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Abstract—Multiphase dc-excited Vernier reluctance machine
(DC-VRM) exhibits the merits of robust structure, small torque
ripple, and good fault-tolerant ability. Developing advanced sen-
sorless drive methods can further promote its application in the
safety-critical system. In this article, pulse injection sensorless
drive methods are optimized in a six-phase DC-VRM parallel H-
bridge drive system to strengthen their acceleration performance
and fault-tolerant ability. The acceleration performance studied
in this article corresponds to the acceleration speed during the
startup stage. By the full-phase alternative pulse injection method
(APIM), each phase can be excited independently to avoid mutual-
inductance influence on position estimation, but this method suffers
from a long communication delay and relatively poor acceleration
performance. A reduced-phase APIM can reduce detection time,
but the lack of detected phase may influence position estimation
accuracy and fault-tolerant ability. To solve these problems, a
novel vertical-axis synchronous pulse injection method is proposed
and compared with previous methods in this article. The key is
to inject detection pulses into vertical-axis phases simultaneously,
thus reducing the detection time and improving the torque gen-
eration. It is proved that the influence of mutual inductance on
position estimation can be ignored, and the detection accuracy and
acceleration performance can be improved without deterioration
of fault-tolerant ability.

Index Terms—DC-excited vernier reluctance machine (DC-
VRM), sensorless drive, vertical-axis synchronous pulse injection.

I. INTRODUCTION

W ITH an increasing emphasis on environmental protec-
tion and energy saving, the research on transportation

electrification shows an upward trend [1], [2]. Nonpermanent
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magnets doubly salient reluctance machines with robust struc-
ture and harsh environment adaption have attracted a lot of
attention [3], [4]. Switched reluctance machine (SRM) suffers
from large torque ripple and noises because of half-cycle con-
duction [5]. Doubly fed doubly salient machine (DF-DSM) can
be operated in the whole electrical period, but the torque ripple is
still unsatisfied due to the unbalanced magnetic distribution and
rich even-order flux harmonics [6]. Illustrated by the emerging
flux modulation theory [7], [8], a new type of dc-excited Vernier
reluctance machine (DC-VRM) exhibits the merits of small
torque ripple and minimum cogging torque [9], [10].

Multiphase fault-tolerant machine with the parallel drive is
widely applied to aerospace applications and electrical propul-
sion systems [11], [12]. By eliminating vulnerable position
sensors, system reliability can be further improved by sensorless
drive. The high-speed sensorless drive has been relatively mature
[13]–[16], while the detected signal has a low signal-to-noise ra-
tio at zero or low-speed range. For doubly salient reluctance ma-
chine low-speed sensorless drive, modulation method [17], [18],
sense coil method [19], [20], current waveform method [21],
[22], and pulse injection method [23]–[30] are typical strate-
gies. In the modulation method, by injecting a high-frequency
detection signal into the idle phase through an oscillator, the
modulated signal is detected by the demodulation circuit, and a
switching circuit is required [17], [18]. In the sense coil method
[19], [20], the parallel sense coils are embedded in the slots
in reverse series to minimize the mutual-inductance coupling.
Full-cycle position detection without a switch circuit can be
achieved, but this method also requires additional excitation
sources and detection circuits.

Without additional hardware, the current waveform method
detects the current slop in the current chopping control process
and combines the incremental inductance model to estimate
rotor position [21], [22]. However, with the increase in speed,
the number of current chopping waves decreases, so the position
detection accuracy is hard to be guaranteed. In addition, the sat-
uration effect of the magnetic circuit needs to be considered, and
the machine parameters measurement or fitting is necessary [22].
The pulse injection method does not require prior knowledge
of the machine parameters, but only applies narrow detection
pulses injected into the idle phase to detect the inductance
indirectly. As the resultant current amplitudes are small, the
saturation effect can be ignored to simplify the calculation.
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Combining the methods of the inductance Fourier model [23],
inductance linearity characteristics [24], inductance threshold
comparison [25], or inductance vectors [26], the conduction
phase can be decided.

However, due to the half-cycle conduction principle of SRM,
detection pulses are injected into the idle phase, thereby the
negative torque is produced, and the full-cycle inductance de-
tection cannot be realized. For DF-DSM, the detection pulses
are injected in the time interval between consecutive acceler-
ation pulses [27], thereby full-cycle inductance detection can
be acquired. While the communication delay is inevitable be-
cause of the discrete detection. To ease this issue, reducing
detection time is a potential strategy [28]–[30]. According to
the present conduction state, a single detection pulse is in-
jected, and its resultant current amplitude is compared with
that of the acceleration current consuming the same time to
determine whether the rotor has reached the next sector [28].
Similarly, a method based on the three-phase pulse injection
is proposed in which the conduction phase is determined by
comparing the resultant current amplitudes of parallel phases
[29]. Unfortunately, these methods highly depend on the present
conduction state and lack fault-tolerant ability. In [30], a two-
step three-phase pulse injection method is proposed to balance
the performance.

Mutual inductances between armature windings are not con-
sidered in the above DF-DSM sensorless drive methods but
cannot be overlooked in DC-VRM sensorless drives. In this
article, optimized sensorless drive methods are performed in a
six-phase DC-VRM with a parallel H-bridge-converter drive to
achieve a solution that combines sensorless merits, low torque
ripple, and high tracking performance. Also, the fault-tolerant
ability is provided not only for open-circuit fault but also for
current sampling fault. First, by the full-phase alternative pulse
injection method (full-phase APIM), mutual-inductance influ-
ence on position estimation can be avoided. Then, the inherent
communication delay is decreased by the reduced-phase alter-
native pulse injection method (reduced-phase APIM), but the
detection accuracy and reliability are traded off. To solve these
problems, a novel vertical-axis synchronous pulse injection
method (vertical-axis SPIM) is proposed. The key is to inject
detection pulses into the stator-side vertical-axis phases simul-
taneously to shorten detection time and avoid the inductance
detection bias fundamentally. Moreover, the mutual inductance
between the vertical-axis phases is slight and shows an evitable
influence on position estimation. A solution that combines ac-
curate position detection, high acceleration performance, and
strong fault-tolerant ability can be achieved.

The rest of this article is organized as follows. In Section II,
the six-phase DC-VRM mathematical model and the inductance
characteristics are introduced. In Section III, full-phase APIM
as well as indicators influence acceleration performance are
illustrated. In Section IV, reduced-phase APIMs are discussed.
In Section V, the proposed vertical-axis SPIM is analyzed. In
Section VI, a fault diagnosis for fault-tolerant operation is pro-
posed. In Section VII, a test bench is built, and the experimental
results are shown. The discussion is presented in Section VIII.
Finally, Section IX concludes this article.

Fig. 1. (a) Structure of six-phase DC-VRM. (b) Parallel H-bridge converter.

II. CONFIGURATION OF SIX-PHASE DC-VRM

A. H-Bridge-Converter-Based Sensorless Drive System

The structure of the six-phase DC-VRM to be studied is
provided in Fig. 1(a). The dc field coils are wounded on each
stator tooth, and the directions of two adjacent dc field coils
are opposite. All the dc field coils are connected in series to
form one single dc field winding. Six ac armature coils are
wounded on each stator tooth as well. A pair of vertical-axis
phases are defined as two phases in which the wound stator
teeth are vertical in space. For example, phase A and phase D
are a pair of vertical-axis phases.

The parallel H-bridge drive configuration is shown in
Fig. 1(b). The advantages of the parallel H-bridge-converter-
based sensorless DC-VRM drive system can be summarized as
follows.

1) Using a parallel H-bridge converter allows each phase to
be independently excited; thus, the detection pulses can be
flexibly regulated to improve acceleration performance.

2) The H-bridge drive structure shows a significant advantage
in fault tolerant to improve system reliability.

3) This drive system keeps the complementary electromag-
netic characteristic of six-phase DC-VRM in reducing
torque ripple.

B. Mathematical Model

The current and inductance equations can be expressed as

I = [ia ib ic id ie ig if ]
T (1)

L =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

La Lab Lac Lad Lae Lag Laf

Lab Lb Lbc Lbd Lbe Lbg Lbf

Lac Lbc Lc Lcd Lce Lcg Lcf

Lad Lbd Lcd Ld Lde Ldg Ldf

Lae Lbe Lce Lde Le Leg Lef

Lag Lbg Lcg Ldg Leg Lg Lgf

Laf Lbf Lcf Ldf Lef Lgf Lf

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(2)
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Fig. 2. Conduction mode of six-phase DC-VRM.

where I is the current matrix, ia, ib, ic, id, ie, and ig are the phase
currents, if is the field current, L is the inductance matrix, Laf,
Lbf, Lcf, Ldf, Lef, and Lgf are the mutual inductances between
armature windings and the field winding, La, Lb, Lc, Ld, Le,
and Lg are the phase self-inductances, Lab, Lac, Lad, Lae, Lag,
Lbc, Lbd, Lbe, Lbg, Lcd, Lce, Lcg, Lde, Ldg, and Leg are the
mutual inductances between armature windings, and Lf is the
self-inductance of the field winding. Taking phase A as an
example, the torque components under current excitation can
be expanded as

Ta = ia if
dLaf

dθ
+

1

2
i2a
dLa

dθ
+

1

2
i2f
dLf

dθ
(3)

where Ta is the total torque, and θ is the electrical angle. The
first term of (3) is the major component of the excitation torque
produced by the mutual inductance between the dc field winding
and the ac winding. The second term is the reluctance torque
produced by the variation of self-inductance. As bipolar current
excitation, the average reluctance torque in the whole electrical
period is zero. The third term is the cogging torque produced by
dc field winding. As Lf remains constant in the whole electrical
period, the cogging torque can be neglected.

C. Conduction Model

According to the principle of six-phase DC-VRM, the conven-
tional six states conduction is adopted, and the current chopping
control is applied as the current regulator. As illustrated in
(3), the conduction phases of the DC-VRM are determined by
the mutual inductance between the field winding and armature
windings, which can be found in Fig. 2. The positive and negative
direction currents flow during the rising stage and falling stage
of the mutual inductance between the field winding and arma-
ture windings, respectively. This trapezoidal inductance feature
can effectively avoid the direct current jump from positive to
negative and reduce the torque ripples during commutation.

D. Self-Inductance Characteristics

In the self-inductance model of six-phase DC-VRM, as shown
in Fig. 3, the amplitudes of each phase are equal, and the phase

Fig. 3. Self-inductances and inductance intersections.

Fig. 4. Boundary sector division. (a) Assist intersection. (b) Main intersection.

differences between the adjacent phases are 60°. 0° is defined as
the position where the self-inductance of phase A starts to rise.
Based on the conduction mode, one electrical period can be
divided into six sectors through inductance intersections. Three
inductance intersections exist at the sector junction. In these
intersections, the intersections composed of vertical-axis induc-
tance curves, differed by 180°, are defined as main intersections,
and the other two intersections are defined as assist intersections.
Also, two middle intersections are in the middle of the sector
range.

For the inductance detection-based position estimation, the in-
ductance amplitudes near the intersections are very close, which
makes it difficult to guarantee the sector estimation accuracy by
comparing inductance amplitudes. So, a boundary sector exits at
the sector junction, which may lead to a poor sector estimation
accuracy. The boundary sector ranges produced by the assist
intersection and the main intersection are shown in Fig. 4(a)
and (b), respectively. A smaller boundary can be acquired by
the main intersection-based sector division. That is because the
slops of the inductance curves around the main intersections are
obvious, thereby the changes in inductance amplitudes are easily
detected, leading to a smaller boundary sector. On the contrary,
around assist intersections, the slops of the inductance curves
are not obvious and correspond to a larger boundary sector. So,
the inductances detected around the main intersection point are
more reliable compared with the assist intersection. In sensorless
drive, sector estimation can first rely on the main intersections
because of a smaller boundary sector. Once the detected infor-
mation is wrong or missed at the main intersections, the assist
intersections can be introduced to provide fault-tolerant ability.
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Fig. 5. Flux distributions. (a) Position α. (b) Position β.

Fig. 6. Inductance curves.

Fig. 7. Equivalent circuit. (a) Pulse injection. (b) Demagnetization.

E. Mutual-Inductance Characteristics

The finite-element analysis results of flux distributions when
phase A is excited at two typical positions α and β are shown
in Fig. 5(a) and (b), respectively. It is noticeable that obvious
mutual coupling exits between armature windings. Among them,
the mutual inductance between vertical-axis phases A and D is
relatively small. That is because when phase A is in a completely
aligned position, phase D is in a completely unaligned position.
Meanwhile, as can be found in Fig. 5(b), the meshing trends
of the rotor teeth and the stator teeth of vertical-axis phases
are opposite. Therefore, the magnetic resistance between the
vertical-axis phases is large, and the mutual-inductance coupling
is slight. The mutual inductance can be found in Fig. 6. The
fluctuation of Lad is small in the whole electrical period.

III. FULL-PHASE APIM

A. Pulse Injection-Based Inductance Detection

Fig. 7(a) shows the equivalent circuit during pulse injection in
phase A. A short detection voltage pulse is injected by switching
on power transistors S1 and S4. ia increases sharply during this
stage. When the detection pulse injection is finished, the peak

TABLE I
RELATION BETWEEN ELECTRICAL ANGLE, SELF-INDUCTANCES, CONDUCTION

PHASES, AND ROTOR SECTOR

Fig. 8. Schematic diagram of full-phase APIM.

point value of ia is recorded as Ia. Meanwhile, S1 and S4 are
switched OFF to enter the demagnetization process, which is
shown in Fig. 7(b). In this process, ia decreases to 0.

From Fig. 7(a), the equivalent voltage equation for phase A
under pulse injection can be described as

Udc = La
dia
dt

+ ia
dLa

dθ
ω + iaR (4)

where ω is the rotor angular velocity. In the initial detection
and acceleration stage, ω is zero or quite small, and the back
EMF can be ignored. In addition, the detection pulse duration is
short, and the resultant current amplitude is small, the voltage
drop on the winding can also be neglected. As the detection
pulse has a short duration, it can be considered that the phase
winding current rises linearly during this period. The measured
self-inductance equation can be expressed as follows:

La =
UdcΔt

Ia
(5)

where Δt is the detection pulsewidth. The sector information
and the conduction phases can be decided by comparing the
self-inductances. The relation can be found in Table I.

B. Full-Phase APIM

As shown in Fig. 8, to avoid the mutual-inductance influ-
ence on position estimation, the detection pulses are injected
alternatively. Only one detection phase conducts at the same
time; thus, the peak current sampling is not affected by mutual
inductance. An operation cycle is defined as the period from t1
to t5 that consists of alternative detection pulses and acceleration
pulses. This method is essentially a discrete sampling of the rotor
position. First, the detection pulse sequence is injected from t1
to t2, and the resultant currents are registered. After full phases
are detected, the rotor position can be estimated between t2
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and t3. Then, the conduction phases are determined, and further
acceleration pulses are injected during the period from t3 to t4.
After each phase completes the demagnetization between t4 and
t5, a new round of detection pulses is injected from t5.

C. Indicators That Affect Acceleration Performance

Since full inductance intersections can be detected, when
facing current sampling missing or out of reasonable range,
assist intersections can be introduced for position estimation
to guarantee fault-tolerant ability. While during the acceleration
process, since the position information is sampled discretely,
the interval of position update leads to a potential commutation
delay tdelay, which can be expressed as

te = t3 − t2 ≤ tdelay ≤ t5 − t1 + t3 − t2 = ntd

+ (n− 1)tf + 2te + ta + tF (6)

where te is the estimation time, n is the number of detected
phases, td is the width of detection pulse, tf is the demagnetiza-
tion time of detection pulse, ta is the width of acceleration pulse,
and tF is the demagnetization time of acceleration pulse. Under
a certain pulsewidth of detection pulse and acceleration pulse,
tdelay depends on n. This kind of commutation delay will cause
the lag of the commutation angle θoffset or even commutation
errors.

θoffset = ωtdelay. (7)

As θoffset exits, the torque generation is constrained, thus
limiting the increase of rotor speed. Furthermore, the duty cycle
γ that contributes to torque generation is mainly generated by
the acceleration pulses, which is defined as follows:

γ =
t5 − t3
t5 − t1

=
ta + tF

ntd + (n− 1)tf + te + ta + tF
. (8)

It is clear to see that the increase of detection time may lead
to a decrease in γ, thus constraining torque production.

IV. REDUCED-PHASE APIM

In this six-phase DC-VRM, redundant inductance intersec-
tions exist at the sector junction. As one intersection is enough to
distinguish sectors, reduced-phase APIM is a potential strategy
to reduce tdelay and increase γ. Five-phase APIM, four-phase
APIM, and three-phase APIM are the potential methods. But as
n decreases, when facing the failure of current sensor sampling,
reliable sector judgment is hard to be guaranteed. Meanwhile,
due to the lack of main intersections, sector judgments must rely
on assist intersections, thus leading to a larger boundary sector
and a reduction of fault-tolerant ability. How to balance these
indicators is a problem that needs to be discussed.

A. Five-Phase APIM

When the sampling of any phase is missing or wrong, the
remained inductance intersections can still make the sector
estimation. This character confirms the fault-tolerant ability of
full-phase APIM. The schematic diagram of potential reduced-
phase APIM is shown in Fig. 9.

Fig. 9. Schematic diagram of reduced-phase APIM.

Fig. 10. Reduced-phase APIM. (a) Four-phase case 1. (b) Four-phase case 2.
(c) Four-phase case 3. (d) Three-phase.

B. Four-Phase APIM

As shown in Fig. 10(a), four-phase APIM can be designed
in which the lacks of two phases are on the vertical axis,
thereby four main intersections remain. Otherwise, as shown
in Fig. 10(b) and (c), only two main intersections remain;
accordingly, more assist intersections should be introduced for
position estimation.

C. Three-Phase APIM

For three-phase APIM, the interval of phases should be one-
third electrical angle period to achieve a balance sector division.
For example, phases A, C, and E with 120° intervals are designed
as the detection phases to inject the detection pulses, while the
other phase B, D, and G only inject acceleration pulses. As
shown in Fig. 10(d), it is noticeable that this sector division
is accompanied by a commutation offset of 30°. That is because
all the intersections in this situation are middle intersections.
As the existing communication offset, the torque generation
is constrained. If n is less than 3, the inductances will be
insufficient to make a sector judgment with necessary sector
division accuracy by inductance comparison. The reduced-phase
APIMs are compared in Table II. nmain is the number of main
intersections, nassist is the number of assist intersections, and
nmid is the number of middle intersections.

Reduced-phase APIM has an obvious effect on reducing tdelay
and increasing γ, thus improving acceleration performance. It
also proves the fault-tolerant ability when facing the current
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TABLE II
COMPARISON OF REDUCED-PHASE APIM

Fig. 11. Equivalent circuit of vertical-axis SPIM.

sampling fault. While with the decreasing of detected phases,
the absence of inductance intersections may deprive the fault-
tolerant ability and detection accuracy. Considering the above
reduced-phase APIMs comprehensively, four-phase APIM case
1 shows a balance performance.

V. VERTICAL-AXIS SPIM

In this chapter, a novel vertical-axis SPIM is proposed in
which the detection pulses are injected into vertical-axis phases
simultaneously to halve the detection time. It can be proved
that the mutual-inductance influence on the position estimation
at the main intersection can be ignored. And the inductance
sampling bias caused by APIM can be avoided fundamentally
at the main intersection. This method not only has the merit
of high fault-tolerant ability but also improves both detection
accuracy and acceleration performance at the same time.

A. Vertical-Axis SPIM

The design principle of vertical-axis SPIM can be illustrated
as the main intersections are composed of vertical-axis phases,
and the mutual-inductance coupling between them is slight. In
addition, the detected inductances of vertical-axis phases are
sampled simultaneously, so no detection phase bias exists at the
main intersections, which fundamentally avoids the detection
error caused by APIM. The equivalent circuit and the schematic
diagram of the proposed method are shown in Figs. 11 and 12,
respectively.

In the period of three detection pulses, six-phase inductance
information can be indirectly acquired. tdelay and γ can be
optimized as (9) and (10), respectively

tdelay = 3td + 2tf + te + ta + tF (9)

γ =
ta + tF

3td + 2tf + te + ta + tF
. (10)

Fig. 13 shows the flowchart of vertical-axis SPIM. At the
initial stage, vertical-axis synchronous pulses are injected, and

Fig. 12. Schematic diagram of vertical-axis SPIM.

Fig. 13. Flowchart of vertical-axis SPIM.

the resultant currents are collected for comparison at the main
intersection first. Once the sampled current is missing or out of
reasonable range, assist intersection is introduced for position
estimation. Then, the acceleration pulses are injected to drive
the machine.

As position-sensorless control methods are feasible for a
specific speed region, once the rotor speed is larger than the
threshold speed, the control mode should be switched to high-
speed sensorless drive [15], [16], [27]. To ensure a smooth
transition, two methods are chosen for their effectiveness in
their respective speed ranges. The transition between the two
sensorless methods occurs at a threshold speed where both
methods work satisfactorily [31].

To achieve a smooth full-speed sensorless drive, the threshold
should be selected at a certain level. Therefore, the detected
signal, such as back EMF, is large enough to be detected, thus
guaranteeing the signal-to-noise ratio. To achieve more smooth
transmission, the threshold speed selection often requires offline
tuning by the trial-and-error methods [15], [31].

B. Analysis of Mutual-Inductance Influence

As analyzed above, the mutual-inductance coupling degree
between vertical-axis phases is slight, and the range of fluctu-
ations in the entire electrical angle period is small. When the
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Fig. 14. Inductance vectors and sampling bias. (a) APIM. (b) Vertical-axis
SPIM.

detection pulses are injected into the vertical-axis phases A and
D simultaneously, the equivalent circuit equation of phases A
and D are shown in (11) and (12), respectively

Udc = ia R+ La
dia
dt

+ ia
dLa

dθ
ω + Lad

did
dt

+ id
dLad

dθ
ω

(11)

Udc = id R+ Ld
did
dt

+ id
dLd

dθ
ω + Lad

dia
dt

+ ia
dLad

dθ
ω.

(12)

Insert (12) into (11), the formula can be simplified as

(La − Lad)
dia
dt

= (Ld − Lad)
did
dt

(13)

Ld − Lad

La − Lad
=

Ia
Id

. (14)

From the above analysis, due to the existence of mutual
inductance, comparing Ia and Id is comparing the magnitude
relationship between La−Lad and Ld−Lad actually, which is
equivalent to comparing La and Ld. By comparing the peak
currents, the sector information can be deduced. Although the
mutual inductance exists during the detection stage, this influ-
ence can be ignored.

C. Analysis of Inductance Sampling Bias

A potential factor that affects sector estimation is inductance
sampling bias caused by APIM. With the rotor rotation during
the acceleration stage, the sampled phase inductance inevitably
has a certain phase bias, rather than being sampled simultane-
ously. Therefore, sector estimation error may occur, especially
in the boundary sector. In APIM, the ideal inductance vectors of
A, B, C, D, E, and G and the detected inductance vectors of A′,
B′, C′, D′, E′, and G′ are compared in Fig. 14(a). The phase bias
between two adjacent phases vectors can be described as

Δθ = ω(td + tf ). (15)

As the interval of detection phases increases, the detection
phase bias will increase accordingly. Moreover, as ω increases,
the phase bias of detected inductance will increase accordingly.
APIM is essentially to avoid the mutual-inductance influence on
self-inductance amplitudes detection, but these methods cause

Fig. 15. Full-speed control diagram.

the phase bias in the inductance sampling in the acceleration
stage. The inherent phase deviation of detected inductance can
be avoided by vertical-axis SPIM fundamentally. As shown in
Fig. 14(b), the three pairs of vertical-axis phases AD, BE, and
CG that compose the main intersections are detected without
sample delay, thereby the accuracy of main intersection-base
sector estimation can be guaranteed.

By the proposed method, full phases are detected within a half
detection time. As a result, tdelay is decreased and γ is improved.
It has been proved that the mutual-inductance influence on
position estimation can be ignored, and no inductance sampling
bias exists around the main intersections.

D. Full-Speed Sensorless Operation

Fig. 15 shows the full-speed sensorless control diagram. The
resultant currents of vertical-axis detection pulses are collected
for comparison through the sector estimator. In low-speed op-
eration, the acceleration commands are generated as reference
current excitation that contributes to torque generation. In this
way, rotor speed can increase steadily. The current chopping
regulator is applied to the current loop. Gate signals are sent to
H-bridge converters directly. Once the speed reaches a certain
level, the system can be switched to high-speed sensorless drive
mode.

VI. PULSE INJECTION CLOSED COIL FAULTS DIAGNOSIS

In this research, six-phase DC-VRM is a kind of multiphase
fault-tolerant machine, and its fault-tolerant capability is im-
proved from parallel drive topology and sensorless drive method.
On the one hand, the parallel drive topology allows each phase
to be driven independently, so it has the inherent fault-tolerant
ability when faced with an open-circuit fault. The faulty phase
will not affect the healthy phase, which effectively reduces the
impact of the open-circuit fault on the overall drive performance
of the machine.

On the other hand, the redundant inductance intersections
can provide the fault-tolerant ability of position estimation in
the absence of current detection. Both full-phase APIM and
vertical-axis SPIM can sample the whole phase currents, which
means a fault-tolerant threshold is provided when facing the
current sampling fault. Reduce APIM can be seen as a counter-
evidence method that sacrifices a part of the fault-tolerant ability
to enhance acceleration performance.

For both open-circuit fault and current sensor damage, it is a
common phenomenon that there is no current sensor signal in a
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Fig. 16. Equivalent circuit of pulse injection closed coil fault diagnosis.

Fig. 17. Equivalent circuit of the pulse injection transistor fault diagnosis.

faulty phase. How to distinguish these two faults is investigated,
and a pulse injection closed coil fault diagnosis method by
armature winding mutual inductance during the initial position
detection stage is proposed. In this method, a closed coil is
formed in a healthy phase by switching on related power tran-
sistors to detect the induced current excited by the faulty phase.
As mutual-inductance coupling exists between the armature
windings, if the fault is caused by the damage of the current
sensor, an induced current will be generated in the closed coil
when a detection pulse is injected into the faulty phase. On the
contrary, if the faulty phase suffers from an open-circuit fault,
no current can be detected in the healthy phase closed coil.

The equivalent circuit of pulse injection closed coil fault
diagnosis is shown in Fig. 16. For example, phase A suffers
from a current sensor broken fault, and phase C is a healthy
phase. By switching on transistors S10 and S12, a closed coil
of phase C can be acquired, and a bidirectional induced current
can pass through phase C to troubleshoot the open-circuit fault
in phase A.

In addition, this method can also be used to locate the damaged
transistor in an open-circuit faulty phase. In Fig. 17, phase A is
a healthy phase, and phase C is an open-circuit faulty phase but
with a working current sensor. By injecting a detection pulse in
phase A, if the negative current can be detected, the fault can
be determined as the damage of the transistor 12. Therefore,
the damaged transistor can be located, and the current sensor
fault can be eliminated. Through this method, fault types can be
distinguished exactly, and fault-tolerant operation methods for
the two fault types are introduced.

VII. EXPERIMENTAL RESULTS

In this chapter, full-phase APIM, reduced-phase APIM (four-
phase APIM case 1), and vertical-axis SPIM are selected for
further experimental analysis.

Fig. 18. Experimental setup.

Fig. 19. Experiments of initial position detection. (a) Full-phase APIM.
(b) Reduced-phase APIM. (c) Vertical-axis SPIM.

A. Experimental Setup

Experiments are carried out to verify the validity of the
proposed pulse injection sensorless drive method. As the ex-
perimental setup is shown in Fig. 18, the sensorless control is
performed based on a real-time control platform of a dSPACE
MicroLabBox with a simulation step size of 50 μs. Control
parameters can be monitored by a personal computer or oscillo-
scope. Commercial H-bridge converters are applied to drive the
DC-VRM. The field winding is excited by the dc power source
to establish the excitation magnetic field. A coaxial magnetic
powder brake is connected to the DC-VRM. The actual rotor
position is acquired by a resolver for reference.

B. Initial Position Detection

To acquire the initial position of the DC-VRM, detection
pulses are injected into the armature windings, and then the
resultant currents are compared to estimate the initial sector. The
experiments of initial sector detection when the rotor is located
in Sector VI are shown in Fig. 19. All the pulse injection methods
can estimate the initial sector precisely, thus guaranteeing that
the machine starts smoothly without reverse rotation.
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Fig. 20. Experiments of pulse injection closed coil fault diagnosis. (a) Current
sensor fault. (b) Power transistor S10 fault. (c) Power transistor S12 fault.

C. Pulse Injection Closed Coil Faults Diagnosis

In the initial position detection stage, when the current sensor
fails to detect the current, the proposed pulse injection closed coil
faults diagnosis method can be applied. As shown in Fig. 19(a),
by switching on power transistors S10 and S12, a closed coil is
formed in the healthy phase C. Once the faulty phase A suffers
from current sensor error without open-circuit fault, an induced
current is excited in the formed closed coil. Therefore, the open-
circuit fault can be excluded in phase A. Experimental results
to locate a damaged power transistor in an open faulty circuit
but with a working current sensor is shown in Fig. 20(b) and
(c). The closed coil is formed by switching on power transistors
S10 and S12. By injecting detection pulse in healthy phase A, if
only one-directional current can be detected, the damaged power
transistor can be located. The results are shown in Fig. 20(b) and
(c), indicating that the damaged power transistor are S10 and
S12, respectively.

D. Sensorless Drive Acceleration

To further compare the impact of different pulse injection
methods on acceleration performance, experiments are carried
out. td and ta are designed as 0.15 ms and 1.25 ms, respectively.
tf and tF are reserved as 0.2 ms and 1 ms, respectively. te is
decided by the sampling rate of the controller, which is 0.1 ms.
Load torque is 1 N·m provided by the magnetic powder brake.
These parameters are kept all the same in the experiments but
only with different injection methods. As can be found in Fig. 21,
all these methods can achieve sensorless startup but with quite
different acceleration performances. Within 1 s of acceleration
time, the full-phase APIM detection method can reach the speed
of 100 r/min, while the reduced-phase APIM can reach the speed
of 170 r/min, both are lower than 220 r/min acquired by the
vertical-axis SPIM. The proposed vertical-axis SPIM can ac-
quire a higher acceleration and a wider acceleration range in 1 s.

Fig. 21. Experimental results of acceleration. (a) Full-phase APIM.
(b) Reduced-phase APIM. (c) Vertical-axis SPIM.

TABLE III
COMPARISON OF PULSE INJECTION METHODS

The performances of these three methods are compared in
Table III. The proposed novel vertical-axis SPIM has both the
merits of high acceleration performance and strong fault-tolerant
ability.

VIII. DISCUSSION

In this study, pulse injection methods are optimized by min-
imizing the mutual-inductance coupling between phases. The
mutual inductance is mainly determined by the pole pair com-
binations, which also can be minimized by machine design.
For example, the flux linkage is closed by a short magnetic
circuit in 12/10 DC-VRM. Therefore, the flux passes through
the adjacent phases, thus causing mutual-inductance coupling
between the armature windings. Although for 12/8 DC-VRM,
the flux linkage passes through its negative phase, thereby the



WANG et al.: COMPARATIVE ANALYSIS AND OPTIMIZATION OF NOVEL PULSE INJECTION SENSORLESS DRIVE METHODS 13575

mutual inductance between the adjacent phases can be ignored.
The discussion of this phenomenon can be found in [8]. Also,
for DC-VRM, more pole pair combinations can be applied.
As discussed in [9], for 12 slots design, 12/8 and 12/14 pole
pair combinations have avoidable mutual inductance between
armature windings. However, the torque ripple and cogging
torque of these pole pair combinations are severe. Therefore,
the design of the 12/10 pole pair combination is a better choice.
And the mutual-inductance influence can be minimized by the
proposed vertical-axis SPIM.

It should be noticed that the proposed method is suitable
for initial position estimation and acceleration. To achieve a
full-speed sensorless drive and guarantee smooth transmission,
the threshold speed selection requires offline tuning by the
trial-and-error methods [15], [31]; more solid verifications will
be conducted by combining novel high-speed sensorless drive
methods in future research.

Some cost-saving drive topology can also be applied to DC-
VRM sensorless drives. But their fault-tolerant ability is reduced
compared with that of the H-bridge converters. In this study, we
focus on the research to achieve a solution to have a strong
fault-tolerant ability for the potential aerospace applications.
Therefore, a parallel H-bridge converter is a better solution. A
specific analysis of cost-saving topology will be carried out in a
future study.

IX. CONCLUSION

This article proposes a novel vertical-axis SPIM for six-phase
DC-VRM to improve acceleration performance and guarantee
fault-tolerant ability at the same time. First, the inductance
characteristics as well as their influence on sensorless control
are analyzed. Then, the advantage of the multiphase machine in
the sensorless drive is investigated as inductance intersections
based sector division in which a smaller boundary sector can be
acquired by main intersections, and fault-tolerant ability can be
provided by assist intersections. Furthermore, full-phase APIM
is introduced to avoid mutual inductance on position estimation,
and reduced-phase APIM is discussed in terms of accelera-
tion performance and fault-tolerant ability. Finally, vertical-axis
SPIM is proposed, and it has been proved that the mutual-
inductance influence on position estimation can be ignored,
thereby high detection reliability and acceleration performance
can be acquired without deterioration of fault-tolerant ability.
The experimental results show that the proposed method has
a high acceleration performance, and it can provide the fault-
tolerant ability for both current sampling fault and open-circuit
fault. Consequently, a solution that combines sensorless merits,
low torque ripple, and fault-tolerant ability can be achieved,
which has good potential to be applied as an aerostarter and
generator.
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