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Abstract: This paper compares the electromagnetic performances of radial-flux, dual-rotor,
permanent magnet (DRPM) machines with series (S) and parallel (P) magnetic circuits for
two rotors, i.e., SDRPM and PDRPM, accounting for different slot/pole number combi-
nations, stator winding configurations, and machine sizes. The machines are optimized
using the finite element analysis (FEA) based on the genetic algorithm. It shows that the
PDRPM machine with the tooth coil (TC) configuration has the highest permanent magnet
(PM) utilisation compared to the PDRPM with toroidal winding (TW) configuration and
the SDRPM machine with the TC configuration under different slot/pole number com-
binations. The scaling effects of the machine size on the torque have been investigated.
The TW-PDRPM machine is suitable for large-radius and short-axial length applications
due to the short end-winding length of the TW configuration, while the TC-PDRPM is
better for small-radius and long-axial length applications. The TC-SDRPM performs well
when both the machine outer radius and axial length increase. Finally, the TC-SDRPM and
TW-PDRPM machines are prototyped and validated experimentally.

Keywords: dual rotor; fractional slot; permanent magnet machine; pole number combinations;
radial flux; toroidal winding

1. Introduction

Industrial sectors, such as maritime, aviation, electric vehicles, domestic appliances,
and crane operations, have increasingly used permanent magnet (PM) machines in recent
years. This is because PM machines have high torque density and efficiency [1]. Among
different PM machine topologies, the radial-flux rotor PM machine is the most common
due to its superior electromagnetic performance, cost-effectiveness, reliability, and ease of
manufacturing [2—4].

In different radial-flux rotor PM machine topologies, surface-mounted PM (SPM)
machines are widely used due to their simple structure, easy manufacturability, and high
air gap flux density [5,6], as shown in Figure 1. To further increase the torque density and
efficiency of the conventional radial-flux SPM machine, the radial-flux, dual-rotor SPM
(DRSPM) machine is proposed in [7,8], which consists of a single shared sandwiched stator
and two rotors. Both rotors have the same pole number and are located on opposite sides
of the stator, rotating at the same speed and assembled on the same shaft. In this design,
the inner and outer PMs generate the fluxes in parallel through a shared stator yoke. The
DRSPM machine with parallel magnetic circuits is denoted as the PDRPM machine in
the paper.
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Figure 1. Machine topologies. (a) TC—SDRPM. (b) TC—PDRPM. (c). TW—PDRPM.

In the PDRPM machine (Figure 1b), the inner and outer PMs have opposing polarities
of magnetic motive forces (MMF) in the inner and outer air gaps. To produce opposite
polarities of the MMFs in different air gaps, the PDRPM machine uses either the toroidal
winding (TW) or tooth coil (TC) configurations. The TW configuration allows stator coils to
be wound on the common stator yoke directly [9-11]. In contrast, in the TC configuration,
stator coils are wound on the inner and outer stator teeth in different directions [12], as
shown in Figure 1b,c. The applications of TW- and TC-PDRPM machines to direct-drive
wind power generators have been investigated in [13-16], where the active mass, stability,
and PM usage of TW-PDRPM machines are analysed in [15], while the performance of
TC-PDRPM machines with different slot/pole number combinations is analysed in [16].
In addition, the torque enhancement of both TW- and TC-PDRPM machines by using
magnetic field modulation is investigated in [17].

The PDRPM machine combines the features of the internal rotor and external rotor
PM machines, since the inner and outer fluxes are in parallel. However, this design requires
a shared stator yoke, which leads to increased iron loss and reduced slot areas. To mitigate
these issues, a radial-flux yokeless fractional slot (FS) DRSPM machine is proposed in [18],
which has the series connection of the inner and outer magnetic circuits, referred to as the
SDRPM machine in the paper, as shown in Figure 1a. Compared to PDRPM machines,
SDRPM machines have the same flux pattern for both the inner and outer PMs, resulting in
the same direction for the fluxes generated by them and the same polarities of the MMFs
in the inner and outer air gaps. This approach eliminates the stator yoke, significantly
reducing weight and iron loss [19,20]. The yokeless modular stator structure of the SDRPM
machine provides a large slot area and allows the stator coil to be wound on the modular
stator core directly, which improves the slot fill factor [21,22]; although, the mechanical
robustness becomes weaker.

To date, the comparison of the electromagnetic performances of PDRPM and SDRPM
machines can only be found in a few papers [23,24]. It has been reported in [23] that the
integer slot (IS) TW-PDRPM machines show better performance in megawatt-scale wind
power generation applications compared to the IS TC-SDRPM machines, since the TW
configuration in the IS TW-PDRPM machines reduces the length of end-windings.

However, this conclusion is only valid for the IS DRPM machines in high-power
applications (MW), since in this case, the copper loss and active mass of end-windings
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in the IS TC-SDRPM machines are significantly higher than those in the IS TW-PDRPM
machines. In contrast, an opposite conclusion can be found in [24] for fractional slot (FS)
SDRPM and PDRPM machines in low-power applications. It is shown in [24] that the FS
TC-SDRPM machines exhibit higher torque than the FS TC-PDRPM machines, since the
yokeless modular structure provides a larger slot area and allows for a higher input current
under the same copper loss condition.

Overall, the scopes of the existing papers are summarised in Table 1. As can be seen,
the IS and FS PDRPM and/or SDRPM are compared individually based on specific power
range. Meanwhile, the effect of different winding configurations is mainly influenced by
the slot/pole number combinations, which are not considered.

Table 1. Review of scopes of existing papers.

Machine Tvpe Slot/Pole Number Combinations Power Range
M IS FS IS + FS High Low Scaling
TW-PDRPM [23] - Vv [23] [23] v
TC-PDRPM - [24] V - [24] vV
TC-SDRPM [23] [24] V4 [23] [23,24] vV

This paper: /.

In this context, this paper aims to provide a thorough investigation of different DR-
SPM machines, i.e., TC-SDRPM, TC- and TW-PDRPM machines, accounting for various
applications, the machine size scaling effect, and slot/pole number combinations. All
machines are optimised by the finite element analysis (FEA)-based genetic algorithm to
maximise torque production, where the contributions of the inner and outer rotor-to-torque
production in all machines are separately analysed. It will be shown that, since the outer
rotor PM produces a relatively higher back electromotive force (EMF), the TC-PDRPM
machine exhibits the highest PM utilisation. In comparison, the TW-PDRPM machine takes
advantage of the short end-winding length of the TW configuration, which allows a higher
input current under the same copper loss condition. However, as the number of rotor
poles increases, the stator armature reaction is enhanced, and consequently, the optimised
TW-PDRPM has a thicker common stator yoke, which occupies the stator slot area and
reduces the torque. Besides, this paper investigates the machine size scaling effect on
the electromagnetic performance of all machines to consider their feasibilities in different
power ranges. It shows that, in terms of torque output, the TW-PDRPM machine is suited
for applications with larger radii and shorter axial lengths. Conversely, the TC-PDRPM
machine is better for applications with smaller radii and longer axial lengths. When both
the radius and axial length are increased, the TC-SDRPM machine performs better.

This paper is organised as follows. Section 2 introduces the topologies of the 12-slot
10-pole (12s10p) TC-SDRPM, TC-, and TW-PDPRM machines. Section 3 describes the global
optimisation designs of all machines using the finite element analysis (FEA)-based genetic
algorithm. Section 4 compares the electromagnetic performances of all optimised 12s10p
machines. Section 5 investigates the influence of the slot/pole number combinations of the
TC-SDRPM, TC-, and TW-PDRPM machines. The influence of scaling machine sizes on the
machine performance is studied in Section 6. Section 7 provides the experiment results,
and Section 8 concludes this paper.

2. Machine Topologies

The DRPM machines, i.e., TC-SDRPM, TC-PDRPM, and TW-PDRPMV, are investigated
based on the 12s10p combination firstly, as shown in Figure 2, since 12s10p has lower
cogging torque and better electromagnetic performance than other slot/pole number
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combinations [25,26]. The influence of different slot/pole number combinations will be
investigated later in Section 5.

Figure 2. Cross sections of 12s10p machines and coil EMF phasors. (a) TC-SDRPM. (b) TC-PDRPM.
(c) TW-PDRPM. (d) Coil EMF phasors.

Specifically, the TC-SDRPM machine features a sandwiched yokeless modular sta-
tor. The magnetic poles of two rotors are aligned and have the same pole numbers and
magnetisation polarities. Therefore, the inner and outer PMs generate the fluxes in series.
Secondly, in the TC-PDRPM machine, the inner and outer stator slot areas may differ due
to the TC configuration. Thus, under the fixed number of turns per phase condition, the
number of turns of the stator winding split wound on the inner and outer stator teeth
may differ, according to the corresponding stator slot areas. Thirdly, in the TW-PDRPM
machine, the TW configuration is directly wound to the stator windings on the common
stator yoke, and thus, it has the same number of turns in the inner and outer slots. In this
case, it is preferable that the inner and outer stator slot areas of the TW-PDRPM machine
are the same.

3. Optimised Designs

All machines are globally optimised by utilising an FEA-based genetic algorithm in
Ansys Maxwell to achieve maximum torque. For a fair comparison, all machines have been
designed using the same materials, the same series number of turns per phase of 192, and
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the same copper loss of 30 W. The PM volumes of all machines have no restrictions during
optimisation to achieve maximum torque for various topologies. Meanwhile, all machines
also have the same outer radius and stack length, as listed in Table 2.

Table 2. Design specifications of TC-SDRPM, TC-, and TW-PDRPM machines.

Parameter Value Parameter Value

Outer radius of machine 50 mm Stack length 50 mm
PM remanence 12T PM relative permeability 1.05
Number of stator slots 12 Turns per phase 192

Silicon steel lamination grade M300 NdFeB PM grade N35SH

Figure 3 shows all the variables involved in the optimisation process, as listed in
Table 3. During optimisation, the R3 and R4 are varied with inner and outer split ratios. In
PDRPM machines, the inner and outer fluxes are in parallel. Therefore, the stator tooth
widths of the inner and outer parts can differ in the optimised design of PDRPM machines.
Additionally, the end-winding is considered during the optimisation. The end-winding
configurations are illustrated in Figure 4. To simplify the calculation of the end-winding
length, the end-winding length is determined as a semicircle with a diameter equivalent
to the length of the “Arc” [27]. Thus, the end-winding length of the TC-SDRPM and
TC-PDRPM machines I7c,4 in Figure 4b can be calculated as:

w/(2y—1)(R3+his+Ry—h Wt
lTC-end(y:1,3,5) = 2(( / I ZN;S os) + 25) + 21,y

(1)

where y is the coil pitch, Ns is the number of stator slots, R3 and Ry are the stator inner and
outer radii, respectively, h;; and h,s are the stator inner and outer tooth-tip height, wy; is the
tooth width, and /.y is the extend part, as shown in Figure 4a.

Ro_R1R2R3 R4RsReR; Ro RiRR;3 syiRs;Iis;/(_B4R5_R6R7
(a) (b)

Figure 3. Optimised variables. (a) SDRPM. (b) PDRPM.

The end-winding length of the TW-PDRPM machine I7yy..,,; in Figure 4c can be calcu-
lated as [28]:

T ( (Rsyi —R3 —hjp + Ry — Rsyo - hos)

lTW—end = E 2 + Rsyo - Rsyi) + 2lex 2)

where Rsyl- and Rsyo are the stator yoke inner and outer radii, respectively.
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Table 3. Optimised parameters of 12s10p machines.

Parameters Symbols TC-SDRPM TC-PDRPM TW-PDRPM

Stator yoke position Rs/Ry - 0.51 0.67
Stator yoke height (mm) hsy - 5.7 5.8

Stator tooth width (mm) Wist/Wost 7 7/6.5 6.5/6.3
Outer split ratio R4/Ry 0.84 0.83 0.86
Outer slot opening (mm) bos 6 6.6 8.8
Outer tooth-tip thickness (mm) s 1 1 1.1
Outer tooth-tip slope (deg.) Xos 15 11 10
Outer PM thickness (mm) Rg—Rs5 2.0 2.3 1.6
Outer PM pole arc (elec.) Oom 150 155 161
Outer PM volume (cm?) Vom 23.9 27 20.5
Inner split ratio Ry/R 0.42 0.39 0.42
Inner slot opening (mm) bis 0.4 2.4 24

Inner tooth-tip thickness (mm) his 1 1 1
Inner tooth-tip slope (deg.) Qi 0 6 54
Inner PM thickness (mm) Ry—Rq 2.0 1.7 2.4
Inner PM pole arc (°elec.) Oim 180 142 180
Inner PM volume (cm?) Vim 12.1 7.9 14.8
Total PM volume (cm?) Vi 36 349 35.3
Input current amplitude (A) Lamp 51 5 48
lex

€ — Stator slot

()
Figure 4. End-winding configuration. (a) Side view. (b) TC. (c) TW.

4. Comparison of Electromagnetic Performances of TC-SDRPM, TC-, and
TW-PDRPM Machines

This section compares the electromagnetic performances of the optimised 12s10p
TC-SDRPM, TC-, and TW-PDRPM machines by FEA, including air gap flux density, open-
circuit flux linkage, back EMF, electromagnetic torque, PM utilisation, overload capability,
losses, and efficiency.

4.1. Air Gap Flux Density

Figure 5 shows the open circuit flux lines and magnetic flux density distributions of all
optimised 12s10p machines. Since the TC-PDRPM machine has no restriction on the inner
and outer slot areas, the optimised stator yoke position is located towards the bottom of
the stator teeth. The outer rotor of the TC-PDRPM machine is the main output component,
and there is almost no stator winding linking with the flux generated by the inner rotor
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PM. In contrast, the TW-PDRPM machine restricts the inner and outer stator slot areas to
be equal, and the number of turns of the stator winding in the inner and outer stator slots
are the same. For the SDRPM machine, the fluxes generated by the PMs on the inner and
outer rotors are in series, and the resultant flux flows through the inner and outer rotors
and the yokeless modular stator.

B (Tesla)

Figure 5. Open circuit flux density and equal potential distributions of optimised 12s10p machines.
(a) TC-SDRPM. (b). TC-PDRPM. (c). TW-PDRPM.

Figure 6 shows the inner and outer air gap flux densities of optimised 12s10p machines.
In the PDRPM machine, the inner and outer air gap flux densities are relatively separated,
because the inner and outer fluxes are in parallel. However, in the SDRPM machine, the
inner and outer PMs interact due to the inner and outer fluxes in series. Since its outer
rotor inherently has a larger radius than the inner rotor, the outer PM usually generates
higher fluxes than the inner PM. Consequently, the inner flux is increased by the higher
flux from the outer PMs, resulting in an increased resultant flux in the inner air gap in the
SDRPM machine. Thus, the inner air gap flux density in the TC-SDRPM machine is higher
than those of the TC- and TW-PDRPM machines.

£ 2 10p TC-SDRPM TC-PDRPM TW-PDRPM — 2 10p TC-SDRPM TC-PDRPM TW-PDRPM
_..z‘ Inner:  —— —_— —_— [ Inner: [ ] [ | [ ]
] ;’ Outer:  [] — ]
@ ©
(=] 3 1
5 = 1 Rotor pole
TS g i pair number
o £ C
3 <
S
I 2 T T T v T 0-
0 60 120 180 240 300 360 012345678 91011121314151617181920
Rotor Position (Mech. deg.) Harmonic Order

(@) (b)

Figure 6. Inner and outer air gap flux densities of 12s10p machines. (a) Waveforms. (b) Spectra.

As aforementioned, the outer rotor is the main component for producing torque in the
TC-PDRPM machine, and thus, outer PM volume in the optimised TC-PDRPM machine is
larger than that of the TW-PDRPM and TC-SDRPM machines. Consequently, the outer air
gap flux density of the TC-PDRPM machine is the highest among all machines.
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4.2. Flux Linkages and Back EMFs

The flux linkage ¢ can be calculated as:
p=No 3)

where N is the number of turns of the corresponding stator winding, and @ is the magnetic
flux passing through the coil.

Figure 7 shows the open circuit flux lines linked with phase A stator winding of
optimised 12s10p machines. The corresponding rotor position at 0 deg is the maximum
point of the phase A flux linkage. As can be seen, the outer flux is larger than the inner
flux due to the radial structure, and the inner stator winding of the TC-PDRPM machine is
almost negligible. In contrast, the number of turns of the inner and outer stator windings
of the PDRPM machine with TW configuration must be restricted to be the same.

Outer phase A Outer phase A

Phase A stator winding  Outerflux  giator winding  Outer flux

stator winding Resultant flux

Inner phase A |nner flux Inner phase A |nner flux
stator winding stator winding

(a) (b) (0

Figure 7. Open circuit flux line linked with phase A stator winding of optimised 12s10p machines
(rotor position at 0 deg). (a) TC-SDRPM. (b). TC-PDRPM. (c). TW-PDRPM.

The flux linkages and back EMFs of the optimised 12s10p machines are shown in
Figures 8 and 9, respectively. Based on (3), as the number of turns of the inner stator
winding of the TC-PDRPM machine is negligible, the flux linkage generated by the inner
rotor is almost zero. Therefore, the flux linkage generated by the outer rotor is the main
component of total flux linkage in the TC-PDRPM machine. Since the outer flux is larger
than the inner flux, the total flux linkage of the TC-PDRPM machine is the highest.

§ 0.2 0.20 10p TC-SDRPM TC-PDRPM TW-PDRPM

= = Total: N ] ]

& 0.1 2 0.15 Inner:

E ;; Outer: |:| —/ —

[=4

3 00 T 0.10

x % =

2 ~01 .:::;I:TC\EPMTC-TMTW-TM“ _g. 0.05

f-’ Inner:  —e— — —— <

& 0.2 Outer; - e 0.00 e e e R e G

= 0 60 120 180 240 300 360 01 2 3 4 5 6 7 8 9 10
Rotor Position (Elec. deg.) Harmonic Order

(@) (b)
Figure 8. Phase A flux linkages of 12s10p machines. (a) Waveforms. (b) Spectra.

The TW configuration restricts the number of inner and outer stator winding turns
in the PDRPM machine. As a result, the inner rotor of the TW-PDRPM machine produces
the highest flux linkage compared to other machines. Conversely, the outer rotor of the
TW-PDRPM machine generates the lowest flux linkage (Figure 8) due to the outer number
of turns also being restricted by the TW configuration, which makes the total flux linkage
of the TW-PDRPM machine the lowest. In the TC-SDRPM machine, the inner flux is
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detrimental to the outer flux, which lowers the total flux linkage of the TC-SDRPM machine
compared to the TC-PDRPM machine. The back EMFs of optimised 12s10p machines have
similar trends as the flux linkages, as shown in Figure 9.

40 Y 10p TC-SDRPM TC-PDRPM TW-PDRPM
- Total: N | |
S 201 2 301 Inner:
: © Outer: [] — ]
o
g of 2 20
ﬁ 10p TC-SDRPM TC-PDRPM TW-PDRP! a
g _2O-Tot';|: : . . E 10
_goloer e Se . .
0 60 120 180 240 300 360 01 2 3 4 5 6 7 8 9 10
Rotor Position (Elec. deg.) Harmonic Order
(@) (b)

Figure 9. Phase A back EMFs of 12s10p machines (rated speed = 400 r/min). (a) Waveforms.
(b) Spectra.

4.3. Torque, PM Ultilisation, and Overload Capability

The on-load torques of all optimised 12s10p machines under 30 W copper loss with
zero d axis current control are shown in Figure 10. The TC-PDRPM machine has the highest
torque of 4.3 Nm due to its highest back EMF. In contrast, the TW-PDRPM machine has the
lowest torque of 3.2 Nm. It can be explained that the TW-PDRPM has the lowest back EMF,
and the stator yoke design in the PDRPM machines further reduces the slot area compared
with the yokeless structure of the TC-SDRPM machine, leading to an even lower input
current in the PDRPM machines with the same copper loss (see Table 3).

8 8
10p TC-SDRPM TC-PDRPM TW-PDRPM 10p TC-SDRPM TC-PDRPM TW-PDRPM

Total: —— e  — Total: [N || ||

6 1 Inner:  —e— —— —— 6 Inner: VA
Outer: - B X Outer: [] ] ]

Torque (Nm)
N
Amplitude (Nm)
N

Y e e 0 JHUE S NI 2
i G A A S g g
O -..—4'—.——.'—-.—-.—'—.—-'—.——.—'&—--— 0 ! . . . . . r . . . .
0 60 120 180 240 300 360 01 2 3 45 6 7 8 9 10
Rotor Position (Elec. deg.) Harmonic Order
(@ (b)

Figure 10. Torques of 12s10p machines. (a) Waveforms. (b) Spectra.

For maximum torque production for all three machines, their respective PM usage
will be different, as presented in Figure 11. In this paper, the PM utilisation PTorque/PM 1S
defined as the ratio of average torque to PM volume, i.e.,

Tavg

4)

PTorque/PM = Vo
where Tayg is the average torque, and Vpy is the PM volume. It can be seen that the
TC-PDRPM machine has the highest outer PM utilisation, while the TW-PDRPM machine
has the highest inner PM utilisation.

The overload capabilities of all 12s10p machines are shown in Figure 12. It can be
seen that the TC-SDRPM and TC-PDRPM machines have the same overload capabilities.
However, the TC-PDRPM machine always produces higher torque than the TC-SDRPM
machine at different copper losses. In contrast, the TW-PDRPM machine has the worst
overload capability.
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Figure 11. PM utilisations of 12s10p machines.
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0 100 200 300 400 500

Copper Loss (W)
Figure 12. Torques versus copper loss of 12s10p machines.

4.4. Loss and Efficiency

The PM eddy current, iron, and copper losses of all optimised 12s10p machines at the
rated load are shown in Figure 13. As can be seen, the TC-SDRPM machine has the lowest
iron loss due to its yokeless stator structure.

40-

Il 7C-SDRPM
30 |ZA TC-PDRPM
™ TW-PDRPM

20 A7

Loss (W)

10+

0- r
PM Eddy Current Iron Copper

Figure 13. Losses of 12s10p machines (rated speed = 400 r/min).

Furthermore, the efficiencies (5) of all three machines are calculated. The efficiencies
of the TC-SDRPM, TC-PDRPM, and TW-PDRPM machines are 98.02%, 97.98%, and 97.29%,
respectively. Clearly, the 12s10p TC-SDRPM machine has the highest efficiency due to the
low PM eddy current and iron losses.

Tavgw

=G5 ®)

B Tavgw + Ploss

where w is the machine rotating speed, and Py, is the total loss in the machine. The perfor-
mances of the 12s10p TC-SDRPM, TC-PDRPM, and TW-PDRPM machines are summarised
in Table 4.

Table 4. Performances of 12s10p TC-SDRPM, TC-PDRPM, and TW-PDRPM machines.

Performances TC-SDRPM TC-PDRPM TW-PDRPM
Torque (Nm) 4.0 4.3 3.2
PM utilisation (Nm/cm?) 0.111 0.123 0.091
Loss (W) 32.3 35.5 35.7

Efficiency (%) 98.02 97.98 97.29
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5. Influence of Slot/Pole Number Combinations of TC-SDRPM, TC-, and
TW-PDRPM Machines

The influence of the slot/pole number combinations of TC-SDRPM, TC-PDRPM, and
TW-PDRPM machines are investigated in this section, i.e., 12s10p FS machines, 12 slots
20 poles (12s20p), and 12 slots 22 poles (12s22p) IS machines. Their winding connections
and corresponding coil EMF phasors are shown in Figure 14.

Figure 14. Cont.
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1,4 1,4

120° 120°

(Ld) (ILd)

Figure 14. Cross-sections of machines with different slot/pole number combinations and corre-
sponding coil EMF phasors. (I). 12s20p. (II). 12s22p (a) TC-SDRPM. (b) TC-PDRPM. (c¢) TW-PDRPM.
(d) Corresponding coil EMF phasors.

The number of slots per pole per phase g can be calculated by:

1= 2mp

(6)

where Nj is the number of the stator slot; m is the number of the phase; p is the number
of the rotor pole pairs. It should be noted that the pole pair numbers of the 12s20p and
12s22p combinations in (6) are the pole pair numbers of the armature windings as 2 and 1,
respectively. Thus, the g of the 12s10p machines is 2/5. The q of the 12s20p and 12s22p IS
machines are 1 and 2, respectively.

For all machines with different slot/pole number combinations, the windings are
connected for the highest winding factors. Therefore, the optimal coil pitches of 12s10p,
12s20p, and 12s22p SDRPM machines are 1, 3, and 5, respectively. All machines with
different slot/pole number combinations are globally optimised with the same condition
as Section 3 to maximise the torque. The optimised parameters are listed in Table 5.

Table 5. Parameters of optimised of TC-SDRPM, TC-, and TW-PDRPM machines with different
slot/pole number combinations.

Parameters Symbols TC-SDRPM TC-PDRPM TW-PDRPM
Slot/pole number combination Ns/p 12/20 12/22 12/20 12/22 12/20 12/22
Stator tooth width (mm) Wist/Wost 3.8 4 2/4.2 24/48 2.7/5.3 2.6/5.6

Stator yoke position Rs/R; - - 0.51 0.55 0.66 0.67

Stator yoke height (mm) hsy - - 5.6 6.4 5.7 6
Inner split ratio Ry/R; 0.41 0.42 0.38 0.4 0.45 0.47
Outer split ratio R4/R; 0.86 0.83 0.85 0.82 0.85 0.84

Inner slot opening (mm) bjs 32 3.7 5.3 6.2 6 4
Outer slot opening (mm) Dos 10.4 12.3 12.8 8.2 9.4 52

Inner tooth-tip thickness (mm) his 1 1.3 1.3 1.5 1 1

Outer tooth-tip thickness (mm) Hos 1.3 1.1 1.2 1.1 1 1

Inner tooth-tip slope (deg.) W 15 6.1 9.5 15 9.7 5
Outer tooth-tip slope (deg.) Nos 17 12.7 10.5 10 12 114
Inner PM thickness (mm) Ry—R4 2.2 1.9 2.3 1.9 2.2 2.2
Outer PM thickness (mm) R¢—Rs5 2.3 2 2 1.9 2.1 23
Inner PM pole arc (°elec.) Oim 180 164 15.3 154 17.2 14.2
Outer PM pole arc (°elec.) Oom 180 163 16.5 11.9 15.2 11.8
Inner PM volume (cm?) Vi 134 11.2 11.1 10.7 14.5 13.7
Outer PM volume (cm?) Vom 31.9 259 26 19.1 25 22.7
Total PM volume (cm?) Vem 45.3 371 371 29.8 39.5 36.4
Input current amplitude (A) Lamp 53 3.8 47 35 49 45
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5.1. Air Gap Flux Density

Figure 15 shows the open circuit flux lines and magnetic flux density distributions of
all optimised machines. With the increase in the pole number, the pole pitch decreases, and
the magnetic saturations on the stator and rotor are less.

B (Tesla)

_;

1.0 12

1.4

(Lc) (ILc)

Figure 15. Open circuit flux density and equal potential distributions of optimised machines with
different slot/pole number combinations. (I). 12s20p. (II). 12s22p (a) TC-SDRPM. (b) TC-PDRPM.
(c) TW-PDRPM.
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Figure 16 shows the variations in the inner and outer air gap flux densities of all
machines with pole numbers. In the TC-SDRPM machine, the interaction between inner
and outer fluxes decreases the outer air gap flux density, as the inner air gap flux density
decreases with the pole number. As mentioned in Section 4, the inner rotor contributes
minimally to the TC-PDRPM machine. Therefore, the TC-PDRPM machine exhibits the
lowest inner air gap flux density.

e 1.

= 12 TC-SDRPM TC-PDRPM TW-PDRPM
= Inner: —4— - -
g 104 Outer: =-¢- -®- -4 -
a

x

2

L 0.8

Q.

1]

o

Z 06

10P 20P 20P
Pole Number

Figure 16. Inner and outer air gaps flux densities versus pole numbers.

5.2. Flux Llinkages and Back EMFs

Figure 17 shows the phase A flux linkages of all machines with different pole numbers.
In TC-PDRPM machines with different pole numbers, the flux linkage generated by the
inner rotor is negligible. However, the outer rotor radius is significantly larger than that
of the inner rotor, and the outer PM generates higher flux due to the larger PM width.
As a result, the outer rotor generates significantly higher flux linkage. Thus, TC-PDRPM
machines with different slot/pole number combinations have the highest total flux linkages
among all machines. The total flux linkages of the 10p and 22p TC-SDRPM machines are
higher than those of the corresponding TW-PDRPM machines. The outer flux linkages
of the 20p TW-PDRPM and TC-SDRPM machines are similar. However, the TC-SDRPM
machine has a lower inner flux linkage compared to the TW-PDRPM machine. Therefore,
the total flux linkage of the 20p TW-PDRPM machine is higher than that of the 20p TC-
SDRPM machine. The back EMFs and flux linkages of all machines under different pole
numbers with similar relationships are shown in Figure 18.

= 0.25

H TC-SDRPM TC-PDRPM TW-PDRPM
o 0.20- Total: —— — —
> Inner: =@ - -9 -9 -
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@

& 0.00 " » S 1
£ 10P 20P 22P
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Figure 17. Phase A flux linkages versus pole numbers.
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Figure 18. Back EMFs versus pole numbers (rated speed = 400 r/min).



World Electr. Veh. ]. 2025, 16,12

15 of 24

5.3. Torque, PM Ultilisation, and Overload Capability

The torques and PM utilisations of TC-SDRPM, TC-, and TW-PDRPM machines with
different numbers of slot/pole number combinations are shown in Figures 19 and 20,

respectively.
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Figure 19. Torques versus pole numbers.
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Figure 20. PM utilisations versus pole numbers.

The TC-PDRPM machines with different slot/pole number combinations and dif-
ferent winding configurations exhibit the highest torque due to their highest back EMF.
Moreover, the total PM utilisations of the TC-PDRPM machines are higher than other
types of machines. On the other hand, the torques of TW-PDRPM machines with dif-
ferent slot/pole number combinations are the lowest. Although the TW configuration
has a shorter end-winding length than the TC configuration, the yokeless modular stator
structure provides a larger slot area for the TC-SDRPM machines. The 10p and 20p TC-
SDRPM machines allow a higher input current than the TW-PDRPM machines, even when
considering the end-winding length under the same copper loss condition. For the 22p
machines, the TC-SDRPM machine has a higher back EMF than that of the TW-PDRPM
machine. Additionally, the 22p machine has a strong 2-pole stator armature reaction. The
22p TW-PDRPM machine faces severe magnetic saturation in the stator yoke, as shown
in Figure 21. Therefore, even with a higher input current, the 22p TC-SDRPM machine
produces more torque than the 22p TW-PDRPM machine.

Figure 22 shows the average torques of all machines under different copper losses.
The machine 22p TW-PDRPM exhibits the weakest overload capability due to the strong
armature reaction. On the other hand, the TC-SDRPM machines have a stronger overload
capability compared to other types of machines with the same pole number. This is because
the series connection of the TC-SDRPM machines leads to almost double the equivalent
airgap length, i.e., 2 x (PM thickness + airgap).
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(I.c)

B (Tesla)

(I1.c)
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Figure 21. Flux density distributions and flux lines at rated load. (I). 12s10p. (II). 12s20p. (III). 12s22p.
(a) TC-SDRPM. (b) TC-PDRPM. (c) TW-PDRPM.
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Figure 22. Average torques versus copper loss of TC-SDRPM, TC-, and TW-PDRPM machines with

different slot/pole number combinations with zero d axis current.



World Electr. Veh. ]. 2025, 16,12

17 of 24

5.4. Loss and Efficiency

The PM eddy current and iron losses of all optimised machines with different slot/pole
number combinations are shown in Figure 23. The copper loss for all machines is the same
of 30 W. All machines have low iron loss, since they operate at a low speed of 400 r/min.
The TC-SDRPM machines have the lowest iron loss with different pole numbers because
of the yokeless stator structure. Figure 24 illustrates the efficiencies of all machines. It is
observed that all types of machines achieve relatively higher efficiency with the 12s20p
slot/pole number combination. The 12s20p TC-PDRPM machine has the highest efficiency
compared to all other machines, since it has the highest torque. The performances of
the TC-SDRPM, TC-PDRPM, and TW-PDRPM machines with different slot/pole number
combinations are summarised in Table 6.

Table 6. Performances of TC-SDRPM, TC-PDRPM, and TW-PDRPM machines with different slot/pole
number combinations.

Performances TC-SDRPM TC-PDRPM TW-PDRPM
Slot/pole 12/10 12/20 12/22 12/10 12/20 12/22 12/10 12/20 12/22
Inner airgap flux density (T) 0.76 0.75 0.72 0.81 0.68 0.64 0.75 0.73 0.76
Outer airgap flux density (T) 0.96 0.84 0.76 0.77 0.7 0.72 0.69 0.78 0.81
Flux linkage (Wb) 0.11 0.07 0.09 0.12 0.11 0.11 0.09 0.07 0.07
Back EMF (V) 22.5 29.8 42.9 24.7 441 52.6 18.8 31.0 34.0
Torque (Nm) 4.0 5.4 5.9 43 7.2 6.4 3.2 5.4 4.9
PM utilisation (Nm/cm?) 0.111 0.119 0.159 0.123 0.194 0.210 0.091 0.137 0.132
Loss (W) 32.3 33.8 37.2 35.5 36.5 42.8 35.7 38.2 42.5
Efficiency (%) 98.02 98.46 98.45 97.98 98.75 98.38 97.29 98.26 97.92
20
TC-SDRPM TC-PDRPM TW-PDRPM
PM Eddy Current: — —
E 151 iron: —A —A —A
g 101 _==?
o = ==
- 5 = A — - A
- -
0 e —
10P 20P 22P
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Figure 23. Losses of TC-SDRPM, TC-, and TW-PDRPM machines with different slot/pole number
combinations (rated speed = 400 r/min).
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Figure 24. Efficiencies of TC-SDRPM, TC-, and TW-PDRPM machines with different slot/pole
number combinations (rated speed = 400 r/min).

6. Influence of Machine Size

According to [23], the IS PDRPM machine outperforms the IS SDRPM machine in
megawatt (MW) wind power generation applications. However, different machine sizes
with different slot/pole number combinations should be discussed for different applications.
Therefore, this section investigates the influence of the machine size for TC-SDRPM and TC-
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and TW-PDRPM machines with different slot/pole number combinations. The scaling-up
analysis is conducted in three distinct directions, as illustrated in Figure 25. The red arrow
K, presents the machine only scaling up in the radial direction but keeping other parameters
the same in the axial direction. The blue arrow K, shows the machine only scaling up in
the axial direction but keeping other parameters the same in the radial direction.

Figure 25. Scale-up method of machine.

6.1. Scale-Up in Radial Direction

In the radial direction, the copper loss scales up as K;2. The end-winding length is
influenced significantly by the radially scaling up. The stator armature winding input
current with zero d axis current control and the torque of all machines varied with the K;
are shown in Figure 26.

150 = 800
s TC-SDRPM TC-PDRPM TW-PDRPM E TC-SDRPM TC-PDRPM TW-PDRPM
< 10p: —— - - - - E3 10p: —— - - - -
< : 6004,
k] J20p: — - -- g 20p: — - - >
3 100 5 P
5 S 400
a3 -
s 501 g
2 & 200+
= g

0 < 04 :
1 2 3 4 5 6

(b)

Figure 26. Variation of average torque and stator g axis input current with K. (a) Input current.
(b) Average torque.

In this case, the torque of the 12s20p TW-PDRPM machine increases to the highest with
the increase in K. The IS TW-PDRPM machines have the advantage of shorter end-winding
length. Thus, the 12s20p and 12s22p TW-PDRPM machines have a higher input current
with increased K;. However, the strong 2-pole stator armature reaction in the 12s22p TW-
PDRPM machine leads to severe magnetic oversaturation, which results in the torque of
the 12s22p TW-PDRPM machine increasing slowly with K.

6.2. Scale-Up in Axial Direction

In the axial direction, copper loss increases in proportion to K,. Figure 27 shows the
input currents and torques of all machines varying with K,. With axial scaling, the effect of
the end-winding length becomes negligible gradually.

Therefore, the input currents in the TC-SDRPM and TC-PDRPM machines increase
more with K, than in the TW-PDRPM machines. A more significant increase in the
torque of the TC-SDRPM and TC-PDRPM machines can be observed compared to the
TW-PDRPM machines.
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Figure 27. Variation of average torque and stator g axis input current with K;. (a) Input current.

(b) Average torque.

6.3. Scale-Up in Radial and Axial Directions

When both the radial and axial directions are scaled up, the copper loss scales up as

K, x K2
and K,.
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Figure 28. Variation of average torque with K; and K,.
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(a) TC-SDRPM. (b) TC-PDRPM. (c) TW-PDRPM.
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(I). 12s10p. (II). 12s20p. (III). 12522p.

As mentioned in Section 6.1, the IS TW-PDRPM machines have higher stator g axis
input currents than the IS TC-SDRPM and TC-PDRPM machines due to their short end-
winding length. However, when the axial direction is considered. The stator q axis input

current difference is insignificant compared to when only the radial direction scales up.
Therefore, the advantage of the short end-winding in the TW-PDRPM machines is less. The
TC-SDRPM machine performs well with different slot/pole number combinations when

both the radial and axial lengths increase.
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6.4. Summary

The TC-SDRPM, TC-, and TW-PDRPM machines with different slot/pole number
combinations and machine sizes are discussed in this section. Figure 29 shows the recom-
mended machine type for different machine sizes. The discussion on the applicability of the
different machine types in different dimensions only considered the electromagnetic torque
of the machines. It can be concluded that the TW-PDRPM machine is better for the large-
radius and small-axial length application due to the short end-winding length of the TW
configuration. On the other hand, the TC-PDRPM machine is suitable for large-axial length
and small-radius applications due to its relatively higher torque, and the end-winding
length becomes gradually negligible with the increasing axial length. The TC-SDRPM
machine always performs well when both the radial and axial lengths increase.

Radial 4
Dimension

TC-PDRPM Axial
|74 Di )
imension

Figure 29. Recommended machine type for different machine sizes for higher torque production.

7. Experiment Validation

The 125s10p TW-PDRPM and TC-SDRPM machines (Figure 30) are prototyped and
tested to validate the FEA results. The design parameters are listed in Tables 2 and 3.

The cogging torques and static torques of the 12s10p TC-SDRPM and TW-PDRPM
machines are measured by using the test method in [29] and the test rig shown in Figure 31.
The phase back EMFs of two machines are obtained at 800 r/min. The FEA predicted and
measured results of cogging torques and back EMFs of the two machines are shown in
Figures 32 and 33, respectively. Although the amplitudes and waveforms exhibit some
differences, it is worth mentioning that both the FEA and experiments confirm the small
cogging torques in the prototype machines. The differences between the measured and
the predicted torque and EMF amplitudes are mainly attributed to the manufacturing
imperfection. Overall, for both the back EMF and cogging torque, the FEA predictions are
well validated by experiments.

The full and half load static torques of TW-SDRPM and TC-PDRPM machines are
measured by injecting a range of DC (I4 = —2 Ig = —2 I¢ = Ipc), and the full load current
Irateq corresponds to the copper loss of 30 W, as shown in Figure 34a. Figure 34b shows the
variation in the average torque with current. The measured torques match well with the
FEA results, and as expected, the TC-SDRPM machine has a higher torque compared to the
TC-SDRPM machine.
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Figure 30. 125s10p machine prototypes. (I). TC-SDRPM. (II). TW-PDRPM. (a) Stator. (b) Rotor.
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Figure 31. Test rig for static torque measurement.
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Figure 32. FEA predicted and measured cogging torques. (a) Waveforms. (b) Spectra.
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Figure 33. FEA predicted and measured phase back EMFs. (a) Waveforms. (b) Spectra.
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Figure 34. FEA and measured torques. (a) Static torques at full and half-load conditions. (b) Variation
of average torques with currents.

8. Conclusions

This paper has presented a comparative study of radial-flux TC-SDRPM, TC-PDRPM,
and TW-PDRPM machines with different slot/pole number combinations and machine
sizes. All machines are optimised by the FEA genetic algorithm.

Some conclusions can be drawn as follows:

1.  In aradial structure machine, the outer rotor inherently has a larger radius than the
inner rotor, resulting in a larger pole arc for the outer rotor PM, producing a higher
flux. The TC-PDRPM machine has the highest utilisation of the outer rotor PM. Thus,
the TC-PDRPM machine has the highest PM utilisation among all types of machines
with different slot/pole number combinations.

2. Interms of machine size scaling effects, the 12s20p TW-PDRPM machine shows the
highest torque when scaling up radially, which is attributed to its short end-winding.
The 12s20p TC-PDRPM machine performs better in axial scaling up, since the TC-
PDRPM machine has the highest torque, and the end-winding length is negligible
with the axial length increase. The TC-SDRPM machine has the best performance
when the machine scales up in both the axial and radial directions.
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The 12510p TW-PDRPM and TC-SDRPM machines have been prototyped for valida-
tion. The experimental results have good agreement with the FEA.
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