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Abstract: Multiphase electrical machines are advantageous for many industrial applications that
require a high power rating, smooth torque, power/torque sharing capability, and fault-tolerant
capability, compared with conventional single three-phase electrical machines. Consequently, a
significant number of studies of multiphase machines has been published in recent years. This
paper presents an overview of the recent advances in multiphase permanent magnet synchronous
machines (PMSMs) and drive control techniques, with a focus on dual-three-phase PMSMs. It
includes an extensive overview of the machine topologies, as well as their modelling methods,
pulse-width-modulation techniques, field-oriented control, direct torque control, model predictive
control, sensorless control, and fault-tolerant control, together with the newest control strategies for
suppressing current harmonics and torque ripples, as well as carrier phase shift techniques, all with
worked examples.

Keywords: direct torque control; dual-three-phase; fault-tolerant control; field oriented control;
model predictive control; multiphase; multi-three-phase; permanent magnet; permanent magnet
synchronous machines; pulse-width-modulation; sensorless control; synchronous machine

1. Introduction

Compared with conventional single-three-phase electrical machines, multiphase elec-
trical machines are advantageous for many industrial applications that require high power
rating, smooth torque, power/torque sharing capability, and fault-tolerant capability. In
recent decades, there has been a significant and increasing number of published technical and
review papers that discuss the topologies, modelling methods, control strategies, pulse-width-
modulation (PWM) techniques, and applications of multiphase electrical machines [1-9].

Among these existing reviews, winding layouts, space harmonic cancellation, and
equivalent circuits of multiphase induction machines (IMs) are discussed in [1]. The
modelling and field-oriented control (vector control) of multi-three-phase (MTP) IMs are
reviewed and compared with those of their single-three-phase counterparts in [2]. The
PWM techniques and direct torque control (DTC) of dual-three-phase (DTP) IMs are stud-
ied in [3]. Additionally, the control strategies of five-phase and asymmetric six-phase IMs,
and fault tolerant control strategies are reviewed in [4,5]. The use of multiphase machines
in variable-speed applications and automotive traction applications are introduced in [6]
and [9], respectively. The research in [7] presents multilevel inverters and corresponding
PWM techniques as well as the exploitation of additional degrees of freedom. The review
of model predictive control (MPC) in multiphase machine systems is covered in [8] and [9].
However, the existing reviews mainly focus on the development of multiphase IMs with-
out a comprehensive coverage of multiphase permanent magnet (PM) machines. This
paper presents an overview of multiphase PM synchronous machines (PMSMs) and drive
control techniques.
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The early application of multiphase machines was in the field of ship propulsion,
which is still its main application area: five-phase PM machines [10,11], six-phase PM
machines [12], and 15 phase machines [13] are successfully applied in ship propulsion.
The increased emphasis on environmental protection has accelerated the development of
greener modes of electrified transportation, and has led to the rise of renewable energy
industries. The advantages of multiphase machines attract researchers to utilize them in
electric and hybrid electric vehicles (EVs), e.g., on-board battery chargers for EVs with
three-phase machines [14], five-phase machines [15], six-phase machines [16,17], and nine-
phase machines [18]. Besides, they are also considered preferable solutions for wind power
generation systems due to the power sharing capability [19], modularity [20], additional
degrees of freedom [21], and fault-tolerant capability [22,23] provided by their multiphase
topologies. Furthermore, electric aircraft have received much attention in the modern
commercial and military aerospace industries [24-26], where multiphase machines have
exhibited irreplaceable fault tolerance capability compared with conventional three-phase
machines in recent years.

The multiphase machines mentioned above can be classified into two kinds, according
to the number of phases: MTP (6- [27-32], 9- [33-35], 12- [36], 15- [13], ... phase) machines
and other multiphase (4- [37], 5- [38,39], 7- [40,41], 11- [42], ... phase) machines. Since
commercial three-phase inverters and many advanced control techniques can be utilized in
MTP machines, MTP machines have become more popular in recent years. Considering
the recent developments in PM materials, MTP PMSMs are currently especially attractive.
The MTP PM machines not only exhibit the merits of multiphase machines but also retain
the advantages of PMSMs, such as high torque density, high power density, and high
efficiency. In terms of the machine drives, the winding sets can be fed by multiple generic
and modular three-phase inverters, the DC links of which can be connected to the same
or independent power sources. This means that the drive topologies do not need to be
redesigned and the power can be freely exchanged among several isolated systems through
multiphase windings.

Multiphase PMSMs are composed of several three-phase winding sets, with a spe-
cific displaced angle B between two adjacent sets, as shown in Figure 1. A;, By, and
C; represent the winding axes of the first three-phase set; Ay, By, and C; represent the
winding axes of the second three-phase set; is1, ig1, and ic; are the three-phase currents
of the first set; and i, iy, and icp are the three-phase currents of the second set. The
value V4. represents the DC-link voltage. The displaced angle  can be flexibly designed
according to the machine slot/pole number combinations to achieve different resultant
electromagnetic performances. Generally, for DTP PMSMs, 0 and 30 degs. are the most
common angle displacements between the two sets of three-phase windings [27,28]. The
0 deg. type features more freedom in winding layouts, while the 30 deg. type provides
higher torque density, reduced stator magnetomotive force (MMF) harmonics, lower torque
ripples under healthy conditions, and lower unbalanced magnetic force (UMF) under
faulty conditions [27]. Compared with the most general three-phase machines, it is worth
noting that the MTP machine system provides the advantages of reduced torque ripple,
increased torque density, increased efficiency, fault-tolerant capability, reduction of DC-link
capacitors, and more control freedom.

This paper attempts to provide an up-to-date review of MTP PMSM systems, with
a focus on DTP PMSMs, as tabulated in Table 1. Several important topics are grouped
and introduced with reference to the existing body of research. It should be noted that
while the major topics of MTP PMSM systems in the existing review work are covered,
this paper provides a comprehensive overview of machine topologies, modelling methods,
PWM techniques, field oriented control, direct torque control, model predictive control,
sensorless control, and fault-tolerant control, together with the newest control strategies for
suppressing current harmonics and torque ripples, as well as carrier phase shift techniques.
Worked examples, which were developed at the University of Sheffield, are presented in
each section, whenever possible, to support the discussions.
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Figure 1. Winding axes of MTP PMSMs. (a) MTP; (b) DTP machine and inverters.

Table 1. Topics and relevant references.

Topics

References

Typical Papers

Design of multi-three-phase PM machine

[27-53]

Barcaro, et al., 2010, [27], University of Padova, Italy
Abdel-Khalik, et al., 2015, [29], Alexandria University, Egypt
Chen, et al., 2014, [33], University of Sheffield, UK
Xu, et al., 2018, [46], University of Sheffield, UK
Li, et al., 2020, [50], University of Sheffield, UK

Modelling of multi-three-phase PM machine

Vector control

[54-67]

[54-58,68-84]

Karttunen, et al., 2012, [54], Lappeenranta University of Technology, Finland
Hu, et al., 2017, [58], University of Sheffield, UK
Zhao, et al., 1995, [62], University of Wisconsin-Madison, USA
Zabaleta, et al., 2017, [63], Liverpool John Moores University, UK
Che, et al., 2014, [73], Liverpool John Moores University, UK
Karttunen, et al., 2017, [70], Lappeenranta University of Technology, Finland
Yan, et al., 2021, [81], University of Sheffield, UK

Direct torque control

[85-100]

Bojoi, et al., 2005, [85], Power Electronics Innovation Center at Politecnico di
Torino, Italy
Ren, et al., 2015, [87], University of Sheffield, UK
Shao, et al., 2021, [91], University of Sheffield, UK

Model predictive control

[101-117]

Barrero, et al., 2009, [101], University of Seville, Spain
Duran, et al., 2011, [103], University of Malaga, Spain
Luo, et al., 2019, [113], City University of Hong Kong, HK, China

PWM techniques

[118-141]

Marouani, et al., 2008, [129], Ecole Militaire Polytechnique, Algeria
Suhel, et al., 2008, [130], Sarvajanik College of Engineering and Technology, India
Yazdani, et al., 2009, [138], Fairchild Semiconductor, USA
Zhou, et al., 2016, [139], Harbin Institute of Technology, China

Sensorless control

[142-161]

Almarhoon, et al., 2017, [159], University of Sheffield, UK
Almarhoon, et al., 2017, [160], University of Sheffield, UK
Liu, et al., 2021, [161], University of Sheffield, UK
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Table 1. Cont.

Topics

References Typical Papers

Barcaro, et al., 2011, [162], University of Seville, Spain
Cheng, et al., 2016, [170], Southeast University, China

Fault tolerant control [162-190] Wang, et al., 2003, [176], University of Sheffield, UK
Hu, et al., 2021, [185], University of Sheffield, UK
Miyama, et al., 2018, [193], Mitsubishi Electric Corporation, Japan
Carrier phase-shift techniques [191-201] Han, et al., 2019, [194], Huazhong University of Science and Technology, China

Zhang, et al., 2020, [196], Harbin Institute of Technology, China

2. Various MTP and DTP PMSM Topologies

There are many machine topologies for MTP PMSMs. Various surface-mounted and
interior PM rotor topologies can be employed [53] and will not be described here, since
for MTP PMSMs, the major difference is in the stator winding configurations, which are
associated with slot/pole number combinations. In this section, the focus will be on DTP
PMSMs according to:

e  Slot/pole number combinations;
e Angle displacement between two sets of three-phase windings;
e  Coil pitch of windings.

Since there are two sets of three-phase windings in DTP PMSMs, the slot number
should be a multiple of six to install the windings. For DTP PMSMs with slot number
Ns (N5 = 6 k, k is an integer number) and pole number 2p (p is the number of pole pairs),
various angle displacements between two sets of three-phase windings and coil pitches
can be chosen, according to the coil electromotive force (EMF) phasor diagram.

It should be noted that the angle displacements are analyzed based on the unit machine
of each machine (the greatest common divisor (Ns, 2p) = 1). For a unit machine, the feasible
angle displacements can be 0° or 360° /Ns (60° /k), where k is an integer. Besides 0° and
60°/k, if k is even, 30° is another feasible angle displacement. Thus, the feasible angle
displacements in DTP PMSMSs considering different slot/pole number combinations are
shown in Table 2. For example, the feasible angle displacements in a 24-slot/20-pole PMSM
are 0° and 30°, the same as those in a 12-slot/10-pole PMSM. In Table 2, the cells of the
machines that share the same unit machine are marked with the same background color,
and the relationship between the background colors and the corresponding unit machines
are also shown beneath Table 2.

Table 2. Feasible angle displacements () of DTP PMSMs with different slot/pole number combinations.

2
N b 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
S

6 0 0 = 0 0 <O 0 ~ 0 0 00

12 0/3 o0 * 0 0/30 * 0/30 0 * 0 0/3 * 0/300MW *
18 1 0/20 0/20 0 0/20 0/20 O [§OZ20 0/20 ** 0/20 0/20 O 0/20 0/20 O
24 0/15 0/30 * 0 0/15/30 ** 0/15 0 * 0/30 0/15/30 ** 0/15 0/30 **

30 0/12 0/12 ** 0/12 0 * 0/12 0/12 * 0 0/12 ** 0/12 0/12 **
3 0/100 0/20 0/30 0/20 0/10/30 O 0/10 0/20 ** 0/20 0/10/30 O 0/10- 0/30
6-slot/2- 6-slot/d- 6-slot/8- 6-slot/10- 6-slot/14- 12-slot/10- 12-slot/14-pole
pole pole pole pole I pole pole
Note 12-slot/2- 18-slot/2- 18-slot/4- 18-slot/8- 18-slot/10- . 18-slot/14-
pole pole pole pole pole pole

* Unfeasible slot/pole combinations for DTP PMSMs.

It is well known that a winding factor (Ky) is the product of the distribution factor
(Ky) and pitch factor (Ky). For all DTP PMSMs, the winding factor is computed based on its
unit machine. For a unit DTP PMSM, the distribution factor is determined by its slot/pole
number combination and angle displacement, and the coil pitch factor can be calculated by
its slot/pole number combination and coil pitch number.
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With a specific slot/ pole number combination and angle displacement, the distribution
factor in DTP PMSMs can be obtained. Since the symmetrical characteristics of the coil
EMF phasor diagrams are different when k is odd or even, the calculation of distribution
factors should take “k is odd” and “k is even” into consideration, respectively. When k is
odd, take an 18-slot/14-pole PMSM as an example, the coil EMF phasor diagrams with 0°
and 20° angle displacements are shown in Figure 2a,b, respectively.

Coil EMF phasor
diagram

Phase coils

Figure 2. EMF phasor diagrams of 18 slot/14 pole DTP PMSMs with different angle displacements.
Numerical number represents the number of coil. (a) § =0°; (b) g =20°.

It can be seen in Figure 2 that the relative layouts of the EMF phasors used in one three-
phase winding set are identical for these two angle displacements. Thus, the distribution
factors of the 18 slot/14 pole PMSM with 0° and 20° angle displacements are both 0.945,
according to the coil EMF phasor diagram. Similarly, it can be further deduced that when k
is odd, the angle displacement between two sets of three-phase windings does not affect
the distribution factor. Furthermore, if k is odd, the distribution factor can be calculated as

. .
g, o) snE) o 1)

a ksin(ﬁc) %sin(le)

When k is even, the angle displacement can be 0°, 60°/k and 30°. For example, in
a 24 slot/14 pole PMSM, 0°, 15°, and 30° displacements are feasible. The EMF phasor
diagrams of the machine with these angle displacements are shown in Figure 3.

Coil

phasor
diagram

B2 Bl Bl
Bl % 2102114 B2 v \%19.7.21" LI T, 14
9,167, 14\ 2,16, 14,4 A2 ’”
N 8, 18,620 B2 ~. 1,813,220
Ph \ A2 - 9.16,21,4' \ -7
ase \__0Odeg. 11,1813, 20' Al

. Al 1,11,23,13 D = o
coils 1,8,6,23' 11,18,23,6
o cl
' 1 3,17,5,15'
3005012/ ) © o o
17,24,15',22' 10,24,12',22' 3,10,22,15' 17,2412, 5'

(a) (b) (c)

Figure 3. EMF phasor diagrams of 24 slot/14 pole DTP PMSMs with different angle displacements.
(@) B=0°; (b) B =15° (c) B =30°.
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Comparing the coil EMF phasor diagrams in Figures 2 and 3, it can be observed
that the layouts of the coil EMF phasors utilized in one winding set in a 24 slot/14 pole
DTP PMSM are very different with different angle displacements. According to Figure 3,
the distribution factors of the machine with 0°, 15°, and 30° angle displacements can be
computed as 0.958, 0.966, and 0.991, respectively. Based on the analyses above, it could
be inferred that for the Ns-slot (N; = 6 k, k is even) DTP PMSMs with g = 0°, B = 60°/k
and f = 30°, the numbers of EMF phasors used in the distribution factor calculation are
k, k/2, and k/2, respectively, and the angles between the phasors are 60° /k, 120° /k, and
60° /k, respectively. Overall, the distribution factor calculation in this condition can be
summarized as

an(z)  eon(Z) .
ksin(%) Nssin(le)’ p=0
sin(F)  12sin(%) ey

Kd - ESin(s%) - Nssin(%j—’;f)’ ,3— k7 k is even. (2)
sin(%)  12sin(%) . oo
jsul(lk) Nssin(le)’ p =30

From Equation (2), it can be deduced that for the 24 slot/14 pole DTP PMSM, when k is
even, K (8 =0°) = cos(r/6 k) x Ki( =60°/k) = cos(rt/12) x Ky(B = 30°). Thus, Kz(B = 30°)
is higher than K;( = 0°) by about 3.53%. In DTP PMSMs with a 30° angle displacement,
the superiority in distribution factors over the counterparts with 0° angle displacement
contributes to higher fundamental EMF and larger output torque. In accordance with
Equations (1) and (2), the distribution factors of DTP PMSMs with different slot/pole
number combinations considering different angle displacements are provided in Table 3.

Table 3. Distribution factors (K;) of DTP PMSMs with different slot numbers considering different
angle displacements.

N Angle Displacement,  (°) Distribution Factor, K,
6 0 1
0 0.966
12 30 1
18 0/20 0.960
0 0.958
24 15 0.968
30 0.991
30 0/12 0.957
0 0.956
36 10 0.960
30 0.990

In DTP PMSMs, the calculation of the pitch factor is the same as that in single-three-
phase PMSMs. It is well known that a pitch factor can be calculated by the angle difference
between the pole-pitch and coil-pitch, which can be determined by the slot/pole number
combination and the coil pitch number, y. The diagram of the pole-pitch and coil-pitch in
PMSMs is shown in Figure 4. Accordingly, the pitch factor for the v-th harmonic is

27 27y

_ N Ns — 2py
Kp—»=cos| v 5 —cos<v INp 71), 3)

where y is the coil pitch in terms of the number of slot pitches.
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2n/2p

Figure 4. Diagram of pole—pitch and coil —pitch in PMSMs.

Since the working harmonic is the p-th harmonic in N;-slot/2p-pole DTP PMSMs, the
pitch factor of the working harmonic is

— Ns —2py \ _ Ns —2py
Ky cos(p INp 7'[) cos( N ). 4)

With Equation (4), the pitch factors of DTP PM machines with different slot/pole
number combinations considering coil pitch numbers varying from 1 to 4 are shown in
Table 4. In Table 4, the high pitch factors (>0.866) are marked with a pink background
color. It should be mentioned that some values are 0 in Table 4, because the feasibility
of DTP winding configurations are not considered in the calculation. It is necessary to
double-check whether the slot/pole and coil pitch number combinations are feasible before
utilizing them.

Table 4. Pitch factors (Kp) of DTP PMSMs with different slot/pole number combinations and coil pitch number.

y=1
2
N, P2 4 6 8 10 12 14 16 18 20 2 24 2 28 30
6 0500 0.866 1.000 0.866 0500 0.000 0500 0866 1.000 0866 0500 0.000 0500 0866 1.000
12 0259 0500 0707 0.866 0966 1.000 0966 0866 0707 0500 0259 0.000 0259 0500 0.707
18 0174 0342 0500 0643 0.766  0.866 0940 0985 1.000 0985 0940 0866 0.766 0643 0500
24 0.131 0259 0383 0500 0.609 0707 0.793 0.866 0924 0.966 0.991 1.000 0.991 0.966 0.924
30 0.105 0.208 0.309 0.407 0.500 0.588 0.669 0.743 0.809 0.866 0.914 0.951 0.978 0.995 1.000
36 0.087 0174 0259 0342 0423 0500 0574 0643 0707 0.766 0.819 0.866 0.906 0.940 0.966
y=2
2
N P 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
S
6 0.866_ 0.866_ 0.000 | 0.866 0.866 0.000 0.866 0.866 0.000 0866 0866 0.000 0866 0866 0.000
12 0500 0.866 1.000 0.866 0500 0.000 0500 0866 1.000 0866 0500 0000 0500 0866 1000
18 0342 0643 0866 0985 0985 0866 0643 0342 0000 0342 0643 0866 0985 0985 0.866
24 0259 0500 0707 0.866 0966 1000 0966 0866 0707 0500 0259 0.000 0259 0500 0.707
30 02080407 0588 0743 0866 0951 0995 0995 0951 0866 0.743 0588 0407 0.208_0.000
36 0.174 03420500 0643 0766 0.866 0940 0985 1.000 0985 0940 0866 0.766 0643 0500
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Table 4. Cont.

y=3
2
N. P 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
S
6 1.000 0.000 1.000 0.000 1.000 0.000 1.000 0.000 1.000 0.000 1.000 0.000 1.000 0.000 1.000
12 0.707 1.000 0.707 0.000 0.707 1.000 0.707 0.000 0.707 1.000 0.707 0.000 0.707 1.000 0.707
18 0.500 0.866 1.000 0.866 0.500 0.000 0.500 0.866 1.000 0.866 0.500 0.000 0.500 0.866 1.000
24 0.383 0.707 0.924 1.000 0.924 0.707 0.383 0.000 0.383 0.707 0924 1.000 0924 0.707 0.383
30 0.309 0588 0.809 0951 1.000 0951 0.809 0.588 0.309 0.000 0.309 0.588 0.809 0.951 1.000
36 0.259 0500 0.707 0.866 0.966 1.000 0.966 0.866 0.707 0.500 0.259 0.000 0.259 0.500 0.707
y=4
2
N. P 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
S
6 0.866 0.866 0.000 0.866 0.866 0.000 0.866 0.866 0.000 0.866 0.866 0.000 0.866 0.866 0.000
12 0.866 0.866 0.000 0.866 0.866 0.000 0.866 0.866 0.000 0.866 0.866 0.000 0.866 0.866 0.000
18 0.643 0985 0.866 0342 0.342 0866 0985 0.643 0.000 0.643 0985 0.866 0342 0.342 0.866
24 0.500 0.866 1.000 0.866 0.500 0.000 0.500 0.866 1.000 0.866 0.500 0.000 0.500 0.866 1.000
30 0407 0743 0951 0995 0.866 0588 0.208 0.208 0.588 0.866 0.995 0.951 0.743 0.407 0.000
36 0342 0.643 0.866 0985 0.985 0866 0.643 0342 0.000 0342 0.643 0.866 0985 0.985 0.866
1. High pitch factors (>0.866)
Note 2. Pitch factor = 0 suggests unfeasible winding configuration.
3. The feasibility of the specific slot/pole and pitch number combination is determined in Tables 2 and 4.

In addition to the calculated results shown in Table 4, the pitch factors in some
slot/pole number combinations can be further improved with other coil pitch numbers.
For example, in a 12 slot/2 pole PMSM, the pitch factor is 1 with y = 6. Overall, the
pitch factors (Ky) of DTP PM machines with different slot/pole number combinations and
optimized coil pitch numbers are summarized in Table 5.

Table 5. Pitch factors (K,) of DTP PMSMs with different slot/pole number combinations and optimized coil pitch numbers.

N, v 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
6 1.000 0.866 ** 0.866 1.000 o - 0.866 o 0.866 1.000 ** 1.000 0.866 **
12 1.000 1.000 ** 0.866 0.966 o 0.966 0.866 o 1.000 0.866 ** 0.866 - **
18 1.000 0.985 1.000 0985 0.985 0.866 - 0.985 o 0985 0985 0.866 0.985 0.985 1.000
24 1.000 ~ 1.000 ** 1.000 0.966 * 0.966 0.866 o 0.966 0.991 ** 0.991 | 0.966 **
30 1.000 0.995 ** 0.995 1.000 > 0.995 0.995 o 0.866 0.995 ** 0.978 0.995 **
36 1.000 ' 1.000 1.000 0.985 0.985 1.000 0.966 0.985 o 0985 0940 0.866 0.985 0.966
6-slot/2-pole 6-slot/4-pole 6-slot/8-pole 6-slot/10-pole . 6-slot/14-pole 12-slot/10-pole 12-slot/14-pole
Note 12-slot/2-pole 18-slot/2-pole 18-slot/4-pole 18-slot/8-pole 18-slot/10-pole . 18-slot/14-pole

** Unfeasible slot/pole combinations for DTP PMSMs.

To achieve the pitch factors in Table 5, the corresponding coil pitch numbers are shown
in Table 6.
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Table 6. Optimized coil pitch number of DTP PMSMs with different slot/pole number combinations.

2
N, v 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
S
6 3 1 ** 1 3 ** 3 1 ** 1 3 ** 3 1 **
12 6 3 i 1 1 ** 1 1 ** 3 4 ** 4 3 **
18 9 4 3 2 2 1 4 1 ** 1 4 1 2 2 3
24 12 6 ** 3 2 ** 2 1 ** 1 1 ** 1 1 i
30 15 7 ** 4 3 ** 2 2 ** 1 4 ** 8 1 i
36 18 9 6 4 4 3 3 2 ** 2 2 1 4 4 1
Note 1 2 3 4 6 9

** Unfeasible slot/pole combinations for DTP PMSMs.

In Table 6, the cells using the same coil pitch number are marked with the same
background color. However, it should be noted that the coil pitch numbers shown in
Table 6 were chosen to enhance the pitch factor only. In practice, it is preferable to use a
lower coil pitch number, especially 1, because a lower coil pitch number means a shorter
end-winding length. When y = 1, the tooth coil concentrated windings can be utilized
to significantly ease fabrication. Hence, it is necessary to consider coil pitch number
thoughtfully in the design of DTP PMSMs. According to the distribution factors and
pitch factors calculated above, the winding factors of DTP PMSM with different slot/pole
number combinations and different angle displacements are summarized in Table 7.

Table 7. Winding factors (Ky) of DTP PMSMs with different slot/pole number combinations and different angle displacements.

N, 2 (é) 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
6 0 1.000 0.866  ** 0.866 1.000 ** - 0.866  ** 0.866 1.000 ** 1.000 0.866  **
12 0 0966 ++ ** ++ 0933 ** 0933 ++ ** ++ 0837 ** 0.837 - >

30 1.000 ++ ** ++ 0966 ** 0966 ++ ** ++ 0866  ** 0.866 - **
18 0/20 1 0960 0.945 0945 0945 ++ POOEEY 0945 ** 0945 0945 ++ 0945 0945 ++
24 0 0958 ++ ** ++ 0925 ** 0925 ++ ** ++ 0949 0949  ++ **

15 0966 ++ ** ++ 0933 ** 0933 ++ ** ++ 0958 ** 0958 ++ **

30 0991 ++ ** ++ 0958 ** 0958 ++ ** ++ 0983 * 0983  ++ **
30 0/12 0957 0951 ** 0951 + ** 0951 0951 ** ++ 0951 * 0951 0951 **
36 0 0.956 | ++ ++ ++ 0942 ++ 0924 ++ ** ++ 0.898 ++ 0.867 - ++

10 0.960 | ++ ++ ++ 0945 ++ 0927 ++ ** ++ 0902 ++ 0.870 ++

30 0.990 | ++ ++ ++ 0975 ++ 0956 ++ ** ++ 0930 ++ 0.897 ++

6-slot/2-pole 6-slot/4-pole 6-slot/8-pole 6-slot/10-pole . 6-slot/14-pole 12-slot/10-pole 12-slot/14-pole

Note 12-slot/2-pole 18-slot/2-pole 18-slot/4-pole 18-slot/8-pole 18-slot/10-pole . 18-slot/14-pole

** Unfeasible slot/pole combinations for DTP PMSMs. ++Refer to its unit machine.

Compared with [46] where the winding factors only take a 0° angle displacement into
consideration, the winding factors shown considered various possible angle displacements.
Moreover, the pitch factors can be further improved with the optimized coil pitch numbers
(as shown in Tables 4 and 5) in some slot/pole number combinations. Thus, the winding
factors can also be increased in these slot/pole number combinations. For instance, the
winding factor for a 36 slot/10 pole DTP PMSM with a 0° angle displacement is 0.924
(y = 3), while it can be improved to 0.942 with y = 4.

Based on the analyses above, the topologies of the DTP PMSMs proposed and/or
analyzed in existing research are summarized in Table 8. The angle displacements and coil
pitch numbers in these machines are also provided in Table 8. The blank cells in Table 8
suggest more feasible topologies in this area.
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Table 8. Various DTP PMSM topologies in existing research.

2,
i 2 4 6 8 10 12 16 18 20 22 24 26 28 30

14
6 % Fx3 _ ok % ok
B=0°/30°,
12 *% y = 1/ [27] *% *% 3% *3%
B =0°/30°,
y=1,[29]

N;

B=0°/20°,
y=2,[31]

*%

18

B=0°/30°, B =0°/30°,
24 s y= 2, [30] ok y= 2, [43] ok ﬁ =0°/15°/30°,
B=0°/15°/30°, B =30° y=1,1[47]
=2,[46] y=1,[45]

30 *3% *3% % *% *3%

6-slot/2-pole 6-slot/4-pole 6-slot/8-pole 6-slot/10-pole . 6-slot/14-pole 12-slot/10-pele 12-slot/14-pole

*% *3%

Not
ote 12-slot/2-pole 18-slot/2-pole 18-slot/4-pole 18-slot/8-pole 18-slot/10-pole . 18-slot/14-pole

** Unfeasible slot/pole combinations for DTP PMSMs.

3. Modelling of MTP PMSMs

The modelling of MTP PMSMs can be divided into two categories: multiple individual
three-phase models [54—61] and vector space decomposition (VSD) models [62—67]. The
former considers the machine as multiple single-three-phase submachines, and the model is
straightforwardly derived from the synchronous dg-axis model of the three-phase machine.
The VSD model uses a mathematical transformation to separate the variables of different
orders into multiple orthogonal subspaces. In this context, it is convenient to formulate the
machine model by using a set of decoupled subspaces. The advantages and disadvantages
of the two modelling approaches are summarized in Table 9.

Table 9. Modelling of MTP PMSMs.

Modelling Methods Multiple Individual Three-Phase VSD

1. Decoupled and simpler models in several subspaces.
2. Simpler controller design.
3. Easier to regulate the harmonics in control strategy.

1. Straightforward.

Advantages 2. Modular modeling and control of each three-phase set.

1. Additional coupling among sets. 1. Less capable of dealing with the unbalance issues due to
Disadvantages 2. Complexity of model and control increases as number of asymmetry among the sets.
sets increases. 2. More complex to achieve active power/torque sharing.

3.1. Multiple Individual Three-Phase PMSM Model

Multiphase PMSMs are composed of multiple individual three-phase sets, and thus
the model of MTP PMSMs can be considered as the sum of the models of all three-phase
machines with extra coupling voltage terms. For each three-phase set, the machine model
in a synchronous dq frame is conducted. In particular, the two individual three-phase
model of a DTP PMSM is shown in Figure 5.
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Figure 5. Two individual three—phase models of DTP PMSMs in dg—axis frame.

The corresponding voltage equations are as follows [58]:
|: Uug ] _ |: R; +LdS —weLq :| |: idl :| + |: MdS _CUqu :| |: id2 :| + |: 0 :| (5)
Ug1 welLy Rs + LqS iql weMy MqS iqZ (,Uﬂ/)fd

l: U :| _ |: R5+Lds *CUBLq :|{ id2 :| I l: MdS *LUqu :l l: idl :| n { 0 :l (6)
ugp welLy Rs + qu iqz weMy MqS iql (Ugl[!fd

where R; is the stator resistance, w, is the electrical angular speed, and fd is the PM flux linkage;
s represents the derivative; 1y, g, ig1, and iql represent the dg-axis voltages and currents of the
first winding set, and u, ug, iap, and igp represent the voltages and currents of the second winding
set. The values L; and L, are the dg-axis inductances. The values My and M, are the dg-axis

mutual inductances, which denote the magnetized coupling between the two winding sets. The
electromagnetic torque in the multiple individual three-phase model can be expressed as

T. = 5P {V’fd (iq1 +ig2) 4+ (Lg = Lg) (imaig1 + iaoig2) + (Ma — My) (ig1ig2 + zdzqu)] 7)

and the inductances are:
Ld = Md =4 Lg
8
Ly=My;+ Lo ®)

where L, is the leakage inductance.

3.2. VSD Machine Model

The vector space decomposition (VSD) approach [62] is prevailing in the modeling of multiphase
machines because the complex high-order electromagnetic system can be clearly simplified as two-
order subsystems in many decomposed subspaces, which makes it easy to achieve independent
current regulation in these decoupled subspaces. The VSD transformation for the DTP machine is
given by:

Fa
E, 1 —1/2 —=1/2 V3/2 —/3/2 0 Fpy
Fg | _ 1|0 —v3/2 V3/2 1/2 1/2 -1 I ©)
E, 31 —-1/2 -1/2 -1 1/2 1/2 Fan
E, 0 —V3/2 V3/2 0 V3/2  —=V3/2 || Fm
Feo

where F can be the voltage, current, or flux linkage. The voltage and current can be decomposed into
the aB and z1zp subspaces by using (9). The fundamental component and the harmonics with order of
m=12n+1(n=1,23,...),1ie,m=11, 13,23, 25, etc., are mapped in the aB subspace and the mth
values are mapped in the z;z, subspace, wherem = 6n+1(n =1,3,5,...),i.e,m =5,7,17,19, etc.
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(see Figures 6 and 7). After the VSD transformation, the DTP PMSM can be described by the
following models:

Upp = Rsip +5Pup (10)
Yup = Lsapiap + Wpe/* (11)
Uzyzy = Reizz, + 542 (12)

Va2 = Loizz, (13)
T, = 3P (4uip — Ypia ) (14)

where 1, i, and 1p are the voltage, current, and flux linkage. The value ¢ ¢ is the PM flux linkage. The
value 6, is the electrical rotor angle.

R Ly R, Ly
s

= f

Uaﬂ @ e(lﬂ Uzpz2

i lg 3 ° lzéz2

(a)

(b) z1z subspace.

(b)

Figure 6. Equivalent circuits and definition of axes in VSD model of DTP PMSM. (a) a8 subspace.

3 3 3
2 2 2
-
1 -1 ~ 1 4
2 2 <
% 0 = 0 3 0
H “ws -
o -1 =1 -1 1
=) -2 -2
-3 " -3 -3
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
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2t | The 1# 2 | o The 1* 2r
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Figure 7. Currents and spectra of a typical DTP PMSM (24—slot/10—pole). Top: phase currents; bottom: spectra. (a) Phases,
(b) ap subspace, (c) z1z, subspace.
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Figure 6 shows the equivalent circuits in two subspaces and the definition of the axes.
The value e,p represents the back-EMF mapped in the af subspace. It should be noted
that the energy conversion occurs in the a subspace, and the electromagnetic torque is
only relevant to the variables in this subspace. Unlike those in the single three-phase
machine, the current harmonics mapped in z1z, subspace are limited by the resistance and
leakage inductance, which are usually small. This causes serious current harmonics in this
subspace, as the 5th and 7th values shown in Figure 7.

4. Electromagnetic Performance Analysis under Healthy and Open-Circuit Conditions

According to the analyses presented above, a 24 slot/10 pole PMSM and a 24 slot/22 pole
PMSM can be equipped with DTP windings with 0°, 15°, and 30° angle displacements,
respectively [46,47]. The coil EMF phasors and the winding arrangements of the two
machines with different winding configurations are shown in Figures 8 and 9. It should be
mentioned that the coil pitch numbers in the two machines are 2 and 1 in order to obtain
high winding factors, respectively. The winding connections of Phase A in the machines
with different configurations are summarized in Table 10.

Bl BI B

19,17, 18, 20" B2 w 7,17,19,5' 7,12,19',24' 7,12,17,22

" 19,24, 5, 10'
6,20,8, 18" B2 ~
- 17,22,5, 107

A2
1,6,13,18
»1.6,13,
A2 - -
Odeg. 20, 15,13, 18' N\_--""15deg. Al
Al 1,15,3.13'

23,9, 114,21 C
2 cl 2 23,4,9,14

9,14, 11', 16! 4,142\ 16" 423,11 16' 9,14.2,21 2,21, 16, 11

Figure 8. Two slot-pitch winding arrangements and EMF phasor diagrams for 24 slot/10 pole DTP PMSMs with different
angle displacements [46]. (a) DTP, B = 0°; (b) DTP, B = 15°; (c) DTP, B = 30°; (d) single three-phase.

Table 10. Phase A coil connections in DTP PMSMs.

Machines Angle Displacement, 3  Coil Connection (A1) Coil Connection (A2)
0° 1-3/-6-8' 13/-15-18'-20
P 30° 3/-8/-15-20 1-6-13'-18'
0° 14-16-13'-15' 1-3-2/-4/
24 slot/22 pole 15° 14-16-2'-4/ 1-3-13/-15'

1 slot-pitch coil 30° 1-14-2'-13/ 3-16-4'-15'
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Figure 9. Single tooth—coil (1 slot—pitch winding) arrangements and EMF phasor diagrams for 24 slot/22 pole single
and DTP PMSMs with different angle displacements [47]. (a) DTP, B = 0°; (b) DTP, B = 15°; (c) DTP, B = 30°; (d) single

three—phase.

With the winding arrangements shown in Figures 8 and 9 and Table 10, the winding
factors of the DTP PMSMs with different slot/pole number combinations, different angle
displacements, and different coil pitch numbers are given in Table 11.

Table 11. Winding factors of DTP PMSMs with different winding configurations.

Angle Displacement, 0° 15° 30°

24-slot/10-pole, y =2

Ky 0.958 0.968 9.991

Ky 0.966 0.966 0.966

Ky 0.925 0.933 0.958
24-slot/22-pole, y =1

Ky 0.958 0.968 9.991

Ky 0.991 0.991 0.991

Ky 0.949 0.958 0.980

From the winding factors of the fundamental components shown in Table 11, it can be
seen that 24 slot/22 pole machines feature higher winding factors than their 24 slot/10 pole
counterparts. Since the higher winding factor suggests higher fundamental back-EMF
components and average output torque, it is assumed that the 24 slot/22 pole DTP PMSM
features the highest output torque performance. Furthermore, among the same machines
with 0°, 15°, and 30° angle displacements, the 30° machine features the highest winding
factor and the 15° machine features a higher winding factor than the 0° machine.

To demonstrate the analyses of the winding factors in this section and to show the
electromagnetic performances of DTP PMSMs, the back-EMF and torque characteristics
of 24-slot/22-pole DTP PMSMs with tooth-coil (y = 1) and different angle displacements
under different conditions are also presented. For the DTP PMSMs with 0°, 15°, and
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30° angle displacements under healthy conditions, the stator MMFs and spectra of each
condition are shown in Figure 10.

- B0deg.
2 0.8
21 —_ 15deg.
= 3
E & 06 0 30deg.

0 =
T
5 Z 04
. | =
E -l 0.2
’ i

-2 0.0 B e

0 60 120 180 240 300 360 13 5 7 9 11 13 15 17 19 21 23 25

Rotor position (mech. deg) Harmonics
(a) (b)

Figure 10. Stator MMF distributions and the spectra for 24 slot/22 pole DTP PMSMs with differ-
ent angle displacements under healthy conditions. (a) Stator MMF distributions. (b) Spectra of
stator MMFs.

It can be seen that the amplitudes of the working harmonics (the 11th harmonics) are
similar in the three machines, and the amplitudes of the different angle displacements
correspond to their winding factors. Although the MMF distributions of the three angle
displacements look similar, their harmonic contents are different. The (12 k £ 5)-th (k is
an integer) harmonics, i.e., the 5th, 7th, 17th, and 19th harmonics, are eliminated in the
30° angle displacement, while the (24 k £ 1)-th (k is an integer) harmonics, i.e., the 1st,
23rd, and 25th harmonics for the 15° angle displacement are cancelled. The phase- and
line-back-EMFs of the DTP PMSMs with these angle displacements can be obtained by
using the finite element method; the values are presented in Figure 11a—c. The spectra of
the phase- and line-back-EMFs are presented in Figure 11d.

Al ----A2

e <
= =
g 0 =]
% %
&-25 &-

50 A L A L L 50 . A

0 60 120 180 240 300 360 0 60 2 80 240 300 360
Rotor position (Elec. degree) Rotor position (Elec. degree)
(b)
50 40
& Al-0Odeg MAl-15deg

£ £30 1 DA1-30deg ®AIBI1-0deg
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E 0 520 EAI1BI-15deg A1B1-30deg
5 £
3-25 Z10

50 L 2 L L L 0 il

0 60 120 180 240 300 360 1 3 5 7 9 11
Rotor position (Elec. degree) Harmonics
(c) (d)

Figure 11. Phase—and line—back—EMFs and spectra for the 24—slot/22—pole DTP PMSMs with
different angle displacements, 400 rpm. (a) g = 0°; (b) B = 15°; (c) B = 30°; (d)spectra.

As shown in Figure 11, the displacements between the phase- and line-back-EMFs
of the two winding sets are 0°, 15°, and 30°, respectively, in the three machines. The
fundamental amplitude in the 30° angle displacement is about 3.53% which is higher than
that in the 0° counterpart, and 2.3% higher than that in the 15° counterpart, which is in
agreement with their winding factors.
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The electromagnetic torque performances of the machines with different angle dis-
placements under healthy conditions are shown in Figure 12. The input current angle
of each angle displacement is adjusted to maximize the output torque. It can be seen
that the machine with 30° displacement produces the highest output torque, followed by
the 15° machine and the 0° machine. Besides the advantages in average torque, the 30°
angle displacement features the lowest torque ripple among the three angle displacements
because of the cancellation of the 6th torque harmonics. The torque ripple of the 15° angle
displacement is slightly lower than that of its 0° counterpart.
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Figure 12. Electromagnetic torque performances of 24 slot/22 pole DTP PMSMs with different angle
displacements under healthy condition.

Besides the healthy conditions, the three-phase open-circuit (OC) condition, in which
one winding set is open-circuited and the other works continuously, is also considered. The
electromagnetic torque performances of the machine with different angle displacements
under OC conditions are shown in Figure 13. It can be seen that the 15° displacement
features the highest torque output under these conditions instead of the 30° displacement
under healthy conditions.

200

—
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(e}
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N7 N/ N\ < N/ \J/ N
170 f
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160 L L L L L
0 60 120 180 240 300 360

Rotor position (Elec. degree)

Figure 13. Electromagnetic torque performances of 24 slot/22 pole DTP PMSMs with different angle
displacements under three-phase OC conditions.

It should also be mentioned that the average torques produced under OC conditions
(Figure 13) are clearly lower than those produced under healthy conditions (Figure 12).
To maintain the torque capability of the machine, the input currents need to be increased.
The variations of average torque with input current amplitudes in the machines with
different configurations under three-phase OC conditions are shown in Figure 14. It can
be concluded that the 15° displacement offers the best over-rating capability under three-
phase OC conditions, compared with its 0° and 30° counterparts. The superiority of the
over-rating capability in the 15° displacement under three-phase OC conditions can be
explained by its relatively low sub-harmonic distributions [47]. Furthermore, it is also
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suggested that the 15° winding configuration features the lowest PM demagnetization
risk among the three winding configurations, because the peak values of flux densities
produced by the armature reaction are the lowest in the 15° winding configuration [47].

400

—oe— (deg.
15deg.
—&— 30deg.

(9%}
S
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increase of current

Torque (Nm)
[\
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(=)

—
=
(=]

0 150 300 450 600
Current (A)

Figure 14. Average torque output with increased currents for 24 slot/22 pole DTP PMSMs with
different angle displacements under three-phase OC conditions.

5. Control Methods
5.1. Field Oriented Control (FOC)

The most common control method in DTP drives is the well-known field-oriented
control (FOC, or vector control). It is comprised of inner current loops and an outer speed
loop, as shown in Figure 15. The values w,*, i;*, i;* i;1*, and i,* are the reference values for
the speed and currents, respectively. It should be noted that i;* is the tracking maximum
torque per ampere (MTPA) to operate. The values wy, iy, iy, iy1, i are the measured
values (feedback values) for the speed and currents, respectively. The values u,, are the
outputs of the current proportional integral (PI) controllers, and then u, g are obtained by
transformation, as the input of the modulation strategy to generate the proper switching
signals S4pc and Sxyz. The value 65 represents the electrical rotor angle. Unlike three-
phase machines, the DTP machine suffers from large low-order current harmonics due
to its inherent low impedance for the 5th and 7th harmonics, which may be caused by
back-EMF distortion, inverter non-linearity, modulation strategies, and asymmetry [8,9].
Hence, the recent development of FOC mainly focuses on the current harmonic reduction
for DTP machines.

Vdc
S ' ABC T—| |—T
”? 5o |}

SVPWM
6,1 ~ 1
aff-z1z2 :
abexyz; [ L N
Iy Ly, /
1 DTP-
1 de /dt I PMSM

Figure 15. FOC diagram for DTP PMSMs.
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Phase current

Spectra

One way to reduce current harmonics is the use of double synchronous reference
frames current control, which is based on the two individual dg-axis modelling method and
controls the two sets of windings separately. It has been introduced into DTP IMs [55,56]
and PMSMs [54,57,58,68-78] and provides benefits such as its excellent steady-state per-
formance, easy implementation in practical applications, and its ability to suppress the
current unbalance resulting from asymmetries between the two sets of three-phase wind-
ings [54,57]. However, the two-individual current control may develop instability issues if
a strong magnetic coupling between two sets exists, as concluded in [58,68]. Therefore, the
VSD current control is proposed in FOC to overcome these drawbacks [68], as well as in 0°
and 60° DTP topologies [79]. Because the PI regulator has the inherent drawbacks of the
limited control capability to the AC components, synchronous frame PI controllers [69-71]
and resonant controllers [68,72-74] are introduced in DTP drives as alternatives through
which to suppress the 5th and 7th harmonic components (AC components). It is noted that
the resonant (PIR) [72,73] or quasi-resonant (QPIR) [75] controller parallel with PI regulator
(PIR) provides infinite gain at the resonant frequency and, therefore, the AC components
(the 5th and 7th harmonic components) in the z1—z, subspace can be suppressed effectively
with a resonant controller. Moreover, other alternatives, such as the disturbance observer
(DOB) [76], the extended state observer (ESO) [77] and the virtual impedance [78] are also
extended to DTP PMSMs to obtain benefits in terms of performance and robustness. In
particular, a multiple synchronous reference frame (MSRF) current harmonic regulation
technique, proposed in [80,81] is able to decouple not only the 5th and 7th harmonics, but
also the 11th and 13th harmonics in DTP PMSMs. This concept of the MSRF technique also
features the potential to be extended to other multi three-phase machine systems.

Taking results in [68,78] as examples, it is clear from Figures 16a and 17a that the
phase current suffers from large current harmonics, especially the 5th and 7th harmonics,
when no compensation approaches are employed in the harmonic-related subspace. By
utilizing resonant [68] and the virtual impedance [78] current regulators, the phase current
harmonics can be reduced significantly, as shown in Figures 16b and 17b, where i, and iy
are the stator currents in phases a and x, respectively.

2.00
1.00
0.00 4°

-1.00 -

-2.00

Time(s)

1 1 £ f f T f - 1 y {
5 7 9 11 13 15 17 3 5 7 9 11 13 15 17
Harmonic order Harmonic order

(a) (b)

Figure 16. Measured currents and spectra for PIR method [68]. Top: phase currents in phase a (i;) and x (iy); bottom: spectra.

(a) without compensation and (b) with compensation.

Another relevant research activity is related to torque enhancement. In the DTP
machines, injecting the low-order harmonics into the PM shaping and phase currents
are both effective ways to increase the torque capability of the machines [82-84]. In [82]
and [83], zero-sequence current components (the third current harmonics) injection is
employed in DTP-IMs [82] and DTP-PMSMs [83], respectively, as shown in Figure 18.
Figure 19 shows the finite element analysis (FEA) and experimental results with or without
the third current harmonic injection. It is obvious that the torque improves significantly in
both 12 slot/8 pole and 12 slot/10 pole machines, and the experimental results validate
the torque enhancement as well. Furthermore, 5th and 7th current harmonics injection
is investigated in [84]. According to the results of relevant research, the improvement of
the overload torque due to the third-order current harmonic injection can be up to 15%.
However, the improvement of the overload torque for the 5th and 7th harmonic injection is
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Figure 17. Measured currents and spectra for virtual impendence method [78]. Top:
bottom: spectra. (a) without compensation and (b) with compensation.

only 7%, although it offers the benefits of its simple hardware structure and the lack of the
extra requirement of current sensors, compared to the method of third current harmonic
injection. The value I, represents the amplitude of the phase current.
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Figure 18. Current waveforms. (a) No harmonic injection current (Sine). (b) Third harmonics
injection current (Sine + 3rd) [83].
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Figure 19. FEA and experimental results for third current harmonic injection [83]. (a) FEA results
of the torque for 12 slot/10 pole and 12 slot/10 pole DTP—SPMSM. (b) Measured torque of a
12—slot/10—pole DTP-SPMSM.
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5.2. Direct Torque Control (DTC)

Direct torque control (DTC) aims to control directly the stator flux and the torque
by selecting the appropriate inverter state. DTCs can be classified into three categories:
switching-table based DTC (ST-DTC) [85-95], the duty-ratio-based ST-DTC (D-DTC) [96,97]
and space vector modulation DTC (SVM-DTC) [98,99].

The ST-DTC was firstly adapted to DTP machines in [85], which employs, when it only
employed flux and torque hysteresis regulators and a look-up table to impose machine
flux and torque, as shown in Figure 20. The w,*, ¥s* and T.* are the reference values for
the speed, stator flux, and torque, respectively. The values w;, ¥s, and T, are the measured
values (feedback values) for the speed, stator flux, and torque, respectively. The values
Iy and Iy, represent the measured currents in phases A, B, X, and Y. The value V is
the dc-link voltage. The values Vs and s represent the stator voltage and current after
transformation. The method offers the benefits of fast response and dynamic performance,
but suffers from large current harmonics, as concluded in [86-91]. The Redesign of the
torque and flux regulators is investigated in [86], where it reduced current harmonics and
torque ripples effectively, albeit with at the cost of complicating the control structure. In
order to reduce current harmonics and maintain a simple structure, the reduction of current
harmonics for ST-DTC has recently focused on the definition of switching table and virtual
vectors (VVs) selection strategy, which was first investigated in [87]. By employing two
groups of space VVs (i.e., virtual voltage vector) and setting the amplitude of the synthetic
voltage vector to zero in harmonic-related subspaces [87,88], the stator current harmonics
can be significantly reduced. The switching look-up table in [87] is shown in Figure 21 and
Table 12. Further, the back-EMF harmonics are considered and selectively [90] and fully [91]
compensated in an ST-DTC employing a virtual vector based on two or three groups of VVs,
respectively. Additionally, the authors of [100] introduced an additional current loop to
determine the optimal dwell times of applied voltage vectors; the current harmonics caused
by back-EMF distortion were reduced as well. Furthermore, the reduction of torque ripple
using virtual VVs, and the improvement of the performance by employing a non-linear
observer are also analyzed in [92] and [93,94], respectively. For reducing the torque ripples,
two virtual voltage vectors are synthesized and a five-level torque regulator is employed
corresponding in [88]. In summary, the experimental results for conventional ST-DTCs and
ST-DTCs proposed in [87,88] are summarized and compared in Figure 22. It is clear that
the current harmonics are effectively compensated and torque ripples are reduced as well
when virtual voltage vectors are employed, compared to conventional ST-DTC.
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Figure 20. ST—DTC diagram for DTP machines.
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Figure 21. VVs and sections in [87].
Table 12. Switching table of virtual vector ST-DTC [87].
Ps T, I II III v A\ VI
1 Vo7, Vio  Vae, Ve Vis, Vag Vo, Vsg  Vsg, Vag Vs, Vg
1 0 Vo, Ves Vo, Ves Vo, Ves Vo, Ves Vo, Ves Vo, Ves
-1 Vaz,Vas Vs, Vzz Var, Vi3 Vo, Vg3 V1, Vas Va7, V1o
1 Vae, Vie  Vis,Vao V2o, Vsg  Vsy, Voo Vs, Vag  V3g, Vs
-1 0 Vo, Ves Vo, Ves Vo, Ves Vo, Ves Vo, Ves Vo, Ves
-1 Vae, Vss Va7, Vo Viys, Vag Vi, Vis Vo, V3 Vi1, Vos
Ps T, VII VIII IX X XI XII
1 V3e, Vss Va7, Vay  Vus5,Viz Vg, Vi3 Vo, Vi Vi1, Vos
1 0 Vo, Ves Vo, Ves Vo, Ves Vo, Ves Vo, Ves Vo, Ve3
-1 Vas, Vie  Vis, Vao V2o, Vsg  Vsy, Voo Vs, Vag  Vi3g, Vs
1 Va7, Vas Va5, Vaz Vi, Vi3 Vo, Vs Vi, Vs Va7, Vi
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-1 Vo7, Vio  Vae, Vie  Vis, Vag Vo, Vg Vs,Voag Vs, Vg
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Figure 22. Experimental comparison for conventional ST—-DTC, ST-DTC proposed in [87] and ST—DTC proposed in [88].
Top: phase currents in phases a (i;) and x (iy); bottom: torque. (a) Conventional ST-DTC. (b) ST—DTC proposed in [87].

() ST-DTC proposed in [88].
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However, although virtual voltage vector injections are effective at reducing current
harmonics and torque ripples, switching-table-based DTCs (ST-DTCs) still suffer from two
inherent drawbacks:

e  Thelook-up table in DTC leads to variable switching frequency, which is not suitable
for high-power applications;
e  The hysteresis regulator inevitably causes large torque and flux ripples in ST-DTC.

Hence, the duty-ratio-based ST-DTC (which divides one sampling period into two in-
tervals and applies active vectors and zero vectors together) was adapted to DTP machines
in [96] and obtained the reduction of torque ripples, but it still suffered from drawbacks,
such as its variable switching frequency [97]. Therefore, SVM-DTC, presented in Figure 23,
was adapted to DTP drives to deal with the torque and flux ripple as well as the variable
switching frequency. It employs torque, flux PI controllers and space vector modulation
to replace the hysteresis regulators and look-up table in ST-DTC, as shown in Figure 24.
The values u;; and ut are the outputs of the torque, flux PI controllers; after transformation,
uy and ug are obtained as the inputs of SVPWM to generate the switching signals Sapc
and Sxyz. The value 6, represents the electrical rotor angle. In this way, the flux and torque
ripples can be reduced significantly, and constant switching frequency can be achieved, but this
method features the disadvantage of a deteriorating dynamic response, as analyzed in [96,97].
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Figure 23. Measured results for duty —ratio—based DTC [96], PWM—based DTC [97], and SVM—DTC. Top: phase currents
in phases a (i) and x (ix); bottom: torque. (a) Duty—ratio—based DTC [96]. (b) PWM—based DTC [97]. (c) SVM—DTC.
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5.3. Model Predictive Control (MPC)

Model predictive control (MPC) is based on a model of the real system, also called the
“predictive model”, and is used to predict its future evolution. The prediction is carried
out for possible switching states to determine which one minimizes a defined cost function.
The basic MPC structure is shown in Figure 25. The values if;“l, iffl are the predictive
currents at instant ¢t + 1, which are calculated by the measured currents ifi, i; at instant
t. Next, the proper switching signals S4pc and Sxyz are obtained by the cost function.
According to the different cost functions, three different control constraints are included,
namely the current predictive control (MPCC), the torque predictive control (MPTC), and

the flux predictive control (MPFC).
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Figure 25. MPC diagram for DTP PMSMs.

The MPCC was firstly adapted to DTP drives in [101], where only the 12 outer vectors
of the 64 VVs (the largest) are employed to reduce the computation burden. The cost
function is expressed as:

i~ i) (15)

i — z‘fjl‘ +

i — 57|+ 2 (

% 41
1 =11 ’ +

g:

where A is a weighting factor between phase currents in the o and z1z, subspaces; i, il’g,

i¥,, i3, are the current references in the a8 and z1z, subspaces, respectively; and ilﬁ‘*l, i;;rl,

i;rl, i;’l are the predictive currents in the a8 and z1z, subspaces at instant ¢ + 1 calculated

by the measured currents at instant ¢.

It is notable that the computation burden increases significantly for multiphase ma-
chines, while the VVs increase exponentially with the number of phases. Furthermore,
MPCC methods with the cost function of minimizing current harmonics and reducing
computation cost are investigated in [102] and [103], respectively. The selected voltage
vector combined with a zero vector, namely, one-step modulation predictive current control
(OSPC), or PWM-MPCC, is introduced in, where the current harmonics were suppressed
further and the steady-state performance improved effectively. However, the active vectors
in [102-104] are the same as those in [101], where only the largest vectors are employed.
Although some improved techniques are utilized in [102-104], the system still suffers from
current harmonics caused by uncontrolled harmonics-related components. Hence, a virtual
VVs strategy synthesized by the largest and the second-largest actual vectors (synthesized
by two groups of VVs) was introduced to MPCC for DTP machines, as described in [105].
Similar to the virtual vector approach in the DTC method, the virtual vectors ensure null
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z1—2p voltages on average during the sampling period, thereby reducing the current har-
monics. Moreover, two groups of virtual vectors (synthesized by three groups of VVs)
aiming at harmonic currents reduction are introduced in [106], and the deadbeat current
control method is also introduced to reduce the computing time with the increase of the
number of employed VVs [106]. This technique for two groups of synthesized virtual
vectors is further refined in [107,108], where a two-step procedure and a dual virtual vector
are involved to compensate the harmonics caused by machine asymmetries, dead time
effects, and back-EMF harmonics, respectively. Furthermore, some MPCC methods aiming
at other optimal goals are also developed to reduce the current harmonics. For example,
torque ripple reduction and DC-link voltage utilization increase are analyzed in [109,110].
Moreover, an autoregressive model with exogenous variables and a disturbance observer
are employed to compensate for the effects of parameter mismatch errors and unmodelled
dynamics in [111,112], respectively.

MPTC aims at minimizing the torque ripple and flux ripple, and the cost function can
be expressed as:

T; - T+ A

et (16)

where A is a weighting factor between torque and stator flux; T; and v are the torque and
stator flux references, respectively; and T/*! and !*! are the predictive torque and stator
flux at instant t+1 calculated by measured torque and stator flux at instant f.

The viability of the MPTC is investigated in [113], where the virtual vector strategy is
employed to reduce current harmonics in the MPTC. Similarly, the selected voltage vector
combined with a zero vector is also introduced in [114] and [115] to reduce the torque
ripple and flux ripple, and fixed switching frequency in MPTC, respectively. Further, a
deadbeat-based MPTC is introduced in [116] to reduce both the harmonic currents and
computation time simultaneously.

A MPFC for DTP machines was first evaluated in [117], and the cost function for
MPEC is expressed as:

g:

T = TE A — 9+ A (fo - ottt +

§= va-vid').
where A and A, are the weighting factors between torque and stator fluxes in the &
and z1z, subspaces, respectively; 17, and ¥}, are the stator fluxes references in the z; and
zp subspaces, respectively; and l/);H and 1/;2“1 are the predictive stator fluxes in the z1z
subspaces at instant ¢ + 1 calculated by measured torque and stator flux at instant ¢.

In this way, the current harmonics and the torque ripple reduce simultaneously. In
summary, these three types of control strategies are compared and summarized in Table 13

with different characteristics.
Table 13. Control schemes for DTP PMSMs.

FOC DTC MPC
Steady-state performance High Low Normal
Dynamic performance Slow Fast Fast
Switching frequency Fixed Variable Variable
Implementation complexity Normal Simple Complex
Parameter sensitivity Normal Normal High
Sensorless No Yes No
PWM modulator Yes No No
Computation burden Low Low High

Robustness High High Low
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6. PWM Techniques for FOC
6.1. Linear Region

As DTP machines are attracting interest for their use in high-power applications, vari-
ous pulse width modulation (PWM) techniques have been developed. They can be classi-
fied into three main categories: carrier-based PWM (CPWM), zero-sequence injection-based
PWM (ZSPWM), and space vector PWM (SVPWM). The CPWM method is implemented by
comparing reference signals to carrier signals to determine the duty cycle for the inverter
switches [118]. Particularly if the reference signals are sinusoidal, the CPWM is called
sinusoidal PWM (SPWM), which is widely used in common three-phase machine drives.

One of the drawbacks of CPWM is the lack of control degrees with which to achieve a
better performance [118-120]. Therefore, a phase-shift SPWM and a sawtooth carrier-based
PWM were investigated in DTP machines to reduce common-mode voltage in [119,120],
respectively, where phase angle shifts and the shape of carrier waves were modified
to reduce the common-mode voltage. Details about the carrier shift technique in DTP
machines can be found in Appendix A.

Another drawback of CPWM is its low DC bus voltage utilization. This can be
improved by injecting zero-sequence components, namely ZSPWM. is the method is im-
plemented by injecting a zero-sequence component into the reference voltage in each
three-phase set. A common zero-sequence signal is added to two sets of three-phase si-
nusoidal signals, designated as single-zero-sequence injection PWM (SZIPWM) [121,122].
Correspondingly, two different zero-sequence signals for the two sets of sinusoidal signals
are employed, designated as double-zero-sequence injection PWM (DZIPWM) [56,123,124].
When double-zero-sequences are injected in DTP drives, DC bus utilization and current har-
monics improve significantly compared with single-zero-sequence injection, as concluded
in [56,123,124]. On the basis of this technique, the different magnitudes of the zero-sequence
injection components are further investigated in symmetrical six-phase machines [125] to
compensate for unbalanced loads. In [126], “trapezoidal-like” zero-sequence signals are
injected to improve the performance in terms of current distortion and common-mode
voltage reduction.

In multiphase inverters, the number of switching states increases in accordance with
the phase number. For example, there are 64 switching states for DTP inverters. It would be
more complicated to analyze and select proper switching states in DTP machines compared
with three-phase machines. According to the VSD method in Section 3: Modelling, the
space VVs can be transformed into two different subspaces: the af subspace and the
z1 — zp subspace, as shown in Figure 26. It is notable that the groups of voltage vectors
from largest to smallest magnitude in the o subspace are defined as L(D1), ML(D;), M(D3),
and S(D4), and this af subspace magnitude-based definition has no physical meaning, as
listed in Table 14.
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Figure 26. Space VVs for DTP inverters. (a) a8 subspace. (b) z;z, subspace.
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Table 14. Magnitudes of voltage vector in different subspaces.

VVs Group Magnitude
« 3 Subspace z1zp Subspace
L (Dy) Vorvay, Yoy,
ML (D2) Y2Ug Uy
M (D3) 3Uge 3Uic
S (Dy) Vo2, Voivay,

Where Uy, is the amplitude of the dc-link voltage.

The SVPWM based on the VSD method was first analyzed in DTP-IMs in [127],
where the 12 largest vectors in the af subspace were utilized. However, this approach is
incompetent and generates significant lower-order harmonics due to its lack of control
over the components in the z;z, subspace. Hence, the utilization of 4 active VVs in the
2 largest vectors (4 L) to control the components in both subspaces is proposed in [62]. It is
termed the 12 sector SVPWM strategy. Further, the SVPWM selected from 2 L + 2 ML [128],
3L+1ML[129],2 L + 1 ML + 1 M [130] are introduced, namely, the 24 sector SVPWM
strategy. As stated in previous research, the 24 sector SVPWM method is easier to imple-
ment using DSP microcontrollers and results in less total harmonic distortion (THD) in the
output waveforms of the converter, but it has a lower maximum modulation index due
to the introduction of VVs with smaller amplitudes. Further, the concepts of discontinu-
ous SVPWM [131], synchronized SVPWM [132], SVPWM using five active vectors [133]
are investigated in DTP machines, and modulation restraints for SVPWM, i.e., the linear
modulation range of z1z, subspace under an assured modulation index of the fundamental
voltage, are investigated in [134], due to the existence of modulation coupling between the
« 3 subspace and the zz; subspace.

These three types of PWM techniques are compared and summarized in Table 15. It is
notable that the SVPWM strategies can be implemented by finding their CPWM equivalent,
which is simpler to implement in the hardware. This requires finding the proper zero-
sequence injection to the original sinusoidal reference signals, as concluded in [135,136].

Table 15. PWM techniques for DTP PMSMs.

CPWM(SPWM) ZIPWM SVPWM
Maximum modulation index 1 1.154 1.154
Redundant switching states No No Yes
Reduction of z1z, currents No No Yes
Implementation complexity Simple Simple Complex

6.2. Overmodulation Region

In [137,138], an overmodulation (OVM) strategy is proposed on the basis of SVPWM
in [62], where the desired voltage vector in the af subspace was synthesized using two
adjacent active vectors. This resulted in large current harmonics in the z;—z, subspace.
OVM strategies require a group of harmonics in line-neutral voltages to attain an increase
in the modulation index, which inherently generates significant low-order harmonics
in the z; — z; subspace. To reduce harmonics in the OVM region, two different space-
vector-based OVM (SVOVM) techniques are proposed in [139,140], which use four active
VVs 2L +2 ML) and five active VVs (2 L + 1 M + 2 S), respectively. With these vectors,
by formulating an optimization problem to achieve minimum root-mean-square (RMS)
voltage in the z; — zp subspace, the current harmonics can be reduced effectively in DTP
drives. Further, an OVM technique modulated by two separately three-phase inverters
(TINV-based OVM) rather than the six-phase inverter described in [139,140], is proposed
in [141], where the computational cost is significantly reduced without the involving
complex six-dimensional transformation discussed in previous studies.
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7. PWM Techniques for ST-DTC

As mentioned above, for the FOC method, two adjacent vectors, or virtual vectors, are
employed to synthesize all the VVs in one sector. However, in the ST-DTC method, only
one voltage vector or virtual voltage vector is employed to achieve flux linkage and torque
control, according to the output of the stator flux and torque hysteresis regulators and the
prefixed switching table. Hence, PWM techniques for ST-DTC are totally different from the
methods used in DTP drives described in Section 6.

In [85], the ST-DTC is analyzed for DTP machines. Firstly, the 8 subspace is divided
into 12 sectors, and appropriate VVs are obtained through instantaneous control of the
stator flux and torque. Subsequently, in order to decrease the computation burden and
maximize the utilization of DC bus voltage, only the 12 largest VVs in the a subspace are
employed (L), as shown in Figure 27. In this way, the method proposed in [85] (ST-DTC-L)
is easy to implement, but it suffers from large stator current harmonics, since only the
requirements of stator flux in the a8 subspace and torque are considered, and stator flux in
the z; zp subspace is uncontrollable.

84
S
S¢

() (d)

Figure 27. PWM techniques in [85]. (a) Voltage vector selection strategies in «[3 subspace. (b) Voltage
vector selection strategies in z1z2 subspace. (¢) PWM switching sequences for V9. (d) PWM switching
sequences for V11.

In order to control the components in the z;z, subspace and reduce current harmonics,
the authors of [87] employed an ST-DTC method based on VVs in L and ML groups
(ST-DTC-L + ML). Since the VVs in the L and ML groups have the same direction in
the ap subspace while the opposite direction in the zz; subspace, the amplitude of the
components in the z;z; subspace can be set to zero, as shown in Figure 28a,b; subsequently,
the corresponding harmonic currents are decreased. Furthermore, in order to implement
standard centralization PWM sequences, three adjacent vectors in the L group are employed
to synthesize the virtual vectors, which are equivalent to the virtual vectors synthesized
by the vectors in the L and ML groups. For example, the virtual vectors synthesized by
V9-V11-V27 in the L groups are employed to replace the virtual vectors synthesized by
V11-V25 to obtain standard PWM sequences, as shown in Figure 28¢,d.
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Figure 28. PWM techniques in [87]. (a) Voltage vector selection strategies in «f3 subspace. (b) Voltage
vector selection strategies in z1z2 subspace. (c) PWM switching sequences for V11-V25. (d) PWM
switching sequences for V9-V11-V27.

In [90,91], the 5th and 7th back-EMF harmonics are considered in DTP machines.
Because the 5th and 7th back-EMF harmonics that possess phase shifts are unaligned
with the VVs in the L and ML groups, the ST-DTC based on the VVs in the L and ML
groups can only compensate for the selective order back-EMF harmonics, as concluded
in [90]. Hence, in order to obtain composite vectors aligned with back-EMF harmonic
components, the VVs in the M group are employed to combine with the VVs in the L and
ML groups (STDTC-L + ML + M) in [91], due to their different directions with VVs in the L
and ML groups, as shown in Figure 29a,b. In this way, the back-EMF harmonics can be
fully compensated; consequently, the current harmonics caused by back-EMF distortion
can be reduced. Further, proper PWM techniques with VVs selection from the L, ML, and
M groups are proposed in [91] to obtain standard PWM sequences. For example, V59
is selected instead of V3 to combine with V10-V27 in order to generate standard PWM
sequences, as shown in Figure 29¢,d, where Tpy, Tps, and Tpy are the dwelling times for
the applied voltage vectors.

The results of the use of different PWM techniques in ST-DTCs are summarized in
Figure 30, from which it can be deduced that virtual vector synthesis by VVs in multiple
groups are effective at reducing the current harmonics. However, from the perspective
of dc bus voltage utilization, ST-DTC-L + ML and ST-DTC-L + ML + M are lower than
ST-DTC-L, which is a clear disadvantage, as summarized in Table 16.
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Figure 29. PWM techniques in [91]. (a) Voltage vector selection strategies in a3 subspace, (b) Voltage
vector selection strategies in z1z, subspace, (c) PWM switching sequences for V3-V10-V27, (d) PWM
switching sequences for V10-V27-V59.
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Figure 30. Experimental results. Top: phase currents in phases a (i;) and x (ix). Bottom: spectra. (a) ST-DTC—L [85].
(b) ST-DTC—L + ML [87]. (¢) ST-DTC—L + ML + M [91].

Table 16. PWM techniques for ST-DTC in DTP machines.

L L+ ML L+ML+M
Maximum modulation index 1.12 1 0.894
Utilization of dc link voltage 0.644Upc 0.577Upc 0.512Upc
Reduction of z; — zp currents Worse Normal Good

Implementation complexity Simple Normal Complex
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8. Sensorless Control

Sensorless control aims to remove the rotor position sensor from the control sys-
tem, and thus features advantages in PMSM drives in the form of cost reduction, system
downsizing, and reliability enhancement [142]. The sensorless control of conventional
three-phase PMSMs has been thoroughly studied so far, and the control approaches can
be classified into two categories: model-based sensorless control and salient-effect-based
sensorless control. The former usually utilizes the mathematical model of the machine
to estimate, online, the back-EMF [143-148] and flux linkage [149-153] associated with
the fundamental excitation, from which the rotor position can be further extracted. This
kind of rotor position estimation is more applicable in high-speed regions but suffers
from inaccuracy at low-speed and zero-speed conditions due to the model’s uncertainty
and inverter nonlinearity, as well as its low signal-to-noise ratio. The salient-effect-based
control usually makes use of the salient effect by injecting high frequency (HF) signals to
calculate the rotor position; hence, it is suitable for the low-speed and zero-speed range.
With reference to the injected signals, the control approaches can be grouped as rotat-
ing [154-156] and pulsating [157] HF signal injection; pulsating HF signal injections can be
further divided into pulsating sinusoidal and pulsating square-wave HF signal injections.

The sensorless control approaches mentioned above belong to the category of single-
three-phase PMSM systems, and can be also extended to the MTP family. However,
regarding MTP PMSMs, thanks to the additional degrees of freedom, many novel tech-
niques of rotor position estimation have been proposed in recent years, which demonstrates
the superiority of MTP PMSMs in the area of sensorless control. The author of [158] used
an auxiliary resistor network to measure the third harmonic EMFs of two three-phase
sets (Figure 31). According to the phase relationship between the fundamental and the
third harmonic EMFs, the estimator in Figure 32 can be employed to calculate the rotor
position (Figure 33).
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Figure 31. Measurement of the third harmonic EMFs using additional resistor network [158].
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Figure 32. Rotor position estimator using third harmonic EMFs of two three-phase sets [158].
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Figure 33. Measured third harmonic back-EMFs and estimated rotor position [158].

Unlike [158], the auxiliary resistor network is not required in [159,160]. The zero-
sequence carrier voltage between the neutral points of two winding sets are measured
after injecting HF carrier signals, and the rotor position can be derived from the measured
voltage. The injected HF carrier signals can be classified into pulsating injection [159] and
rotating injection [160], as shown in Table 17.

It is clear that after the pulsating and rotating HF signals are injected, the voltage
difference between two isolated neutral points includes the zero-sequence carrier voltage
U0sn1n2, which is relevant to the rotor position and injected signals. Using the demodulation
functions, the estimated errors can be calculated and then utilized to compensate for the
estimated rotor position. There are clear biases and ripples in the estimated rotor position,
which can be eliminated by optimizing the phase shift angle ¢ between the injection signals
of two three-phase sets. Specifically, the optimal phase shift angles are /2 and 27t/3 for
the pulsating injection and rotating injection, respectively. The overall control system is

shown in Figure 34.
| + U
laniy |
‘—‘é—h‘ SVPWM

| +, %! &6-phase
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abc

Figure 34. Overall sensorless control system using zero-sequence carrier voltage in DTP PM machine [159,160].
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Table 17. Rotor position estimation using zero-sequence carrier voltage between two neutral points.

Pulsating Injection [159] Rotating Injection [160]
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Notes: The values w, and U, are the angular frequency and amplitude of injection signals, respectively. The value 6, is the real rotor position, and 6y is the estimated rotor position. The value ¢ is the phase shift
angle between the injection signals of two sets. The value Af is the estimation error. The values L and M denote the inductance and mutual inductance of machine. The values Ly and M, denote the phase
average inductance and mutual inductance. The values L, and M, denote the amplitudes of the phase second-order inductance and mutual inductance. The values ) Ls; and AL; are the average and differential
synchronous inductances, respectively. The value us,1,7 is the voltage between two neutral points. The function LPF() means low pass filter function. The value Act_pos means the actual rotor position. The
values Est_Pos_V0OnlIn2 and Est_Pos_Vnln2 mean the estimated rotor position. The value Est_error means the estimation error.
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In terms of the rotor position errors caused by the parameter uncertainty, [161] pro-
posed a simple correction method to compensate the rotor position error for the DTP PM
machine system, as shown in Figure 35.

Vector control Vector control R L
)

k i of setl of set2 *S

Ldgl— «i
1 Adaptive Adaptive dq2
lggp—»| observer observer [¢—— Lagql
setl set2
Udg1—W U

| I
\ Updated
controller

Figure 35. Rotor position correction using adaptive observers in the DTP PM machine system [161].

The outputs of two adaptive observers represent the two estimated rotor positions in
two three-phase subsystems. However, due to the uncertain resistance and inductance, the
two estimated positions are not identical, and the difference between the estimated rotor
positions is relevant to the current distribution of the two three-phase sets, which indicates
that currents with nonidentical amplitudes and phases in two sets amplify that difference.
Accordingly, extra fundamental current is injected in [161] to achieve the rotor position
correction. The rotor position difference Af; is then utilized to tune the machine resistance
and inductance parameters in adaptive observers. The PI regulators are employed in
the updated controller to guarantee that Af; can be eliminated, and the rotor position
error correction is achieved simultaneously. Figure 36 shows the experimental results of
rotor position error correction. The extra g-axis current of set 1 is injected at 1.5 s, and
subsequently causes additional torque and transient pulsating in position errors, as shown
in Figure 36a. As the updated controller works, the rotor position errors are reduced to zero
at a steady-state. The extra current is removed from the system at 3.5 s, after which a short
period of pulsating occurs; the error can subsequently remain at 0 degrees. Although the
position errors are corrected, the injected current in one set causes additional torque and
pulsating in the position estimation. To achieve a smoother correction, the extra currents
are injected into both sets, as displayed in Figure 36b. The injected currents feature the same
amplitude but the opposite polarity; thus, they cannot introduce any additional torque
as the one-set injection does. Consequently, the rotor position errors can be smoothly
regulated to 0 deg. in 0.25 s.
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Figure 36. Experimental results of rotor position error correction. (a) One—set current injection.
(b) Both set current injection [161].
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9. Fault Tolerance Control

Fault tolerance is an important property, and makes MTP machines distinct from
conventional three-phase machines. Fault tolerance control aims to utilize the additional
degrees of freedom in MTP machine systems and keeps the machine continuously oper-
ating after one (or more) phase(s) develop faults. The fault usually occurs in the power
switches and the machine windings, and faults in both the power switches and the ma-
chine windings cause short-circuit or open-circuit in MTP drives. Fault tolerance for
short-circuit faults is only feasible in MTP machines with modular structures and wind-
ing arrangements [5,162-164]. In general, fault tolerance control for short-circuit faults
involves the isolation of the faulty sets of three-phase windings, followed by the operation
of the machine with the remaining sets of windings. Compared to the fault tolerance
used for short-circuit faults, the most widely investigated cases in recent research have
been post-fault control strategies for open-circuit faults. Most faults can be considered as
open-circuit. The performances of post-fault control strategies against open-circuit faults
are covered in [165-185].

The purpose of fault tolerance control is usually to generate a rotating flux field to drag
the rotor using the residual healthy phases. The control strategies depend on the degrees
of freedom of the machine. MTP machines can be grouped into two types, according to
their connection of neutral points, namely isolated neutral points and connected neutral
points, as shown in Table 18.

Table 18. Fault tolerant control methods of DTP PMSM.

Isolated Neutral Point Type

Connected Neutral Point Type

B,

Isolated neutral
points

B Optimal current control:

A, 1. Maximal average torque
2. Minimal torque ripples
3. Minimal copper loss
Comeeted 4. Uniform distribution of
neutral points copper loss

Robust control:

1. Fuzzy current control
C, 2. Robust speed control

Fault tolerant control: B»
1. Simply cut off the entire
three-phase set with fault.

2. Extended VSD control with
negative sequence

current injection.

Fault

G

In terms of the isolated type, the most common approach is to cut off the three-phase
set, in which the fault occurs, from the control system; the required torque can be equally
distributed to the healthy sets. To take the DTP machine as an example, when phase A;
is faulty due to the isolated neutral point of the second set, the currents of phases B, and
C; are identical, and can only generate a pulsating flux field, which leads to poor torque
performance. Therefore, the second set can simply be abandoned, and the currents of the
first set should be doubled to make up for the lost torque; in other words, the available
torque and power are reduced to half of their previous rating. This case does not require
the conversion of the control to the specifically designed postfault algorithm if each set
is individually regulated, which is quite simple to implement and practical in industrial
applications, such as railway traction [168,169] and ship propulsion [10-13]. Meanwhile,
the disadvantage is clear. The healthy phases in the fault set, phases B, and C,, together
with the corresponding switching devices, are not utilized, and the system utilization is
not maximized.

To improve the system utilization of the machine with isolated neutral points, the
current should be redistributed to the remaining healthy phases. The pulsating flux
generated by the fault set can be decomposed into positive-sequence and negative-sequence
rotating flux. The positive-sequence flux provides average torque while the negative-
sequence flux generates the second-order torque ripple. The core purpose of this kind of
fault tolerance control is to inject negative-sequence current into the healthy set and to
counterbalance the negative-sequence flux; as a result, the average torque remains while the
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torque ripple is eliminated. To implement this idea, a genetic algorithm is provided in [166]
to optimize the stator currents, thereby maximizing the average torque or minimizing
the torque ripple. Furthermore, the copper loss of faulty DT-PMSM with isolated neutral
points is further reduced by minimizing the d-axis current of the healthy three-phase
winding [178-180].

It is also possible to use modelling with open-circuit faults to achieve different con-
trol purposes. In particular, the VSD technique can decouple motor variables in several
orthogonal subspaces, thereby controlling them independently [164,181-185]. Because the
VSD technique can decompose the negative-sequence current in the z subspace, the control
structure in [185] is greatly simplified, as shown in Figure 37. The values i;*, iy, i.*, v5*, v4%,
0217, 022", 023", Va2”, 02", Va*, VB, Vanc ™, 0x™, and v, * are the reference values for the voltage
and currents in different coordinate systems, respectively. The values iy, iy, iy, I,p,21,22,23
are the measured currents. The values Vg, 4 and Vg , are the feedforward voltages to
compensate for the d-q coupling. The values Duty,,.* and Dutyy,.* are the dwelling times
for each switching signal.
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Figure 37. Fault tolerance control of DTP PMSM with one—phase open using VSD approach [185].

To eliminate the negative-sequence current, a PIR regulator is employed and the
fundamental electrical frequency is utilized as the resonant frequency. Figure 38 provides
the experimental results under healthy and faulty conditions.
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Figure 38. Measured currents and spectra (a) under healthy conditions and (b) under fault conditions [185].

The phase currents are balanced under healthy conditions, and there are few current
harmonics according to the spectrum in Figure 38a. When it is converted to a faulty
condition, it is clear that the two phase currents of the fault set are out of phase, and
the currents of the healthy set become unbalanced, which is due to the injected negative-
sequence current, as mentioned above. In addition, there are also clear odd current
harmonics under faulty condition efficient suppression is lacking.
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The type with connected neutral points features more degrees of freedom because
all the healthy phases are available. In this case, the currents of phases B, and C; can
be flexibly regulated to follow different references, which means they can generate the
rotating flux field and thus provide average torque. However, the post-fault control
algorithm is different from the normal algorithm used in the healthy case and should be
specifically designed for this purpose; the issue becomes how to design the optimal current
reference for each healthy phase. The optimization objectives include maximal average
torque, minimal torque ripple, minimal copper loss, and uniform distribution of copper
loss [170-176]. The current harmonics may be injected to boost the average torque and
to reduce the torque ripple of DTP PMSM under open-fault conditions, as in [174]. To
automatically track the condition of an MTPA operation, the injection-based MTPA control
in three-phase machine drive is extended to the fault tolerance control of five-phase PMSM
systems under single- and double-phase fault in [175]. It should be noted that these optimal
current control approaches emphasize designing the current reference, and various current
regulators, as studied in FOC, DTC, and MPC, and can be utilized to track the designed
current references.

To avoid fault detection and algorithm switching between normal control and fault
tolerance control, the robust control attracts the attention of researchers due to its good
disturbance rejection capability. The loss of phases can be considered as a disturbance of
machine parameter variation. If this disturbance can be easily rejected by the controller,
the system can dynamically respond to the fault, and consequently the machine can still
be operated without fault detection or algorithm transition. A robust speed regulator
is used in [177] to provide average torque under both normal and post-fault conditions.
Fuzzy logic is employed to design the current regulator of a nine-phase PMSM system
in [186], as shown in Figure 39. The speed PI regulator determines the references, to which
the fuzzy logic controller can achieve fundamental current tracking even before and after
a fault occurs. This means that the amplitudes and phase angles of the currents in the
healthy phases are automatically adjusted to provide the required torque and to cover
the fault. In addition, PI regulators are used to suppress the current harmonics in the
harmonic subspaces, such as the 3rd, 5th, and 7th. Furthermore, fault-tolerant controls
in DTP machines fed by multi-level inverters are also investigated by considering both
open-circuit switch faults and phase faults in [98,187-189], which provide greater reliability
and fault capability.
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Figure 39. Fault tolerant control with fuzzy logic current regulator [186].

10. Conclusions and Future Work
10.1. Conclusions

Due to their excellent characteristics, such as their high torque/power capability,
high efficiency, and low torque ripple, the low requirements of their DC link capacitors,
their efficient power/torque-sharing capability, modular configuration, and high fault
tolerance capability, multiphase (particularly MTP) PMSMs have been applied to ship
propulsion, electric vehicles, wind power generation, and aerospace application. They
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offer significant potential for even wider adoption in many high-power and high-fault-
tolerance applications.

This paper presented a comprehensive overview of the advances in multiphase
PMSMs’ machine topologies, modelling methods, PWM techniques, field-oriented control,
direct torque control, model predictive control, sensorless control, fault-tolerant control,
and the newest control strategies for suppressing current harmonics and torque ripples,
as well as carrier phase shift techniques. Many worked examples, presented with the
measured results obtained at the University of Sheffield, were provided to illustrate the
effectiveness of the developed machines and techniques, as well as their excellent perfor-
mance. The emphasis was on DTP PMSMs and their control strategies, since the authors
strongly believe they are most likely to be widely applied in many industries.

Firstly, the topologies of different DTP PMSMs were summarized according to their
slot/pole number, angle displacement, and pitch number combinations. The feasibility
of different winding configurations and the calculation of winding factors with different
winding configurations were also provided in Section 2. The electromagnetic performance
of DTP PMSMs was further introduced in Section 4, based on a 24 slot/22 pole machine
considering different angle displacements. It is suggested that even for the dual three-
phase PMSMs with the same slot/pole number and pitch number combinations, their
performances are affected significantly by angle displacement. Next, aspects of MTP/DTP
modelling methods were reviewed in Section 3, including multiple individual three-phase
modelling with simple structure and implemental simplicity but with coupling in each set
of three phase wingdings, and VSD modelling with decoupling results using decoupling
transformation matrices. Subsequently, recent advances in control strategies, including
FOC, DTC and MPC, were also covered in Section 5. Particularly, current harmonics
reduction in DTP drives was on the main focus as it is a significant topic in the study of
both FOC and DTC, since DTP machines suffer from large low-order current harmonics
due to their inherent low impedance for the 5th and 7th harmonics. Besides, torque
enhancement in FOC and torque ripple reduction in DTC have also received significant
attention in recent years.

Moreover, PWM strategies for DTP were reviewed in Section 6, followed by some
novel aspects of sensorless control, which are successfully adapted from the conventional
three-phase sensorless methods. They include: back-EMF/ flux linkage-based methods,
which offer simple implementation and accuracy in high-speed regions but also demon-
strate inaccuracy under low- and zero-speed conditions due to the model’s uncertainty
and the inverter’s nonlinearity; and the method of injecting high frequency (HF) signals,
which is complicated but suitable for low-speed and zero-speed ranges. Finally, one of
the most significant merits of MTP/DTP machines, their high fault tolerance capability,
was surveyed through the fault-tolerant control discussions in Section 8. The modelling,
optimal current references, and control methods in post-fault operation were studied,
especially in open-circuit faulty conditions.

10.2. Future Work

Recent and future research activities include the development of modular MTP
PMSMs [48-50], and high-phase MTP (such as 9, 12, and 15 phases) PMSMs for high
fault tolerance applications [33,34,36], field modulation and magnetic gearing effects in
MTP PMSMs [190], advanced control techniques for MTP (>DTP) PMSMs, novel parameter
identifications, sensorless control, and fault tolerance control techniques.
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Appendix A

The additional degrees of freedom also include the nonidentical PWM carriers. In
the control system of MTP PMSMs, the drive topology with multiple individual three-
phase converters provides the convenience and flexibility for various PWM carrier designs.
Carrier phase-shift techniques, also known as the interleaving in Figure A1, is proposed
to reduce the common-mode voltage [119,191], and are recently employed in this multi-
converter case to reduce the current harmonics, torque ripples, vibration and acoustic
noise, as well as the DC link pulsating currents [192-201]. The performance of the carrier
phase-shift techniques is up to the machine winding structure, the converter topology, and
the shifted angle of carriers.

FUSetl AN !
| PWM | X
| | .
| Set2 I Ih set2 %
I PWM | ) _I >
. el I setl
L Without phase shift —
T Setl A AN !
|
| PWM | A
|
L se2 | i B
| PWM | C
L _ With phase shift__|

Figure Al. Switching current harmonics of DTP PMSM driven by two paralleled three-phase
inverters with and without PWM carrier phase shift.

For the DTP machine fed by two segment three-phase inverter, as studied in [192,193],
the vibration and acoustic noise of switching frequency can be reduced to half after shifting
7t/2 phase angle of the PWM carrier of the second set. The switching flux generated by the
second set is shifted 7 in the airgap, and can counterbalance the one of the first set, which
results in the reduction of switching torque ripples and vibration. Nevertheless, due to the
cancellation of air gap flux, the equivalent impedance to the switching voltage harmonics
is reduced simultaneously, and further switching current harmonics are increased consider-
ably. By appropriate machine design to minimize the mutual inductance among sets [194],
the switching current harmonics can be suppressed in the carrier phase shift operation.

A DTP PMSM with each phase fed by an H-bridge is studied in [195,196]. The phase
axes of the first set are coincident with the ones of the second set. This winding design,
combined with anti-phase shifting of carrier in the second set, determines the elimination
of switching torque ripples, as shown in Figure A2. However, suffering from the same
problem as [192], the coincident axes of two set means more magnetized couple, and the



Energies 2021, 14, 7508 39 of 46

equivalent impedance regarding switching voltage harmonics is greatly reduced by the
anti-phase shifting of carrier. Consequently, the circulating current is serious, and [195,196]
connect additionally coupled inductor between inverter and machine to limit the circulating
current, which has the disadvantages of increasing system cost, volume, and complexity.
The carrier phase shift is extended to a twelve-phase (quadruple-three-phase) PMSM,
of which each phase is fed by an H-bridge single phase inverter [197]. A general and
analytical framework as well as the mechanism of carrier phase shift are carried out based
on the evaluation of radial electromagnetic forces on stator tooth faces near the airgap.
To eliminate the torque ripple and vibration of multiple times the switching frequency
(fs, 2fs, 3fs, ... ), [198] proposed a selective torque ripple elimination using carrier phase
shift. The shifted phase can be selected from —7/2, 71/2, and 7 in terms of different spatial
phase displacement between two winding sets.
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Figure A2. MMF generated by switching current harmonics. (a) Single three-phase. (b) DTP.
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