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Predictive Pulse Injection based Dual-Inverter
Complementary Sensorless Drive for 12/10
DC Vernier Reluctance Machine

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

Abstract- DC-Excited Vernier reluctance machine (DC-VRM)
using 12-slot/10-pole-pair design, exhibits the advantages of small
torque ripple and robust structure, which has good potential to be
applied as an aerospace integrated starter/generator. By
eliminating vulnerable position sensors, system reliability can be
further improved by sensorless startup. However, driven by the
traditional three-phase inverter, phase inductance of 12/10 DC-
VRM becomes constant due to its complementary characteristic,
which means the saliency effect in DC-VRM is obliterated, thereby
sensorless operation using self-inductance detection cannot be
applied. To release the machine saliency effect and further
improve sensorless drive performance, a dual-inverter sensorless
drive structure is introduced to reconstruct the machine saliency
by using separated dual-three-phase inverters. The released series
inductance model with mutual inductance coupling is established
through a piecewise function, and an accurate position estimation
method without finite element analysis or complex measurements
is introduced. Moreover, by further analyzing the linearity of
series inductance, the full-cycle inductance high-linearity range is
composed of dual-inverter complementary features, thus position
estimation accuracy can be guaranteed. Through this feature, a
predictive position-based pulse injection sensorless drive method
is proposed to improve acceleration performance with detection
time reduction. Based on the predictive position, the detection
pulses are only injected into one inverter whose corresponding
phases are located at the inductance high-linearity range, thus
decreasing the detection time and improving acceleration
performance.

[. INTRODUCTION

With the increasing concern of environmental protection and
energy-saving, the research of more electrical aircraft (MEA)
has attracted more attention [1-2]. Electrical machines, as the
key component of integrated Starter/Generator (ISG) for MEA
applications, are exposed to new challenges of higher power
density, efficiency and reliability [3-5]. Although traditional
permanent magnet (PM) synchronous machines have high
power density and efficiency, the demagnetization risk of PM
materials makes them unsuitable for high-temperature
environments [6-7]. Therefore, developing reluctance machines
without using vulnerable PMs [8-10] for aerospace ISG systems
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has been a hot research topic.

Switched reluctance machine (SRM) suffers from large
torque ripple and noises [11], and controllable rectifier power
converters are necessary for energy recycling. Doubly-fed
doubly salient machine (DF-DSM) does not require
controllable rectifiers in generator mode, and voltage regulation
control can be easily achieved by adjusting field current.
Unfortunately, its torque ripple is still unsatisfied due to the rich
even-order flux harmonics and unbalanced magnetic
distribution [12-13]. Compared to SRM and DF-DSM
counterparts, more slot pole combinations can be used in DC-
excited vernier reluctance machine (DC-VRM), especially the
unit machine design with even-order rotor pole pair, which
contributes to small torque ripple due to the elimination of
even-order flux harmonics and the minimum cogging torque
[14-15]. Thence, DC-VRM can be a better rare-earth-free
solution to be applied as aerospace ISG.

By eliminating vulnerable position sensors, the reliability of
the control system can be significantly improved by sensorless
drive. For starter applications, sensorless start-up operations are
mainly based on the machine saliency effect. The modulation
method [16] and sense coil method [17] are easily influenced
by signal noises, and the additional oscillator and demodulation
circuits make them unsuitable for aerospace applications.
Without additional hardware, the current waveform method
[18-20] can detect the incremental inductance during the
current chopping process by current waveform monitoring.
However, with the increase of speed, the number of current
chopping waves decreases, so the position detection accuracy is
hard to be guaranteed. In addition, the saturation effect of the
magnetic circuit needs to be considered in high load conditions
[19]. In the pulse injection method, by injecting narrow
detection pulses into idle phases, inductance can be detected
indirectly, and the saturation effect can be ignored [20-21].
However, due to the half-cycle conduction principle of SRM,
negative torque is generated, and non-idle phase inductance
cannot be detected. So, to acquire the full-cycle inductance,
different detection methods are combined [20].

Compared with the threshold conduction method [21] or
sector estimation method [22,27-28], accurate position
estimation can achieve adjustable conduction phase angle and
optimal output torque. Through finite element analysis (FEA)
or offline machine parameters measurements, position
estimation fitting equation or 3-D table are stored in controller
memory to achieve accurate position estimation [23-24].
However, these methods are easily affected by simulation errors,
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aging, or take up large memory sizes. So, position estimation
methods with simplified measurements and without prior
knowledge of the machine parameters attract more attention. To
estimate the initial rotor position, the phase inductance is
calculated by measuring the capacitor charging time in a
bootstrap circuit, then the accurate initial position can be
estimated in a parallelogram region [25]. The drawback is this
method cannot be applied in a start-up operation. In [20], the
authors extend the inductance vectors method to a low-speed
range by detecting full-cycle inductances under light load
conditions. In high load conditions, a second-order polynomial
is required to reconstruct the unsaturated inductance by
saturated inductance during the linear inductance region [19],
thus complicating this method.

As DF-DSM is driven by a three-phase inverter, the detection
pulses can be inserted into the acceleration pulses interval [26],
thereby full-cycle inductance detection can be acquired by a
single detection method, and the saturation effect can be
ignored because of short duration detection pulses. However,
based on the DF-DSM conduction principle, position detection
and motor drive cannot be performed simultaneously, thus leads
a communication delay. By reducing detection time, the
reduced pulse injection method is an important optimization
direction [22,27-28]. Furthermore, this problem can be also
solved by accurate position estimation to ensure
communication in time [29]. However, a position estimation
blind zone named as boundary sector is caused by inductance
nonlinearity, which makes the position estimation unreliable.
To overcome this influence, a position prediction method in
SRM [30] is introduced to DF-DSM [29] by replacing the
inductance  detection-based  position estimation with
instantaneous speed-based position prediction. However, the
speed vibration and cumulative error cannot be overlooked, and
the rotor initial position cannot be exactly acquired in the
boundary sector.

The development of DC-VRM sensorless operation can
create a solution that combines sensorless merits and low torque
ripple performance. For DC-VRM using even rotor pole pair in
unit machine design, the saliency effect of the machine is
annihilated by traditional three-phase inverter drive, hence
those advanced sensorless control methods by self-inductance
detection cannot be applied. To solve this problem and further
improve sensorless drive performance, three key issues are
addressed. First, a parallel dual-inverter topology is introduced
for DC-VRM to release the inherent saliency effect in self-
inductance, thereby pulse injection sensorless drive can be
applied. Second, an accurate position calculation method in
series inductance dual-linearity range without prior knowledge
is introduced. Moreover, the complementation feature of dual-
inverter in position estimation is analyzed, and a predictive
position-based pulse injection method (PPPIM) is proposed.
The key is to apply the predictive position as a switch signal to
redesign the detection pulses to be injected in the high-linearity
series inductance ranges, thus decreasing the number of
detection pulses to improve the acceleration performance. The
arrangements of this paper are as follows. In Section II, the
mathematical model of DC-VRM and the dual-inverter drive

structure are introduced. In Section III, the series inductance
model is established. In Section IV, the high-precision position
estimation method is introduced. In Section V, PPPIM is
proposed. In Section VI, experimental results are presented.
Finally, some conclusions are drawn.

II. CONFIGURATION OF 12/10 DC-VRM

A. Dual-inverter Sensorless Drive System

As shown in Fig .1, integrated Starter/Generator (ISG)
integrates electric starting function and power generation
function into one machine, thereby a smaller size, lighter weight
and lower cost solution can be achieved. Fig .2 shows the
structure of 12/10 DC-VRM that DC field coils and AC
armature coils are integrated into the stator slots, respectively.
All the DC field coils are connected in series to form one single
DC field winding. As shown in Fig .3, in a traditional three-
phase inverter drive system, two sets of armature coils that have
180° phase differences are reversely cascaded to form a single-
phase winding. Fig .4 shows the FEA result that phases A and
D are reversely connected to form the phase winding of U. All
the odd-order harmonic self-inductances are canceled when
they are superimposed. Therefore, the saliency of the machine
is annihilated, regardless of its salient-pole structure and
associated variable self-inductance, thereby reliable self-
inductance detection-based sensorless drive cannot be applied.

i Starter

Starte Mode
arter Power Power Source
Mode

Converter
Group I

JE’:I Electricity
Mode Power || Generator Load

Generator
Converter Mode
Group I

Starter

[

Aerospace
Engine

Generator:
Mode

Integrated Starter/Generator

Fig .1. Aerospace integrated starter and generator system.

DC field coils
Ve

Fig. 2. Structure of 12/10 DC-VRM.
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Fig. 3. Traditional three-phase inverter drive for DC-VRM.
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To avoid the annihilation in phase self-inductance, a parallel
dual-inverter drive system is adopted to separate the coils into
two groups, thus recovering the inherent saliency. The parallel
dual-inverter drive system is described in Fig .5.
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Fig. 5. Dual-inverter drive for DC-VRM.

B. Mathematical Model

The current and inductance equations can be expressed as

Fliy, iy ip ig iy iy i (1)
ELa Lab Lac Lad Lae Lag Lafi
Loy Ly Lye Lpa Lpe Lpg Lypr
Lac Lhc Lc Lcd Lce ch ch
L={Lwa Lpa Lea La Lae Lyg Ly 2)
Lae Lhe Lce Lde Le Leg Lef
Lug Lig Leg Leg Ly Ly
| Lo Loy Ly Ly Ly Ly Ly |
where [ is the current matrix, i,, i, ic, i4, i. and iy are the phase
currents, iy is the field current, L is the inductance matrix, Ly,
Lus, Loy, Lag, Lerand Lgrare the mutual inductances between phase
windings and the field winding, L,, Ly, Lc, La, L. and Lg are the
self-inductances, Las, Lac, Lad, Laes Lagy Lic, Lod, Loe, Lig, Leds Lees
Leg, Lae, Lag and L., are the mutual inductances between phases,
Lyis the self-inductance of the field winding. Taking phase A as

an example, the torque components under current excitation can
be expanded as

.. dL 1 .odL 1 .pdLs
T,=iji—L+-i2=0 -7~
alar gy tala gy Y3 ©)

where 6 is the electrical angle. The first term is the major
component of the excitation torque produced by the mutual
inductance between DC field winding and the armature winding.
The second term is the reluctance torque produced by variation
of phase self-inductance. Due to 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 Lykeeps constant in the whole electrical period, the
cogging torque can be neglected.

1. PULSE INJECTION-BASED SERIES INDUCTANCE DETECTION

A. Pulse Injection-based Series Inductance Detection
For reluctance machines with doubly salient structures, the
air gap permeance changes with rotor position periodically,
leading to the variation of phase inductance simultaneously.
This gives the advantage of a sensorless operation by detecting
winding inductances. Therefore, by injecting detection pulses
into phase windings, self-inductance can be indirectly detected
to estimate the rotor position. As shown in Fig .6, a short-
duration detection pulse is injected by switching on transistors
S1 and S4. During this process, the instantaneous conduction
loop is the series connection of phases A and C with mutual
inductance coupling between them, and the voltage equation
can be expressed as
Uge=(Ly+Le-2L o)

d(Ly+Le-2L )

do
where o is the rotor angular velocity. During zero or low speed-
range, o is zero or quite small, back-electromotive force (back-
EMF) can be ignored [26,28]. In addition, the short-duration
detection pulse leads to a small response current, then the
winding voltage drop can also be ignored [20,26,28]. Voltage
equation can be further simplified as

Uge=(La+Le-2Lo0) 2 )

+i, w+i,R “4)

The series inductance can be described as

Uge
Lysg=Lp+Ly2L, === (p.g=A,B.CDEG, ptq) (6)

PHq

where At is the detection pulse width.
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Fig. 6. Dual-inverter pulse injection equivalent circuit.

B. Series Inductance Characteristics

Through the above analysis, the value detected by the
detection pulse is a series inductance with mutual inductance
coupling. To further analyze the mutual inductance coupling



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE

between armature windings, the FEA results when phase A is
excited at different rotor positions are compared in Fig .7. The
mutual inductance between the armature windings is related to
the cross-sectional area of the magnetic circuit formed by the
series-connected dual-phases, which is affected by the meshing
degree of the series dual-phases simultaneously.

Fig. 7. Flux distributions when phase A is excited at different positions. (a) 60°.
(b) 150°. (c) 240°. (d) 330°.

The series inductance is established in Fig .8, which can be
represented by a piecewise function (7). Due to the influence of
mutual inductance, the rising or falling stages are divided into
two parts with different slopes.
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Fig. 8. DC-VRM series inductance model.
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where p, is the rotor pole number, o, and a; are rotor pole arc
and stator pole arc, which are designed as 18° and 12°,
respectively. k; and k; are the slopes of dual-linearity ranges,
respectively. Due to the symmetrical distribution of the
magnetic circuit of each phase in the DC-VRM, the series
inductances formed by different phases have the same
amplitudes but are accompanied by 60° phase shifts between
adjacent phases. The position of the rotor sector can be
determined by comparing the magnitudes of the series
inductances, which can be found in Table I.

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

(%) Inductance relation Conduction phases Sector

0-60 Max(Ly+g)= Ly+a A,D,B,E I
60-120 Max(Ly+g)= Late A,D,C,G 1T
120-180 Max(Ly+g)= Ly+g B,E,C,G 11
180-240 Max(Ly+g)= La+e A,D,B,E v
240-300 Max(Ly+y)= La+g A,D,C, G \%
300-360 Max(Ly+g)= Leve B.E,C,G VI

The characteristics of the series inductance are summarized
as follows. According to the phase interval of the six series
inductances formed by the dual three-phase, the detection of the
dual three-phase series inductances by pulse injection can be
regarded as six-time discrete samplings of the series inductance
function L(6). As shown in Fig .8, P1, P2, P3, P4, PS5 and P6
represent the sampling points with 60° intervals between
adjacent sampling points. Among them, P1, P3, P4, P6 are in
the rising or falling stage of series inductance, which contains a
clear correspondence between inductance amplitude and
position. While at the sampling points of P2 and P35, the series
inductance fluctuation is not obvious. Therefore, this
information is only suitable for sector estimation, but not for
accurate position estimation. Meanwhile, according to the
characteristics of symmetry of series inductance, P1 and P6 can
be mirrored to the points P1' and P6', respectively, thereby
enough sampling points can be obtained in the dual-linear
intervals for accurate position estimation.

IV. SERIES INDUCTANCE DUAL-LINEARITY-RANGE-BASED
POSITION ESTIMATION

According to the characteristics of the series inductance
analyzed in the previous chapter, the linear intervals /; and /, of
the series inductance are redefined in an orthogonal coordinate
system, which can be found in Fig .9. Therefore, the detection
points at P2 and P5 with less position-related information are
not introduced for accurate position estimation. Only the
detection points located at the L(6) linearity ranges are applied.

LA

PI'
M1(-30, 0}5(L;+Ls))

M2(30, 0.5(Ls+L))

5

v

-60 AG-60 -AO 0 A8

T
60-A0 60 6(°)

Fig. 9. Series inductance dual-linearity range.
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The electrical angle can be expressed as
6=60(s-1)+A06, s=1,2,34,5,6 ®)
where s is the sector, Af is the bias electrical angle. Then, the
coordinates of the sampling points can be decided as P1’ (A6-
60, L1), P3(-Ab, L3), P6’ (Af, Ls¢) and P4(60-A0, Ls). The
expression of the piecewise linear interval of series inductance
is shown in the formula (9).

11:'k19+L0:6L03__2LAIH 0,+Ly, 6,€[-60,0] 9)
b=y 0+ Lo= 2% 0+ Lo, 0,€[0.60]

where L1, L3, Ls and L are the detected inductances at the points
P1, P3, P4 and P6, respectively. Furthermore, the coordinates
of the midpoints of the two-line segments can be easily obtained
as M1 (-30, 0.5(Li+L3)) and M2 (30, 0.5(LstLs3)). By

substituting M1 and M2 into formula (9), A8 can be solved as
AO=30- (La-Le)0r-(L3-L1)01 _ 60(Lg-L3) (10)

2(h-1) LetLy-L3-Ly
To further improve the accuracy of position estimation, re-
sampling can be applied to reduce the estimation error.
1 60(Lg-Ls,

Av= n i L6)1+;42‘L3?1'21n (In
where n is the re-sampling times. In this series inductance
modeling method, the inductance model can be accurately

obtained in the process of initial position detection without FEA.

As shown in (12), the parameters of ki, k> and Lo can be deduced
at a certain initial position to simplify the position estimation
process during the acceleration stage. Therefore, the series
inductance dual-linearity ranges can be independently solved.

( _ Ishy
I 177 6020
Ly4-Lg
Jor=-
4I 277 60200 (12)
L= -30(L3-Ly1) _ L3+Ly
k 0™ " 60200 2

So, it is unnecessary to detect full-phase inductances for
position estimation. The position calculation in the high-
linearity interval of the inductance will obtain more reliable
position estimation accuracy. Through FEA and linear fitting,
the linearities of the /; and [ are compared in Table II. SSE,
RMSE, R-square and Adjusted R-square are the acronyms of
the sum of squares due to error, root mean squared error,
coefficient of determination and degree-of-freedom adjusted
coefficient of determination, respectively. The linearity of the
inductance in the /; interval is higher, which means the linear
function modeling is more accurate, and the reliability of the
position estimation based on /; is higher.

TABLE II
COMPARISON OF LINEARITY CHARACTERISTICS

SSE RMSE R-square Adj-sq
I 0.0126 0.0290 0.9987 0.9986
2] 0.0952 0.0797 0.9761 0.9745

V. PREDICTED POSITION-BASED PULSE INJECTION SENSORLESS
DRIVE WITH DUAL-INVERTER COMPLEMENTARY STRATEGY

A. Full-phase Sequential Pulse Injection Method

The full-phase sequential pulse injection method (Full-phase
SPIM) can be seen as a typical pulse injection sensorless drive
method that injects detection pulses in each phase in sequence
to acquire position information. The schematic diagram of the
acceleration process of full-phase SPIM is shown in Fig .10.
Only one series phase conducts at the same time, thus the peak
current sampling is not affected by mutual inductance between
different pairs of series inductances. An operation cycle is
defined as the period from #; to #s that consists of alternative
detection pulses and acceleration pulses. First, the detection
pulse sequence is injected from #; to £, and the resultant currents
are registered. After full phases are detected, the rotor position
can be estimated between #; and #3. Then the conduction phases
are determined, and further acceleration pulses are injected
during the period from # to f. By completing the
demagnetization process between #, and f5, a new round of
detection pulses is injected from 5.

Demagnetization

i Resultant e

currents

AAA

At!

e .
Detection pulses | Acceleration pulse Nermlmd of
| detection pulses

(1] [11]

Sensorless acceleration

Inverter I

Position estimation Position estimation t

Inverter IT

[ [

4 Lot 121 s t

Fig. 10. Schematic diagram of full-phase sequential pulse injection.

B.  Dual-Inverter
Estimation

For the start-up process, the detection duration is desired to
be decreased to reduce the commutation delay and increase the
duty cycle of the acceleration pulse, thus improving the
acceleration performance. To reduce detection time and obtain
accurate position estimation simultaneously, a dual-inverter
complementary feature on position estimation is analyzed. The
three phases of Inverter I can be regarded as having a 180°
phase shift with those of Inverter II. According to the analysis
of the linearity of the linear interval of the series inductance, the
high linearity interval /; and the low linearity interval , of the
series inductance are alternately distributed in a single three-
phase, which can be found in Fig .11. The distribution law of
the high linearity interval and the low linearity interval of the
series inductance is opposite. Therefore, the full-cycle accurate
position estimation can be obtained by integrating the position
detection information of the dual inverters.

Complementary Feature on Position
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Fig. 11. Dual-inverter complementary feature of position estimation.

C. Predictive Position-based Pulse Injection Method
Based on the dual-inverter complementary feature, a
predictive position-based pulse injection method (PPPIM) is
proposed. The position prediction method in [30] is introduced
to select inverters to inject detection pulses at the next detection
period, thus guaranteeing the detection pulses are injected
during the high-linearity inductance range. In this way, the
inverter at the low-linearity range does not inject detection
pulses, thus decreasing the detection time. Since the pulse
injection method is discrete position detection, the speed can be
estimated by twice detection positions and their detection time
interval AT,.
0(R)-6(k-1)
=oAL, (13)
where @, is the estimated speed, (k) is the & sampled position,
0(k-1) is the (k-1)m sampled position. The (k+1)s position can
be estimated as

0k+1)=0(k)+, AT, (14)

Then the pulse injection selection command for Inverter I
fO(k+1)) can be decided by O(k+1),

(1, 6, €[0,60)U[120,180)U[240,300)
SOU+D) {0 0, €[60.120)U[180.240)U[300.360) )

Resultant
currents

Detection pulses

—l Acceleration pulse

Inverter [

t
New round of detection

Inverter II pulses

A0+ 1)) High linearity range Low linearity range
0
0
1
S0(k+1)-180) Low linearity range High lincarity range
0
0 (k) 6 (k+1) 4

Fig. 12. Schematic diagram of predicted position-based pulse injection method.

The detection pulses are injected by Inverter I once {0(k+1))
equals 1. Apparently, for Inverter II, the pulse injection
command is f{O(k+1)-180). The schematic diagram of the
PPPIM with dual-inverter complementation feature is shown in
Fig .12. The detection pulses are redesigned based on the
predictive position to guarantee the detection pulses are injected
during the inductance high-linearity range.

D. Position Estimation Error Analysis

The predictive position method can obtain continuous
position estimation, which can also be used to calculate the
position in the boundary sector caused by inductance
nonlinearity [29]. But in essence, this method is a position
estimation based on the instantaneous estimated speed, which
is easily affected by speed fluctuations. Also, this method may
be affected by the cumulative error. As shown in Fig .13,
although this method can describe the position information
during the boundary sector, if the position detection cannot be
updated accurately in time, the position estimation cumulative
error may seriously increase, which means accurate position
should be updated in time.

9
Actual
position
Boundary error
SgetdT Estimated
position
Detection
poin
Linear
range
0 t
(a) (b)

Fig. 13. (a) Boundary sector. (b) Estimation error.

In the proposed method, the predictive position is not
introduced to replace the estimated position. Instead, it is only
applied as a switching signal to select detection pulses to ensure
they are reasonably injected into the high-linearity interval in
dual-inverters. As shown in Fig .14, position information can
be updated in time, thus avoiding cumulative error effectively,
which significantly improves sensorless drive reliability.

Actual
position

Inverter I high

Inverter II linearity range

Inverter I

Predicted
#O— position

Inverter I Inverter I =
Inverter IT high

linearity range

240°
High linearity range

(a) (b)

Fig. 14. (a) Dual-inverter complementation high-linearity range. (b) Estimation
error.
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E. Sensorless Startup Strategy as ISG

Fig .15 shows the flowchart of the sensorless startup as an
ISG. First, detection pulses are injected from the dual-inverter
to detect the series inductance, then the initial position can be
estimated at 6(k-1) by the dual-linearity range calculation
method. The conduction phases are decided, and the
acceleration pulses are injected to drive the machine. A new
round of dual-inverter detection pulses is inserted to detect 8(k)
position, and then the speed can be estimated to predict 6(k+1)
position. In the next detection cycle, the injection pulse can be
selected through f{O(k+1)), thereby the position estimation can
be conducted during the predictive high-linearity range. Once
the speed is large enough, the system can be switched to
generator mode.

Initial position re-
sampling at A(k-1)

Predictive position-based

Parameters ki, k,, L ; L
b2 50 detection pulses injection

identifications

Acceleration pulse and
new round detection
pulse injection

Position estimation at

(k)

Acceleration pulse

injection

Speed estimation

O(k+1) position
prediction

Computer |

| Magnetic
\  Powder
| Brake

NS

\ (”"" _,"' 3 ¥ ‘ Power source |

Fig. 16. Experimental setup of the proposed DC-VRM drive system.
VI. EXPERIMENTAL RESULTS

A. Experimental Setup

As the experimental setup is shown in Fig .16, the sensorless
control is performed based on a real-time control platform of a
dSPACE MicroLabBox with a sampling rate of 50kHz.
Parameters can be monitored by a PC or an oscilloscope. Dual-
inverters 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.

B. Initial Position Detection

As shown in Fig .17, to obtain the initial position, detection
pulses are sequentially injected to indirectly detect the series
inductances. Through the dual-linearity position estimation
method, the initial position can be accurately obtained.

i, (10A/div) i, (10A/div)
N

Adtual pgsition
180°/div),

)
Estimated positio:
FISOO/ iv) 0/5Sms/djv

Fig. 17. Pulse injection initial position estimation.

To further verify the accuracy of the series inductance model,
the rotor is manually placed at different initial positions and
current samplings are performed to reconstruct each series
inductance in the whole electrical angle period. With the series
inductance dual-linearity position estimation method, the
estimated position is compared with the actual position in
Fig .18(a). As shown in Fig .18(Db), the position estimation error
can be controlled with the range of 5° electrical angle,
corresponding to 0.5° of rotor angle in the whole electrical
period.
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Fig. 18. (a) Position estimation in an electrical angle period. (b) Estimation error.
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The measured inductance and the established inductance
model are compared in Fig 19. The parameters of k1, k> and Lo
are calculated as 0.044, 0.012 and 5.8, respectively. Accurate
fitting results can be found in the high-linearity inductance
range, which means, in this series inductance modeling method,
the inductance high-linearity range can be accurately
reproduced. The fitting result of the low linearity interval of the
inductance is relatively lower than the high linearity interval,
but a certain accuracy can still be guaranteed. The worst
situations can be found in inductance flat top and flat bottom
areas. That is because horizontal straight lines are introduced to
simplify the inductance modeling process in flat ranges.
Although the fitting results in these ranges are poor, the position
estimation results are not influenced. That is because the
proposed PPPIM only calculates rotor position in the high-
linearity inductance range.
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Fig. 19. Measured inductance and established inductance model of DC-VRM.

The position estimation errors from the high-linearity
inductance range and low-linearity inductance range are
compared in Fig .20. It is clear to see that the position
estimation at the high-linearity inductance range can acquire a
higher position estimation accuracy compared with the low-
linearity range. The position estimation error can be controlled
within the range of 2.5°, compared with 6.5° in that of the low-
inductance range.

©Low-linearity range
A High-linearity range

Estimation error (°)

10 20 30 40 50 60
Electrical angle (°)

Fig. 20. Position estimation errors of high-linearity inductance range and low-
linearity inductance range.

C. Predictive Position-based Reduced Pulse Injection
Sensorless Drive with a Dual-inverter Complementary Feature

The full-phase SPIM is compared with the proposed PPPIM
in Fig .21. Based on the pulse injection width selection rules
and experiments [20,29], the detection pulse width and
acceleration pulse width are designed as 0.lms and 1ms,
respectively. The load torque is INm. Based on the predictive
position, the detection pulses are only injected by a single
inverter whose related phases are located at the high linearity
inductance range, thereby reducing the detection time and
obtaining higher acceleration performance. By the proposed
method, the rotor speed can reach 380rpm in 1 second
compared with 200rpm in the full-phase SPIM. The proposed
PPPIM based dual-inverter complementary sensorless drive
method can reduce detection pulses injection by predictive
position to improve acceleration speed. Also, reliable position
estimation accuracy can be acquired in the high-linearity
inductance range by dual-inverter complementary feature.
Therefore, the acceleration performance in the startup process
can be significantly improved by the proposed method.
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Fig. 21. Acceleration performance (a) Full-phase SPIM. (b) PPPIM.
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The position estimation error by the proposed PPPIM is
shown in Fig .22. In the whole acceleration process, the position
estimation error can be controlled within the range of 15°. By
increasing the load torque to 1.5Nm, the acceleration
performance is shown in Fig .22 (b). It is clear to see that the
position estimation does not show a remarkable difference, but
with a reduction in acceleration speed. That’s because this
acceleration method works with the constant torque zone. The
estimated position is introduced into phase communication to
guarantee the reliability of the sensorless drive. The specific
parameters of the prototype machine can be found in Table III.
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Fig. 22. Sensorless acceleration under load condition. (a) INm. (b) 1.5Nm.

TABLE III
SPECIFIC PARAMETERS FOR THE DC-VRM

Symbol Parameter Unit Value

a Stator pole arc ° 12

a, Rotor pole arc ° 18
Nye Turns of each DC coil - 48
Noye Turns of each AC coil - 48
R Sub-phase winding resistance Q 0.7
R, Field winding resistance Q 4.2
Rated torque Nm 2.4

Rated speed r/min 450

Rated power w 600

CONCLUSION

This paper proposes a predictive position-based reduced
pulse injection sensorless drive method for 12/10 DC-VRM
with the dual-inverter complementary feature. To improve
system reliability by the sensorless startup, a dual-inverter drive
system is introduced to reconstruct the machine saliency effect
by separating the constant phase inductance into two variable
inductance components, thus achieving pulse injection
inductance detection sensorless drive. Then, the series
inductance model is established, and the dual-linearity range
accurate position estimation strategy is illustrated. High-
precision position estimation can be acquired without prior
knowledge. Furthermore, to improve acceleration performance,
a reduced-pulse injection sensorless drive method with the
guidance of predictive position is proposed. Based on the
predictive position, the detection pulses are injected during
series inductance high-linearity range, thus keeping detection
accuracy, and reducing detection time simultaneously. The
acceleration performance can be significantly improved that the
rotor speed can reach 380rpm in 1 second. A solution that
combines sensorless drive merits and low torque ripple is
achieved. which has good potential to be applied as an
aerospace ISG.
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