER RELUCTANCE MACHINES 1665

Fig. 11. Control block diagram of the dc-biased VRM drive control system under (a) normal mode and (b) fault-tolerant mode.

Fig. 12. Flowchart of the operation mode selection algorithm.

system, with its picture shown in Fig. 13. The drive system
includes an open-winding inverter with common dc bus, a pro-
totype 12/10 open-winding dc-biased VRM, and a digital con-
troller. The parameters of the machine are listed in Table. I.
The digital controller is based on TMS320F28335 DSP. The

Fig. 13. Picture of the experimental setup.

sampling frequency and IGBT switching frequency are both 20
kHz. The output torque and output power are tested by a JN338
torque–speed sensor. The output signal for the torque–speed
sensor is transformed by an F/V converter. All the experimental
waveforms are captured from a Yokogawa DL850E multiple-
channel oscilloscope.

A. Fault-Tolerant Operations

Fig. 14 shows the experimental results of the proposed fault-
tolerant control strategy. The first stage is the normal condition,
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Fig. 14. Experimental results of the proposed method under (a) Sa1 fault and
(b) Sa2 fault.

the second stage is the faulty condition, and the third stage is
the fault-tolerant operation state. Due to the limited resolution
of the torque sensor, the operating speed is set to 300 r/min, and
the corresponding load torque is the rated 2.2 Nm.

Fig. 14(a) shows the experimental results when the open-
circuit fault occurs in Sa1. The Sa1 open fault occurs at the
second stage, and as analyzed in Section III, the positive ia
is unachievable. The undesirable output voltage in Fig. 4 also
causes the current distortion in other phases. The output cur-
rents are distorted and it leads to the torque ripple. The actual
torque ripple waveform should be the same as the simulation
results in Fig. 5(a), but the waveform was “filtered” due to the
low resolution of a torque sensor. Hence, the torque ripple is
smaller than the simulation results. After the implementation

Fig. 15. PWM driving signals of phase A switches under (a) normal condition,
(b) Sa1 fault condition, and (c) fault-tolerant mode 1.

of the proposed fault-tolerant control strategy, the distortion is
eliminated and the currents become unidirectional. The phase
current rms value increased from 19.14 to 21.18 A. The torque
ripple disappeared and the machine operates stably.

Fig. 14(b) shows the experimental results when the open-
circuit fault occurs in Sa2. The negative ia is unachievable, and
it leads to the current distortion. After the implementation of
the proposed fault-tolerant control strategy, the currents become
positively unidirectional. Moreover, the phase current rms value
is approximately equal to the value in Fig. 14(a). This indicates
the two unidirectional currents generate the same output torque.

Fig. 15 shows the corresponding PWM driving signals of
phase A switches under different conditions. Fig. 15(a) shows
the normal condition, in which Sx1 and Sx2, Sx3 and Sx4 are
driven by the complementary PWM signal. Fig. 15(b) shows
the Sa1 fault condition. The open fault is realized by applying
the OFF signal to the gate pole of Sa1. Fig. 15(c) shows the
fault-tolerant condition. When the open-circuit fault occurs in
the switches, the low-level signal is applied to the gate pole of
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Fig. 16. Current waveforms and PWM driving signals of phase A switches
under the faulty condition. (a) Sa1 and Sa4 driven by the traditional PWM
signals. (b) Sa1 and Sa4 driven by the proposed PWM signals shifted by half-
switching periods.

the six corresponding half-bridge switches. All the six corre-
sponding switches, including the faulty ones, are turned OFF.
Meanwhile, Sx2 and Sx3 are driven by the PWM signal shifted
by a half-switching periods, as mentioned in Section IV-B. The
corresponding antiparalleled freewheeling diodes, together with
the other six half-bridge switches, are utilized to provide the cur-
rent flowing paths.

Fig. 16 shows the current waveforms and PWM driving sig-
nals under the faulty condition in mode 2. The machine is oper-
ating with the rated 2.2 Nm load at the speed of 1500 r/min. In
Fig. 16(a), Sa1 and Sa4 are driven by the traditional PWM signal
without phase shift. It can be seen that Sa1 and Sa4 turned ON

and turned OFF synchronously. As mentioned in Section IV-B,
the switching states are (1 1) and (0 0). The lack of a free-
wheeling state leads to the 4.5 A current ripple in Fig. 16(a). In
Fig. 16(b), Sa1 and Sa4 are driven by the proposed PWM signal
shifted by half-switching periods. It can be seen that the phase
current increases when the switching state is (1 1). Meanwhile,
the freewheeling states (1 0) and (0 1) make the phase current
decrease smoothly. The current ripple is 0.6 A in Fig. 16(b), and
the value is much lower.

Fig. 17 shows the experimental comparisons between the
zero-axis PI regulator and the zero-axis PIR regulator with the
fault-tolerant strategy under mode 2. The load torque is set to
1.97 Nm, and the operation speed is 1200 r/min. The SVPWM
method, together with the back EMF harmonics of the dc-biased
VRM, introduces the common mode voltage harmonics. When
the drive system is operating with the zero-axis PI regulator, the
phase current ia and the zero-axis current i0 contain the third-
order harmonic. The corresponding phase current rms value is
18.45 A. After applying the PIR regulator, the third-order har-
monic current in the zero-axis is reduced to zero, and the A

Fig. 17. Experimental comparisons between the zero-axis PI regulator and
the zero-axis PIR regulator under the fault-tolerant condition of group 2.

Fig. 18. Experimental results of the dynamic response when the load is
changed from 0.12 to the rated 2.2 Nm with the proposed control strategy
under (a) mode 1 and (b) mode 2.

phase current becomes nearly sinusoidal. The corresponding
phase current rms value decreases to 18.07 A, and it contributes
to lower energy loss. The PIR regulator in the zero-axis is nec-
essary under the fault-tolerant condition.

B. Variable Torque and Speed Operations

Fig. 18 shows the dynamic response when the load is changed
from 0.12 Nm to the rated 2.2 Nm at the speed of 1200 r/min.
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Fig. 19. Experimental results of the dynamic performance from standstill to
1500 r/min with the proposed method under (a) mode 1 and (b) mode 2.

Fig. 18(a) shows the fault-tolerant operation state under mode 1.
When the load is applied at 2.5 s, the speed controller generates
more negative q-axis current and zero-axis current. The speed
recovers within 0.3 s. The zero-axis current is a little larger than
the q-axis current to assure the unidirectional phase current in the
negative direction. The corresponding phase current rms value
is 20.65 A with the negative phase current. Fig. 18(b) shows the
fault-tolerant operation state under mode 2, and the load state is
exactly the same. The q-axis current and zero-axis current are
positive, and the corresponding phase currents are positive. The
phase current rms value is 20.72 A. As mentioned in Section II-
B, the same polarity of iq and i0 generates the positive torque,
and it makes the same dynamic characteristics under the two
conditions.

Fig. 19 shows the machine’s dq0-axis currents, output torque,
speed, and phase currents, when the machine accelerates from
0 to 1500 r/min with a 2.2 Nm rated load. The reference speed

Fig. 20. Experimental results when the drive switches from normal operation
to fault operation under (a) Sa1 fault and (b) Sa2 fault.

is applied as a ramp input, and the speed regulator tracks the
reference speed well. Fig. 19(a) and (b) shows the fault-tolerant
operation state under modes 1 and 2, respectively. The pro-
posed fault-tolerant control strategy shows great dynamic re-
sponses under both the faulty conditions. Besides, from the
five zoomed current waveforms in the two figures, the fre-
quency of the fundamental current waveforms is 25, 50, 150,
200, and 250 Hz. The corresponding motor speed is 150, 300,
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Fig. 21. Experimental results of the machine decelerate from 1500 to –
1500 r/min with the proposed method under (a) mode 1 and (b) mode 2.

900, 1200, and 1500 r/min. Compared with the zero-axis cur-
rent waveform in Fig. 17, the zero-axis currents are stable with
the zero-axis PIR regulator. The phase currents are sinusoidal
because the resonance frequency of the PIR regulator changes
closely with the rotational speed. The third-order zero-axis har-
monic currents are eliminated effectively in the variable speed
operation.

Fig. 20 shows the transient process when the drive switches
from normal operation to fault operation. The machine acceler-
ates from 0 to 1500 r/min with a 2.2 Nm rated load. The reference
speed is applied as a ramp input. In Fig. 20(a), the open-circuit
fault occurs in Sa1 at the speed of 1440 r/min. The q-axis current
and zero-axis current are both positive in normal operation
before the open-circuit fault occurs. Hence, the positive torque
is generated. After the implementation of the fault-tolerant
control strategy, the q-axis current and zero-axis current are

both negative. The same polarity of iq and i0 also generates
the positive torque. In Fig. 20(b), the open-circuit fault occurs
in Sa2 at the speed of 1171 r/min. After the implementation of
the proposed fault-tolerant control strategy, the dc-bias current
i0 is set a little larger than iq due to the unidirectional charac-
teristic. The output capacity is also maintained in the transient
process.

Fig. 21 shows the machine’s dq0-axis currents, output torque,
speed, and phase currents, when the machine decelerates from
1500 to –1500 r/min with a 2.2 Nm rated load. Fig. 21(a)
and (b) shows the fault-tolerant operation state under modes
1 and 2, respectively. The reference speed is applied as a
ramp input, and the speed regulator tracks the reference speed
well. From the output torque equation (4), when the output
torque is positive, the q-axis current iq and the zero-axis
current i0 are with the same polarity. Hence, the machine
rotates in the forward direction, and it shows the positive
sequence in phase currents. The negative output torque is
generated through changing the polarity of iq . Hence, iq
and i0 are with opposite polarity. The machine rotates in the
reversed direction. It also shows the reversed sequence in phase
currents.

VI. CONCLUSION

This paper has analyzed the open-circuit fault condition of
the open-winding inverter for dc-biased VRMs. Based on the
operation principle of dc-biased VRMs, a fault-tolerant control
strategy for continuous operation with unidirectional currents
is proposed. The proposed methods are explained by divid-
ing the fault into two cases: the faulty condition of group 1
switches and group 2 switches. The proposed topology utilizes
the antiparalleled free-wheeling diodes of the failed switches
to reconnect the phase windings and reconfigures the open-
winding inverter into the asymmetrical half-bridge inverter.
Meanwhile, in the fault-tolerant mode, the two switches of
the same phase are driven by the PWM signal shifted by
half-switching periods. Compared with the traditional PWM
drive method without phase shift, the current ripple is re-
duced effectively. Moreover, a zero sequence PIR regulator
is introduced in order to suppress third-order common mode
voltages.

The presented method allows the inverter operation with uni-
directional output currents under an open-circuit fault condition,
and it does not require any additional components and complex
calculations. This method can be helpful for several safety criti-
cal applications that need the continuous operation. The reliabil-
ity of the drive control system with the open-winding inverter is
improved. Experimental results verify the validity and feasibil-
ity of the proposed fault-tolerant control strategy, and it shows
great dynamic responses under both the faulty conditions. How-
ever, the proposed method is not suitable for the circumstance
when one open-circuit fault occurs in group 1 switches and
one open-circuit fault occurs in group 2 switches. Further study
can be conducted to achieve the fault-tolerant control under the
circumstance.
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APPENDIX

TABLE I
PARAMETERS OF THE PROTOTYPE DC-BIASED VRM
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