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Abstract—Variable flux memory machines (VFMMs) usually
need to inject d-axis current pulses in the stator windings to conduct
magnetization state (MS) manipulations, which inevitably causes
large torque pulsation and speed fluctuation especially under load
condition. In this article, an improved observer-based current de-
coupling method is proposed to calculate the q-axis current (iq)
reference for speed fluctuation mitigation based on the estimated
dq-axis flux linkages. Specifically, an improve stator current ob-
server with a supertwisting sliding mode regulator is structured
to more accurately estimate the voltage disturbances caused by
parameter mismatches. Then, the dq-axis flux linkages are de-
coupled from the voltage disturbances estimated by the current
observer, considering dynamic changes of PM flux linkage and
inductances during MS manipulations. Based on the estimated
dq-axis flux linkages, an iq reference can be calculated according to
the torque equation and the divergence of iq can be avoided by using
a piecewise function when the denominator is close to 0. Finally, the
effectiveness and feasibility of the proposed method are validated
through both simulation and experimental measurements on a
separated series–parallel VFMM.

Index Terms—Flux linkage observer, magnetization state
(MS) manipulation, observer-based current decoupling, speed
regulation, variable flux memory machine (VFMM).

I. INTRODUCTION

W IDE speed operation is required for electrical machines
in many applications, such as electrical vehicles and
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flywheel energy storage. For conventional permanent magnet
synchronous machines (PMSMs) [1], [2], [3], [4], [5], [6],
flux-weakening control [4], [5], [6] is commonly used to achieve
high-speed operation by applying a continuous d-axis current to
reduce the terminal voltage. However, it will unavoidably cause
additional copper loss and thus reduce the efficiency at high-
speed region. Therefore, various variable flux memory machines
(VFMMs) are proposed in [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21], [22] to achieve “true” wide
speed operation. This type of machine has adjustable permanent
magnet (PM) flux linkage, benefiting from the equipped low
coercive force PMs, such as AlNiCo, of which the magnetization
state (MS) can be flexibly changed by applying d-axis current
pulses. Compared with conventional flux-weakening control
used in PMSM, this approach to change the PM flux linkage does
not require a continuous flux-weakening current at high-speed
region and consequently improve the overall efficiency.

Commonly, VFMM is magnetized to a high MS at low-speed
region to output the high torque, and is demagnetized to a low
MS at high-speed region to reduce the copper loss and extend
the speed range. This process of changing MS, also called MS
manipulation, is considered as the critical step to guarantee that
the machine operates at optimal MS. During MS manipulation,
a d-axis current pulse, commonly three or four times of the rated
current, is applied into the stator windings. Although it only lasts
a few tens of milliseconds, unwanted large torque pulsation and
speed fluctuation will be caused under load condition, degrading
the dynamic performance of VFMM drive system.

In order to address the abovementioned problems, several MS
manipulation methods have been proposed [10], [11], [12], [13].
In [10], [11], [12], MS manipulations are conducted under zero
speed and zero load conditions or by using premeasured current
vector trajectories under nonzero speed and load conditions.
The former method is unpractical since it cannot work under
load conditions. The latter method has to adopt a lot of lookup
tables to store the current trajectories in the processor, which
not only should be obtained in advance through time-intensive
experiments, but also calibrated frequently against parameter
variations. An observer-based current decoupling method is
proposed in [13] to achieve smooth torque control during MS
manipulations under load conditions. Specifically, the estima-
tion of dq-axis flux linkages is achieved by using the voltage
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disturbances estimated by stator current observers. Then, q-axis
current reference can be decoupled according to the electromag-
netic torque equation and estimated flux linkages. With the help
of the flux linkage observer, this method is robust to machine pa-
rameter variations and does not require the cumbersome lookup
tables. In [14], an active disturbance rejection speed controller
combining model compensation is newly structured to mitigate
the speed fluctuations during MS manipulations.

The observer-based method in [13] seems quite appropriate
for VFMMs since their parameter variations are more prominent
than those of conventional PMSMs. However, some challeng-
ing problems should be well addressed to achieve satisfactory
control performance. First, it is difficult for the stator current
observer to accurately estimate the injected d-axis current pulse
under different operating conditions. Second, when estimating
the dq-axis flux linkages from the voltage disturbances, the
dynamic changes of inductances and PM flux linkage during
MS manipulations are neglected, which will cause large esti-
mation errors. Third, when using the electromagnetic torque
equation to calculate the q-axis current reference directly by
division, the denominator might be 0 during MS manipulation,
causing divergence of q-axis current and large speed fluctuation
consequently. Therefore, an improved observer-based current
decoupling method is proposed in this article to further reduce
the speed fluctuations caused by MS manipulations. First, a
supertwisting sliding mode (STSM) regulator is utilized to re-
place the proportional–integral (PI) regulator in conventional
current observer, so that the current estimation accuracy can be
significantly improved. Then, the dynamic changes of machine
parameters during MS manipulations are considered to reduce
the estimation errors when estimating the dq-axis stator flux
linkages. Third, a novel current decoupling method is proposed
to completely decouple the q-axis current reference based on
the defined active flux linkage [24], and the divergence of q-axis
current is avoided by adopting piecewise function.

The rest of this article is organized as follows. In Section II, the
properties of the investigated separated series–parallel VFMM
(SSP-VFMM) [9] are intuitively illustrated, including the topol-
ogy and MS manipulation characteristics. In Section III, the
conventional observer-based current decoupling method [13]
is analyzed in detail and its shortcomings are summarized. In
Section IV, the proposed method is demonstrated and interpreted
with the help of diagrams and formulas. In Sections V and VI,
simulation and experimental results on the SSP-VFMM proto-
type will be used to validate the effectiveness and feasibility of
the proposed method.

II. SPP-VFMM PROPERTIES

A. Machine Topology

The topology of the investigated SSP-VFMM [9] with dual-
layer PMs is shown in Fig. 1. The designed dual PM layers
can obtain both the satisfactory field adjustment range and the
excellent accidental demagnetization withstand capability. More
details can be found in [9].

Fig. 1. Topology of investigated SSP-VFMM [9].

Fig. 2. Simplified hysteresis model of low coercive force magnets.

Fig. 3. Relation between the PM flux linkage and d-axis current pulse of the
SSP-VFMM [9].

B. MS Manipulation Characteristics

A simplified hysteresis model of low coercive force magnets
is shown in Fig. 2 to illustrate the flux regulation principle of
VFMM. More details can be found in [20].

Fig. 3 shows the relation between the PM flux linkage and d-
axis current pulse of the studied SSP-VFMM. Only two specific
MSs, i.e., MS1 (0.153 Wb) and MS2 (0.076 Wb), are chosen
to avoid frequent MS manipulations and thus reduce energy
losses. The machine can be magnetized from MS2 to MS1 by
applying a +30 A d-axis current pulse, and be demagnetized
from MS1 to MS2 by applying a –25 A d-axis current pulse. The
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required current pulses will cause a little increase in the cost of
the inverter, which is totally acceptable since the speed range is
significantly extended. Although these current pulses are several
times of the rated current, they will not cause the noticeable
temperature rise and damage the inverter due to the short time
duration (only tens of milliseconds). Besides, the researchers are
also focusing on the machine topology design of VFMM with
the goal of further reducing the amplitude of the required current
pulses.

III. ANALYSIS OF CONVENTIONAL STATOR FLUX LINKAGE

OBSERVER AND Q-AXIS CURRENT DECOUPLING METHOD

A. Mathematical Model of VFMM

The voltage equation of VFMM in the d-q reference frame
can be expressed as{

ud = Rid +
dψd

dt − ωeψq

uq = Riq +
dψq

dt + ωeψd
(1)

where ud and uq are the dq-axis voltages, id and iq are the dq-
axis currents, R is the phase resistance, ωe is the rotor electrical
angular speed, ψd and ψq are the dq-axis stator flux linkages,
which are expressed as{

ψd = Ldid + ψPM(id_pulse)
ψq = Lqiq

(2)

where Ld and Lq are the real dq-axis inductances, and
ψPM(id_pulse) is the variable PM flux linkage determined by
the amplitude of id pulse, id_pulse.

The electromagnetic torque Te and mechanical motion equa-
tion of the VFMM can be respectively expressed as

Te =
3

2
p(ψdiq − ψqid) (3)

Te − TL −Bωm = J
dωm
dt

(4)

where p is the number of pole pairs, TL is the load torque, B
is the viscous friction coefficient, ωm is the rotor mechanical
angular speed, and J is the moment of inertia.

B. Conventional Stator Flux Linkage Observer

The voltage disturbance decoupling (VDD)-based stator flux
linkage observer in [13] consists of three components, i.e., stator
current observer, VDD and cascaded stator flux linkage observer.
The details about the three parts are shown as follows.

Substituting (1) to (2) with the nominal constant values of the
variables and neglecting the derivative terms [13], we have{

ud = RN id − ωeLqN iq +Δud_dis

uq = RN iq + ωeLdN id + ωeψPMN +Δuq_dis
(5)

where the subscript “N” denotes the nominal constant value
of the variable, Δud_dis and Δuq_dis are the dq-axis voltage
disturbances caused by parameter mismatches. If the resistance
does not vary much, the dq-axis voltage disturbances can be

Fig. 4. Structure of conventional stator current observer with PI regulator.
(a) D-axis observer. (b) Q-axis observer.

expressed as

{
Δud_dis = −ωeΔLqiq = −ωeΔψq
Δuq_dis = ωe(ΔLdid +ΔψPM) = ωeΔψd

(6)

where ΔLd = Ld–LdN, ΔLq = Lq–LqN, and ΔψPM =
ψPM(id_pulse)–ψPMN are the parameter variations, Δψd and
Δψq are the differences between the real and nominal dq-axis
stator flux linkages, respectively. To avoid the influences of
resistance variation, a temperature-based resistance model or
the stator resistance adaption method in [27] can be integrated
into the proposed method to compensate for it.

A Luenberger-style current observer, as shown in Fig. 4, is
constructed to estimate the dq-axis currents accurately based
on (5), so that Δud_dis and Δuq_dis can also be estimated
simultaneously, which can be expressed as

{
Δûd_dis = −ωeΔL̂q îq = −ωeΔψ̂q
Δûq_dis = ωe(ΔL̂dîd +Δψ̂PM) = ωeΔψ̂d

(7)

where the superscript “ˆ” denotes the estimated values of vari-
ables, Δûd_dis and Δûq_dis are the outputs of the PI regulators,
ΔL̂d = L̂d − LdN , ΔL̂q = L̂q − LqN , Δψ̂PM = ψ̂PM − ψPMN,
Δψ̂d and Δψ̂q are the differences between the estimated and
nominal values of dq-axis stator flux linkages, respectively.

Assuming the estimated currents can track the real values
accurately, it can be attained that

{
Δψ̂d = Δψd
Δψ̂q = Δψq.

(8)
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Fig. 5. Structure of conventional current decoupling method [13].

According to (7),Δψ̂d andΔψ̂q can be easily decoupled from
the estimated voltage disturbances, as{

Δψ̂d =
Δûq_dis

ωe

Δψ̂q = −Δûd_dis

ωe
.

(9)

After obtaining Δψ̂d and Δψ̂q , a Gopinath-style flux linkage
observer based on voltage model, is cascaded with the stator cur-
rent observer to reduce the parameter sensitivity during transient
conditions and attain a better estimation performance [23].

C. Conventional Current Decoupling Method

The structure of the current decoupling method [13] is shown
in Fig. 5. The q-axis current is decoupled based on (3) and can
be calculated as

i∗q_decouple =
T ∗/(1.5p) + ψ̂qid

ψ̂d
(10)

where T∗ is the reference torque, which is the output of the speed
controller.

D. Analysis of Conventional Method

For the conventional flux observer and current decoupling
method, there are three aspects requiring improvements for
better control performance due to the unique MS manipulations
of VFMM, which can be summarized as follows.

1) It is challenging for the stator current observer with PI reg-
ulator to estimate the currents accurately when injecting
large id pulses under different conditions, thereby causing
relatively large estimation errors of voltage disturbances.

2) When estimating Δψd and Δψq with the conventional
VDD method during MS manipulations, the derivative
terms, including the dynamic variations of inductances
and PM flux linkage, are neglected, which will cause large
estimation errors of flux linkages and thus degrade the
speed fluctuation mitigation performance.

3) When using the conventional current decoupling method
in (10), the divergence problem will be caused since the
denominator ψ̂d might be 0 during the demagnetization
process, which is a unique problem for VFMM. Besides,
iq is not completely decoupled since iq is involved in ψq

in (10).

To address the abovementioned problems, an improved
observer-based decoupling method is proposed considering the
unique MS manipulations of VFMM to further mitigate the
speed fluctuations.

IV. PROPOSED STATOR FLUX LINKAGE OBSERVER AND

CURRENT DECOUPLING METHOD

A. Stator Current Observer Considering Dynamic
Parameter Variations

Substituting (2) to (1), the dq-axis voltage equation consid-
ering the dynamic variations of machine parameters can be
expressed as⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ud = Rid − ωeLqiq︸ ︷︷ ︸
steadypart

+Ld
did
dt

+ id
dLd
dt

+
dψPM(id_pulse)

dt︸ ︷︷ ︸
dynamicpart

uq = Riq + ωe[Ldid + ψPM(id_pulse)]︸ ︷︷ ︸
steadypart

+Lq
diq
dt

+ iq
dLq
dt︸ ︷︷ ︸

dynamicpart

.

(11)
Both of the dq-axis voltages include two parts, i.e., steady

and dynamic (derivative terms) ones. In traditional PMSMs, the
dynamic parts are relatively small so that they are commonly
neglected [23]. However, in VFMMs, the PM flux linkage and
machine inductances will change drastically when MS manip-
ulations are conducted with the injections of large id pulses.
Therefore, the dynamic parts should be taken into account.

Using the nominal constant values of variables and consider-
ing the dynamic parts, (11) can be rewritten as{

ud = RN id + LdN
did
dt − ωeLqN iq +Δud_dis

uq = RN iq + LqN
diq
dt + ωe(LdN id + ψPMN) + Δuq_dis.

(12)
Then, Δud_dis and Δuq_dis can be formed as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Δud_dis = ΔLd
did
dt

+ id
dΔLd
dt

+
dΔψPM

dt︸ ︷︷ ︸
Δud_dis_dyn

−ωeΔLqiq︸ ︷︷ ︸
Δud_dis_ste

= dΔψd

dt − ωeΔψq

Δuq_dis = ΔLq
diq
dt

+ iq
dΔLq
dt︸ ︷︷ ︸

Δuq_dis_dyn

+ωe(ΔLdid +ΔψPM)︸ ︷︷ ︸
Δuq_dis_ste

=
dΔψq

dt + ωeΔψd
(13)

whereΔud_dis_dyn andΔud_dis_ste are the dynamic and steady
parts ofΔud_dis, respectively,Δuq_dis_dyn andΔuq_dis_ste are
the dynamic and steady parts of Δuq_dis, respectively.

Similarly, the stator current observer is constructed as follows:{
ud = RN îd + LdN

dîd
dt − ωeLqN îq +Δûd_dis

uq = RN îq + LqN
dîq
dt + ωe(LdN îd + ψPMN) + Δûq_dis.

(14)
To improve the estimation accuracy, an STSM regulator [25],

[26] is utilized to replace the conventional PI regulator, since
it features good dynamic performance, low sliding mode chat-
tering and is easily tuned. The structure of the stator current
observer with the STSM regulator is shown in Fig. 6. With the
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Fig. 6. Structure of proposed stator current observers with STSM regulators.
(a) D-axis observer. (b) Q-axis observer.

help of the STSM regulator, the estimated currents can better
track their real values during MS manipulations, so that Δûd_dis

and Δûq_dis are closer to the real values. As the outputs of the
STSM regulators, they can be expressed as{

Δûd_dis = K1 |̃id|1/2sgn(̃id) +K2

∫
sgn(̃id)dt

Δûq_dis = K1 |̃iq|1/2sgn(̃iq) +K2

∫
sgn(̃iq)dt

(15)

where sgn(·) is the symbol function, ĩd = id − îd and ĩq = iq −
îq are the dq-axis current estimation errors, respectively, and K1,
and K2 are the positive coefficients of the regulators, which are
commonly designed as [25], [26]

K1 = 1.5L1/2,K2 = 1.1L (16)

where L is the boundary value of perturbation, and L > 0.
According to (13), it can be deduced that{

Δûd_dis =
dΔψ̂d

dt − ωeΔψ̂q

Δûq_dis =
dΔψ̂q

dt + ωeΔψ̂d.
(17)

When the estimated currents can track the real values accu-
rately, (8) can be satisfied.

Then, the structure of the proposed VDD method based on
(17) is illustrated in Fig. 7. Specifically, the discrete-time model
of (17) using the backward difference method can be expressed
as {

Δψ̂d(k)−Δψ̂d(k−1)
Ts

− ωeΔψ̂q(k) = Δûd_dis(k)
Δψ̂q(k)−Δψ̂q(k−1)

Ts
+ ωeΔψ̂d(k) = Δûq_dis(k)

(18)

where k is the index of discrete sampling instant, and Ts is the
sampling time.

Fig. 7. Structure of proposed VDD method considering the dynamic changes
of machine parameters.

Furthermore, Δψ̂d and Δψ̂q at time k can be calculated by⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Δψ̂d(k)

=
Δψ̂d(k−1)+Δûd_dis(k)Ts+ωeTsΔψ̂q(k−1)+ωeT

2
s Δûq_dis(k)

1+ω2
eT

2
s

Δψ̂q(k)

=
Δψ̂q(k−1)+Δûq_dis(k)Ts−ωeTsΔψ̂d(k−1)−ωeT

2
s Δûd_dis(k)

1+ω2
eT

2
s

.

(19)
In the experiments, two low-pass filters with an appropriately

designed cutoff frequency can be used to suppress the noise
caused by the derivative terms.

B. New Observer-Based Current Decoupling Method During
MS Manipulations

Substituting (2) into (3), we have

Te =
3

2
piq [ψPM(id_pulse) + (Ld − Lq)id]︸ ︷︷ ︸

ψact

(20)

where ψact is the defined active flux linkage [24]. With the
estimated dq-axis stator flux linkages, the active flux linkage
can be then estimated as

ψ̂act = ψ̂PM + (L̂d − L̂q)id = ψ̂d − L̂qid. (21)

In estimatingL̂q , the amplitude of iq should be considered to
avoid the divergence of iq. When the amplitude of iq is relatively
small (e.g., smaller than the preset threshold value, iqth), the
value of Lq is taken as Lq0, which can be measured under no
load condition. Specifically, the estimated L̂q can be expressed
as

L̂q =

{
Lq0, |iq| < iqth

ψ̂q

iq
, |iq| ≥ iqth.

(22)

Since Ld < Lq in the studied SSP-VFMM, the value of ψact

will change from positive to negative during the magnetization
process of injecting a +30 A id pulse. This unique problem
has been first reported in [20] by our research group and is
defined as torque reverse phenomenon. In this case (ψact< 0), iq
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Fig. 8. Schematic diagram of the proposed current decoupling method.

Fig. 9. Schematic diagram of the VFMM speed regulation system.

should be changed from positive to negative to maintain positive
electromagnetic torque according to (20), so that large speed
fluctuation can be avoided. However, when decoupling the iq
command directly using (20), the calculated iq will change from
positive infinity to negative infinity when ψact is close to 0.
Therefore, a piecewise function is utilized to solve this problem.
A threshold value ψact_th is preset and when ψact < ψact_th,
iq will be set as 0 to avoid the divergence. The decoupled iq
reference can be calculated as

i∗q_decouple =

{
0, |ψ̂act| < ψact_th
T ∗

1.5pψ̂act
, |ψ̂act| ≥ ψact_th.

(23)

The schematic diagram of the proposed current decoupling
method is shown in Fig. 8. The estimation accuracy of the
parameters used in Fig. 8 can be guaranteed through the rigorous
derivation in Section IV-A, and will be fully validated through
both the simulation and experimental results in the following
parts.

C. VFMM Speed Regulation System

Fig. 9 shows the schematic diagram of the speed regulation
system for VFMMs. During the normal operation, the dq-axis
current commands are generated through a maximum torque per
ampere (MTPA) controller. The functions between the dq-axis
currents and T∗ at MSi under the MTPA control, i.e., fd_MSi

and fq_MSi, are commonly measured in advance and embedded
in the controller for real-time invocation, as shown in Fig. 10.
During MS manipulation, the MS controller will generate the
required id current pulse, i∗d_pulse, to magnetize or demagnetize
the machine to the desired MS. In this process, the decou-
pled iq command, i∗q_decouple, is calculated through the proposed

Fig. 10. Experimental MTPA trajectories (idq- Te) under MS1 and MS2.

TABLE I
MAIN PARAMETERS OF THE SIMULATION MODEL

Fig. 11. Simulated waveforms of estimated dq-axis stator flux linkages under
2 N·m load condition, at MS1, with mismatched machine parameters (case I:
LdN = 10 mH, LqN = 50 mH, ψPMN = 0.15 Wb; Case II: LdN = 20 mH,
LqN = 30 mH, ψPMN = 0.2 Wb; Case III: LdN = 30 mH, LqN = 90 mH,
ψPMN = 0.1 Wb).

method to reduce the torque pulsation and speed fluctuation.
Then, a linear-active-disturbance-rejection feedforward decou-
pling (LADR-FFD) current controller [18] is utilized to improve
the current tracking performance.

V. SIMULATION VALIDATION

Based on the schematic diagram in Fig. 9, a simulation model
of the studied SSP-VFMM is established by using the MAT-
LAB/Simulink to validate the effectiveness of proposed method.
A PI speed controller and an LADR-FFD current controller
with constant parameters are used in all the simulations and
experiments to ensure the fairness of the comparison. The main
parameters of the simulation model are listed in the Table I.
First, the simulated waveforms of the estimated dq-axis stator
flux linkages by using the proposed observer are given in Fig. 11,
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Fig. 12. Simulated waveforms of estimated d-axis stator flux linkage under
load change conditions, at MS1. (a) Conventional flux observer. (b) Proposed
flux observer.

in which the mismatched machine parameters (Cases I, II,
and III) are used. In Case I, LdN = 10 mH, LqN = 50 mH,
and ψPMN = 0.15 Wb, corresponding to the scenario of Ld

mismatch. In Case II, LdN = 20 mH, LqN = 30 mH, and
ψPMN = 0.2 Wb, corresponding to the scenario of Lq and ψPM

mismatches. In Case III, LdN = 30 mH, LqN = 90 mH, and
ψPMN = 0.1 Wb, corresponding to the scenario of Ld, Lq, and
ψPM mismatches. When using the mismatched values of Ld, Lq,
and ψPM in the three cases, ψd and ψq can still be accurately es-
timated, validating that the proposed flux observer is insensitive
to the variations of inductances and PM flux linkage.

Then, the simulated estimation performance of d-axis stator
flux linkages using different flux observers under load change
conditions, at MS1, is shown in Fig. 12. The load changes from
0 to 4 N·m at 0.1 s, and from 4 to 2 N·m at 0.4 s. It can be
seen that when using the proposed flux observer considering the
dynamic changes of machine parameters, the estimated ψ̂d can
track the real value more accurately than using the conventional
observer.

Fig. 13 presents the simulated waveforms of the estimated
dq-axis stator flux linkages during two MS manipulations un-
der 2 N·m load, when using conventional and proposed flux
observers, respectively. It can be seen that the proposed flux
observer can accurately estimate the drastically changed flux
linkages when injecting –25 and+30 A id pulses, which is much
better than the conventional flux observer.

Fig. 14 shows the simulated waveforms of speed and torque
during the two MS manipulations when using Methods I, II, and
III, respectively. In Methods I and II, the same conventional flux
observer is used, and the only difference is that the proposed
current decoupling method is used in Method II, whilst the
conventional one is used in Method I. It can be seen that the speed
fluctuations and torque pulsations during the two MS manipula-
tions are greatly reduced when using Method II compared with
those when using Method I, validating the effectiveness of the
proposed current decoupling method. In Methods II and III, the
proposed current decoupling method is used, and the difference
is that the proposed flux observer is used in Method III, while
the conventional one is used in Method II. It can be seen that

Fig. 13. Simulated waveforms of estimated dq-axis stator flux linkages during
two MS manipulations under 2 N·m load. (a) and (c) Conventional flux observer.
(b) and (d) Proposed flux observer.

the speed fluctuations and torque pulsations are further reduced
when using Method III, validating the effectiveness of the pro-
posed flux observer.

Fig. 15 shows the simulated speed waveforms during two
MS manipulations when using different methods under load
change conditions. For Method I, the speed fluctuations are very
large at the three load conditions due to the drawbacks of the
conventional decoupling method, as analyzed in Section III-D.
When using both Method II and Method III, the caused speed
fluctuations are consequently increased with the load. The speed
fluctuations when using Method III are always lower those
using Method II under the same load condition, validating the
effectiveness the proposed flux observer.

Fig. 16 shows the simulated speed waveforms during the two
MS manipulations when using different methods under different
reference speed conditions. It can be seen that the magnitude
of the speed fluctuations almost keeps unchanged under three
different reference speeds when using the same method. The
speed fluctuations when using Method III are always lower than
those when using Method II, and much lower than those when
using Method I, validating the effectiveness the proposed current
decoupling method and flux observer.

In summary, the simulation results demonstrate that the pro-
posed flux observer is insensitive to the variations of inductances
and PM flux linkage, and exhibits good estimation perfor-
mance under both load change and MS manipulation conditions.
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Fig. 14. Simulated speed and torque waveforms during two MS manipulations
(–25 A demagnetization and +30 A magnetization) under 2 N·m load and
400 r/min speed using three different methods. (a)–(c) Methods I, II, and III,
respectively, during −25 A demagnetization. (d)–(f) Methods I, II, and III,
respectively, during +30 A magnetization.

Fig. 15. Simulated speed waveforms during two MS manipulations (–25 A
demagnetization and +30 A magnetization) under load change conditions (1, 2,
and 3 N·m loads) using three different methods. (a) Method I. (b) Method II.
(c) Method III.

Fig. 16. Simulated speed waveforms during two MS manipulations (–25 A
demagnetization and +30 A magnetization) under different reference speeds
conditions (200, 400, and 600 r/min speeds) using three different methods.

TABLE II
MAIN PARAMETERS OF SSP-VFMM PROTOTYPE [9]

Moreover, the speed fluctuations during the MS manipulations
are greatly reduced by using the proposed observer-based current
decoupling method (Method III) under different speed and load
conditions.

VI. EXPERIMENTAL VALIDATION

The experimental setup for validating the proposed method
is shown in Fig. 17. A servo machine is connected with the
studied SSP-VFMM through a high-precision torque sensor. The
servomachine cannot only drag the tested machine to measure
the back electromotive forces, but also serve as a load, which
can be flexibly changed through the MEA testing system. An
STM32F407VET6 processor is used to implement the control
methods. The FreeMASTER debugging tool is utilized to conve-
niently control the machine in real time and export the required
variables into data for postprocessing. The main parameters of
the prototype are tabulated in Table II. Besides, the experimental
torque-speed curves of the machine at MS1 and MS2 are shown
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Fig. 17. Experimental setup. (a) SSP-VFMM prototype. (b) Test rig.
(c) Control board. (d) MEA testing system.

Fig. 18. Experimental torque–speed curves at MS1 and MS2, respectively.

in Fig. 18, in which the speed range can be extended over five
times of the rated speed. The rated speed is defined as the corner
speed of the torque–speed curve at MS1. It should be noted
that the speed range of the machine can be further expanded
by adopting a lower MS. It also should be noted that more
MSs can be used if necessary, and the accurate MS control and
the switch between the MSs can be easily obtained when the

Fig. 19. Experimental d-axis current estimation performance using the stator
current observers with different regulators during two MS manipulations, under
400 r/min, 0 N·m conditions. (a)–(b) Using PI regulator. (c)–(d) Using STSM
regulator.

Fig. 20. Experimental waveforms of the real and estimated dq-axis stator flux
linkages under 0 N·m load, at MS1, with mismatched machine parameters (Case
I: LdN = 25 mH, LqN = 55 mH, ψPMN = 0.15 Wb; Case II: LdN = 10 mH,
LqN = 10 mH, ψPMN = 0.05 Wb; Case III: LdN = 70 mH, LqN = 70 mH,
ψPMN = 0.2 Wb).

required id pulses are applied in sequence. Besides, the multiple
MSs will not affect the effectiveness of the proposed method in
this article, since it is independent on the current MS, as derived
in Section IV.

Fig. 19 shows the experimental waveforms of the real and
estimated d-axis currents during two MS manipulations using
the conventional (PI regulator) and the proposed (with STSM
regulator) stator current observers, respectively. It can be seen
that when using the proposed current observer, the estimated
currents can better track the real currents, indicating that the
voltage disturbances can be more accurately estimated.

Fig. 20 shows the experimental waveforms of the estimated
dq-axis stator flux linkages at MS1 with mismatched machine
parameters. The calculated real dq-axis flux linkages using the
tested machine parameters under 0 N·m load condition are also
shown in Fig. 20 with dashed lines. It can be seen that the
estimated flux linkages are close to the real values and keep
unchanged even using the mismatched parameters in Cases II
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Fig. 21. Experimental speed waveforms during two MS manipulations (–25 A
demagnetization and +30 A magnetization) under 1 N·m load and 400 r/min
speed using three different methods. (a)–(c) Methods I, II, and III, respectively,
during−25 A demagnetization. (d)–(f) Methods I, II, and III, respectively, during
+30 A magnetization.

Fig. 22. Experimental speed waveforms during two MS manipulations (–25 A
demagnetization and +30 A magnetization) under 2.5 N·m load and 400 r/min
speed using three different methods. (a)–(c) Methods I, II, and III, respectively,
during−25 A demagnetization. (d)–(f) Methods I, II, and III, respectively, during
+30 A magnetization.

TABLE III
PERFORMANCE COMPARISON UNDER DIFFERENT LOAD CONDITIONS

and III, indicating that the proposed flux observer is insensitive
to the variations of dq-axis inductances and PM flux linkage.

Figs. 21 and 22 present the experimental speed waveforms
during the two MS manipulations when using Methods I, II, and
III, under 1 and 2.5 N·m loads, respectively, and the speed fluctu-
ations are listed in Table III for intuitive comparison. In Method

Fig. 23. Experimental waveforms of dq-axis currents and estimated stator flux
linkages during the two MS manipulations under 1 N·m load using method II.
(a) and (b) Dq-axis currents. (c) and (d) Estimated dq-axis stator flux linkages.

I using conventional current decoupling method, the speed fluc-
tuation ratios during –25 and +30 A MS manipulations are
very large, 61.4% and 23.9% in Fig. 21, respectively, which are
resulted from the fact that iq is not completely decoupled and
the divergence of iq is not considered. Compared with Method I,
Method II can reduce the speed fluctuations to 20.2% and 16.9%
during the two MS manipulations, respectively, validating the
effectiveness of the proposed current decoupling method. Then,
the speed fluctuation ratios under Method III can be further
reduced to 9.6% and 9.1% during the two MS manipulations
compared with those under Method II, validating the effective-
ness of the proposed flux observer. The same conclusion can be
drawn through analyzing the experimental results under 2.5 N·m
load conditions. It should be noted that though the computation
load of Method III is slightly increased compared with Methods
I and II, including several multiplication and division operations
etc., it can be completed in a very short time by the embedded
microprocessor.

This article aims to achieve low torque pulsations and speed
fluctuations during MS manipulations under sufficient voltage
condition, so that the reference speed is set as 400 r/min in
the experiments, which is relatively low. As for conducting the
MS manipulations at higher speed conditions, the q-axis current
should be controlled to obtain a sufficient voltage margin for
applying d-axis pulses. Several methods have been proposed
in [20], [21], [22] to achieve the high-speed capability of MS
manipulations, and more details can be found in them.

To more intuitively compare the conventional and proposed
flux observers, the experimental waveforms of dq-axis currents
and flux linkages during the two MS manipulations are shown
in Figs. 23 and 24. In Fig. 23, the estimated ψ̂d and ψ̂q are
distorted during MS manipulations when using conventional
flux observer. In contrast, in Fig. 24, the waveforms of the
estimated ψ̂d and ψ̂q are much smoother and more similar
to the current waveforms using the proposed flux observer,
indicating that it has better estimation performance. With the
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Fig. 24. Experimental waveforms of dq-axis currents and estimated stator flux
linkages during the two MS manipulations under 1 N·m load using method III.
(a) and (b) Dq-axis currents. (c) and (d) Estimated dq-axis stator flux linkages.

more accurately estimated flux linkages, the decoupled iq can
help better reduce the speed fluctuations, thus the Method III
has better performance than Method II.

In practical terms, the speed fluctuations during the MS ma-
nipulations can be greatly reduced when using the proposed
strategy, significantly improving the speed control performance
and the stability of the drive system. This can promote the appli-
cations of VFMM in wide speed operations, such as electrical
vehicles and washing machines.

VII. CONCLUSION

The main conclusions and contributions of this article to the
control of VFMM are summarized as follows.

1) The proposed improved stator current observer with the
STSM regulator can greatly improve the estimation accu-
racy of current and voltage disturbance at the same time.

2) The proposed improved VDD stator flux linkage observer
can accurately estimate the dq-axis stator flux linkages
during MS manipulations since the dynamic changes of
machine parameters are considered.

3) The proposed new observer-based current decoupling
method can effectively address the divergence of iq by
using the piecewise function when ψact is close to
0 and greatly mitigate speed fluctuations during MS
manipulations.

The simulation and experimental results on an SSP-VFMM
prototype have validated the effectiveness of the proposed cur-
rent observer, flux observer, and current decoupling method,
and the speed fluctuations during MS manipulations can be
greatly reduced by using the proposed observer-based current
decoupling method.

In the future, the detailed comparison should be made between
the flux observer-based and high-performance speed controller-
based methods to identify their advantages and disadvan-
tages in speed fluctuation mitigation for VFMMs. Besides, the

researchers should investigate on improving the high-speed ca-
pability of MS manipulations before reaching the voltage limit
of the inverter.
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