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Integrating Sensing Coil Function into Field Winding for Initial Position
Estimation of Non-salient DC Vernier Reluctance Machine

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

Abstract- This letter presents an initial position estimation
method by integrating sensing coil function into field winding for
a group of non-salient DC-excited vernier reluctance machines
(DC-VRM). The key is to operate the power transistor states to
acquire a closed sensing coil in the field winding, and then the
induced currents can be detected from the closed sensing coil when
detection pulses are injected into the armature windings.
Combined with the established mutual inductance model, reliable
position estimation is easy to be achieved without additional
detection equipment. The proposed method has good potential to
be applied to a group of non-salient machines with independent
field and armature windings.

Index Terms—DC-excited Vernier reluctance machine (DC-
VRM), initial position estimation, sensorless drive

1. INTRODUCTION

With an increasing concern for environmental protection and
energy-saving, the research on transportation electrification has
attracted more attention [1]. Electrical machines are exposed to
new challenges of harsh environment adaption, cost-saving and
reliability. Developing no-permanent magnet reluctance
machines has been a hot research topic. Switched reluctance
machine (SRM) suffers from large torque ripple and noises [2].
Doubly fed doubly salient machine (DF-DSM) has unbalanced
magnetic distribution [3]. Compared with these counterparts,
DC-excited vernier reluctance machine (DC-VRM), has small
torque ripples and cogging torque [4] and has good potential to
be applied as an integrated starter and generator (ISG).

Position sensorless drives can save costs and further
guarantee system reliability [5-17]. By exciting windings with
preset commutation logic signals, the open loop method [5] can
start up the machine without rotor initial position information,
while the startup jitter and reverse cannot be avoided, which
should be forbidden in safety-critical applications. Therefore,
initial position estimation becomes an important step to start up
the machine and guarantee system reliability.

For doubly salient reluctance machines, modulation method
[6-7], sensing coil method [7-8], mutual inductance voltage
method [9-10], and pulse injection method [10-14] are typical
initial position estimation strategies. Modulation method
occupies the idle phase as a part of the oscillation circuit and a
switching circuit is required to separate the drive circuit and
detection circuit [6]. In sensing coil method, the sensing coil is
defined as a few turns of additional coils embedded into the
stator slots for position estimation function. In this way, the
inductance variation can be detected from the sensing coil
instead of the armature windings [7], thereby no additional
switching circuit is required. However, the stator slot is
occupied by the sensing coil, and additional leads are
introduced [8]. Mutual inductance voltage detection method
can be applied in SRM with mutual inductance coupling

between armature windings [9]. Also, this method can be
applied for DF-DSM with mutual inductance coupling between
field winding and armature windings [10]. Unfortunately,
additional detection circuits and voltage sensors are required,
thus increasing the system's cost and weight. By injecting
pulses to detect self-inductance saliency, pulse injection
method is more friendly for initial position estimation as only
current sensors are required [10-14]. Similarly, by calculating
mutual inductance between the transformed phases in X-Y
coordinate states by current ripples, initial position estimation
is achieved in a minor saliency PM machine [15].

For accurate position estimation, compared with the method
that requires premeasurements [13], the methods without
premeasurements are more attractive. A Type-V exponential
regression method is proposed in [16] but is easily influenced
by modeling error. To tackle the inductance model mismatch,
an optimized initial estimation method based on the finite
element method is proposed to improve estimation accuracy
[17]. Inductance geometric model method such as triangle
model [10] is another effective strategy to acquire reliable
position estimation without premeasurement and simulation.

In the studied non-salient 12/10 DC-VRM, the application of
the self-inductance detection-based pulse injection method is
constrained [12]. By analyzing the machine's mutual inductance
characteristics, the method in [15] is implemented for the
studied DC-VRM, and a novel initial position estimation
method by integrating sensing coil function is proposed. The
key is to integrate sensing coil function into field winding by
operating the power transistors states. Then, by injecting
detection pulses into the armature windings in sequence, the
induced currents in the closed sensing coil can be collected
through current sensors. This method is easy to be implemented
and does not require additional detection circuits, embedded
sensing coil or voltage sensors at all. Moreover, an accurate
initial position estimation model based on mutual inductance
characteristics is established. The feasibility of the proposed
method has been testified through theoretical analysis and
experimental verifications.

II. MACHINE STRUCTURE AND INDUCTANCES FOURIER
CHARACTERISTICS

A. Configuration of 12/10 DC-VRM

The principle of ISG is illustrated in Fig .1(a). The ISG can
work as a starter to start up the engine and as a generator to
transfer the energy from the engine to the electricity load. The
structure of the 12/10 DC-VRM is provided in Fig .1(b). Both
DC and AC coils are wound on each stator tooth, and two sets
of armature coils that have 180° phase differences are reversely
cascaded to form a single-phase winding. The mathematical
model and the parameters of the DC-VRM are presented in [4]
and [12], respectively.
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Fig. 1. ISG system. (a) Construction of system. (b) Structure of 12/10 DC-VRM.
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Fig. 2. Drive topology of 12/10 DC-VRM.

B. Self-inductance Characteristics

Fig .2 presents the DC-VRM drive topology. Coil A+ is
reversely connected with coil A- to constitute phase A. As coils
A+ and A- have 180° phase differences, the Fourier expansion
of their self-inductance L+ and L,. can be expressed as

L, =Lyt L,sin(nwt+6,) , n=1,23....(1)
L,=Ly.+YL,sin(nottnz+6,) , n=1,2,3....Q2)
where L. is the DC component of self-inductance. L, is the
amplitude of the nth harmonics, w is the electrical angular
velocity, 6, is the initial phase angle of 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,;.+2Y L,sin(nwt+6,) , n=2,4,6....(3)
As shown in Eq. (3), 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.

C. Mutual inductance Characteristics

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

Mypy =M gy + 2 M, sin(not+a,) , n=1,23....(4

My =Myt ¥ M, sin(not+nr+o,) , n=1,2,3....(5)

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

My=Mp -M, =2 ¥ M, sin(not+a,) , n=1,3,5....(6)

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. Thence, position
estimation can be designed based on mutual inductance
characteristics. As seen in Fig .3, the inductance characteristics
have been testified through finite element analysis.
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III. PROPOSED INITIAL POSITION ESTIMATION METHOD BY
INTEGRATING SENSING COIL FUNCTION INTO FIELD WINDING

Based on mutual inductance characteristics, a novel initial
position estimation method by integrating sensing coil function
into field winding is proposed. By operating power transistor
states, a closed sensing coil is acquired, and the detection signal
is generated through the detection pulse in the armature winding.
With the existence of mutual inductance coupling between the
field winding and armature windings, an induced current can be
detected in the closed sensing coil. Therefore, no additional
detection circuits and voltage sensors are required, which
means, the drawbacks of the traditional embedded sensing coil
method and mutual inductance voltage method can be
overcome. In this way, the system cost can be further decreased,
and the system reliability can be guaranteed.

A. Pulse Injection Self-inductance Detection
As shown in Fig .4, the detection pulse is injected into the
field winding to detect the self-inductance of the field winding.
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Fig. 4. Equivalent circuit of field winding pulse injection.
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The equivalent voltage of field winding can be expressed as
7 Y
U=Ly—, Hily (7)
where Uyis the DC voltage supply of the H-bridge converter, L,
is the self-inductance of the field winding, ir is the resultant
current of detection pulse, Ry is the resistance of the field
winding. As the detection pulse width is small, the resultant
current is small, thereby the voltage drops of winding and
power switches can be ignored [13]. Ly can be expressed as
Ut
- ®
where At is the detection range. Iris the change value of the
resultant current during the detection stage. Through the
detection pulse method, the self-inductance of the field winding
can be estimated.

B. Integrating Sensing Coil Method for Inductance Detection
As shown in Fig .5, by switching on the power transistors S7
and S9. a closed sensing coil is achieved in the field winding.
With the existence of mutual inductance coupling between field
winding and armature winding, by injecting a detection pulse
into the armature winding, an induced current can be detected
from the established sensing coil. Therefore, the mutual
inductance with the position information can be extracted.
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Inverter
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Fig. 5. Equivalent circuit of closed sensing coil and detection pulse injection.

The equivalent voltage equations of the established sensing
coil and the series armature winding can be expressed as Eq. (9)
and Eq. (10), respectively. The series mutual inductance Mo
can be expressed as Eq. (11).

diy di

Udc:La+c a +(Maf'Mcf) d (9)
—7 dia
0=L, % +(M, f.zuff) 2 (10)
A
_Lj— L
Mac 7Maf' cj:TAt:% (11)
At “

where I, is the change value of the resultant current during
the sampling stage. Similarly, by operating power transistors
stages, the remained mutual inductances Mp,r and My between
the armature windings and the field windings can be detected.
To be more specific, the principle of the proposed method is
illustrated in Fig .6. Without a closed sensing coil in the field
winding, when detection pulses are injected into the armature
windings only, induced currents do not exist in the field
winding. By switching on power transistors S7 and S9 from ¢,
a closed sensing coil is established, and its induced currents can
be detected when detection pulses are injected into the armature
windings. Then, by comparing the mutual inductance values,
the initial position estimation can be estimated in Table I.

Dectection currents
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No mutual inductance
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>
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Fig. 6. Schematic diagram of the proposed mutual inductance detection method.
TABLE I

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

6(°) Inductance relation Conduction phases Sector
0-60 Mev> Mo Maer Aand B 1
60-120 Mevy> Maer>Mpyr Aand C 11
120-180 M Mey>Mpas Band C I
180-240 Mai>Mpo™>Mery Band A v
240-300 Mpaf> Mar™ Mess Cand A A%
300-360 Mypo>Mer> Mooy Cand B VI
A | |
| |
L : : Fol— M,
EG i — My
D ; | Mery
0 o)
E

Fig. 7. Series mutual inductance model.

To estimate the initial electrical angle, the mutual inductance
model is established in sector I in Fig. 7. In the parallelogram
DEAF in Fig .7, triangles DBG and DAF are similar triangles.

Therefore, the following equation can be acquired.
0 DH_ GB_GB_ MyrMpy
—=—=—=—= — (12)
DI FA GC MMy
Similarly, in the full electrical period, the initial position 6
can be estimated as

60" (Mepy-Mpgp)

sector=1
Mc[z/"Macf
60" (Myer-Mpgs o
90 MagrMoap) ) , sector=2
Mep-Mpap
60" (Myer-M, o
—;4 M)tu @ 1120", sector=3
Mygr
6 = 600(;;’ A;’ : (13)
T 1180 s sector=4
Macr-Meay
60 (My-Myep) o
M+240 , sector=>5
Mpar-Meps
60 (Mupp-Moef) o
90 MepyMaep) | 3y , sector=6
Mpaf-Macy
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The proposed method position estimation method can be
combined with the pulse injection method [10] to start up the
machine, As shown in Fig .8, the sensing coil is constructed in
the field winding by operating power transistors states, and then
detection pulses are injected from the armature windings to
detect the mutual inductance. Position estimation can be
achieved through the established series mutual inductance
model. Then the conduction phases can be decided, and the
acceleration pulses are injected to drive the machine.

Constructing sensing

coil in field winding

Detection pulses

injection

Position estimation

Acceleration pulse

injection

Switch to generator mode?

Y

Fig. 8. Flowchart of position sensorless startup.

VI. EXPERIMENTAL RESULTS

As shown in Fig .9, to verify the proposed method, the
experiments are performed based on dSPACE MicroLabBox. A
three-phase inverter and an H-bridge converter are applied for
armature windings and the field winding, respectively.

dSPACE
Microlabbox %

Fig. 9. Experimental setup of the proposed initial position estimation method.

The experimental results of constructing sensing coil initial
position estimation are shown in Fig .10. The detection pulses
are injected into the armature windings, and the pulse width is
0.3ms. By switching on power transistors S7 and S9, a closed
sensing coil is acquired in the field winding, then the resultant
currents can be collected to calculate the mutual inductance and
then calculate the initial position.

A l”(wml) A 2 A ln‘ts/div
\ I\ TR \
,/ Lh.\‘ ! o L.-\ ; ] ‘U_\‘ Jf H \___\\ 'Jﬁ
Y/ \\ \u‘f \v
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r1sn§di‘ ir (0}1A/diy)

!
A

Estimated plosition (180°/div)

Fig. 10. Integrating sensing coil function for initial position estimation.

To verify the position estimation accuracy by the established
mutual inductance model, the rotor is manually located in the
different initial positions. The actual position and the estimated
position are compared in Fig. 11. An initial position estimation
accurate to a 4° electrical angle corresponding to a 0.4°
mechanical rotor angle can be achieved.

360 10
e o
300 |[—Actual position bl
2 A Estimated position S 5
20240 =
< @
— 180 s
5 £ oy f‘dw
£120 = 4
Z Zs
=I z

0

-10
60 120 180 240 300 360 0 60 120 180 240 300 360
Electrical angle (°) Electrical angle (°)
@ (b)
Fig. 11. Initial position estimation. (a) Actual position and estimated position.
(b) Estimation error.

<

The sensitivity of the sampling rate for initial position
estimation is analyzed in Fig .12. The initial position estimation
root means square error and the maximum error absolute value
under different sampling rates are compared. The initial
position is detected 50 times in the whole electrical period
under each sampling rate. It is clear to see that the position
estimation error can be decreased with the increase in the
sampling rate. For a 50kHz sampling rate, the root means
square error and the maximum error absolute value can be
controlled within 1.5° and 4°, respectively.

10

[l Root means square error

o
T

. Maximum error

=
T

Estimated error (°)

=
—

Sampling rate (kHz)
Fig. 12. Sensitivity of the proposed method to the sampling rate.

Not only for initial position estimation but the proposed
method can also be applied during the free-running stage. As
shown in Fig.13, the detected mutual inductances are
symmetrically distributed, and reliable position estimation can
be achieved.
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T ATTAVAVAVAVAY

WMpar (20mH/div)
AT

100ms/diy

M

fi A

{ LA A A A
AR AYA YAV AV ¥
CRVTAAVAVIVAVAVAVILVAN/AV AN

vy L' v o

JA Y

A NN NN

—

20mH/div)

EDI

Estimated position (360%/div)

Fig. 13. Position estimation in a free-running stage.

Page 4 of 23



Page 5 of 23

oONOYULT DA WN =

I[EEE-TPEL

IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE

After the initial position estimation, the proposed position
estimation method is combined with the pulse injection method
to start up the machine. Detection pulses and acceleration
pulses are injected into the armature windings sequentially to
detect the rotor position and start up the machine, respectively.
The field winding is operated as a current chopping mode, and
the position information can be effectively acquired by the
proposed method. A reliable position sensorless startup can be
found in Fig .14.
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Fig. 14. Experimental results. (a) Position sensorless startup experiment. (b).
Position estimation during the startup stage.

DISCUSSION AND CONCLUSION

This letter proposes a novel initial position estimation
method by integrating sensing coil function into field winding
for non-salient DC-VRM targeting aerospace high-reliability
applications. The key is to operate the power transistor states to
acquire a closed sensing coil in the field winding, and then
detection pulses are injected into the armature windings to
detect the mutual inductance. The mutual inductance model is
established, and the initial position estimation error can be
controlled within the range of 0.4° mechanical rotor angle. To
guarantee position estimation accuracy, a high sampling rate is
necessary, and the voltage delay caused by parasitic capacitance
can be considered. The proposed method is easy to be
implemented, and additional detection circuits, embedded
sensing coil and terminal voltage sensors are not required. The
proposed method has been verified by experiments in the initial
position estimation stage, startup stage and free-running stage.
Moreover, the proposed method can also provide reliable
position estimation for the drive system with an incremental
encoder to avoid the startup jitter and reverse.
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