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Abstract- DC-Excited vernier reluctance machine (DC-VRM) 

using a 12-slot/10-pole-pair design, exhibits the advantages of 
small torque ripple and low cogging torque due to the inherent 
commentary characteristic. However, the inherent saliency is 
canceled out by a 12/10 pole combination of machine design driven 
by a traditional three-phase inverter. As a result, the sensorless 
operation in zero/low-speed regions becomes difficult because the 
position estimation methods using self-inductance detection 
cannot be applied. To tackle this problem, we first analyzed the 
saliency annihilation phenomenon through Fourier analysis that 
the odd-order harmonics in self-inductance are canceled. 
Moreover, reconstructing saliency method is proposed by splitting 
a phase winding into two sub-phase coils and using parallel H-
bridge converters to supply sub-phase coils and achieve sensorless 
drive. Through this method, the saliency effect is recovered in self-
inductance, thereby pulse injection sensorless drive can be applied. 
The constructed 12/10 DC-VRM sensorless drive shows good fault-
tolerant ability and can be applied in safety-critical industry 
applications such as aerospace propulsion. Analysis and 
experiments are performed in the initial position detection, start-
up and free-running stages to verify the feasibility of the proposed 
solution. A sector estimation accurate to 6° can be achieved.  
 
    Index Terms— DC Vernier Reluctance Machine (DC-VRM), 
integrated starter/generator (ISG), reconstructing saliency effect, 
aerospace applications. 
 

I.  INTRODUCTION 
 

With the increasing concern for environmental protection 
and energy-saving, the research of integrated starter/generator 
(ISG) in more electrical aircraft applications has attracted more 
attention [1-3]. Electrical machines, as the key components of 
the ISG system, are exposed to new challenges of higher power 
density, efficiency, reliability, etc. Permanent magnet materials 
suffer from the risk of demagnetization in high temperatures [4-
5], thereby developing reluctance machines has been a hot topic 
in recent years [6-8]. 
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Reluctance machines using the doubly salient structure is a 
potential solution, due to the simple and robust structure. One 
typical candidate is switched reluctance machine (SRM), which 
has been well studied in literature over the last twenty years 
associated with analytical modeling, numerical design, control 
strategies [9-11], etc. However, SRM suffers from a large 
torque ripple due to the half-cycle conducting principle, leading 
to severe mechanical vibration and noise [12-13]. Doubly-fed 
doubly salient machine (DF-DSM) shares the same slot pole 
design as SRM but with extra distributed DC field coils in the 
stator, which enables it to operate in the whole electrical period 
and be driven by an inverter package. However, its torque ripple 
is still unacceptable due to the unbalanced magnetic circuit 
between phases and rich even-order flux harmonics [14-15]. 

Recently, a new type of doubly salient reluctance machine is 
proposed, namely variable flux reluctance machine (VFRM), 
which shares a similar configuration with DF-DSM, while the 
DC field coils are uniformly distributed in the stator core [16]. 
Benefiting from the uniform DC field excitation, VFRM can 
essentially achieve a balanced magnetic circuit between phases. 
Further, it is revealed that the working principle of VFRM can 
be illustrated by the emerging flux modulation theory [17-21]. 
Accordingly, it can be referred to as a special type of DC-
excited Vernier reluctance machine (DC-VRM). Compared to 
SRM and DF-DSM counterparts, more slot pole combinations 
can be used in 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. Therefore, from 
the perspective of noise and vibration, DC-VRM can be a better 
rare-earth-free solution to be applied as aerospace ISG. 

The sensorless operation can further simplify the drive circuit 
of electrical machines and improve system reliability, which 
attracted much attention in academia and industry [22-24]. For 
reluctance machines with doubly salient structures, the air gap 
permeance changes with rotor position periodically, leading to 
the variation of phase inductance at the same time. This gives 
the advantage of a sensorless operation based on those position 
estimation methods by detecting winding inductances. For 
SRM, many research works have been reported in terms of 
sensorless operation based on the indirect inductance detection 
method [25-26]. At the early stage, a linear model of SRM 
inductance is developed to divide the three-phase inductance 
sector for the low-speed sensorless operation [27]. To improve 
the detection accuracy, an improved non-conducting phase 
pulse injection method is proposed by detecting high linearity 
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characteristics of the inductance drop interval in the four 
quadrants [28]. A dual-threshold inductance detection method 
for non-conducting phase current is proposed [29]. The 
commutation angle can be regulated by adjusting the current 
threshold to meet the requirements of the load torque condition. 
In [30], the phase inductance is calculated by measuring the 
time when the capacitor charging reaches the maximum current 
in the bootstrap circuit to determine the initial conduction phase 
of the machine and the initial position of the rotor, while the 
start-up operation control cannot be realized. A simple 
sensorless drive method using the Wien bridge is proposed by 
H. Moradi and E. Afjei to detect the rotor position at a standstill 
and low speeds in switched reluctance motor [31]. Furthermore, 
an optimized Hays bridge is applied and adjusted to achieve a 
balanced condition in an unaligned position when reaching the 
minimum inductance point. This method provides simplicity in the 
implementation and tuning flexibility [32]. A reconstruction 
method of unsaturated inductance is proposed in [33], in which 
the unsaturated inductance is fitted as a second-order function 
of incremental inductance and chopping current reference. For 
DF-DSM, the inductances can be indirectly detected by phase-
induced voltages during the DC excitation building stage [34], 
but this method is only suitable for initial position detection. 
For the acceleration stage, the pulse injection method by 
alternately injecting detection pulses and acceleration pulses in 
sequence has been proven effective [35].  
     However, the inherent serious problem of torque ripple in 
SRM and DF-DSM leads to the mechanical vibration of the 
rotor, which increases the difficulty of accurate position 
estimation in a sensorless control system, thus limiting their 
industry application. DC-VRM can achieve low torque ripple 
with specific slot pole combinations. Therefore, the 
development of DC-VRM sensorless operation can create a 
solution that combines sensorless merits and low torque ripple 
performance. To achieve this goal, one key issue needs to be 
addressed. That is, for DC-VRM using even rotor pole pair in 
unit machine design, the saliency effect of the machine is 
annihilated, hence those advanced sensorless control methods 
using self-inductance detection cannot be applied. In this paper, 
a parallel sensorless drive method is proposed for DC-VRM. 
The key is to use a parallel H-bridge converter to reconstruct 
the machine saliency for rotor position estimation by detecting 
inductances. Benefiting from the reconstructed saliency and 
inherent low torque ripple character of DC-VRM, a high-
performance robust sensorless operation can be realized, which 
has good potential to be applied as aerospace ISG. The 
arrangements of this paper are as follows. In Section Ⅱ, both the 
saliency annihilation phenomenon and the saliency 
reconstructing method are analyzed. The parallel drive structure 
through reconstructing saliency effect, as well as the 
mathematical model of DC-VRM, are introduced. In Section Ⅲ, 
the self-inductance and mutual inductance characteristics, as 
well as their effect on sensorless operation are analyzed. In 
Section Ⅳ, a position estimation method by current pulse 
injection and inductance detection is employed for sensorless 
operation. In Section Ⅴ, the prototype and test bench is built, 
and experimental results are presented. Finally, some 
conclusions are drawn. 

Ⅱ. CONFIGURATION OF DC-VRM DRIVE SYSTEM 
 
A. Configuration of DC-VRM  

As shown in Fig .1, ISG can work as a starter during the 
startup process and operates as a generator to recycle the energy 
from the aerospace engine, thereby the total weight, volume and 
costs can be decreased through the integrated machine design. 
The structure of the 12/10 DC-VRM to be studied is provided 
in Fig.2. The DC field coils are wound 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. The AC armature coils are wound on each stator 
tooth as well. The parameters of the prototype machine are 
listed in Table Ⅰ. 
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Fig. 1.  Aerospace integrated starter and generator system. 
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Fig. 2.  Structure of 12/10 DC-VRM.  
 

TABLE I 
SPECIFIC PARAMETERS FOR THE DC-VRM 

 
Symbol Parameter Unit Value 

dso 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 
αs Stator pole arc ° 12 
αr Rotor pole arc ° 18 
δ Air gap length mm 0.5 
l Stack length mm 80 

Ndc Turns of each DC coil - 48 
Nac Turns of each AC coil - 48 
R Sub-phase winding resistance Ω 0.7 
Rf Field winding resistance Ω 4.2 
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B. Fourier Analysis of Saliency Annihilation Phenomenon in 
Traditional Drive Topology 

Fig .3 shows the traditional three-phase inverter drive 
topology of 12/10 DC-VRM. Two sets of armature coils that 
have 180° phase differences are reversely cascaded to form a 
single-phase winding. For example, phase U is formed by a 
reverse series connection of phases A and D.  
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Fig .3.  Traditional three-phase inverter drive topology for 12/10 DC-VRM. 
 

As sub-phase A and D have 180° phase differences, the 
Fourier expansion of their self-inductance can be expressed as  

L =Ldc+∑ Ln sin(nωt+θn)           ,    n = 1, 2, 3 . . . . (1) 

L =Ldc+∑ Ln sin(nωt+nπ+θn)     ,    n = 1, 2, 3 . . . . (2) 

where La and Ld are the self-inductances of sub-phases A and D. 
Ldc is the DC self-inductance component. Ln is the amplitude of 
the nth harmonics, ω is the electrical angular velocity, θn is the 
initial phase angle of nth harmonics. The Fourier expansion of 
the self-inductance of phase U LU can be regarded as the 
composition of sub-phases A and D. 

LU=La+Ld=2Ldc+2∑ Ln sin(nωt+θn)  ,    n = 2, 4, 6 . . . . (3) 

As shown in equation (3), a saliency annihilation phenomenon 
can be found in LU. 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 saliency tracking 
sensorless drive methods. 

To further describe the saliency annihilation phenomenon, 
Fig. 4 shows the self-inductances of phases A, D and U and 
their harmonics distributions calculated by the finite element 
simulation. Driven by the traditional three-phase inverter, the 
phase self-inductance is a superposition of that of two sub-
phases having a 180° phase difference. Therefore, all the odd-
order harmonic inductances are canceled, when the bias 
component and the odd-number harmonic inductances are 
superimposed. It is clear to see that the self-inductance 
amplitude of phase U does not change significantly with the 
rotor position, only fluctuating within the range of 0.2mH 
approximately, which means the saliency of the machine is 
annihilated, regardless of its salient-pole structure and 
associated variable self-inductance of each sub-phase group. As 
is well known, machine saliency has a significant effect on 
sensorless operation, especially for the zero and low-speed 
ranges. However, the saliency is annihilated in the traditional 
three-phase inverter-based DC-VRM drive system.  
 

 
(a) 

  
(b) 

 
Fig. 4.  (a) Phase inductances of A, D and U. (b) Harmonics distributions. 
 
C. Reconstructing Saliency Effect by Parallel H-Bridge-
Converter Sensorless Drive System  

To reconstruct the saliency effect of DC-VRM for position 
sensorless operation, a parallel H-bridge drive configuration is 
proposed in Fig .5. It can be seen that those reversely connected 
three-phase armature windings can be separated as six sub-
phase groups (A, B, C, D, E, G) and each sub-phase can be 
independently excited by an H-bridge converter. In this way, 
the inherent saliency effect of each sub-phase winding can be 
utilized for low-speed sensorless operation.  
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Fig. 5.  H-bridge drive structure of DC-VRM. 
 

The advantages of the proposed parallel H-bridge-converter 
based sensorless drive system can be summarized as 
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(1) This drive system keeps the complementary electromagnetic 
characteristic of the 12/10 DC-VRM in reducing torque ripple 
by eliminating even-order flux harmonics. 
(2) The saliency effect of sub-phase windings can be released. 
Within an electrical period, the variable self-inductance curves 
of six sub-phase windings with a uniform phase difference of 
60°, can be utilized to estimate the rotor position. 
(3) Using a parallel H-bridge converter allows each sub-phase 
to be independently excited, thus the effect of winding mutual 
inductance on the rotor position estimation can be minimized, 
which can improve the accuracy of the estimated position. 
(4) The H-bridge drive structure shows a significant advantage 
in fault tolerance to improve system reliability, which is quite 
suitable for aerospace applications. 
 
D. Mathematical Model of 12/10 DC-VRM 

The parallel H-bridge drive enables each sub-phase winding 
to be independently controlled, and the current, inductance and 
torque equations of DC-VRM can be expressed as 

           I=[ia    ib    ic    id    ie    ig    if]
T                    (4) 

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 ⎦⎥⎥

⎥⎥⎥
⎥⎤
               (5) 

  T= 1
2

IT dL
dθ

I                                   (6)         

           

 

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

Ta=iaif
dLaf

dθ
+ 1

2
ia2

dLa
dθ
+ 1

2
if
2 dLf

dθ
+ Tam                (7) 

The first term is the major component of the excitation torque 
produced by the mutual inductance between DC field winding 
and the sub-phase winding. The second term is the reluctance 
torque produced by variation of sub-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 Lf keeps constant in 
the whole electrical period, the cogging torque can be neglected. 
Tam is the torque component produced by mutual inductances 
between sub-phase windings and can be expanded as  

Tam= 1
2

ia(ib
dLab
dθ

+ic
dLac
dθ

+id
dLad
dθ

+ie
dLae
dθ

+ig
dLag

dθ
)         (8) 

 

ⅡI. INDUCTANCE CHARACTERISTICS 
 

A. Self-inductance Characteristics 
For reluctance machines with doubly saliency structures, the 

self-inductance equation is described as 

L(θ)= Nac
2 μS
l

                                       (9) 

where S is the cross-sectional area of the stator poles and rotor 
poles overlapping, μ is the permeability, l is the flux path length. 
The sub-phase self-inductance model is shown in Fig .6. The 
initial position is defined as the position where the rotor tooth 
and stator tooth begin to mesh. With the increase in the overlap 
area of the rotor tooth and the stator tooth, the sub-phase self-
inductance increases proportionally. When the rotor tooth and 
stator tooth begin to mesh completely, the sub-phase self-
inductance reaches its peak value. As αs is designed smaller 
than αr, a flat top and bottom in self-inductance are acquired.  

Through finite element analysis, the self-inductance curves 
of six sub-phases are shown in Fig. 7. The amplitudes of each 
self-inductance curve are equal, and the phase angle differences 
between two adjacent self-inductance curves are 60°. The 
inherent saliency is released through H-bridge sensorless drive 
structure, and the symmetry of these self-inductance curves can 
guarantee the accuracy of position estimation. 
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Fig. 6.  Sub-phase self-inductance model.  
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 Fig. 7.  Sub-phase self-inductance curves.  
 
B. Mutual Inductance Characteristics 
    In DC-VRM, two kinds of mutual inductance exist. The first 
one is the mutual inductance between field winding and sub-
phase winding. In each stator tooth, field winding and sub-
phase winding have similar magnetic circuits. Taking sub-
phase A as an example, Laf and La have the same phase, and the 
amplitude is related to the turn ratio n of the field winding and 
sub-phase winding, and the relationship can be marked as 
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Laf=
Ndc
Nac

La=nLa                          (10) 

Another mutual inductance exists between sub-phase groups. 
The flux distributions at four typical rotor positions are revealed 
in Fig .8. When sub-phase A is in the aligned or half-aligned 
positions, the coupling relationships between sub-phase A and 
the other sub-phases are seen in Fig .8(a), Fig .8(b) and Fig .8(c). 
The amplitudes of the mutual inductance are related to the 
meshing degree of the stator teeth and rotor teeth. By contrast, 
when sub-phase A is in a completely unaligned position shown 
in Fig .8(d), its coupling degrees with the other sub-phases are 
weak. Since the magnetic circuit between phases A and D is 
longer and the cross-sectional area of the magnetic circuit is 
small, Lad is small with a slight fluctuation in the whole period. 
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Fig. 8.  The mutual inductances between sub-phases at different rotor positions. 
(a) 60°. (b) 150°. (c) 240°. (d) 330°.  
 

The mutual inductance curves between sub-phase A and the 
other sub-phases in a whole electrical period are shown in Fig .9. 
The unneglectable fluctuations are seen in Lab, Lac, Lae and Lag. 
The inherent mutual inductance complicates the inductance 
model, producing a negative effect on inductance detection-
based sensorless control. This influence can be avoided by 
using the parallel sensorless drive method as revealed in the 
next sector. 
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Fig. 9.  Mutual inductance between sub-phases. 
 

Ⅳ. SEQUENTIAL PULSE INJECTION SENSORLESS DRIVE 
AVOIDING MUTUAL INDUCTANCE INFLUENCE 

 
Pulse injection sensorless drive method has the advantages 

of strong reliability and no need for additional circuits, which is 
suitable for low-speed sensorless control in electrical machines 
having a saliency effect. Using a parallel H-bridge drive 
structure in DC-VRM, the saliency of the sub-phase can be 
reconstructed. This enables the pulse injection method for 
position estimation. Moreover, to avoid the influence of mutual 
inductance between sub-phases on the position estimation 
accuracy. A sequential pulse injection can be applied, 
benefiting from the independent current control feature using 
the parallel H-bridge drive system, which will be presented in 
detail in this section.  
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Fig. 10.  Equivalent circuit. (a) Pulse injection. (b) Demagnetization. 
 
A. Sequential Pulse Injection based Sensorless Operation 

Fig .10(a) shows the schematic diagram of pulse injection in 
sub-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 point value of ia is recorded. Meanwhile, S1 and S4 are 
switched off to enter the demagnetization process which is 
shown in Fig .10(b). In this process, ia decreases to 0. From Fig. 
10(a), The equivalent voltage equation for sub-phase under 
pulse injection can be described as 

Udc=La
dia
dt

+ea+iaR                            (11) 

    Where ea is the back-electromotive force (back-EMF) of sub-
phase A. In the initial detection and acceleration stage, the 
motor speed is zero or quite small, and 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. Considering the short duration 
of the detection pulse, it can be considered that the sub-phase 
winding current rises linearly during this period. The measured 
sub-phase self-inductance equation can be expressed as (8).  

La= Udc∆t
Ia

                                      (12) 

where ∆t is the detection pulse width. Ia, Ib, Ic, Id, Ie and Ig are 
defined as the peak point current values of sub-phases. The 
relationship between electrical angle, sub-phase self-inductance, 
sub-phase peak currents and rotor electrical sector are listed in 
Table Ⅱ. The information on sub-phase self-inductance can be 
indirectly acquired by calculating the peak point of sub-phase 
currents. By comparing self-inductance values, the rotor 

Authorized licensed use limited to: University of York. Downloaded on June 25,2022 at 06:17:26 UTC from IEEE Xplore.  Restrictions apply. 



0885-8969 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TEC.2022.3167551, IEEE

Transactions on Energy Conversion

IEEE TRANSACTIONS ON ENERGY CONVERSION 

electrical period is divided into six sectors based on the 
conduction mode. 
 

TABLE Ⅱ 
RELATION BETWEEN ELECTRICAL ANGLE, SUB-PHASE SELF-

INDUCTANCES, SUB-PHASE PEAK CURRENTS AND ROTOR SECTOR 
 

Electrical 
Angle 

Relation of sub-phase 
self-inductances 

Relation of sub-
phase peak currents 

Rotor 
Sector 

0-30 Lc>Ld>Lb>Le>La>Lg Ic<Id<Ib<Ie<Ia<Ig Ⅰ 30-60 Lc>Lb>Ld>La>Le>Lg Ic<Ib<Id<Ia<Ie<Ig 
60-90 Lb>Lc>La>Ld>Lg>Le Ib<Ic<Ia<Id<Ig<Ie Ⅱ 90-120 Lb>La>La>Lg>Ld>Le Ib<Ia<Ia<Ig<Id<Ie 

120-150 La>Lb>Lg>Lc>Le>Ld Ia<Ib<Ig<Ic<Ie<Id Ⅲ 150-180 La>Lg>Lb>Le>Lc>Ld Ia<Ig<Ib<Ie<Ic<Id 
180-210 Lg>La>Le>Lb>Ld>Lc Ig<Ia<Ie<Ib<Id<Ic Ⅳ 210-240 Lg>Le>La>Ld>Lb>Lc Ig<Ie<Ia<Id<Ib<Ic 
240-270 Le>Lg>Ld>La>Lc>Lb Ie<Ig<Id<Ia<Ic<Ib Ⅴ 270-300 Le>Ld>Lg>Lc>La>Lb Ie<Id<Ig<Ic<Ia<Ib 
300-330 Ld>Le>Lc>Lg>Lb>La Id<Ie<Ic<Ig<Ib<Ia Ⅵ 330-360 Ld>Lc>Le>Lb>Lg>La 

Id<Ic<Ie<Ib<Ig<Ia 
 

Fig. 11 illustrates the schematic diagram of initial position 
detection and acceleration. During the position detection period 
(t1 to t2), to avoid the influence of mutual inductance between 
the sub-phases, the H-bridge sensorless control system is 
introduced to control each sub-phase independently. The 
detection pulses of the next sub-phase are injected after the 
previous sub-phase has completed the demagnetization period. 
Consequently, by injecting detection pulses in each sub-phase 
in sequence, the accuracy of position estimation is not affected 
by the mutual inductance influence between the sub-phases.  

 

Detection 
pulses Acceleration pulse

Resultant
currents

Demagnetization

Initial position 
estimation

Sensorless 
acceleration

Position 
estimation

New round of 
detection pulses

i

t1 t2 t3 t4

Resultant
currents

t

t

Sensorless 
acceleration  

Fig. 11.  Schematic diagram of initial position detection and acceleration. 
 

The rotor position can be estimated by comparing the peak 
values of resultant currents in each sub-phase winding. Then the 
conduction phases of the DC-VRM are determined, and further 
acceleration pulses are injected during the period between t2 and 
t3. To continue to speed up the machine, the detection pulses 
and acceleration pulses are injected alternately for position 
detection and acceleration, respectively. After each sub-phase 
completes the demagnetization between t3 and t4, a new round 
of detection pulses is injected from t4. 

The conduction phases of the DC-VRM are determined by 
the mutual inductance between field winding and sub-phase 
windings which can be found in Fig .12. According to the 
principle of DC-VRM, the positive and negative direction 
currents flow during the rising stage and falling stage of the 

mutual inductance between the field winding and sub-phase 
windings, respectively. This trapezoidal inductance feature can 
effectively avoid the direct current jump from positive to 
negative, and reduce the torque ripples during commutation. 
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Fig. 12.  Conduction mode of 12/10 DC-VRM. 
 
B. Determination of Detection Pulse Width 

When the test pulse of phase A is injected, the response 
current can be expressed as 

Ia= Udc
R

(1-e-∆t
τa)                                  (13) 

where τa= La
R

 is the time constant of the detection pulse injected 
into the equivalent circuit. The response current will increase 
with the increase of the conduction time, which causes the 
increase of electromagnetic torque. When the electromagnetic 
torque is greater than the load torque, the motor rotates. This 
may affect the detection accuracy and even cause the motor to 
reverse. To avoid this phenomenon, the detection pulse width 
needs to be restricted to a certain range. During the pulse 
injection stage, the influences of mutual inductance between 
sub-phases are avoided by H-bridge drive sequentially 
conduction. Tam can also be ignored, the maximum torque 
generated by the detection pulse can be expressed as 

Tmax=Iaif
dLaf

dθ
+ 1

2
Ia
2 dLa

dθ
                              (14) 

For a certain field winding current and a sub-phase winding 
current, the torque production is decided by the electrical sector. 
For example, in sectors Ⅲ and Ⅵ, both Laf and La are in the flat 
top or flat bottom area, so in these areas, the inductance slope 
is small, and torque generated is also limited. It is known from 
the above analysis that the mutual inductance between the field 
winding and sub-phase has high linearity in the rising and 
falling stages. Assume that the slops of the sub-phase self-
inductance changing relative to the rotor position during the 
rising and falling stages are k and -k, respectively. Then the slop 
of Laf during the rising and falling stages can be expressed as nk 
and -nk, respectively. Assume that the motor load torque is Tl, 
the equation (11) needs to be met to prevent the motor from 
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rotating during the position detection period. 

Tmax<Tl                                          (15) 

Therefore, bring the formula (8), (9) and (10) into (11),   

Udc
R

(1-e-∆t
τa)<

4n2k2if
2+8kTl-2nkif

2k
                       (16) 

The detection pulse injection width can be limited to 

∆t< Lmin
R

ln 2kUdc

2kUdc+2nkifR-R 4n2k2if
2+8kTl

                    (17) 

    In addition, the detection pulse width should be wide enough 
to be detected. If the detection pulse width is too small, it may 
cause the response current cannot be detected, affect the 
accuracy of position judgment, and lead to commutation errors. 
The peak response current should be greater than the minimum 
current imin value that can be detected by the current sensor  

Udc
R

1-e-∆t
τa ≥imin                             (18) 

    Finally, the width of the detection pulse can be selected 
within this range 

Lmax
R

ln Udc
Udc-Rimin

≤∆t< Lmin
R

ln 2kUdc

2kUdc+2nkifR-R 4n2k2if
2+8kTl

    (19) 
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Fig. 13.  Flowchart of sensorless startup for 12/10 DC-VRM. 
 

C. Sensorless Operation as ISG 
Fig. 13 shows the implementation of reconstructing saliency 

sensorless startup of 12/10 DC-VRM. DC-VRM should be 
driven by the proposed reconstructing saliency method to 
achieve pulse injection self-inductance detection. First, the 
detection pulses are injected into each sub-phase in turn by H-
bridge converters. Then by comparing the magnitudes of the 
response current peaks, the estimated sector position is 
determined. The acceleration pulses and the detection pulses are 
injected in sequence for acceleration and self-inductance 
detection, respectively. In this way, the speed of the machine 

can increase steadily. Once the machine is operated in generator 
mode, the induced voltage can be collected by H-bridge 
converters independently.  
 

Ⅴ. EXPERIMENTAL RESULTS 
 

A. Experimental Setup 
The experiments are carried out to verify the effectiveness of 

the proposed parallel sensorless drive system. The 12/10 DC-
VRM prototype is fabricated. The rotor lamination, stator 
lamination, and assembly are shown in Fig. 14(a). (b). (c), 
respectively. The experimental setup is shown in Fig .14(d). 
The sensorless control is performed based on a real-time control 
platform of a dSPACE MicroLabBox with a sampling rate of 
50kHz. The control parameters can be set and modified by 
Controldesk. The DC-VRM is driven by commercial H-bridge 
converters which are excited by the DC source. Another DC 
source is applied to the field winding to establish the excitation 
magnetic field. A coaxial magnetic powder brake is connected 
to the motor to provide load torque. The actual rotor position is 
acquired by a resolver to compare with the position acquired by 
the detection method. 

 

       
(a)                                   (b)                                    (c) 
 

Oscilloscope Computer

H-Bridge Drive

Magnetic 
Powder 
Brake

Power source

Control board

Prototype

 
(d) 

Fig. 14. The prototype and test bench setup. (a) Rotor core lamination (b) Stator 
core lamination (c) Assembly of the prototype. (d) Test bench setup. 
 
B. Saliency Annihilation and Reconstructing 

The electromagnetic characteristics of the DC-VRM 
prototype are firstly tested. Fig .15 (a) shows the back-EMFs of 
U, V, W windings, while those of the sub-phases are given in 
Fig .15 (b).  Although there are some voltage distortions in sub-
phases, the synthetic back-EMFs are symmetrical and balanced.  
The saliency annihilation phenomenon and the reconstructing 
saliency effect by parallel H-bridge converter are shown in 
Fig .16. The measured self-inductances of U, V, W windings, 
as well as sub-phase A, C, D and E agree well with those from 
the finite element analysis. It is proved that the synthetic 
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saliency is obliterated, while that in sub-phases is still distinct, 
as the sub-phase self-inductances change periodically with rotor 
position. This enables the low-speed sensorless operation for 
the proposed DC-VRM drive system using self-inductance 
detection-based rotor position estimation methods.  

 

 
(a)                                                         (b) 

Fig. 15. (a) Back-EMFs of phase U, V and W. (b) Sub-phase back-EMFs. 
 
 

 
(a)                                                        (b) 

Fig. 16. (a) Self-inductances of phases U, V and W under traditional winding 
connections. (b) Self-inductances of sub-phases through the proposed 
reconstructing saliency effect. 
 
C. Initial Position Detection 

To verify the initial position detection ability by the proposed 
sensorless drive, the rotor of the machine is manually located at 
different initial positions for detection. The measured results are 
presented in Fig. 17, including the sub-phase current with pulse 
injection, practical rotor sector information obtained by sensors, 
and the estimated positions. By injecting the detection pulses in 
sequence, the peak values of the resultant currents are not 
influenced by mutual inductance, thus keeping the detection 
accuracy in initial position detection. These resultant currents 
are collected and compared in dSPACE MicroLabBox to 
determine the sector information. As shown in Fig. 17(a) to Fig. 
17(f), the information on the initial sector position can be 
accurately obtained by comparing the amplitudes of the 
resultant currents in the whole six sectors.  
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(a)                                                         (b) 

ia(2A/div) ic(2A/div)

Actual sector 
(2 sectors/div)

Estimated sector 
(2 sectors/div)

Time 
(500us/div) ia(2A/div) ic(2A/div)

Actual sector 
(2 sectors/div)

Estimated sector 
(2 sectors/div)

Time 
(500us/div)

 
(c)                                                         (d) 
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(e)                                                         (f) 

Fig. 17. Initial position estimation in whole sectors. (a) Sector Ⅰ. (b) Sector Ⅱ. 
(c) Sector Ⅲ. (d) Sector Ⅳ. (e) Sector Ⅴ. (f) Sector Ⅵ. 
 
D. Position Estimation during the Free-running Stage 

Fig .18 shows the sector estimation results during the free-
running stage. After the motor is accelerated to a certain speed, 
the injection of acceleration pulses is stopped, and the motor 
continues to rotate due to inertia. In this stage, the detection 
pulses are still injected to acquire the rotor position. It is clear 
to see that a reliable position still can be acquired during the 
free-running stage. 
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Time (100ms/div)  
 
Fig. 18.  Position estimation during the free-running stage. 
 
E. Sensorless Acceleration  

Fig .19 shows the whole process of the initial detection and 
acceleration stage with the proposed sensorless drive system. 
At first, detection pulses are injected to estimate the initial rotor 
position. The widths of the detection pulse and the acceleration 
pulse are designed as 0.1ms and 2ms, respectively. Due to the 
injection of short pulses in this startup method, additional filters 
are not required. Therefore, there is no significant difference in 
phase between the estimated sector and the actual sector. In 
addition, the sector estimation can be precisely acquired in the 
whole six sectors, which corresponds to 6° in each sector. Then, 
with the alternate injection of detection pulses and acceleration 
pulses, the rotor speed gradually increases. The rotor speed can 
reach the determined speed of 200rpm in one second. In 
generator mode, the back-EMF can be collected for energy 
recycling.  
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Fig. 19.  Sensorless control acceleration for 12/10 DC-VRM. 
 
F. Analysis of torque performance 

The torque performance during the startup process is shown 
in Fig .20. As the torque generation is mainly composed of 
acceleration pulses, the torque generated by the detection pulses 
can be overlooked. The torque curve fluctuates from 0Nm to 
5Nm. However, the average torque can keep constant in the 
start-up stage, thus guaranteeing the start-up performance.  
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Fig. 20.  Torque generation during the start-up process. 
 

CONCLUSION 
 

This paper analyzed the saliency annihilation phenomenon in 
12/10 DC-VRM driven by a traditional three-phase inverter 
from the perspective of sensorless drive for the first time. Self-
inductance odd-order harmonics including the fundamental 
component are canceled by the 12/10 pole combination. This 
phenomenon has been illustrated through Fourier analysis, 
finite element analysis and experiments, respectively. To 
achieve the self-inductance tracking sensorless drive, a 
reconstructing saliency method for 12/10 DC-VRM sensorless 
drive is proposed to recover the saliency in self-inductance. By 
using a parallel H-bridge drive system, the constant phase 
inductance can be split into two variable inductance 
components having opposite trends, thereby advanced position 
estimation method based on inductances detection can be 
applied. In addition, due to the independent current control 
feature using the parallel drive, a sequential pulse injection 

method can be applied to estimate the rotor position with high 
accuracy and high robustness, while avoiding the influence of 
mutual inductances between phases. The experimental results 
prove the effectiveness of the proposed parallel sensorless drive 
for DC-VRM during initial position detection, start-up and free-
running stages. A sector estimation accurate to 6° can be 
achieved. In general, the proposed solution can combine the 
advantages of inherent low torque ripple of 12/10 DC-VRM and 
high-accuracy sensorless operation, thus boosting the system 
robustness with reduced noise and eliminated position sensor. 
Its good fault-tolerant ability can be applied in safety-critical 
industry applications such as aerospace propulsion. It should be 
admitted using a parallel H-bridge drive will increase the 
number of power switches and system costs. Future research 
will develop a method to balance the system cost.  
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