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ABSTRACT

Due to the remarkable performance, dual three-phase axial flux permanent magnet synchronous motors (DTP-AFPMSMs) are

increasingly being adopted in the field of electric vehicles (EVs). However, the installation of position sensors limits the

application scenarios of DTP-AFPMSMs owing to increased complexity, size and cost. This article proposes an innovative high-

speed sensorless control method for surface-mounted DTP-AFPMSMs using an improved rotor flux observer. The proposed

observer achieves precise rotor flux estimation by filtering out harmonic distortion and noise from the rotor flux of the first

winding set using high-pass and low-pass filters, followed by a tracking-mode PI controller that accurately tracks the phase and

amplitude of the rotor flux in the second winding set. Therefore, the proposed method can enable accurate rotor position

estimation without the need for a phase-locked loop (PLL) and realise a more precise sensorless motor control. A series of

simulations and experiments are carried out to validate the effectiveness of the observer, which reveals that the proposed

method can effectively estimate the electrical position angle with a tiny error and presents a considerable improvement over the

conventional method.

1 | Introduction

In recent years, dual three-phase permanent magnet synchro-
nous motors (DTP-PMSMs) have gained significant recognition
for numerous advantages, including high fault tolerance [1], the
ability to deliver high power even at low voltages and minimised
torque ripple [2]. DTP-PMSMs, also known as asymmetric six-
phase motors, represent one of two distinct configurations
within six-phase motors. Six-phase motors consist of symmetric
six-phase (with 7/3 electrical radians shift) and asymmetric
six-phase (with 7/6 electrical radians shift) motors. Symmetric
six-phase motors maintain a 7/3 electrical radians phase belt
angle identical to three-phase motors, whereas asymmetric

six-phase motors employ a /6 electrical radians phase belt angle
that effectively eliminates 5th and 7th harmonic magnetomotive
forces. Hence, the 6th order torque pulsation of DTP-PMSMs is
eliminated. These characteristics make DTP-PMSMs particularly
very suitable for electric vehicle (EV) applications, where reli-
able and efficient motor operation is essential [3]. The motor
configuration with 7/6 electrical radians shift is adopted in this
work. Each stator winding set has its own isolated neutral
point [4]. This design allows for enhanced control flexibility and
improved fault tolerance, as each winding set of DTP-PMSMs
can be operated independently. When the leakage inductance
between the winding sets is negligible, the motor can be
modelled as two coupled three-phase PMSMs with identical
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parameters [2]. Consequently, the control methods developed
for the conventional three-phase PMSMs can be adapted and
applied to DTP-PMSMs with slight modifications [5].

Axial flux permanent magnet synchronous motors (AFPMSMs)
are appreciated for their compact design, high efficiency and
high-power density. Unlike conventional radial flux motors,
AFPMSMs reduce the volume of motors without compromising
performance. Thus, the AFPMSM benefits occasions requiring
efficient space utilisation and high performance. Building on the
characteristics of AFPMSMs, dual three-phase AFPMSMs (DTP-
AFPMSMs) merge the strengths of both structures, offering
enhanced control capabilities and even higher performance for
applications such as EVs.

For optimal control of DTP-AFPMSMs in EVs, accurate rotor
position information is crucial [6]. Traditionally, high-resolution
position sensors such as encoders or resolvers are mounted on
the motor shaft to provide this information. Although these
sensors can provide reliable and accurate position information,
several drawbacks will also be introduced by using position
sensors. Firstly, installing high-resolution position sensors in-
creases the overall cost of the system. Additionally, these sen-
sors will add to both system complexity and physical size [7].
Moreover, the position sensors installed on the motor will limit
the applicability of DTP-AFPMSMs in environments where
space and cost constraints are critical [8]. These challenges have
put forward the demand for the development of sensorless
control algorithms [9, 10], which can eliminate the requirement
for physical sensors while maintaining or even improving motor
control performance.

Commonly, sensorless control strategies can be classified into
back-EMF-based methods for medium and high-speed opera-
tions, and high-frequency signal injection techniques for low
and zero speeds where back-EMF is insufficient. Numerous
signal injection-based sensorless methods have been proposed
in recent years [11-13]. In conventional high-speed sensorless
control algorithms, a phase-lock loop (PLL) [14] is often com-
bined with back electromotive force observers [15-17], sliding-
mode observers [18-21] or linear state observers to ensure sta-
ble frequency output while compensating for input signal vari-
ations and system disturbances. Traditional PLL-based methods
suffer from inherent phase lag during dynamic operations and
poor noise immunity, which will cause steady-state position
estimation errors [11]. Additionally, the efficiency of the system
will be reduced. If the rotor fluxes are sufficiently accurate to
allow stable and precise position acquisition only through
Arctan calculations, the PLL can be eliminated, so the control
algorithm can be simplified and the system efficiency can be
enhanced.

Consequently, an improved rotor flux observer specifically is
designed for DTP-AFPMSMs. The improved rotor flux observer
is based on a well-known active flux observer designed for three-
phase PMSM [22-26]. The rotor position is accurately deter-
mined without relying on a PLL in the presented method. Un-
like conventional methods, the proposed observer eliminates
PLL dependency while effectively reducing harmonic distortion,
phase lag and amplitude attenuation. Due to the mathematical
model of DTP-AFPMSMs being identical to that of radial flux

surface-mounted DTP-PMSMs, the proposed method can also be
applied to radial flux motors. However, the algorithm is spe-
cifically designed for surface-mounted DTP-PMSMs; it is not
applicable to single three-phase PMSMs or interior PMSMs.
Numerous simulations and experiments have been conducted to
validate the effectiveness and superiority of the proposed
method. The proposed method is particularly well-suited for
DTP-AFPMSMs, making it an ideal option for various applica-
tions, particularly in EVs.

The structure of this paper is organised as follows: Section 2
introduces the improved rotor flux observer, explaining its
design and operational principles, with a focus on addressing
key challenges such as amplitude attenuation, phase lag, and
harmonic distortion. Section 3 details the tests conducted to
validate the method, demonstrating the accuracy and reliability
of the observer under various operating conditions. Finally,
Section 4 presents the conclusion.

2 | Improved Flux Observer-Based Sensorless
Algorithm

21 | Analytical Model for DTP-AFPMSM Based
on Double dg Model

The stator voltage equation of a DTP-AFPMSM based on double
dq model [27] can be expressed as follows:

. d . . , ,
Ua = Rig + T (Laigy + Lagiaz) — we(Lqiqr + Logiqz)

N ) . .
Uug1 = Rig + E(quql + Lygig2) + CUe<Ldld1 + Lggigy + gbf>
, (D

. d , . , ,
Ug> = Rig + T, (Ladiar + Laiaz) — we(Legiqr + Lqiqz)

. d , ) ) .
Ug = Rig + a(qulql + Lyig) + we<deld1 + Lgigs + l,bf>

where 1y represents the value of the rotor flux, which is equal to
the PM flux. igi, iq1, igo, iq2, Udr, Uqr, Uaz, and ug, denote the
current and voltage in the double dg-axes, respectively. The
stator inductances for the two winding sets in the dg-axis are
denoted as Lgg, Lgg, Ly, and Ly, respectively [28]. R refers to the
phase resistance of the DTP-AFPMSM. Finally, w, is the elec-
trical angular velocity.

The difference between the stator inductances of two sets of
windings is the leakage inductance L, of the DTP-AFPMSM,
which could be expressed as follows:

Lg=Lgg+ L,
{Lq =Lgg+L;’ @

where L, represents the leakage inductance of the DTP-
AFPMSM.

In the calculation of rotor and stator fluxes, L, is significantly
smaller than the stator inductances and can therefore be dis-
regarded. As the motor utilised in this article is a surface-
mounted PMSM, the stator inductances in the dg-axis are
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equal. Consequently, it can be inferred that the stator induc-
tance can be expressed as follows:

L=Lqg=Laga=Ly =Ly, (3)

Hence, the stator flux equations of the two winding sets in the
af-axes, derived from the double dq model [29], can be
formulated as follows [30]:

Por = 20l + ¢fa1
Yop = 2i2L + Py’
Y =2ip L+ Psp,

in which g1, ¥p1, Paz, and g, represent the stator fluxes of
double af-axes, respectively. Y1, Pyp1, Pz, and Py, denote the
rotor fluxes of double af-axes, respectively. iq1, igi, ino, and ig,
are the currents of two winding sets in two a8-axes, respectively.

Derived from the double dq model in the af-axes, the stator
voltage equations for both winding sets are established, which
can be expressed as follows:

. d
Ug1 = iR + altbal

. d
Ug = l'glR + El,bﬁl
4 , 5
, d )
Uy = ipR + Ewoﬂ

d
Upy = IR + d tlnbﬁz

in which ua, Ugi, Us, and ug, represent the voltages of two
winding sets in two a5-axes, respectively. From Equation (5), it
is evident that the voltage equations for the two winding sets are
nearly identical. The only distinction is the position angle used
in coordinate transformation. Therefore, the PM fluxes of dou-
ble af-axis, which exhibit identical waveforms with a phase
shift of 7t/6, can be formulated as follows:

1 . .
Y = E(ual —ig1R) = 2in L

1 . .
Iibfﬁl = —(uﬁl - l[glR) - leglL

S
{ 1 . (6)
Tabfaz = E(“az — iaR) = 2ipL

1 ; :
@bf& = E(uﬁz - lﬁzR) - legzL

The rotor position is calculable from the rotor fluxes, and the
relationship could be obtained as follows:

Yo = arctan Yip - E, (7)

6, = arctan
fal zlb fa2 6

Because the PM fluxes of the 2nd winding set, ¥, and ¥z,
are phase-shifted by 7/6 electrical radian relative to the 1st
set, the PM fluxes of the 1st winding set could be computed as
follows:

~ T . T
Vi1 =P cos— + Y sin=

) x e (®)
Vi = Vs cos=— () sin

in which o1 and ) g1 represent the calculated results of rotor
fluxes of the 1st winding set in af3-axes, respectively.

2.2 | Design of Improved Observer

It can be seen from Equation (6) that the direct calculation of
PM fluxes from measured voltages and currents is confronted
with challenges such as high-frequency noise and DC bias.
These factors undermine the accuracy and reliability of flux
calculation, particularly when used to obtain rotor position
directly. Only high-precision rotor fluxes, addressing the issues
mentioned, can be utilised for the direct calculation of position
angles without PLL. An improved method has been introduced
to enhance the sensorless performance of DTP-AFPMSM by
obtaining rotor fluxes more accurately.

Figure 1 shows the block diagram of the proposed sensorless
method for DTP-AFPMSM, and Figure 2 illustrates its structure.
The position angle is calculated through the observation of the
PM fluxes from the 1st set of windings. For the avoidance of DC
bias, a high-pass filter (HPF) G; is employed following the
integrator. Additionally, a low-pass filter (LPF) G, is utilised
following the output of PM fluxes to diminish the impact of
high-frequency noise.

After using two filters, the rotor flux waveforms become
smoother, but at the cost of reduced amplitude and delayed
phase. Hence, a correction of the observed rotor fluxes is
deemed necessary.

For the DTP-AFPMSM, it is noted that the PM fluxes in the 2nd
winding set contain the position information as well. In the
absence of filtering, ¥z, exhibit significant noise but retain the
exact phase and amplitude. To eliminate amplitude and phase
errors, a tracking-mode PI controller is implemented as
feedback.

The transfer function of the observed rotor fluxes @fam can be
expressed as follows:

RO

S+CU2’

N 1 . N .
Drapr = [g (Uapr — Riag1 — Daﬂl)m - ZlaﬁlL]
in which Dgg, are the feedback errors in af-axes, respectively.

w; and w, are the cut-off frequency of the HPF G, and the LPF
G, respectively.

Degi = kp({bfocﬁl - 1Z’faﬁ1> + % [kl'({/:’faﬁl - {i)fozﬁl)
+ k,({b ol — Daﬁl)]. (10)

The feedback error's transfer function could be presented as
Equation (10), where kp, k;, and k, are the proportional,
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FIGURE 1 | Block diagram of the proposed sensorless control system.

integral, and tracking parameters of the feedback controller,
respectively.

Upon rearranging Equation (10), the feedback error's transfer
function could be reformulated as follows:

than its denominator order. This characteristic ensures the
attenuation of high-frequency components. Therefore, the
transfer function demonstrates that the proposed observer can
suppress the effects caused by inductance parameter error,
exhibiting disturbance rejection capabilities.

~ . Skp +ki - —Skp -k+k - 1 . Wy
Ppomn = [(“afﬂ R N A ST ] FEs a2
. @(S + kuapr — @2(s + k)[R + 2(s + @1)Liag1 — 2 = skp — ki + ki )P oy 3)

Jap1 — 3+ (CUl + wy + k[)Sz + (CUlk[ + wrk; + wiw; + CUzkp)S + (C01Cl)2kt + COzki) ’

2w;(5% + s(kp + ki + w1) + kiwy + ki — ki )i

AL, (14)

¢faﬁlerr(AL) = llbfocﬁl -

—sk, — ki + ki~
s+ kt zf’)foc,fa’l’ (11)

Skp + ki~
D“ﬁl(s)z S+k[ ¢f&ﬁl
By substituting Equation (11) into Equation (9), the resultant
transfer function of 3 o1 Would be Equation (12).

Upon rearranging Equation (12), the transfer function of
observed rotor fluxes {Dfaﬁl could be reformulated as
Equation (13).

When interferences exist among parameters, such as induc-
tance L, it can be represented as L + AL, where AL denotes
the inductance error. The transfer functions between the
observed and real PM fluxes are formulated in Equation (14).
Analysis reveals that the transfer function preceding AL be-
haves as a low-pass filter, as its numerator order is lower

(s + ke)(s + w1)(s + @)

d(s) =5 + (w1 + @3 + k)s* + (wik; + w2k + @100, + w3k )s
+ COz(COlkt + kl)
(15)

The output PM fluxes are devoid of phase lag and attenuation
and are rendered smoothly, thereby facilitating direct calcula-
tion of the position. Consequently, the electrical position could
be determined through Arctan calculation, allowing the PLL to
be eliminated.

2.3 | Stability Analysis

To further ensure the performance and stability of the proposed
observer, it is essential to rigorously analyse its reliability using
the Routh stability criterion. The characteristic equations of the
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FIGURE 2 | Structure diagram of the improved flux observer.

observer, which are derived from Equation (13), can be
expressed as Equation (15).

By applying the Routh stability criterion [24], it can be determined
that the stability of the observer is guaranteed if all elements in the
first column of the Routh array are strictly positive. The Routh
array is constructed based on the characteristic polynomial of the
observer, and the array is analysed to confirm the necessary
conditions for stability, which is presented as follows:

3 1

S (Cl)lk; + work; + wiwsy + wzkp)

s [ (w1 + w2 + k) wa(wike + ki)

S1 b1 0 (16)
S CUz(CUlk[ + kl) 0

In particular, the elements in the first column of the Routh
array remain positive when all system parameters exhibit pos-
itive gains. The only exception to this is the 1st-order charac-
teristic polynomial b, which can be rewritten as Equation (17).
From Equation (17), it can be deduced that specific parameters,
namely w;, w,, kp, ki, (kpk; — k;), and (w:1k; + k;), must all be
positive to maintain the stability of the system.

By setting k; as 0, while keeping the remaining parameters
positive, the stability of the observer is preserved.

_ CUl2k[ + CUlk[Z + 26()1602]{[ + Cl)zzkt + Cdzktz + 6012502 + 6016022 + Cdlwzkp + Cvzzkp + C()z(kpk[ - kl)

simulated and experimental results. The parameters of the
motor used for the simulations and experiments are listed in
Table 1. The motor parameters were obtained through experi-
mental measurements, which show good consistency with finite
element analysis (FEA) simulation results using ANSYS
Maxwell. The inductance analysis indicates no obvious satura-
tion effects within the rated operating range.

3.1 | Simulation Results

A MATLAB/Simulink model of the sensorless DTP-AFPMSM
control system is built for simulation. In the simulation,
the steady-state rotor speed is 1000 rpm, with the motor
operating at light load and rated load. The performance of the
proposed rotor flux observer is evaluated by comparing the
observed rotor fluxes with those obtained through direct
calculation, as shown in Figure 3. The observed rotor fluxes
exhibit a smooth, sinusoidal waveform, are in quadrature, and
maintain the same amplitude and phase as the fluxes derived
from direct calculation. Additionally, the high-frequency
noise and DC biases typically presented in direct calcula-
tions are effectively suppressed in the observed results,
ensuring that the rotor fluxes are reliable and precise for
position calculation. Simulation results shown in Figure 4a
demonstrate that even with a substantial inductance error
(Lerr = 0.5L), the proposed method maintains stable flux
amplitude and phase characteristics, exhibiting only minimal
waveform distortion despite the 50% parameter mismatch. In
contrast, Figure 4b reveals that the conventional method
suffers from significant amplitude variations under the same
parameter error conditions. Figures 5 and 6 further validates
the accuracy of the proposed method by comparing the esti-
mated rotor position with the real position recorded by a
sensor. The close alignment between the estimated and actual
positions features the accuracy of the proposed method, with
a maximum position error of approximately 0.012 rad at light
load and 0.008 rad at rated load. This demonstrates the

by =

This condition is crucial because it simplifies the control strat-
egy while ensuring that the observer operates within stable
bounds. Additionally, the proposed method highlights that the
parameters k, and k;, and the cut-off frequencies w; and w, can
be freely tuned without compromising the stability of the
observer. It offers a significant advantage in optimising the
control performance without risking instability in the system. It
can also be concluded that the proposed observer is stable across
a wide range of operating conditions.

3 | Simulation and Experimental Results

To verify the improved rotor flux observer-based sensorless
DTP-AFPMSM control system, this section presents the

an

(w1 + @y + k)

capability of the proposed method to deliver high-precision
sensorless position estimation in real-time operation. In
Figure 7, the estimated rotor speed is compared with the
actual speed measured by the sensor. The estimated speed
closely follows the actual speed with minimal deviation and
shows a small ripple of less than 8 rpm at light or rated load.
Additionally, when the inductance has a significant error
(Lerr = 0.5L), the simulation results in Figure 8 show the
position estimation error with the proposed method only in-
creases slightly from 0.012 to 0.018 rad. These results further
confirm the robustness of the proposed algorithm, which
consistently provides reliable speed estimation. Overall, the
simulation results validate both the accuracy and the practi-
cability of the improved rotor flux observer for sensorless
control of DTP-AFPMSMs.
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TABLE 1 | Parameters of DTP-AFPMSM.

Symbol Denotation Value
Ur Rated voltage (V) 150
Iz Rated current (A) 4.5
Tr Rated torque (N-m) 12
Py Rated power (W) 2000
np Number of pole pairs 13
R Stator resistance (Q) 0.56
L Stator inductance (mH) 10.625
s Permanent flux linkage (Wb) 0.0756

Calculated PM fluxes (Wb)
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FIGURE 3 | Comparison between observed and calculated PM fluxes
at light load. (a) Simulated PM fluxes by direct calculation and
(b) simulated PM fluxes by proposed method.

3.2 | Experimental Results

The experimental system configuration is shown in Figure 9.
The controller of the experiment is based on DSP TMS320
F28379D and runs at a 200 MHz clock frequency. The prototype
of the DTP-AFPMSM is powered by a 150 V DC bus, accom-
panied by two three-phase IPMs switching at 10 kHz. An ab-
solute encoder, with a resolution of 23 bits, is employed to detect
the actual speed and position. The parameters of the DTP-
AFPMSM used in the experiment match those used in the
simulation.

Four experiments are conducted to validate the effectiveness of
the proposed sensorless control method for the DTP-AFPMSM
control system. In the first experiment, the motor operates at
a steady-state rotor speed of 500 rpm at no load with the pro-
posed sensorless method for position acquisition. The full ab-
solute encoder is used only for comparison purposes. The PM

alpha Lerr — beta Lerr‘

Observed PM fluxes (Wb)
(==}

0.05
-0.1
-0.15 : : : :
0.2 0.21 0.22 0.23 0.24 0.25
Time (s)
h

FIGURE 4 | Comparison between observed and calculated PM fluxes
at light load with inductance parameter error (Le,, = 0.5L). (a) Simulated
PM fluxes by direct calculation and (b) simulated PM fluxes by proposed
method.
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h

FIGURE 5 | Simulation results of the proposed sensorless method at
light load. (a) Comparison between real and observed electrical
positions and (b) observed position error.

fluxes generated by the proposed method at no load are shown
in Figure 10a. The observed rotor fluxes are both in quadrature
and smooth, and they can reliably serve as inputs for position
calculation. The observed and reference speed at no load is
exhibited in Figure 10b. The observed speed by the sensorless
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FIGURE 6 | Simulation results of the proposed sensorless method at
rated load. (a) Comparison between real and observed electrical
positions and (b) observed position error.
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FIGURE 7 | Simulation results of comparison between real and
observed speed. (a) at light load and (b) at rated load.

algorithm can reach the reference speed with a tiny steady error
of 0.4%. Figure 11a compares the observed position from the
sensorless algorithm with the real position measured by the full
absolute encoder at no-load conditions, whereas Figure 11b
displays the corresponding position error. The waveform of
position obtained using the proposed method closely matches
that of the 23-bit high-resolution full absolute encoder. The
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FIGURE 8 | Simulation results of the proposed sensorless method at
light load with inductance parameter error (Le,, = 0.5L). (a) Comparison
between real and observed electrical positions and (b) observed position
error.
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FIGURE 9 | Experimental setup.

maximum position steady error is observed to be within
0.030 rad.

The second experiment maintains identical operating conditions
but under heavy load. The PM fluxes generated by the proposed
method at heavy load are shown in Figure 12a, which are also
satisfying. The observed and reference speed at heavy load is
exhibited in Figure 12b, with a tiny steady error of 0.6%. The
position estimation performance is illustrated in Figure 13,
where the maximum steady-state error between observed and
real positions remains within 0.025 rad.

The third experiment replicates the conditions of the first exper-
iment but introduces a significant inductance error (Le,, = 0.5L).
Figure 14a demonstrates that the proposed method maintains
robust flux estimation with consistent amplitude and phase
characteristics despite the parameter variation. As shown in
Figure 14b, the position estimation error increases only slightly
from 0.030 to 0.040 rad under this severe parameter mismatch.
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FIGURE 10 | Experimental results of observed PM fluxes and rotor
speed at no load. (a) Observed two-phase PM fluxes and
(b) comparison between reference and observed rotor speed.

6 Real —— Observed|
5 i
=)
ER —
=
o3 1
£2 |
1r |
0t . . . 1
0 5 10 15 20
Time (ms)
a
0.1 1
_f%\ 0.075 | 1
£ o005¢ 1
g 0.025F "
5 o ]
£-0.025} ]
Z 005} 1
o
A&~ -0.075 1
-0.1F 1
0 5 10 15 20
Time (ms)
b

FIGURE 11 | Experimental results of electrical position angle at no
load. (a) Comparison between real and observed electrical position
angle and (b) position error between real and observed electrical
position angle.

The fourth experiment involves comparing the different PM flux
calculation methods during the steady-state operation.
Figure 15a illustrates the comparison between the PM flux
generated by the improved rotor flux observer and that obtained
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FIGURE 12 | Experimental results of observed PM fluxes and rotor
speed at heavy load. (a) Observed two-phase PM fluxes and
(b) comparison between reference and observed rotor speed.

r ; ; :
6F ——Real —— Observed |
5 L
Ter
g3
Z,l
[=%
1 .
0 L
0 5 10 15 20
Time (ms)
a
0.1F 1
:§ 0.075 | 1
E o005¢ 1
S 0.025 ¢ J
E 0 W
§-0.025 ]
7 005" 1
]
A~ -0.075 | q
-0.1F q
0 5 10 15 20
Time (ms)
b

FIGURE 13 | Experimental results of electrical position angle at
heavy load. (a) Comparison between real and observed electrical
position angle and (b) position error between real and observed
electrical position angle.

by direct calculation. The comparison reveals that the PM fluxes
generated by each method possess similar amplitude and phase.
However, the waveform of the PM flux by calculation is not
sinusoidal and exhibits noticeable distortion. The THD analysis
results of the PM fluxes are shown in Table 2. The harmonics

8 of 11

IET Electric Power Applications, 2025

a ‘T 'Se0z '6.981SLT

'sdny wouy

85UB0 1 SUoWWoD aANeaID a|gedl|dde ay) Ag peusenob a.e ss(oie O ‘8sN JO S3|nJ Joy Akelq1 8uluO A3|IA UO (SUOIPUOD-PUE-SLLBIAW0Y A3 | 1M Aleig U1 |Uo//:Sdy) SUONIPUOD pue swis 1 a1 89S *[5202/60/.T] Uo Akeiqiauluo 3|1 ‘9oue|[9ox3 88D pue UifesH Jojainisu| euoleN ‘IO IN Aq 6£00L 2dB/6v0T 0T/I0p/L0D 8| 1M Aeiq L



e
-

g
(=2
vy

g
(=2
vy

Observed PM flux (Wb)
(—]

.
S
—

10 15 20
Time (ms)
a

0.1
0.075
0.05
0.025

-0.025
-0.05
-0.075
-0.1

=}
@
=}
(a1

0 5 10 15 20
Time (ms)

b

FIGURE 14 | Experimental results with inductance parameter error
(Lerr = 0.5L). (a) Observed PM fluxes and (b) position error between
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FIGURE 15 | Experimental results of PM flux comparison.
(a) Comparison between observed and calculated PM flux and
(b) comparison between observed and filtered PM flux.

higher than the 6th order are relatively small, so the table has
ignored it. The observed PM flux only has 2.67% of THD while
the calculated PM flux has 9.99%. When utilising the calculated
result for obtaining the rotor position, the maximum position

TABLE 2 | THD analysis of PM fluxes.

Frequency (Hz)/order Percentage (%) Phase

Observed
0 (DC) 2.05 270.0°
21.6667 (Fnd) 100.00 232.7°
43.3333 (h2) 2.03 —86.5°
65 (h3) 0.69 219.0°
86.6667 (h4) 1.01 211.5°
108.333 (h5) 0.42 144.7°
130 (h6) 0.39 177.1°

Calculated
0 (DC) 431 270.0°
21.6667 (Fnd) 100.00 20.7°
43.3333 (h2) 421 -3.6°
65 (h3) 8.63 9.0°
86.6667 (h4) 1.20 34.0°
108.333 (h5) 0.80 —59.8°
130 (h6) 0.92 0.2°

steady error can be up to 0.250 rad, so the accuracy cannot be
guaranteed. Figure 15b presents the comparison between the
PM flux generated by the improved rotor flux observer and that
generated simply using low-pass and high-pass filters. From the
comparison, it can be concluded that the PM fluxes generated by
each method are both sinusoidal. Nevertheless, the waveform of
the PM flux obtained by using filters clearly demonstrates
amplitude attenuation and phase lag. When the filtered result is
used to obtain the rotor position, amplitude attenuation might
not pose significant issues, as the amplitudes of the two-phase
PM fluxes are attenuated simultaneously, but the phase lag
will still exist in the result of the rotor position. In fact, the
phase lag can reach up to 0.7 rad at a speed of 100 rpm. As a
result, neither directly calculating the PM fluxes nor using filters
alone is suitable for acquiring the rotor position. The intro-
duction of the improved rotor flux observer is necessary and of
great benefit.

4 | Conclusion

A novel sensorless control method for DTP-AFPMSMs, which
utilises an improved rotor flux observer, has been presented in
this article. The innovative observer design allows for accurate
rotor flux acquisition without amplitude attenuation, phase lag
and significant harmonic distortion. The design of the proposed
method in dual af-axes also allows for the calculation of
sampled voltages and currents without requiring position in-
formation for coordinate transformation. The high-precision
observed rotor fluxes enable the direct computation of the
electrical position angle and a PLL may be eliminated. This
simplification reduces the complexity of the control structure
and improves system efficiency. The high-precision rotor flux
estimation provided by the observer enables direct and reliable
computation of the electrical position angle, which is crucial for
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precise motor control. Experimental validations have been
conducted to evaluate the performance of the proposed method
under both no-load and load conditions. The experimental re-
sults have revealed that the proposed method achieved tiny
position errors, with a maximum steady-state error of only
0.030 rad at no load and less than 0.025 rad at heavy load.
Compared to conventional methods, which exhibit a maximum
position error of up to 0.250 rad, the proposed method offers up
to 90% improvement in position accuracy. These results
demonstrate that the proposed method delivers superior per-
formance in both steady-state and dynamic conditions, which
makes it highly suitable for DTP-AFPMSM control, particularly
in EV applications where precision, cost-effectiveness, and sys-
tem reliability are most important.
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