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ABSTRACT As rotor position sensors, the variable reluctance (VR) resolvers are playing critical roles
in the industrial electric machine drivers. The VR resolvers have a simple structure, therefore, they are
reliable and durable under rough operation scenarios. However, the dedicated decoding system requires the
voltage signal injection with high-frequency (HF), which must be much higher than the machine operation
frequency. The HF injection increases the decoding computation and system cost, especially for the high-
speed applications. To avoid applying theHF injection, this paper proposes a new category of VR resolvers by
adopting the concept of the doubly salient permanent magnet (PM) motor. The doubly salient PM machines
have the magnets and windings on the stator side, thus, they can keep simple and reliable rotors as the VR
resolvers. A significant benefit is that the stator-PM can produce back-EMF,which provides the rotor position
information. By this way, the HF injection-based VR resolver solution is only serving for low-speeds and
can be shut down as long as the PM back-EMF can be detected by the analog circuit. Besides, the proposed
linear counterpart is also a novel option for the mover position sensor in the high speed and long distance
linear drive system. The modeled examples are analyzed by finite-element analysis (FEA).

INDEX TERMS Doubly salient PM motor, linear drive system, rotor position sensors, variable reluctance
resolvers.

I. INTRODUCTION
With simple rotor structure, the variable reluctance (VR)
resolver is worldwide popular in the high speed electric
machine drive systems [1], [2]. The simple structure makes
the VR resolver reliable and robust when facing harsh envi-
ronments. As a typical example, in the hybrid electric vehi-
cle/electric vehicle (HEV/EV) powertrain, the drive motors
are usually operating at high-speeds. Besides, the mechan-
ical vibration is unavoidable in the vehicle, and the elec-
tromagnetic interfere (EMI) is terrible in the high voltage
drive scenario [3], [4]. The VR resolver is almost a perfect
solution for the machine rotor position sensoring and thus
has been widely employed in the HEV/EV [5]–[7]. Fig. 1con-
cisely shows the measurement principle of the conventional
VR resolver. There is an industrial VR resolver, which is
simple and compact, consisting of the stator (stator core and
concentrated winding) and rotor (only a core). There are three
windings in the stator, i.e. excitation (EXC), sinusoidal (SIN)
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and cosine (COS) windings. The variable reluctance rotor
shape can modulate the amplitude of high-frequency (HF)
injection, and the SIN/COS windings consequently gener-
ate the back-EMFs as the signals in Fig. 1(b). A resolver
decoding circuit samples the HF signals and the processor
demodulates them to get the envelopes (the red and blue
lines), which are two orthogonal waveforms.

Although such measurement is not that straightforward
and requiring time-consuming calculation [8], [9], it can
satisfy the regular applications, e.g. a 4 pole-pairs electric
machine under 20,000rpm. Sometimes, a separate decoding
integrated circuit (IC, e.g. AD2S1210) is employed, which
makes cost up.

In recent years, many papers investigated and improved the
structure and performance of the VR resolvers. Paper [10]
investigated the winding arrangement of the VR resolver and
proposed the non-overlapping tooth-coil windings, which can
separate the coils and simplify the manufacturing. Paper [11]
proposed a novel design of the VR resolver rotor contour,
significantly improving the back-EMF waveform shape and
the measurement accuracy. Paper [12], [13] extended the
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FIGURE 1. The conventional VR resolver for automotive industry.
(a) A typical vehicular resolver. (b) The SIN/COS signals.

VR resolver to the axial-flux type, and made deep discussion
on the winding and slot-poles configurations. Paper [14]
discussed the design model of the axial-flux VR resolvers as
a general design guidance. Paper [15] analyzed the effect of
the parameters on the resolver measurement accuracy.

In the above Fig. 1(b), the frequency must be much higher
than the machine operation frequency, i.e. the envelope fre-
quency, otherwise the tracking would be poor. Therefore,
with respect to a designated HF frequency, e.g. 10 kHz, there
is a speed limit for the operation frequency. For example,
in the AD2S1210 solution, the operation frequency cannot be
higher than 1kHz (15,000 rpm for a 4 pole-pairs motor) with
12-bit resolution. It is referred to as a frequency-limitation
in this paper. To break the frequency-limitation, a possible
way is to improve the HF frequency. For example, in [16]
and [17], the MHz HF is applied, and even the lamination
core can be omitted. But that high HF signals require delicate
sample circuits and expensive processors, which cause higher
cost, thus unacceptable for the automotive industry.

In the PM motor sensorless control field, the back-EMF
observer is a common solution for the rotor position estima-
tion [18]–[20], which provides accurate rotor position espe-
cially for high-speed condition, in which the PM back-EMF
is significant. However, the regular PM electric machine
structure cannot be applied to the VR resolver, because the
magnets on the rotor are not able to endure the centrifugal
force at super high-speeds. Fortunately, the stator-PMmotors
come out to be a perfect solution [21], [22]. The stator-PM
motor has the magnets on the stator, the magnets thus don’t
need to suffer any centrifugal force. As a typical stator-PM
motor, the doubly salient PM motor has a relatively simple
structure [23], in which the rotor structure is exactly the same

FIGURE 2. The proposed novel doubly salient PM VR resolvers.
(a) A prototype. (b) Decoding scheme.

to that of the regular VR resolver. On basis of this concept,
this paper proposes a novel doubly salient PM VR resolver.

Fig. 2(a) shows a prototype of the proposed resolver, con-
sisting of the stator (steel lamination core, winding and mag-
nets) and rotor (only steel lamination core). There is a small
amount of ferrite magnet pressed/embedded in the stator core.

Although the PMs are staying in the stator, they can induce
PM back-EMFs in the stator windings with the airgap reluc-
tance changing with the rotor rotating. Because the magnet
amount is very small, the PM back-EMF is weak at low-
speeds. Hence, the HF voltage injection-based position mea-
surement is still required, but only for low-speeds. When the
speed is going up, significant back-EMF can be established
and used to measure the rotor position. Fig. 2(b) describes
this measurement scheme, in which the HF voltage injection
stops when the PM back-EMF amplitude is high enough, and
this switching point depends on the design of the decoding
system. The decoding algorithm also depends on the back-
EMF mode. Below the switching point, low-speed mode,
the decoding system extracts the envelope of the SIN/COS
back-EMFs, and calculates the position with these signals.
Above the point, high-speed mode, the decoding system
directly calculates the position with the SIN/COS signals.
Theoretically, as long as the PM back-EMF can be detected
by the analog circuit, even the rotor speed is 1 rpm, the HF
injection can be shut off, and switch to the PM back-EMF
observer. However, in the real systems, the analog circuit
cannot detect the PM back-EMF well if the back-EMF is too
weak and noisy. In the system design, the switching point
depends on the analog sampling circuit performance. For
example, if the analog circuit can only detect stably when
the signal amplitude is higher than 0.3V, then the switching
point should be determined at a speed point, on which the
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PM back-EMF amplitude is 0.3V. By FEA, for the proposed
16/4 resolver, the PM back-EMF amplitude can be around
0.3V at 4500 rpm, thus the speed 4500 rpm is selected as the
switching point.

As long as the decoding scheme switches to the high-speed
mode, the computational amount becomes small and the HF
voltage injection is not required anymore.

On the other hand, this concept can be extended to the lin-
ear electric machine drive system as well. The linear position
measurement is critical for the linear electric machine drive
system, especially in the high-speed railway transportation,
where the maglev train is an ideal solution. It is unimagin-
able to install the conventional linear position sensor on the
infinitely long railway [24], [25]. This paper proposes a novel
linear variable reluctance (LVR) resolver by using the concept
of the doubly salient PM linear motor, in which the magnets
and windings are both on the mover and the rail (long stator)
structure is simple and low-cost. This novel LVR resolver is
actually a two-phase doubly salient PM linear motor, provid-
ing two-phase orthogonal back-EMF. By decoding the back-
EMF, themover position can bemeasuredwith high accuracy.
Comparing with the regular LVR resolver, the decoding com-
putation is much smaller. This feature is particularly suitable
for extremely high-speed long-distance railway applications,
because the PM back-EMF increases with the moving speed.

Section II proposes the basic structure and principle of the
novel VR resolver. An issue of this novel resolver is discussed
in Section III. The LVR with the concept of doubly salient
PM is introduced in Section IV. Finally, all the analysis in the
above sections are validated in Section V by finite-element
analysis (FEA).

II. NOVEL VR RESOLVER WITH STATOR-PM STRUCTURE
From the perspective of the PM motor, the proposed
VR resolver is essentially a two-phase doubly salient PM
motor, producing the two-phase orthogonal back-EMFs.

Fig. 3 illustrates a typical configuration of the proposed
VR resolver with 16-slot/4-pole. There are four ferrite mag-
nets mounted on the stator side, constructing four PM poles.
One rotor salient pole corresponds to one magnetic pole and
spans four stator teeth, which cover a whole electrical period
of 360 degree. To make the two-phase orthogonal back-
EMFs, the SIN/COS coils are located with a 90 degree phase
shift, i.e. the adjacent two stator teeth.

The coil turn numbers of SIN and COS windings are the
same. The EXC winding has much less turns, so the EXC
winding has less self-inductance. This is because the HF
injection in EXC will be turned off at high-speeds, therefore
the more slot space should be for the SIN/COS coils, gener-
ating orthogonal signals for the whole speed range.

As is shown in Fig. 3, the magnetic circuit is through the
stator yoke, teeth, air gap, and the rotor core. The magnetic
flux (the dashed curves) is excited by the PMs at high-speeds.
However, at low-speeds, or when the PM back-EMF is not
significant, the HF voltage injection is required as well.

FIGURE 3. A typical configuration of the proposed resolver
(16-slot/4-pole).

To simplify the analysis at low-speeds, the PMflux linkage
is ignored. In most industrial applications, the excitation is
a 10 kHz sinusoidal voltage signal, inducing 10 kHz flux
linkage, expressed as:

ϕsin L(θr , t)

=

[
λmax − λmin

2
cos(prθr )+

λmax + λmin

2

]
FEXC sin(ωEXC t)

(1)

where λmax and λmin are the maximum and minimum airgap
permeance, θr is rotor position, FEXC is the maximum ampli-
tude of the magneto-motive force (MMF) induced by excita-
tion, pr is rotor pole number, andωEXC is the injection angular
frequency. The derivation is the same as the COS winding.
This flux-linkage is the base for the following derivations,
and the item cos(prθr ) is critical for the final back-EMF
EsinL and EsinH , providing the desired SIN/COS back-EMF
components. The assumption is that the airgap permeance is
a pure sinusoidal function, so we don’t need to consider the
harmonics. This assumption is acceptable only when the rotor
arc and contour is well designed. Hence, the rotor contour
design is a critical work to guarantee the equation (1). And
the design procedure is quite similar to the work in [11].
On the other hand, if the rotor arc or contour is not designed
well, harmonics will exist in the PM back-EMF, provoking
oscillations in the measured position.

The equation (2) essentially explains that the variable air
gap is modulating the MMF. By taking the derivative of the
flux linkage with respect to time, the induced voltage signal
is obtained as:

Esin L(θr , t)=FEXC
λmax−λmin

2
{−prωr sin(prθr ) sin(ωEXC t)

+ωEXC [cos(prθr )+ λa] cos(ωEXC t)} (2)

where ωr is the mechanical rotor angular speed and λa is
defined as:

λa =
λmax + λmin

λmax − λmin
(3)

Considering ωEXC is much higher than prωr at low-speeds
(for example,ωEXC is 62831 rad/s for 10 kHz, prωr is 52 rad/s
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at 500 rpm, or 471 rad/s at 4500 rpm), the prωr term does not
make sense. Hence, the equation (2) can be simplified as:

Esin L(θr , t) = EEXC [cos(prθr )+ λa] cos(ωEXC t) (4)

which is plotted in Fig. 4(a), and the EEXC is defined as:

EEXC = ωEXCFEXC
λmax − λmin

2
(5)

With the increase of the rotor speed, the PM back-EMF
is becoming significant. After the speed-switching point,
the system switches to the high-speed mode, in which
the HF injection signal stops. The airgaps under the teeth
are always changing with the rotor rotation. Take a SIN
tooth as an example, when the rotor salient pole is close
to that tooth, the PM flux linkage in that tooth coil
is strong, otherwise it is weak. Such a changing PM
flux linkage induces the PM back-EMF, which can be
expressed as:

EsinH(θr , t) = Em sin(prθr ) (6)

where Em is defined as:

Em = prωrϕm (7)

where ϕm is the PM flux linkage amplitude. Fig. 4(b)
plots this high-speed component. The magnitude of EsinH is
increasingwith rotor speeding up. Although themode switch-
ing point is expected to be significant as early as possible (i.e.
the EsinH or ϕm should be high), the EsinH should not be out of
the sample scale range of the decoding circuit (for example,
0-3V in a regular DSP circuit). Hence, this ϕm depends on
the amount of the ferrite magnet, which is a trade-off in the
design.

Although the ferrite magnet should be small to limit the
cost, it is expensive to machine a tiny size magnet. Besides,
the ferrite is very cheap, around $0.0012USD/g, so the mag-
net size could be big to make the machining easy. The initial
width of the magnet is designed as 2mm, which is a size
for easy machining. And the initial length of the magnet
is selected as the width of the stator yoke, so there is no
bridge at the beginning. Then, these width and length need
to be adjusted by iterations in FEA. By adding the width
of the bridge to 1.5mm (to have a good strength to assem-
ble the stator), the magnet length reduces, the magnet flux
concentrate into the bridge due to the short cut magnetic
path. Because a lot of magnet flux is lost as flux leakage,
the width of the magnet need to increase to have enough
PM back-EMF in the SIN/COS windings. By adjusting in
the FEA, the magnet width is increased to 2.4mm, by which
the PM back-EMF in the SIN/COS winding could be 0.3 V
at 4500 rpm.

Regarding future experiments for the cases in this paper,
it is easier to get the same size magnet samples from
the market. Hence, the 8-slot/3-pole resolver and linear
resolver in the following sections will share the same magnet
size.

Although the above discussion analyzes theEsinL andEsinH
separately, they exist together when the HF injection is on.
The actual back-EMF at low-speeds can be exactly expressed
as:

Esin(θr , t) = EsinL + EsinH
=EEXC [cos(prθr )+λa]cos(ωEXC t)+Em sin(prθr )

(8)

FIGURE 4. Illustration of the operation principle. (a) Plotting EsinL for
low-speed mode. (b) Plotting EsinH for high speed mode. (c) Plotting Esin
around the mode switching point.

Fig. 4(c) plots the whole back-EMF Esin around the mode
switching point with HF voltage injection. Around this point,
no matter the HF voltage injection is on or off, the rotor
position can be measured.

There is a practical concern that the PM back-EMF might
affect the measurement accuracy at low-speeds. Considering
the PM back-EMF item EsinH with the demodulation in the
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decoding solution, there is:

EsinH (θr , t) cos(ωEXC t)

= Em sin(prθr ) cos(ωEXC t)

= Em sin(prωr t) cos(ωEXC t)

=
Em
2
[sin((prωr + ωEXC )t)+ sin((prωr − ωEXC )t)] (9)

There is prωr << ωEXC , especially for low-speeds, hence
these two above items are both with a high-frequency around
ωEXC , which can be removed by a LPF. So the concerned
effect is negligible on the low-speed position measurement.

III. NOVEL VR RESOLVER WITH ODD POLES
The proposed doubly salient VR resolver presents a solution
for the high-speed position measurement by the PM back-
EMF, without requiring any HF injection and demodulation
decoding procedures. However, the above structure has a
potential issue, which is the PM poles number must be even.
This problem is illustrated in this section and the correspond-
ing solution is proposed as well.

A. THE ISSUE OF ODD POLES
As the above proposed VR resolver in Fig. 3, one rotor salient
pole is corresponding to one PM pole, spanning over four
rotor teeth. By this rule, a 3-pole VR resolver should have the
structure as is shown in Fig. 5. The issue comes out that the
polarity of the one ferrite magnet cannot be set (the one in the
red circle). The root cause is that there is no single-polarity
magnet existing in the world.

FIGURE 5. The issue the proposed VR resolver when the number of the
rotor salient poles is odd (12-slot/3-pole).

Hence, the above proposed doubly salient VR resolver
scheme does not provide an entire resolver category. To solve
this issue, the magnetic field modulation technology is
applied.

B. THE SOLUTION BY FIELD MODULATION TECHNOLOGY
The magnetic field modulation technology can help to com-
bine twomagnetic fields with different numbers of poles. The
total pole-pair number of the twomagnetic fields should equal
the number of the modulation blocks. If the salient poles are
considered as modulation blocks, this issue can be solved.

Fig. 6 provides a solution for the proposed VR resolver
with three salient poles but only one PM pole-pairs

FIGURE 6. The proposed VR resolver with 3 salient poles (8-slot/3-pole).

(pr = 3, pPM = 1). With referring to the magnetic flux
expression in equation (1), the magnetic field modulation
effect is expressed as the product of MMF and permeance,
i.e. the flux linkage in the tooth coil at position θ0.

ϕPM(θ0, θr ) = NFPM(θ0)λ(θ0, θr )

=
λmax−λmin

2
NFPM0cos[pr (θ0−θr )]sin(pPMθ0)

+
λmax + λmin

2
NFPM0 sin(pPMθ0) (10)

The modulated motional back-EMF is the derivative of the
flux linkage with respect to time.

EMod(θ0, θr )

=
dϕPM(θ0, θr )

dt

= NFPM0ωrpr
λmax − λmin

2
sin [pr (θ0 − θr )] sin(pPMθ0)

= EPM0 cos[(pr − pPM)(θ0 −
prωr

pr − pPM
t)]

−EPM0 cos[(pr + pPM)(θ0 −
prωr

pr + pPM
t)] (11)

As an example case for the odd pole resolver, rotor pole
number pr = 3. To use as less PM as possible, only one
PM pole pair is adopted, hence pPM = 1. Hence, the two
terms of equation (11) represent two options of the winding
configuration, i. e. pr + pPM (= 4 pole-pairs), or pr − pPM
(= 2 pole-pairs). However, for a stator with 8 teeth/slots,
the option of 4 pole pairs is impossible for a two-phase motor.
Therefore, the 2 pole-pair (pw = pr − pPM ) configuration
is selected for the SIN/COS windings. By similar derivation
as (1) - (8), the expressions of EsinL , EsinH , and Esin can be
obtained. Fig. 7 plots these back-EMFs.

Comparing Fig. 4 with Fig. 7, there are two significant
differences worthy to be noted. The first is observed in
Fig. 4(a) and Fig. 7(a). The envelopes of SIN/COS only stay
on one side of the 0-axis in Fig. 4(a). But they can go across
the 0-axis in Fig. 7(a). There is a DC-bias magnetization
in the four teeth under the same PM pole. In equation (1),
the flux linkage has a constant term, i.e. (λmax + λmin)/2,
which can explain that DC-bias, which is also mentioned
in doubly salient motor paper [26]. But this DC-bias does
not exist in the 8-slot/3-pole resolver. The second can be
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FIGURE 7. Illustration of the proposed VR resolver with 3 rotor poles.
(a) Plotting EsinL for low-speed mode. (b) Plotting EsinH for high speed
mode. (c) Plotting Esin around the mode switching point.

observed in Fig. 4(b) and Fig. 7(b). The SIN/COS signals are
strictly orthogonal in Fig. 4(b), which is perfect for position
measurement. However, they are not orthogonal in Fig. 7(b),
but with 45◦ electrical angle shift with respect to each other
(named as quasi-orthogonal signals in this paper). To use
these two quasi-orthogonal signals to measure rotor position,
there must be a pre-transformation. Consider the waveform
in Fig. 7(b), in which the EsinH and EcosH can be written as:{

EsinH(t) = EH sin(3ωr t +
π

4
)

EcosH(t) = EH sin(3ωr t)
(12)

Then, the pre-transformation can make them become two
orthogonal signals, i.e.{

E
′

sinH(t) = EH sin(3ωr t)
E
′

cosH(t) =
√
2EsinH − EcosH = EH cos(3ωr t)

(13)

IV. NOVEL LINEAR VR RESOLVER
In terms of long distance railway direct drive system,
the linear grating encoder and linear variable differential
transformer (LVDT) are costly options, the conventional
VR resolvers is not well supportive for super-high-speed
scenario, e.g. maglev train and hyper-loop bus, in which the
extremely HF injection will be required. The proposed novel
resolver concept can be implemented on the linear electric
machine drive system. The PM back-EMF is inherently suit-
able for this super-high-speed application. Only a limited
amount of ferrite magnet is required on the primary side
(mover).

As mentioned above, there are two options for the lin-
ear VR resolver structure, i.e. the 16-slot/4-pole and 8-slot/
3-pole. From the perspective of the linear resolver, both of
them have four teeth under one PM polarity. The difference is
the railway pole number under one PM polarity, 1:1 or 1.5:1.
This point determines the back-EMFs angle shift between the
SIN/COSwindings, orthogonal or quasi-orthogonal. Because
the orthogonal signals are easier for position measurement,
the 1:1 scheme is recommended in this paper, as is shown
in Fig. 8.

V. FINITE ELEMENT ANALYSIS AND VALIDATION
The FEA tool is employed to analyze the flux distribution in
the resolvers. Table 1 presents the general dimension param-
eters of the resolvers. The railway of the linear VR resolver
is made of regular steel, same to the material of the train
railway. Hence, in actual application, the surface of the train
railway can be machined to form the VR resolver secondary
side, the cost thus will not increase by this way. As is men-
tioned before, the three resolvers share the same magnet size.
Although the linear resolver is straight and the 16/4 resolver
is with a circular shape, the mover size of the linear resolver
is similar to the stator size of the 16/4 resolver. So the costs of
them are also similar. The length and height of the mover are
130mm and 13mm respectively. Actually, the linear resolver
is even cheaper, because the rail (secondary side) is made of
regular steel, which is the same as the railway material.

TABLE 1. Dimension parameters of the proposed VR resolvers.

A. FEA EVALUATION OF THE DOUBLY SALIENT
VR RESOLVER
Fig. 9(a) shows the flux distribution in the 16/4 resolver. As
the flux distributions in Fig. 9, the feature of the flux path
is shown, most of the flux bypass the teeth but go through
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FIGURE 8. The proposed novel linear VR resolver.

FIGURE 9. FEA results for the flux distribution in the 16/4 VR resolver and
linear resolver. (a) Flux distribution in the 16/4 resolver. (b) Flux density
distribution in the 16/4 resolver. (c) Flux distribution of the proposed
linear resolver.

the bridge of the stator yoke, only a few goes through the
coils on the teeth. In Fig. 9(b), the stator yoke bridge is in
deep saturation, but most part of the resolver is staying under
unsaturation. The PM amount can be saved by reducing the
thickness of the stator yoke bridge or even eliminating it, but
it would complicate the manufacturing. So the bridge is only
for the convenience of the stator assembling, as long as the
mechanical strength is enough, the bridge size is acceptable.
The drawback of the bridge is the flux leakage caused by the

FIGURE 10. FEA results for low-speed conditions (16-slot/4-pole
resolver). (a) Flux linkage at 500 rpm. (b) SIN/COS signals for 500 rpm.
(c) SIN/COS signals for 4,500 rpm.

flux short cut, so more ferrite will be required to strengthen
the PM back-EMF.

Considering the ferrite is cheap, the bridge is retained.
Because the teeth and rotor always stay in unsaturation,
the waveform shapes of SIN/COS signals won’t deform in
all conditions. This phenomenon exits in the linear resolver
as well, as is shown in Fig. 9(c). The end-effect, which means
the flux leakage on the two ends of the linear machine is
distinct to the central part (as is shown in the red dished
frame in Fig. 9c), is a unique feature in the linear machines.
This effect might provoke torque ripple in the regular three-
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FIGURE 11. FEA results for a high-speed condition (16-slot/4-pole
resolver). (a) Flux linkage at 10,000 rpm. (b) SIN/COS signals for
10,000 rpm.

FIGURE 12. FEA results for the proposed linear resolver back-EMFs (one
rail poles is corresponding 360 elec. deg.). (a) Signals (HF back-EMFs) at
2.16 m/s. (b) PM back-EMFs at 108 m/s.

phase machines, for the sake that only two of the three phases
have this special flux leakage, so the asymmetry exists in
the windings. But this problem does not occur in the lin-
ear resolver, which has only two phase windings, i.e. the
SIN/COS windings.

Although part of the core is suffering severe saturation
and flux leakage, these conditions are consistent along the
whole speed range. Hence, theoretically, as long as the pro-
posed resolver is calibrated well at some single speed point,

FIGURE 13. FEA results for the flux distribution in the 8/3 VR resolver.

FIGURE 14. FEA results for low-speed conditions (8-slot/3-pole resolver).
(a) Flux linkage at 500 rpm. (b) SIN/COS signals for 500 rpm. (c) SIN/COS
signals for 5,000 rpm.

the resolver can keep a good accuracy in the whole speed
range.

Fig. 10 shows the flux linkages and back-EMFs in the
SIN/COS windings at low-speed mode, with which the
10 kHz HF voltage injection is imposed in the EXC winding.
Fig. 10(a) shows the flux linkages, which are staying on
the two separate sides of the 0-axis. This is because the
PM locks the magnetization direction in the teeth. It is also
the DC-bias mentioned above. Fig. 10(b) and (c) show the
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FIGURE 15. FEA results for a high-speed condition (8-slot/3-pole
resolver). (a) Flux linkage at 10,000 rpm. (b) SIN/COS signals for
10,000 rpm.

FIGURE 16. Position measurement evaluation for the 16-slot/4-pole
resolver. (a) Evaluation at 500 rpm. (b) Evaluation at 20,000 rpm.

back-EMFs at 500 rpm and 4,500 rpm, corresponding to the
Fig. 4(a) and (c). The FEA results agree well with the analysis
results.

FIGURE 17. Position measurement evaluation for the linear resolver.
(a) Evaluation at 2.16 m/s. (b) Evaluation a 108 m/s.

In terms of the high-speed mode, Fig. 11 plots the
flux linkages and back-EMFs in the SIN/COS windings
at 10,000 rpm, when the HF injection is off. Comparing
with Fig. 10(a), the flux linkage in Fig. 11(a) has only the
low-frequency component (667 Hz), separated into the two
sides of 0-axis.

In Fig. 11(b), the two-phase SIN/COS back-EMFs are
strictly orthogonal, which can be directly applied to calculate
the rotor position. The analysis in Fig. 4(b) is verified in this
Fig. 11(b).

By the FEAmodel in Fig. 9(c), the back-EMFs in the linear
resolver are calculated at 2.16m/s (7.8 km/h) and 108 m/s
(389 km/h) respectively. Fig. 12 shows the back-EMFs. The
waveforms are similar to those in Fig. 10(b) and Fig. 11(b).

B. EFFECT OF THE FIELD MODULATION
Fig. 13 shows the flux distribution in the 8/3 doubly salient
VR resolver. The deep saturation occurs again around the
magnets slots, i.e. the bridge area. Unlike the 16/4 resolver,
the flux distribution in this 3-pole rotor is asymmetrical. But
the flux linkages in the SIN/COS windings are symmetri-
cal, as is shown in Fig. 14 (a). Fig. 14(b) and (c) show
the back-EMFs at 500 rpm and 5,000 rpm respectively.
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FIGURE 18. Position measurement evaluation for the 8-slot/3-pole
resolver. (a) Evaluation at 500 rpm. (b) Evaluation for 25,000 rpm.

By 10 kHz HF injection, the SIN/COS back-EMFs are with
45◦ angle shift with respect to each other, verifying the anal-
ysis in Fig. 7.

With turning off the HF injection, Fig. 15 shows the
PM flux linkages and PM back-EMFs in the windings at
10,000 rpm, when the back-EMF amplitude has been signif-
icant enough to be detected. All the FEA results agree well
with the formula derivation before. The next step is to use
them to calculate the rotor position.

C. POSITION MEASUREMENT EVALUATION
In the real system, the processor samples the back-EMFs as
position signals, and calculates the rotor position on basis of
the information included in those signals.

In this paper, this process can be simulated in Mat-
lab/Simulink. The FEA results of the back-EMFs are
imported to Matlab, where the decoding logic calculates
the rotor position. First is the 16/4 doubly salient PM
VR resolver, in Fig. 16(a), the HF back-EMFs are demod-
ulated to work out the signal envelopes, which are two-phase
orthogonal waveforms. Because the envelopes are staying
in one side of the 0-axis, a subtraction has to be applied to
move them to the center of the Y-axis. Below the HF signals,
the rotor position and measurement errors are evaluated.

For high-speeds, the calculation is easier, as importing the
high-speed PM back-EMFs from FEA, the high-speed rotor
position can be directly calculated in Fig. 16(b), and the error
is evaluated below.

Because the configuration of the linear resolver is the
same as the 16/3 resolver, the back-EMFs and measurement
performances are similar as well, as is shown in Fig. 17.
The measurement presents similar features as those of the
16/4 resolver.

Fig. 18(a) and (b) show the position measurement for the
8/3 VR resolver, including the low-speed mode and the high-
speed mode.

With respect to the 8/3 VR resolver, the processing is
similar to that of the 16/4 resolver, the HF back-EMFs are
demodulated at low-speeds as well. But the signal envelopes
are separated into the two sides of the 0-axis, so the signal
subtraction is not needed.

In low-speed mode, the 16/4 resolver error is around 5◦,
but the 8/3 resolver error is less than 2◦. In high-speed mode,
the 8/3 resolver error comes to be even smaller, around 0.5◦.
The 16/4 resolver apparently has more error than that of the
8/3 resolver. This is because the 16/4 resolver flux linkage
has DC-bias in the, as is shown in Fig. 10(a) and Fig. 11(a),
which makes the expected sinusoidal waveform deformed.

The FEA and simulation evaluation has illustrated that,
compared with the proposed 16/4 resolver, the proposed
8/3 VR resolver with filedmodulation technology can present
better position measurement, but using less magnets.

VI. CONCLUSION
This paper proposes a novel category of the VR resolvers,
combining the doubly salient PM motor concept and the
conventional VR resolvers. The main contribution of this
concept is that the PM back-EMF can be applied to solve
the rotor position measurement for high-speed motor control
while inheriting the simple and firm rotor structure from the
conventional VR resolver, the conventional and complicated
HF injection-based decoding solution is only required at the
low speeds though.

The issue of the odd poles number is noted, illustrated and
solved by the field modulation principle. A complete series
of the proposed doubly salient PM VR resolvers, including
the rotary and linear resolvers with different slot-pole config-
urations, are presented and discussed.

The FEA is applied to analyze the resolvers, verifying
the principle analysis. The FEA results are imported to the
Matlab/Simulink, where the position measurement and errors
are evaluated. The prototypes of the proposed resolvers are
under manufacturing, and related experimental work will be
reported in future.
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