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A Novel Field and Armature Synchronous Pulse
Injection Method for Sensorless Drive Control of
12/10 DC Vernier Reluctance Machine

Weiyu Wang, Shuangxia Niu, Senior Member, IEEE, and Xing Zhao, Member, IEEE

Abstract- DC-excited Vernier reluctance machine (DC-VRM)
exhibits the advantages of small torque ripple and high reliability,
which has good potential to be applied as an aerospace starter
generator. Combined with a sensorless drive, system reliability can
be further guaranteed. However, the inherent self-inductance
saliency is canceled out by winding connections in 12/10 DC-VRM,
thus limiting the application of the self-inductance-based
sensorless drive method in such machines. By revealing the
saliency annihilation effect in self-inductance and the saliency
enhancement effect in mutual inductance, a novel field and
armature synchronous pulse injection method is proposed based
on machine mutual inductance characteristics. The key is to inject
detection pulses into both field and armature windings with the
same sequence and pulse width to detect the mutual inductance
between them. Then, an optimized virtual inductance-based
position estimation method is presented to estimate the position
and strengthen the fault-tolerant ability. Moreover, the potential
magnetic saturation influence on position estimation caused by
superimposed detection currents is avoided with the reverse pulse
injection in the field winding. Consequently, the field current
density can be decreased during the detection pulse injection stage.
The proposed method is easy to be implemented and verified by
experimental results.

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

[. INTRODUCTION

From the perspective of energy-saving and environmental
protection, the research of integrated starter and generator (ISG)
for transportation electrification applications has attracted more
attention [1-2]. As the key component of the ISG system,
electrical machines are exposed to new challenges of harsh
environments adaption, cost-saving and reliability [3-4].
Developing non-permanent magnet reluctance machines has
been a hot research topic [5].

Switched reluctance machine (SRM) suffers from severe
torque ripple and noises [6]. Doubly-fed doubly salient machine
(DF-DSM) has unbalanced magnetic distribution and rich even-
order flux harmonics [7]. Compared with these counterparts,
more flexible slot pole combinations can be applied in DC-
excited vernier reluctance machine (DC-VRM), which has
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small torque ripple and the minimum cogging torque [8-9].
Therefore, DC-VRM can be esteemed as a potential rare-earth-
free cost-efficient solution to be applied as ISG.

Combined with a position-sensorless drive, system cost can
be further decreased, and system reliability can be guaranteed
accordingly [10]. For doubly salient reluctance machines, the
research of high-speed sensorless drive based on back-EMF or
flux linkage has been relatively mature, but their low signal-to-
noise ratio constrains their application in zero and low-speed
ranges [11]. For low-speed sensorless drive, modulation
method [12], sense coil method [13], current waveform method
[14-16], and pulse injection method [17-26] are typical
strategies. In the modulation method, a carrier signal is
generated by an oscillator, and the idle phase inductance
information is modulated [12-13]. A demodulation circuit is
required to calculate position, and a switching circuit is required
to separate the detection circuit and the drive circuit. Without
the switching circuit, sense coil method usually embeds a small
number of turns of the sense coil inside the motor, so that the
detection coil is separated from the armature windings [13]. In
this way, the motor drive system is relatively independent of the
position detection system. However, this method is not easy to
assemble and requires additional detection circuits. Current
waveform method does not require additional hardware, it
detects the current slop and combines the incremental
inductance model to estimate rotor position [14-16].
Unfortunately, this method cannot be applied to estimate the
rotor initial position.

In pulse injection methods, by injecting narrow detection
pulses into idle phases, inductance can be detected indirectly.
As the detection pulse width is very small, the saturation effect
can be ignored. In addition, this method can perform well in
both zero and low-speed ranges. However, due to the half-cycle
conduction principle of SRM, negative torque is generated, and
full-cycle inductance detection cannot be achieved. To decrease
the influence of negative torque generation, the induced current
reduction method is developed [17-18]. To acquire the full-
cycle inductance, the pulse injection method is combined with
the current waveform method to obtain the full-cycle
inductance [19]. For DF-DSM, full-cycle inductance can be
acquired by the pulse injection method only [20]. In addition,
the negative torque generation can be avoided by adjusting the
directions of detection pulses [21].

For the magnetic characteristics-based position estimation
method, the premeasurement procedure is time-consuming, and
the 3-D lockup table occupies large memory storage [22]. To
save microprocessor storage memory, the inductance threshold
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method [24] can detect the switching point but cannot acquire
an accurate rotor position. For SRM, the inductance model can
be simplified by considering DC and first-order harmonics only
[26]. However, as other inductance harmonics are ignored,
position estimation accuracy cannot be guaranteed. A second-
order inductance harmonic is introduced for position estimation
in the selected inductance region [27]. Compared with the
above magnetic characteristics-based method, the inductance
modeling methods without complex measurements and large
memory storage are more attractive. The inductance vector
method is proposed in [28] for rotor initial position estimation
and expanded for the start-up stage in [19]. The inductance
modeling process is simplified by assuming the inductance as a
sinusoidal wave. Due to the existence of inductance model
mismatch, complex coordination transformation [29] or online
calibration [30] is required to cancel the DC or third-order
harmonics influence.

For the 12/10 DC-VRM, a saliency annihilation phenomenon
occurs in self-inductance, thus constraining the application of
the self-inductance-based sensorless drive method [25,33]. By
analyzing the harmonics distributions of self-inductance and
mutual inductance through Fourier analysis, the saliency
annihilation effect in self-inductance and the saliency
enhancement effect in mutual inductance are revealed. It means
that the position-sensorless drive for the studied DC-VRM can
be designed based on mutual inductance saliency. In previous
studies, the mutual inductance voltage method in SRM is
constrained by a low signal-to-noise ratio and its dependence
on additional detection circuits [31]. For DF-DSM, the mutual
inductance voltage method is only applied for initial position
estimation, and the system cost and weight are increased by
additional terminal voltage sensors [32].

In this paper, a novel field and armature synchronous pulse
injection method (FA-SPIM) is proposed based on the machine
mutual inductance model. The advantages of pulse injection
methods are kept, and no additional detection equipment is
required. In addition, system cost can be decreased compared
with existing dual-inverter and H-bridge converter drive
topologies for DC-VRM. The key is to inject detection pulses
into the field and the armature windings with the same sequence
and pulse width to detect the mutual inductances. Reliable
position estimation can be achieved by combining the
inductance vector modeling method, and then an optimized
virtual inductance vector-based position estimation method is
presented to strengthen fault-tolerant ability. Moreover, to
avoid the potential magnetic saturation influence caused by the
superimposed detection currents, the proposed method is
optimized as field winding reverse pulse injection. The
proposed FA-SPIM can be applied to a group of non-salient
DC-VRM. The arrangements of this paper are as follows. In
Section II, the configuration and the mathematical model of
DC-VRM are introduced. In Section III, the inductance
characteristics of DC-VRM are analyzed. In Section IV, the
FA-SPIM is proposed and optimized as field winding reverse

pulse injection and virtual inductance-based position estimation.

In Section V, experimental results are presented. Finally, some
conclusions are drawn.

II. PRINCIPLE OF 12/10 DC-VRM

A. Configuration of 12/10 DC-VRM

As illustrated in Fig .1, ISG can work as a starter to start up
the machine and operates as a generator for energy recycling.
Through this integrated design, system volume, weight and
costs can be decreased. The machine structure and the drive
topology of the 12/10 DC-VRM are provided in Fig. 2(a) and
Fig. 2(b), respectively. The DC field coils are wound on each
stator tooth, and the directions of the two adjacent DC field coils
are opposite. The AC armature coils are wound on each stator
tooth as well. Two sets of armature coils that have 180° phase
differences are reversely cascaded to form one single phase.

Power Source
Starter Starter *
Mode Mode
4 > Power
Generator: Generator| converters
Mode % Mode +
Integrated Starter/Generator
Electricity
Load
Fig. 1. Integrated starter and generator system.
DC field coils Stator
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Fig. 2. The driving system for 12/10 DC-VRM. (a) Structure of 12/10 DC-VRM.
(b) Drive topology of 12/10 DC-VRM.

B. Mathematical Model of DC-VRM
The current, inductance and torque equations of DC-VRM
can be expressed as

Hig iy ip )" ()
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where [ is the current matrix, i,, i» and i, are armature currents,
iris the field current, L is the inductance matrix, Mq; My and
M.y, are the mutual inductances between the field winding and
the armature windings, L,, Ly and L. are the phase self-
inductances, M., M, and M. are the mutual inductances
between armature windings, Ly is the self-inductance of the field
winding, T is the total torque, 6 is the electrical angle. The
torque generated by phase A can be expanded as
1.pdL, | 1 .pdly

. . dly
Ta_lalfﬁ—i_zla%—l—glfﬁ (4)

The first term is the excitation torque produced by the mutual

inductance between the field winding and the armature winding.

The second and the third term are the reluctance torque and the
cogging torque, respectively.

III. FOURIER ANALYSIS OF INDUCTANCE CHARACTERISTICS

A. Self-inductance Characteristics

To further analyze the inductance characteristics, Fourier
analysis is introduced [25,33]. For example, phase A is
composed of coils A+ and A-. As coils A+ and A- have 180°
phase differences, the Fourier expansion of their self-
inductance Lq+ and L,. can be expressed as

Lyi=L,g.+ Y L, sin(nwt+6,) ,

L, =L+ Y L,sin(notthz+6,)

n=1273....(5
n=1,273....(6)

where L is the DC component of self-inductance. L, is the
amplitude of the nth harmonics, e is the electrical angular
velocity, 6, is the initial phase angle of the nth harmonics. The
Fourier expansion of the self-inductance of phase A L, can be
regarded as the composition of coils A+ and A-.

L,=L,+L,=2L,4.+2Y L,sin(nwt+0,) , n=2,4,6....(7)

As shown in Eq. (7), the DC component is doubled while a
saliency annihilation phenomenon occurs in L,. The odd-order
harmonics including the fundamental component are canceled
when they are superimposed. As a doubly salient machine, the
saliency effect mainly exists in the fundamental harmonic
component. This phenomenon constrains the application of
self-inductance saliency tracking sensorless drive methods.

B. Mutual Inductance Characteristics

M,sr and M,z are the mutual inductance between field coils
and the armature coils A+ and A-, respectively. Their Fourier
expansion can be illustrated as

Maf+ :MadeJr Z Mn sin(na)t+a,,) P

n=1,23....(8)
n=123....09

Maf— :juczfaicJr Z Mn sin (na)t+n7r+a,,) >

where L. is the DC component of mutual inductance. M, is
the amplitude of the nth harmonics, @ is the electrical angular
velocity, a, is the initial phase angle of the nth harmonics. As
coils A+ and A- have a 180° phase difference, the Fourier
expansion of the mutual inductance between phase A and the
field coils is

My=Myp-M =2 M, sin(newt+6,) , n=1,3,5....(10)

It is clear to see from the final mutual inductance equation
that the DC component and all the even-order harmonics are
canceled, and all the odd-order harmonics including the
fundamental component are doubled. Therefore, the saliency
enhancement effect in mutual inductance is revealed, and this
characteristic can be applied to position estimation.

The self-inductance, mutual inductance and their harmonics
distributions acquired by finite element analysis (FEA) are
presented in Fig. 3. Through this analysis, a self-inductance
annihilation phenomenon in DC-VRM is revealed, and the
mutual inductance saliency characteristics have been
strengthened. Therefore, the design for a 12/10 DC-VRM

position-sensorless drive should be mutual inductance
dependent, rather than self-inductance dependent.
8 ; ,
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IV. FIELD AND ARMATURE WINDINGS SYNCHRONOUS PULSE
INJECTION SENSORLESS DRIVE

A. Traditional Pulse Injection Self-inductance Detection
Method

The pulse injection method is an indirect inductance
detection method [19]. As shown in Fig .4, when a detection
pulse is injected into the armature winding, the equivalent
voltage of the series armature winding can be expressed as
di

a .
a+c dt +ea+c +2laR

U=L (11)

where Uy is the DC voltage supply, Lq+c is the series self-
inductance of armature winding, i, is the resultant current of
detection pulse, eq+. is the back-EMF of the series winding, and
R is the resistance of the armature winding. In the low-speed
range, eq+ can be overlooked. In addition, as the detection pulse
width is small, thereby the resultant current is small. The
winding voltage drop can be ignored. L+. can be expressed as

Lywem (12)

where At is the detection pulse width, and A, is the increment
of the resultant current of phase A.

S1
SRS R G L o
- > 1} N N
i Ule la N
e R & L, Cof
S6 =
J DC-VRM
Inverter Half bridge converter

Fig. 4. Equivalent circuit of armature winding detection pulse injection.

Through the detection pulse method, the self-inductance of
the series armature winding can be estimated. However, a
saliency annihilation phenomenon occurs in self-inductance of
12/10 DC-VRM, the self-inductances only show small
fluctuations in the whole electrical period. Therefore, it is
difficult to distinguish the inductance amplitudes through the
detection pulses.

B. Proposed Field and Armature Synchronous Pulse Injection
Sensorless Drive Method

To detect the mutual inductance between the field winding
and armature windings, a novel FA-SPIM is proposed based on
machine mutual inductance saliency. As illustrated in Fig .5, the
key is to inject detection pulses with the same pulse width into
the field winding and the series armature winding
simultaneously. Then the mutual inductance can be solved
through the voltage equations. During the pulse injection stage,
the voltage equations of the field winding and the series
armature winding can be expressed as Eq. (13) and Eq. (14),
respectively.

di, di
Use=Lase 5 M oM 5 (13)

_1 % diy
ULyt +(M, -M,p) = (14)

| Ve U

Sﬁ@i e

Fig. 5. Equivalent circuit of FA-SPIM.

where Uyis the DC voltage supply of the half-bridge converter.
During this stage, the power transistor states will not change,
and the voltage equations of the field winding and the series
armature winding are kept. Therefore, the series mutual
inductance M, can be solved as

Al
UpLatege UAt-AigLg+c
Ai - .

- Ai
At 1

M, acf— M, af‘M of

(15)

where Airis the increment of the resultant current of the field
winding. Similarly, by operating power transistors stages, the
remained mutual inductances My, and My between the
remained armature windings and the field windings can be
detected. To be more specific, the principle of the proposed
method is illustrated in Fig .6. From ¢, to 7., the detection pulses
are only injected into the armature windings to detect the self-
inductances. From ¢, to #;, field and armature synchronous
pulses are injected, and their injection sequence and pulse width
are kept the same. As the mutual inductance coupling is
introduced, the resultant currents become different from the
self-inductance detection stage. By calculating the rotor
position, the conduction phases are determined, and the field
winding is excited during #; and ¢, Acceleration pulses are
defined as gate signals to drive the machine during the current
chopping control stage. These pulses injected from #, to ¢5 are
decided by the estimated position and the current chopping
regulator. A new round of detection pulses is injected from .

Demagnetization

Resultant currents

PP [ A
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L
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Fig. 6. Schematic diagram of FA-SPIM.
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C. Virtual Inductance Vector based Position Estimation

The inductance vector-based position estimation method
[19,28] is an effective strategy to estimate rotor position
without prior knowledge but requires an assumption of ideal
sinusoidal inductance. In previous research, complex
coordination transformation [29] or online calibration [30] are
required to cancel the DC, third or even-order harmonics. In
existing methods, the inductance Fourier model with maximum
secondary inductance harmonic can offer good estimation
accuracy [11]. As revealed in Fig .3, the DC, third and all the
even-order mutual inductance harmonics are canceled out in the
studied DC-VRM due to its complementary structure, which
means, even an inductance Fourier model with a maximum 4th
harmonic can be represented as an ideal sinusoidal model. In
addition, the amplitudes of the 5th and 7th inductance
harmonics are very small. So, the series mutual inductance
model can be established as the ideal sinusoidal model in Fig.
7. For this reason, the inductance vector-based position
estimation method is quite suitable for the studied machine. An
optimized virtual inductance vector-based position estimation
method is presented to strengthen fault-tolerant ability. Taking
M,.ras an example, when current sampling failure occurs in this
phase, mutual inductance value cannot be detected directly. As
the sum of three series mutual inductance is zero, a virtual
inductance M srcan be described by Eq. (16).

]

M, acfz'M baf~Mcbf (16)

My My

RS " /—\
, Virtual N

7 inductance AN

/ 240 . 360 6°)

Fig. 7. Series mutual inductances of 12/10 DC-VRM.
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Fig. 8. Virtual inductance vector orthogonal decomposition.

As shown in Fig .8, the rotor position of the composing series
mutual inductance vector A@ can be decomposed through
orthogonal decomposition [19,28] by the following equations.

Co
szMaLf'E(Mbaf'+ML'bf) (17)
V3

Af=arctan(=) (19)

By comparing the amplitudes of the series mutual
inductances, the rotor position sector can be determined by
Table 1. Then rotor position in different sectors can be solved
by the following equation. Through the presented virtual
inductance vector-based position estimation method, the actual
inductance vector can be described by virtual inductance vector,
thereby certain fault-tolerant ability can be provided when the
system is exposed to inductance sampling failure.

V3

_(M a, 'Mc )
60-arctan| # ] sector=1,2
Macr5(Mpar+Menp)
V3
_(M a; MC )
0 = { 180-arctan] L=
MaLfE(Mbaf"Mcbf)

¥3

(Mpgf-Mcpy)
300-arctan] —2——L—2_
Mac/‘E(MbqﬁMcbf)

sector=3,4 (20)

sector=5,6

TABLE I
RELATION BETWEEN ELECTRICAL ANGLE, MUTUAL
INDUCTANCES, CONDUCTION PHASES AND ROTOR SECTOR

6(°) Inductance relation Conduction phases Sector

0-60 Mep>Mpa> M ey A and B I
60-120 Mep> M o> Mpys A and C 11
120-180 M o> M ety> Moy Band C 11T
180-240 M aer>Mpar™ Moy Band A v
240-300 Mpa> M aer> Moy Cand A \%
300-360 Mya>Mep>M ey Cand B VI

D. Optimized Field Winding Reverse Pulses Injection Method
Considering magnetic saturation

During the initial position estimation stage, the magnetic
saturation effect does not need to be considered in the pulse
injection sensorless drive method for the doubly salient
machine. That is because the detection pulse width is very small,
and the resultant current is limited. However, as the schematic
diagram of the acceleration stage, which is shown in Fig .9, the
field winding is still in an energized state, and the detection
pulses are injected simultaneously. Consequently, the
superimposed resultant currents of the detection pulses may
increase the field current density, thus increasing the potential
magnetic saturation risk. As a result, the reliability of position
estimation cannot be guaranteed.

Magnetic saturation range

A

Magnetic unsaturation range

Current chopping control
|

iq, Iy, I,

Detection pulses

Fig .9 Schematic diagram of FA-SPIM in the acceleration stage.
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To ease the influence of the superimposed resultant currents
of detection pulses in the field winding, the proposed FA-SPIM
is optimized with field winding reverse pulse injection. As
shown in Fig. 10, when a detection pulse is injected into the
armature winding, power transistors S7 and S8 are switched off
to make the field winding demagnetization.

Use Uy

Fig. 10. Equivalent circuit of FA-SPIM optimized by the field winding reverse
pulses injection.

To be more specific, the schematic diagram of the optimized
FA-SPIM with field winding reverse pulse injection is
illustrated in Fig .11. The detection pulses are reversely injected
into the field winding. In this way, the field current density is
constrained, thus guaranteeing that mutual inductances are
detected in the magnetic unsaturation range. Therefore, the
position estimation reliability can be guaranteed.

Magnetic saturation range - Reverse pulses injection
T
S
)
!

Magnetic unsaturation range-,

Current chopping confrol

ia, Iy, lc .
Detection pulses

P

Fig. 11. Schematic diagram of FA-SPIM optimized by the field winding reverse

pulse injection.

‘ FA-SPIM initial position ‘

estimation

4>{ Acceleration pulse injection

Field winding reverse FA-
SPIM

Inductance sampling fault?

Inductance vector based
position estimation

Virtual inductance vector
based position estimation

Fig. 12. Flowchart of the sensorless drive as ISG based on FA-SPIM.

E. Sensorless Drive as ISG

Fig. 12 shows the implementation of FA-SPIM for 12/10 DC-
VRM. First, FA-SPIM is applied to detect the initial position,
and the acceleration pulses are injected to start up the machine.
During the acceleration stage, the optimized FA-SPIM with
field winding reverse pulse injection method is adopted. In this
way, the speed of the machine can increase steadily. When an
inductance sampling fault occurs, a virtual inductance vector is
calculated for position estimation. When the machine reaches
the idle speed, the system can be switched to generator mode.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

As shown in Fig.13, to verify the proposed FA-SPIM,
experiments are performed based on dSPACE MicroLabBox.
The variables and parameters can be monitored through
ControlDesk. An inverter and half-bridge converter are applied
to drive the DC-VRM. A coaxial magnetic powder brake is
connected to the DC-VRM. An oscilloscope is applied to
sample the data.

dSPACE
MicroLabBox

Oscilloscope

Fig. 13. Experimental setup of the proposed DC-VRM sensorless drive.

B. FA-SPIM Initial Position Estimation based on Mutual
Inductance Model

The experimental result of initial position estimation is
shown in Fig .14. First, the detection pulses are only injected
into the armature windings to detect the self-inductances. Then,
field and armature synchronous pulses are injected to detect the
series mutual inductances. Through the established series
mutual inductance model, initial position estimation can be
acquired.

i, (2A/div) 4
N/ 1nis/div
i QA/div)
A
o EWAYIAY
i Alctual position (180° div)\‘
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g l \

Estimated position (180f/div)

Fig. 14. FA-SPIM for initial position estimation.
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Fig. 15. FA-SPIM initial position estimation. (a) Position estimation in an
electrical angle period. (b) Estimation error.

To further verify the established mutual inductance model for
position estimation, the rotor is manually placed at different
initial positions and the proposed FA-SPIM is applied to detect
the mutual inductances and then identify the initial position in
the whole electrical angle period. The actual position and the
estimated position are compared in Fig .15(a). As shown in
Fig .15(b), the estimation error can be controlled with the range
of 6° electrical angle, corresponding to 0.6° of rotor angle in the
whole electrical period. To evaluate the proposed method
further quantitatively, the root means square error (RMSE) is
introduced and defined by the following equation.

1 n
RMSE= /; e Q1)

where n is the number of the sampled points in Fig. 15(a), j is
the number of the sampling, and e; is the error of the j-th
sampling. In this experiment, RMSE is 2.34° electrical angle,
corresponding to 0.234° mechanical angle.

C. FA-SPIM Optimized by Field Winding Reverse Pulses
Injection and Virtual Inductance Vector-based Sensorless
Operation

The proposed FA-SPIM optimized by field winding reverse
pulse injection is testified by experiments. The detection pulse
width and acceleration pulse width are designed as 0.2ms and
1.7ms, respectively. The load torque is 2Nm. It is clear to see in
Fig .16 that the proposed method can effectively detect the
series mutual inductances. The three series mutual inductances
Moy, Mpay and M.y are symmetrical and combined with the
established series mutual inductances model, position
estimation can be achieved.

- 100ms/div
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f

Estimated position (360°/div)

g

Fig. 16. Estimated mutual inductances and position.

As shown in Fig. 17, to verify the effectiveness of the
presented virtual inductance vector-based position estimation
method, FA-SPIM is operated with virtual inductance vector-
based position estimation to start up the machine. The proposed
method can effectively start up the machine, and the rotor speed
can reach 250rpm smoothly. Field winding reverse pulses
injection. Through this method, the current level of the field
winding can be decreased, and thereby the potential magnetic
saturation risk can be avoided.
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Fig. 17. FA-SPIM sensorless startup. (a) Current response during the startup
stage. (b) Zoomed in view.

The experimental result of transmission from actual
inductance vector-based sensorless operation to virtual
inductance vector-based sensorless operation is presented in Fig.
18. The measured inductance M,.is forced to zero to simulate
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the fault condition, and then after 0.2s delay, the system is

switched to virtual inductance vector based sensorless operation.

A smooth transmission between two operation modes can be
found, thereby fault-tolerant ability can be provided when an
inductance sampling fault occurs.

Actu lposiﬁi n (3607 /div)

A
) E: timatﬁ speed
400rpny/div) ‘

™ Virtual indyctance
vector enfable

J Set measured inductance
vector|to zero

100ms/div

Fig. 18. Transmission from actual inductance-based sensorless operation to
virtual inductance vector-based sensorless operation.

As shown in Fig. 19, during the low-speed operation range,
the estimated position is compared with the actual position, and
the position estimation error can be controlled with a small
vibration range. Therefore, the reliability of the system can be
guaranteed. The specific parameters for the studied DC-VRM
are listed in Table II.

Actyal posit‘ on (3609/div)
A/

Estimated position (360°/div)
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Estimation error (1809/div)

t

Speed(40(Qrpm/div;

S
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Fig. 19. Position estimation during FA-SPIM sensorless drive.

TABLE II
SPECIFIC PARAMETERS FOR THE DC-VRM

Symbol Parameter Unit Value
d,, Outer diameter of stator mm 130
dsi Inner diameter of stator mm 90
dro Outer diameter of rotor mm 89
dri Inner diameter of rotor mm 60
O Stator pole arc ° 12
o, Rotor pole arc ° 18

J Air gap length mm 0.5
[ Stack length mm 80
Nye Turns of each DC coil - 48
Nue Turns of each AC coil - 48
R Sub-phase winding resistance Q 0.7
R, Field winding resistance Q 4.2
Rated torque Nm 24

Rated speed r/min 450

DISCUSSION

In this research, a novel field and armature winding
synchronous pulse injection method is proposed to deal with the
position sensorless drive of 12/10 DC-VRM. The feasibility and
effectiveness of the proposed method are verified. It should be
noticed that the proposed method belongs to the pulse injection
sensorless drive method, so it is exposed to the inherent
problems caused by pulse injection such as torque production
and switching losses. In this study, the pulse width of the
reverse injection pulse is relatively small, thus producing a very
slight influence on the field current level and associated torque
production. In addition, the injected pulses can be seen as a
short-period switching mode that is inserted into the inherent
current chopping mode. The switching loss is not a severe
problem, and this loss becomes acceptable by considering the
benefits that bring by reliable position sensorless operation. To
mitigate the pulse injection influence on torque production and
switching loss, optimization methods such as lowered pulse
injection method and reduced pulse injection methods can be
combined in future research [17,18,34].

CONCLUSION

This paper presents a novel field and armature synchronous
pulse injection method for sensorless drive control of non-
salient 12/10 DC-VRM. First, the saliency annihilation
phenomenon in self-inductance and the saliency enhancement
in mutual inductance are revealed through Fourier analysis, and
a novel FA-SPIM is proposed. The key is to inject detection
pulses into both field winding and the armature windings with
the same sequence and pulse width, thereby reliable mutual
inductance detection can be achieved for position estimation of
non-salient DC-VRM. As the DC, third and all the even-order
inductance harmonics are canceled out by machine
complementary structure, the inductance vector-based position
estimation method is introduced for position estimation, and
then optimized with virtual inductance vector-based position
estimation method to strength fault-tolerant ability. To avoid
the potential magnetic saturation caused by superimposed
detection currents, the proposed FA-SPIM is optimized with
field winding reverse pulse injection. Through the proposed
method, reliable sensorless operation can be achieved. The
initial position estimation error can be controlled within the
range of 0.6° rotor angle. The proposed method is easy to be
implemented and does not require additional detection circuits.
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