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Abstract—This article focuses on the position sensorless control
for variable flux memory machine (VFMM) of which the magne-
tization state (MS) can be flexibly changed by applying a d-axis
current pulse to achieve the so-called MS manipulation. First,
the unique challenges in VFMM sensorless control are in depth
analyzed and summarized based on the experimental results. An
improved adaptive sliding-mode observer (SMO) and an improved
phase-locked loop (PLL) are then proposed. Specifically, a newly
developed dq-axis voltage pulse injection method is employed to
accurately measure the dq-axis inductances of VFMM during MS
manipulations and update them into SMO to increase its conver-
gence speed. An adaptive law is proposed for tuning sliding-mode
gains to obtain satisfying estimation performance of SMO under
different conditions of speed and MS. In addition, to enhance the
position tracking performance against the position estimation error
resulted from MS manipulation or speed change, an improved
PLL is structured, whose bandwidth can be adaptively adjusted by
using fuzzy logic control. Finally, the feasibility and effectiveness
of the proposed sensorless control strategy are verified through
experimental measurements on a hybrid magnetic circuit VFMM
prototype.

Index Terms—Adaptive sliding-mode observer (SMO), fuzzy
logic control, magnetization state (MS) manipulation, sensorless
control, variable flux memory machines (VFMMs).

I. INTRODUCTION

VARIABLE flux memory machine (VFMM), a type of
permanent magnet synchronous machine (PMSM), has

been recognized as a wide-speed machine in the true sense
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since its air-gap flux can be flexibly adjusted by changing the
magnetization states (MSs) of the equipped low coercive force
permanent magnets (PMs) with short d-axis current pulses [1],
[2], [3], [4], [5], [6], [7], [8], [9], [10], [11]. With properly
selected MSs, VFMM can achieve wider speed operation while
maintaining higher overall efficiency compared with the tradi-
tional PMSM. Commonly, a high MS is desired in the constant
torque low-speed region to produce large torque, while a low
MS is preferred in the constant power region to extend the speed
range by reducing the required flux weakening d-axis current.
Therefore, VFMM exhibits significant feasibility for wide speed
range operations, which are required for many applications, such
as electric vehicles, high-speed machine tools, and flywheel
energy storage [6], [7].

In most drive systems for the traditional PMSMs, position
sensors are mechanically mounted on rotor shafts to obtain the
rotor angles. The system volume, cost, and maintenance require-
ments can be further reduced when the position sensor is saved.
Moreover, the sensors are vulnerable to electromagnetic noise
in harsh conditions and have a limited operating-temperature
range, reducing the system reliability. To avoid these drawbacks,
various position sensorless control methods have been exten-
sively investigated for PMSMs. These existing methods [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24],
[25], [26], [27], [28], [29], [30], [31], [32], [33] can be divided
into two categories, namely signal injection method [13], [14]
and back electromotive force (EMF) based method [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25], [26], [27],
[28], [29], [30], [31], [32], [33] used in zero/low-speed range
and middle/high-speed range, respectively. Back EMF based
methods can be roughly categorized as flux observer [16], [17],
full/reduced-order state observer [18], [19], [20], model refer-
ence adaptive system [21], extended Kalman filter [22], [23],
and sliding-mode observer (SMO) [24], [25], [26], [27], [28],
[29], [30], [31], [32], [33] estimation methods. Compared with
other methods, SMO has simpler structure, stronger robustness,
and lower sensitivity to parameter variation, which has been
extensively applied to sensorless controls of PMSMs.

An adaptive SMO strategy is developed in [25] for the wide
speed operation of surface PMSM in which the observer gains
are dynamically adjusted according to the estimated back EMFs.
In [26], a new integral sliding-mode function with variable
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boundary layer function is presented to suppress the chattering
and accelerate the convergence speed of the system. In [27], the
advantages and drawbacks of the sign and sigmoid functions
are analyzed in detail, and the phase lag when using sigmoid
function is well compensated. A supertwisting SMO with adap-
tive gains is proposed in [28] to reduce the chattering without
low-pass filters and achieve the accurate position estimation in a
wide speed range. An adaptive supertwisting SMO considering
voltage-source-inverter nonlinearity is proposed in [29] in which
the sliding-mode gains are tuned online by an adaptive algorithm
and the distorted voltages are online estimated and compensated.
In [30], a fuzzy logic control method is used to adaptively
adjust sliding-mode gains to maintain good performance under
different operating conditions.

Unfortunately, the investigation on sensorless control of
VFMMs has not been reported so far. It is facing several new
challenges since this kind of machine has the unique MS ma-
nipulations using large d-axis current pulses compared with the
traditional PMSMs. The large position estimation error induced
by MS manipulation could cause fatal impacts on the VFMM
drive system, including not only MS manipulation failure, i.e.,
the machine fails to be magnetized or demagnetized to the
desired MS, but also undesirable speed fluctuations that degrade
the stability of drive system. Studying the sensorless control
can fundamentally avoid the drawbacks of position sensors and
improve the robustness of the VFMM drive system, further
extending its application. Besides, it can also provide some
valuable experience for PMSM sensorless control against the
short-duration large currents circumstances.

This article aims to study the position sensorless control
strategy for VFMMs. First, the challenges in VFMM sensorless
control are identified and analyzed based on the experimental
results of VFMM in detail. Then, an improved adaptive SMO
and an improved phase-locked loop (PLL) are proposed to
guarantee the position estimation accuracy at different MSs
as well as during the short transitions of MS manipulations.
Specifically, the dq-axis inductances during MS manipulations
are measured in advance through a newly developed dq-axis
voltage pulse injection method and embedded in SMO to achieve
a better convergence speed. An adaptive law is proposed for
tuning the sliding-mode gains based on both MS and speed to
obtain good performance over a wide speed range. An improved
PLL is structured, which adopts fuzzy logic control to tune the
bandwidth for better position tracking performance during MS
manipulation. Finally, a position sensorless control system for
VFMM is developed to verify the proposed control strategy. The
main original work can be concisely summarized as follows.

1) The challenges of VFMM sensorless control are clearly
identified for the first time.

2) An improved dq-axis voltage pulse injection method is
proposed to measure the dq-axis inductances considering
the MS change.

3) An adaptive law of sliding-mode gains is constructed con-
sidering both MS and speed, and the current errors are also
utilized to regulate the gains during MS manipulations.

4) A fuzzy logic control-based PLL with variable bandwidth
is proposed for better position tracking.

Fig. 1. Topology of investigated HMC-VFMM [2].

The rest of this article is organized as follows. In Section II,
the topology and MS manipulation characteristics of the in-
vestigated hybrid magnetic circuit VFMM (HMC-VFMM) are
demonstrated. In Section III, the conventional sensorless control
based on SMO is briefly introduced. Then, the challenges in
VFMM sensorless control are analyzed and summarized based
on the experimental results using the conventional SMO. In
Section IV, the proposed sensorless control strategy for VFMM
is elaborated and demonstrated in detail. The feasibility and
effectiveness of the proposed sensorless control strategy are
validated through experiments on the HMC-VFMM prototype
in Section V. Finally, Section VI concludes this article.

II. MACHINE TOPOLOGY AND MS MANIPULATION

CHARACTERISTICS

A. Machine Topology

The topology of the studied HMC-VFMM [2] is depicted in
Fig. 1, which combines the advantages of parallel and series
magnetic circuits. The parallel branch can short circuit the
majority of high coercive force PM magnetic fluxes within the
rotor core when the low coercive force PMs are demagnetized,
thus increasing the flux regulation range. On the other hand,
the series magnetic circuit can remarkably improve the on-load
demagnetization withstand capability with the help of the trian-
gular q-axis barriers. The MS of the low coercive force PMs can
be flexibly changed by applying d-axis current pulses, extending
the speed range of the machine consequently.

B. MS Manipulation Characteristics

Fig. 2 depicts a simplified hysteresis model of low coercive
force PM to illustrate the flux regulation principle of VFMM.
The initial operating point of low coercive force PM is assumed
as Br1, corresponding to a high MS. When a negative d-axis
current pulse is applied to demagnetize the PM, the operating
point is driven to move across the knee point and down to a new
state Br2. If the d-axis current becomes sufficiently negative,
the magnetization direction of low coercive force PM will be
reversed, and the operating point can settle at a negative level
Br3. Similarly, when applying a positive d-axis current pulse,
the operating point of low coercive force PM at Br2 or Br3 can
recover to Br1, denoted by the red arrows. Therefore, the PM
flux linkage of VFMM can be flexibly changed by adjusting the
MS of low coercive force PM.
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Fig. 2. Simplified hysteresis model of low coercive force PM.

Fig. 3. Relationship between the PM flux linkage and the magnitude of d-axis
current pulse of the HMC-VFMM [2].

Fig. 3 shows the relationship between the PM flux link-
age and the magnitude of d-axis current pulse of the studied
HMC-VFMM. Frequent magnetization and demagnetization
of the low coercive force PMs will inevitably produce large
pulsating torques accompanied by mechanical vibrations and
noises. Therefore, in practice, three specific MSs, i.e., MS1
(the highest), MS2 (the intermediate), and MS3 (the lowest),
are selected to simplify the MS manipulation and maintain an
operation region almost the same as if the MS was adjusted
continuously. The required d-axis current pulses corresponding
to four MS manipulations are also denoted in Fig. 3 to clearly
show the MS characteristics of the studied prototype. It should
be noted that the sensorless control strategy investigated in this
article is also applicable to other VFMM topologies as they have
the same MS manipulation characteristics.

III. ANALYSIS OF SENSORLESS CONTROL FOR VFMM

A. Mathematical Model of VFMM

The voltage equation and the electromagnetic torque of
VFMM in the d–q reference frame can be written as follows:

{
ud = Rid + Ld

did
dt + dψPM(id)

dt − ωeLqiq
uq = Riq + Lq

diq
dt + ωeLdid + ωeψPM(id)

(1)

Te =
3

2
p[ψPM(id)iq + (Ld − Lq)idiq] (2)

where ud and uq are the dq-axis voltages, id and iq are the
dq-axis currents, R is the phase resistance, Ld and Lq are the
dq-axis inductances, ωe is the rotor electrical angular speed, p
is the number of pole pairs, and ψPM(id) is the variable PM
flux linkage, which is determined by the magnitude of d-axis
current pulse. The term dψPM(id)/dt is approximately equal to
zero under normal operations at a fixed MS; however, it cannot
be neglected during MS manipulations due to the changes of PM
flux linkage, which is obviously different from PMSM.

B. Conventional Sensorless Control Based on SMO

According to the mathematical model of PMSM, the current
equation in the αβ stationary reference frame can be expressed
as follows [13]:

d

dt

[
iα
iβ

]
= A

[
iα
iβ

]
+

1

Ld

[
uα
uβ

]
− 1

Ld

[
eα
eβ

]
(3)

where the matrix A can be written as follows:

A =
1

Ld

[ −R −ωe(Ld − Lq)
ωe(Ld − Lq) −R

]
(4)

and iα and iβ are the αβ-axis currents, uα and uβ are the αβ-
axis voltages, and eα and eβ are the αβ-axis extended EMFs,
respectively.

To estimate the extended EMFs, the current observer based
on the conventional SMO is expressed as follows:

d

dt

[
îα
îβ

]
= A

[
îα
îβ

]
+

1

Ld

[
uα
uβ

]
− 1

Ld

[
vα
vβ

]
(5)

where îα and îβ are the observed values of the αβ-axis currents,
and vα and vβ are the equivalentαβ-axis sliding-mode functions.

Thus, the current errors can be obtained by subtracting (3)
from (5), as follows:

d

dt

[
ĩα
ĩβ

]
= A

[
ĩα
ĩβ

]
+

1

Ld

[
eα − vα
eβ − vβ

]
(6)

where ĩα = îα − iα and ĩβ = îβ − iβ are the αβ-axis current
errors.

The sliding-mode control law is usually designed as follows:

[
vα
vβ

]
=

⎡
⎣kf

(
îα − iα

)
kf

(
îβ − iβ

)
⎤
⎦ (7)

where k is the sliding-mode control gain, and f (·) is the switching
function, such as traditional symbolic function “sign(·).”

When the state variables reach the sliding surfaces, namely
ĩα = 0 and ĩβ = 0, they will keep moving around the sliding
surfaces so that it can be obtained as follows:[

eα
eβ

]
=

[
vα
vβ

]
=

⎡
⎣kf

(
îα − iα

)
kf

(
îβ − iβ

)
⎤
⎦ . (8)

Since vα and vβ contain high-frequency switching signals,
low-pass filters are usually employed to extract the αβ-axis
estimated extended EMFs, êα and êβ , which will be further used
to estimate the position and speed.
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Fig. 4. Schematic diagram of the sensorless control based on SMO.

Fig. 5. Structure of the typical PLL.

The schematic diagram of the conventional sensorless control
based on SMO is shown in Fig. 4. The position and speed estima-
tion can be implemented by using a PLL, which outperforms the
method using an arctangent function in mitigating the influence
of noise and harmonics. The structure of the typical PLL is
shown in Fig. 5.

The extended EMF error Δe is defined as follows:

Δe = − êα cos θ̂e − êβ sin θ̂e

= − Eex sin(θ̂e − θe) ≈ −Eex(θ̂e − θe) = −EexΔθe
(9)

whereEex = (Ld − Lq)(ω̂eid − diq/dt) + ω̂eψPM is the ampli-
tude of the extended EMF, θe and θ̂e are the rotor position and its
estimated value, respectively, and Δθe is the position estimation
error. The transfer function of the PLL can be expressed as
follows:

GPLL =
θ̂e
θe

=
Eexkps+ Eexki

s2 + Eexkps+ Eexki
(10)

where kp and ki are the proportional and integration gains of the
PI regulator, respectively.

C. Challenges in VFMM Sensorless Control

Since the PM flux linkage of VFMM is adjusted by injecting
the d-axis current pulses with large amplitudes, some unique
problems occur for the drive system of this kind of machine
when applying conventional sensorless control methods.

1) Parameter Designs of Observers and PLL at Different
MSs: It is well known that the observer with a constant sliding-
mode control gain k cannot achieve good performance over
a wide speed range for PMSM, even though the PM flux
linkage is constant. Commonly, a large value of k is required
to guarantee the stability of SMO at high speed operation, while
a large gain will cause chattering at low-speed operation. This is
due to the variations of back EMF at different speeds. Similarly,
the performance of PLL with constant parameters will also be
affected by the speed variation. For VFMM, the back EMF

Fig. 6. Experimental waveforms of speed and position estimation errors by us-
ing the conventional sensorless control based on SMO with constant parameters,
at the three MSs. (a) At MS1. (b) At MS2. (c) At MS3.

changes with MS besides speed, further increasing the difficulty
in the parameter designs of SMO and PLL.

Fig. 6 shows the experimental waveforms of speed and posi-
tion estimation errors at the three MSs by using the conventional
SMO with constant parameters, under both the acceleration
and deceleration operations. It can be clearly observed that
the position estimation at MS3 exhibits small errors at steady
state, acceleration, and deceleration. For the other two cases,
the position estimation error increases when the speed accel-
erates from 200 to 600 r/min at MS1, and a speed chattering
occurs at 400 r/min at MS2. The back EMFs are different at
these cases due to the different MS and speed, causing that the
initial conditions of the state variables are different. The good
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Fig. 7. MS manipulations with the d-axis current pulses at two different rotor
reference frames. (a) Actual reference frame. (b) Estimated reference frame.

estimation performance of SMO cannot be maintained at all the
cases when using the fixed parameters. Besides, the bandwidth
of PLL also varies with back EMF. Therefore, for VFMM, the
parameters of SMO and PLL should be prudently designed to
achieve good performance under different conditions of speed
and MS.

2) Position Estimation Error During MS Manipulation: For
conventional PMSM, a relatively large position estimation error
during acceleration or load change conditions is acceptable, al-
though the performance is degraded correspondingly. However,
for VFMM, a large position error may cause the actual MS
deviates far from the preset MS, i.e., MS manipulation failure
since a large d-axis current pulse will be applied during MS
manipulation.

Fig. 7 shows the MS manipulations at the actual reference
frame and the estimated reference frame. If there exists a position
estimation error Δθe, the real d-axis current can be expressed
as follows:

id = îd cosΔθe (11)

where îd is the observed d-axis current under the estimated rotor
position, and “cos(·)” is the cosine function.

In addition, a large position estimation error will aggravate
the burden on the current controller to track its reference value.
This makes the estimated current îd deviate from its reference
value idref, thus degrading the magnetization or demagnetization
performance. Obviously, Δθe should be restricted to a certain
range to guarantee the success of the MS manipulation.

3) Large Speed Fluctuation After MS Manipulation: Al-
though the MS manipulation only lasts around 50 ms, a large
speed fluctuation will occur and it requires relatively long time
for the speed to recover to its steady value. As shown in Fig. 8,
the actual speed measured by the encoder has an over 100
r/min variation when conducting a −25 A MS manipulation,
which will seriously degrade the stability of the drive system.
There are two main reasons for the speed fluctuation. First, the
position estimation error resulted from the MS manipulation will
cause mismatches in the torque production. Second, when the
inaccurate speed estimation value is used as the feedback signal
to generate the dq-axis reference currents, an unwanted torque
oscillatory behavior will also occur.

4) Parameter Designs of Observers and PLL During MS
Manipulation: As mentioned in Section III-C1, the parameters
of observers and PLL should be well designed to ensure that the
machine has good performance under different speed conditions

Fig. 8. Experimental waveforms of speed and position estimation errors when
conducting a −25 A MS manipulation under 0 N·m condition by using the
conventional sensorless control based on SMO. (a) Actual and estimated speeds.
(b) Position estimation error.

for each certain choice of MS. However, even in that case, small
position errors and low-speed fluctuations cannot be guaranteed
during the short transition periods of MS manipulations. This
greatly increases the difficulty in the parameter designs of sen-
sorless control method for VFMM. It should be noted that this
problem also exists when other sensorless control methods are
employed.

IV. IMPROVED ADAPTIVE SMO-BASED SENSORLESS CONTROL

To overcome the above-mentioned difficulties, an improved
adaptive SMO-based sensorless control strategy is proposed in
this section in which the improvements are made from three
aspects, i.e., more accurate VFMM model, higher performance
SMO, and PLL.

A. Model Compensation for MS Manipulation

During an MS manipulation, the conventional SMO may
cause large position error and speed fluctuation. In order to
mitigate this impact, the dq-axis inductances are measured in
advance by using an improved dq-axis voltage pulse injection
method and updated into SMO, which can accelerate the con-
vergence speed of the observer to reduce the position estima-
tion error. The cross-saturation effect of the HMC-VFMM has
been suppressed in the designing process and can be neglected
subsequently. Therefore, it can be considered that the dq-axis
inductances are only related to the dq-axis currents, respectively.

For the traditional PMSM, the d-axis flux can be calculated
from

ψd =

∫
(ud −Rid)dt = Ld(id)id + ψPM (12)

where ψPM is considered as a constant value and can be calcu-
lated from the no-load back EMF, and thus, Ld(id) can be easily
obtained. However, ψPM will change with id when applying a
d-axis voltage pulse. The relationship between PM flux linkage
and d-axis current, ψPM(id), as shown in Fig. 3, is utilized to
address this problem. The schematic diagram of the proposed
method is demonstrated in Fig. 9. First, due to the unknown MS
of the machine, a −25 A id pulse is injected to demagnetize the
machine to MS3, in step 1. Then, bipolar d-axis voltage sequence
pulses are injected in step 2, and the d-axis flux linkage ψd(id)
can be determined by the recorded voltage ud(t) and current
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Fig. 9. Improved dq-axis voltage pulse injection method to measure the d-axis
inductance.

Fig. 10. Measured dq-axis inductances using improved dq-axis voltage pulse
injection method.

Fig. 11. Schematic diagram of the improved adaptive SMO.

id(t) from (12). Therefore, the d-axis inductance Ld(id) can be
easily calculated with ψPM(id) and ψd(id) based on (12). The
q-axis inductance can be obtained similarly. It should be noted
that for HMC-VFMM with negligible cross-saturation effect, it
is unnecessary to adjust the initial MS when measuring q-axis
inductance.

The measured dq-axis inductances are depicted in Fig. 10,
which will be updated into the SMO to increase its convergence
speed during MS manipulations and reduce the position estima-
tion errors. Specifically, the dq-axis inductances can be fitted
by using polynomial equations or stored as lookup tables for
real-time invocation.

B. Improved Adaptive SMO

The schematic diagram of the improved adaptive SMO is
shown in Fig. 11. It can be seen that the measured machine
parameters during MS manipulations using the method in
Section IV-A are updated into SMO as model compensation
and an adaptive law is employed to tune the sliding-mode gain.

To mitigate the chattering problem when the discontinuous
sign function is used, several switching functions, such as

sigmoid function, supertwisting algorithm, hyperbolic tangent
function, and sinusoidal function, are experimentally compared.
Finally, the sinusoidal function, sin(·), is chosen to reduce the
computational burden of the processor and maintain a satisfac-
tory performance.

An adaptive algorithm considering both the MS and speed is
proposed to tune the sliding-mode control gain k when the MS
or speed changes. The control gains at the three MSs can be
designed as follows:

kMSi = μMSi
nref

nr_MSi
, i = 1, 2, 3 (13)

where μMSi is the reference value of control gain at MSi and is
selected based on the experimental results, nref is the reference
speed, and nr_MSi is the rated speed at MSi, which is chosen
based on the corresponding speed operating range of MSi.

In addition, to increase the convergence speed during MS
manipulation, the current observation error is used to further
regulate the sliding-mode control gain as follows:

k = kMSi +Kp

∣∣∣̂i− i
∣∣∣ (14)

where Kp is the proportional gain of current observation error,
and i represents iα or iβ .

The cutting frequency of the low-pass filter is designed to vary
with speed so that the phase lag remains constant and is easy to
be compensated. It should be noted that the SMO itself will
also introduce a phase lag of extended EMF [27], besides low-
pass filter. The phase lags at the three MSs should be measured
through experiments and compensated correspondingly.

Then, the stability of the proposed adaptive SMO is analyzed
to ensure the stable operation of the drive system. A Lyapunov
function is constructed as follows:

V =
1

2

(̃
i2α + ĩ2β

)
. (15)

To make the system convergent, based on the theory of Lya-
punov’s stability, the derivative of the Lyapunov function [19]
should satisfy the following condition:

V̇ = ĩα
dĩα
dt

+ ĩβ
dĩβ
dt

≤ 0. (16)

It is easy to obtain the αβ-axis current error equations of the
proposed observer as follows:{

dĩα
dt = − R

Ld
ĩα − ω̂e

Ld−Lq

Ld
ĩβ + 1

Ld
eα − 1

Ld
k sin(̃iα)

dĩβ
dt = − R

Ld
ĩβ + ω̂e

Ld−Lq

Ld
ĩα + 1

Ld
eβ − 1

Ld
k sin(̃iβ).

(17)
By substituting (17) into (16), it can be obtained that

V̇ = − R

Ld
ĩ2α − ω̂e

Ld − Lq
Ld

ĩαĩβ +
1

Ld
eαĩα − 1

Ld
k sin(̃iα)̃iα

− R

Ld
ĩ2β + ω̂e

Ld − Lq
Ld

ĩαĩβ +
1

Ld
eβ ĩβ − 1

Ld
k sin(̃iβ )̃iβ

=− R

Ld
(̃i2α+ ĩ

2
β)+

ĩα
Ld

[
eα−k sin(̃iα)

]
+
ĩβ
Ld

[
eβ−k sin(̃iβ)

]
= V1 + V2 + V3 (18)
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Fig. 12. Schematic diagram of the improved PLL.

where V1 = − R
Ld

(̃i2α + ĩ2β), V2 = ĩα
Ld

[eα − k sin(̃iα)], and

V3 =
ĩβ
Ld

[eβ − k sin(̃iβ)]. Since V1 ≤ 0, the parameter k should
be designed to ensure V2 ≤ 0 and V3 ≤ 0.

It is easy to know that when k > | eα
sin(̃iα)

|, V2 ≤ 0 is sat-

isfied considering both ĩα > 0 and ĩα < 0. Similarly, when
k > | eβ

sin(̃iβ)
|, V3 ≤ 0 is satisfied. Hence, when

k > max

(∣∣∣∣ eα

sin(̃iα)

∣∣∣∣ ,
∣∣∣∣ eβ

sin(̃iβ)

∣∣∣∣
)
. (19)

V̇ ≤ 0 can be guaranteed and the stability of the proposed
improved adaptive SMO is proved.

C. Improved PLL

To increase the tracking ability, an improved PLL is proposed,
as shown in Fig. 12, particularly for MS manipulations during
which the position and speed estimation errors are relatively
large. Commonly, when |Δθe| < π/6, it can be assumed that
sin(Δθe) ≈ Δθe, while a large Δθe will occur during MS
manipulation. To enhance the position estimation performance,
a third-order term is added to Taylor’s formula when simplifying
the position estimation error Δθe, given by

Δθe = arcsin[sin(Δθe)] ≈ sin(Δθe) +
sin (Δθe)

3

6
. (20)

Second, the normalization of extended EMF is adopted in the
PLL to keep the bandwidth constant considering the fact that the
bandwidth variation of PLL system may deteriorate the tracking
performance and increase the complexity of parameter design
[24]. The transfer function of the PLL tracking observer can,
thus, be further expressed as follows:

GPLL =
θ̂e
θe

=
kps+ ki

s2 + kps+ ki
. (21)

Commonly, the two PI gains are designed as follows:

kp = 2ξωn, ki = ω2
n (22)

where ξ andωn are the damping and the bandwidth, respectively.
In addition, a fuzzy PI controller is employed to improve the

dynamic performance of the PLL in which the input variables

TABLE I
FUZZY LOGIC OF Δωn

Fig. 13. Schematic diagram of the proposed sensorless control for VFMM.

are the position estimation error (Δθe) and its differential (Δθ̇e),
and the output variable is the bandwidth change of PLL (Δωn),
respectively. According to the fuzzy logic [30], [31], the output
signal is quantized into seven levels represented by a set of
linguistic variables: negative big (NB), negative medium (NM),
negative small (NS), zero (ZO), positive small (PS), positive
medium (PM), and positive big (PB). The fuzzy rules are de-
scribed as follows:

1) When both the position error and its differential are large,
Δωn should be increased a lot to improve the dynamic
performance.

2) When the position error is relatively small and its differ-
ential is large, Δωn should be kept medium.

3) When both the position error and its differential are rel-
atively small, Δωn should be appropriately decreased to
suppress the influence of high frequency noise. The fuzzy
rules of Δωn are formulated in Table I.

Besides, the PM flux linkage is online estimated through
the MS estimation module by decoupling the extended EMF,
as shown in Fig. 12. The estimated value will be utilized to
determine the present MS and then used in the maximum-torque-
per-ampere (MTPA) controller to allocate the dq-axis currents.
In addition, the online estimated PM flux linkage will be used
to detect the unintentional demagnetization. Once it occurs, an
appropriate MS manipulation will be conducted to magnetize
the machine to preset MS.

Fig. 13 demonstrates the schematic diagram of the improved
adaptive SMO-based sensorless control strategy for VFMM. The
extended EMFs are estimated through the adaptive SMO and
the speed and position are obtained by using the improved PLL.
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Fig. 14. Schematic diagram of the MS controller.

Fig. 15. Experimental setup.

In normal operation mode, the MTPA controller will generate
the dq-axis reference currents according to the estimated MS
and the torque command. Commonly, the relationships between
the dq-axis currents and torque command at different MSs
under MTPA control are measured in advance and embedded
in controller for real-time invocation. In the MS manipulation,
id current pulse i∗dpulse is generated by the MS controller and
iq command i∗q is decoupled from the PM torque equation. The
schematic diagram of the MS controller is shown in Fig. 14. The
MS controller will determine the MS manipulations according
to the switching speeds (n1 and n2), estimated MS and speed.
A hysteresis controller [3] is adopted to reduce the frequency of
MS manipulations when the machine runs around the switching
speeds. Then, the pulse generator will generate the correspond-
ing magnitudes of the required d-axis current pulses, during MS
manipulations.

V. EXPERIMENTAL VALIDATION

The experimental setup used to validate the proposed control
strategy is shown in Fig. 15. The HMC-VFMM under test is
mechanically coupled with a torque meter and a servo motor.
A three-phase half-bridge inverter consisting of six MOSFETs
(FDA59N30) is used to feed the machine, and a microcontroller
(STM32F407) is employed to implement the control strategy.
An incremental encoder with 2500 lines is at the nondrive end
of the machine to measure the real rotor position, which is only
used for the postprocessing of position estimation error. The

TABLE II
MAIN PARAMETERS OF HMC-VFMM PROTOTYPE, DEFINITIONS OF DIFFERENT

MSS, AND EXPERIMENTAL SETUP INFORMATION [2]

TABLE III
PARAMETERS OF THE CONVENTIONAL SMO-BASED AND THE PROPOSED

ADAPTIVE SMO-BASED SENSORLESS CONTROL STRATEGIES

Fig. 16. Experimental results when the reference speed is changed from 200
to 600 to 400 to 200 r/min at MS1 by using the proposed strategy. (a) Speed.
(b) Position estimation error.

main parameters of the prototype are tabulated in Table II. The
parameters of the conventional and proposed sensorless control
strategies in the experiments are given in Table III.

A. Position Estimation Performance Under Different
Conditions of MS and Speed

Figs. 16–18 show the experimental waveforms of actual
speed, estimated speed, and position estimation error at the three
MSs, respectively, where the speed is changed to demonstrate
the position estimation performance of the proposed strategy. It
can be found that the position estimation errors are quite small
and the estimated speeds are very close to the actual ones under
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Fig. 17. Experimental results when the reference speed is changed from 400
to 800 to 600 to 400 r/min at MS2 by using the proposed strategy. (a) Speed. (b)
Position estimation error.

Fig. 18. Experimental results when the reference speed is changed from 600
to 1000 to 800 to 600 r/min at MS3 by using the proposed strategy. (a) Speed.
(b) Position estimation error.

different conditions of speed and MS. The position estimation
error is within 8° in the acceleration and deceleration processes,
which is totally acceptable. By comparing the experimental
results from the conventional and proposed strategies, as shown
in Fig. 6 and Figs. 16 and 17, respectively, it can be seen that
the position estimation accuracy under different conditions of
MS, speed, and speed change has been significantly improved
by employing the proposed strategy.

B. Position Estimation Performance During MS
Manipulations

Figs. 19 and 22 demonstrate the experimental waveforms
of actual speed, estimated speed, and position estimation error
during four MS manipulations by using the conventional and
proposed sensorless control strategies, respectively. The four
MS manipulations are conducted successively by applying −15
A,−25 A,+10 A, and+30 A trapezoidal-shaped 52.5 ms d-axis
current pulses at 400 r/min, respectively. The desired MS will

Fig. 19. Experimental results during the four MS manipulations by using the
conventional sensorless control strategy. (a) Speed. (b) Position estimation error.

TABLE IV
PERFORMANCE COMPARISON DURING FOUR MS MANIPULATIONS

be changed from MS1 to MS2, MS2 to MS3, MS3 to MS2,
and MS2 to MS1, correspondingly. The peak–peak values of
the position estimation errors and speed fluctuations during the
four MS manipulations are listed in Table IV.

When the conventional sensorless control is used, although
the estimation errors of steady-state position and speed are very
small at both MS1 and MS2, the speed chattering occurs at
MS3 due to the reduced value of extended EMF. More severely,
there are large position estimation errors and speed fluctuations
during the MS manipulations. When conducting the −25 A MS
manipulation, the position estimation error and actual speed
fluctuation can reach up to 89.71° and 192.9 r/min (48.2% of
the 400 r/min reference speed), respectively. By contrast, when
adopting the proposed strategy, not only the speed variations
at steady state become small and within 12.8 r/min (3.2% of
the 400 r/min reference speed) at all the three MSs but also,
during the four MS manipulations, the position estimation errors
decrease by 43.5%, 61.6%, 50.1%, and 68.3%, respectively,
and the speed fluctuations decrease by 48.9%, 41.2%, 36.4%,
and 74.4%, respectively. In summary, the improved adaptive
SMO-based sensorless control strategy can achieve considerable
improvements in terms of position estimation performance and
speed fluctuation mitigation.

Fig. 20 shows the αβ-axis current errors during the four
MS manipulations using the conventional and proposed SMOs,
respectively. It can be clearly seen that the current errors when
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Fig. 20. αβ-axis current errors of SMO during the four MS manipulations using different methods. (a)–(d) Conventional SMO and conventional PLL. (e)–(h)
Proposed SMO and conventional PLL.

Fig. 22. Experimental results during the four MS manipulations by using the
proposed sensorless control strategy. (a) Speed. (b) Position estimation error.

using the proposed SMO are much smaller than those when using
the conventional SMO. It indicates that the proposed SMO has
faster convergence speed and can estimate the extended EMFs
more accurately, thereby validating its effectiveness.

Fig. 21 demonstrates the position estimation errors during
the four MS manipulations using the conventional SMO and
proposed PLL. Through comparing Fig. 19(b) with Fig. 21, it
can be found that the proposed improved PLL has better tracking
performance than the conventional PLL. It can also be found
that the improved adaptive SMO can better estimate the ex-
tended EMFs by comparing Fig. 22(b)with Fig. 21 so that more

Fig. 21. Position estimation errors during the four MS manipulations using
the conventional SMO and proposed improved PLL.

accurate position estimation can be obtained. In conclusion, the
effectiveness of the proposed adaptive SMO and the proposed
PLL has been validated, respectively.

C. Magnetization and Demagnetization Performance

The line–line back EMF waveforms under the conven-
tional and proposed sensorless control strategies are shown
in Fig. 23(a)–(d), respectively, to compare the corresponding
magnetization and demagnetization performance. The machine
is at MS2 initially and then a +30 A d-axis current is applied
to magnetize the machine to MS1. The line–line back EMF
waveform at 200 r/min is subsequently measured and the PM
flux linkage is calculated. Similarly, the line–line back EMF
waveform after a −25 A MS manipulation is also measured. It
can be seen that there are approximately 8.0% errors between
the actual and the target PM flux linkages in the conventional
strategy, resulting from the large position estimation errors
during the MS manipulations. By contrast, the machine can
be magnetized to the desired MSs with small errors (within
1.5%) by applying the proposed strategy, which can guarantee
satisfactory magnetization and demagnetization performance.
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Fig. 23. Line–line back EMF waveforms at 200 r/min after a+30 A and a−25
A MS manipulations by using the conventional and proposed sensorless control
strategies. (a) and (b) Conventional strategy. (c) and (d) Proposed strategy.

VI. CONCLUSION

This article investigates the position sensorless control for
VFMM and proposes an improved adaptive SMO-based position
sensorless control strategy to reduce the position estimation
errors during MS manipulations. The major findings and contri-
butions of this article can be summarized as follows.

1) The unique challenges of VFMM sensorless control are
analyzed and summarized for the first time, including
parameter designs of observer and PLL at different
MSs and during MS manipulations, large position
estimation error, and large speed fluctuation after MS
manipulation.

2) The dq-axis inductances are measured by using a newly
developed dq-axis voltage pulse injection method and
updated into the improved adaptive SMO to enhance its
tracking performance, particularly during MS manipula-
tions.

3) The adaptive laws of sliding-mode gains are designed by
considering the conditions of both MS and speed so that
the machine can achieve small position estimation errors
at different speeds and MSs, avoiding the chattering and
instability problems.

4) An improved PLL is proposed and its PI gains are adap-
tively adjusted through fuzzy logic control, enhancing the
dynamic performance.

In conclusion, the proposed sensorless control strategy for
VFMM can achieve better position estimation accuracy at differ-
ent MSs and speeds, particularly exhibiting satisfactory position
estimation and speed fluctuation mitigation performance during
MS manipulations, compared with the conventional strategy.

The effectiveness of the proposed control strategy has been
adequately verified by experiments on an HMC-VFMM.

Our future work will focus on the sensorless control of
VFMMs under heavy-load conditions and investigate the
performance of other advanced methods applied to VFMM
sensorless control to seek the optimal one through comparing
them with each other.
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