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ABSTRACT: Pseudo-direct-drive (PDD) machine is a new type of permanent magnet machine with high torque density and efficiency.
PDD with consequent poles can reduce the influence of outer PM on electromagnetic torque, but it has the disadvantage of high eddy
current loss which will limit the range of speed. By transferring PMs from high-speed rotor to low-speed rotor, the eddy current loss
in PMs is reduced, and the high-speed rotor is more robust. In this paper, a flux-switching consequent pole PDD (CP-PDD) machine
is built. After optimization through a multi-objective genetic algorithm, the superiority of the proposed machine to regular CP-PDD is
demonstrated by comparing it through the finite element method. The output torque of the proposed machine is greatly affected by the
direct drive torque. A prototype is built and tested to verify the proposed machine. Results show that the proposed machine is more
suitable for high-speed operation due to the reduction of loss and robustness of the high-speed rotor. The working temperature of the
proposed machine is analyzed, and there is almost no irreversible demagnetization.

1. INTRODUCTION

Pseudo-direct-drive (PDD) machine plays an important role
in many fields with performance requirements of low-speed
high torque, high torque density, and high efficiency, such as
medicine, petrochemical, aerospace, and other fields. Based
on magnetic field modulation theory [1-3], a PDD machine is
composed of a permanent magnet synchronous motor (PMSM)
and a magnetic gear (MG). In PDD machines, PMSM mainly
generates electromagnetic (EM) torque. MG is responsible for
torque transmission, and the permanent magnet (PM) of the sta-
tor causes a small amount of flux-reversal torque. PDD ma-
chine is a type of flux-modulation machine, and its each compo-
nent can constitute the elements of flux-modulation. The mod-
ulation ring of a PDD machine acts as a flux filter and outputs
torque.

Conventional mechanical gear has the drawback of loud
noise and friction. It is easy to lead to increased abrasion and
the possibility of serious failure consequences. However, MG
has the natural advantage of not needing lubrication or regular
maintenance [4, 5]. It works with the protection of out-of-step
and overload, and the no-maintenance life of MG is more than
10 years [6]. A coaxial MG with double-layer PMs and spoke
structure is proposed with better performance [7].

A multi-pole permanent magnet array of PDD is attached
to the stator tooth of the machine. By coupling the inner ro-
tor of the permanent magnet synchronous machine (PMSM)
and the high-speed rotor of MG, EM torque can be transmitted
and output on the outer rotor [8,9]. Compared with the con-
ventional radially series-connected magnetic-geared machine
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(RSMGM) [10], only two air gaps make the structure of PDD
more compact and simpler [11]. Thus, a lower demand for ma-
chining accuracy and process requirements is needed, but the
torque density of the PDD machine is relatively lower than the
RSMGM of the same size. However, conventional PDD has
the disadvantage that the PMs fixed on the stator teeth have a
large resistance to the flux caused by windings, reducing the
EM torque. Thus, a consequent pole PDD (CP-PDD) comes
into being with embedded PMs in slot opening which will not
influence the flux of windings [12]. Thus, the back electromo-
tive force (EMF) and EM torque will be increased.

The drawback of CP-PDD is the large flux leakage of PMs
in slot opening which will influence the utilization ratio of PM
and electromagnetic performances of the machine. By adding
auxiliary teeth outside the consequent pole PMs, the structure
of PMs can be more stable, and the problem of flux leakage
can be improved [13]. On this basis, a machine with Hal-
bach consequent-pole in the stator opening is proposed, which
verifies the superiority of Halbach consequent-pole compared
with conventional consequent pole due to the reduction of flux
leakage [14]. Besides, the size of the end-winding has a great
influence on the torque density of the PDD machine. There-
fore, a concentrated-winding split-tooth VPDD (ST-VPDD) is
proposed [15]. The split-tooth VPDD can reduce the size of
the end-winding and output higher torque density. Recently, a
novel flux-switching magnetic gear (FSMG) has been proposed
to adapt to high-speed operation [16]. The eddy current loss of
the machine at higher speed is reduced, and high-speed rotor
has better robustness. By applying the properties and struc-
ture of FSMG in a CP-PDD machine, the good performance of
FSMG at higher speed can be inherited, reducing loss and in-
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FIGURE 1. Topology comparison. (a) Conventional CP-PDD. (b) Proposed FSCP-PDD.

creasing efficiency. Direct-drive torque has a great influence on
the output torque of the machine. The machine can effectively
reduce loss and improve the robustness of the rotor, which is
more suitable for high speed operation.

With CP-PDD as a typical electromechanical equipment,
its performance depends on the complex coupling relation-
ship among the electromagnetic field, mechanical structure, and
thermal characteristics. To deeply verify the performance of the
machine, multi-physical field analysis is necessary. Losses of
the electromagnetic field raise the material temperature of the
machine, and the temperature rise affects the performance of
PMs and windings as well, thus forming a bidirectional cou-
pling [17-19]. The machine is subjected to various loads and
incentives, requiring its structure to have sufficient mechanical
strength and fatigue performance [20,21].

A flux-switching CP-PDD (FSCP-PDD) machine is pro-
posed in this paper. The structure of this paper is as follows.
In Section 2, the topology and operation principle of FSCP-
PDD are described. Optimization of the machine is carried out
in Section 3. Comparison of electromagnetic performances,
loss, and mechanical strength between the proposed machine
and conventional CP-PDD machine is carried out through the
finite element method (FEM) in Section 4. The temperature
of the proposed machine is analyzed in Section 4 as well. A
prototype is built and tested in Section 5 to verify the proposed
machine. Finally, conclusion is shown in Section 6.

2. TOPOLOGY AND OPERATION PRINCIPLE

2.1. Topology

As shown in Fig. 1, the key distinction between FSCP-PDD
and conventional CP-PDD is the position of inner PMs. The
consequent pole PM of CP-PDD in the inner rotor is radially
magnetized. In contrast, the tangentially alternating magne-
tized PMs of FSCP-PDD are located in the interspace of pole
pieces. There are two rotors in FSCP-PDD. The inner rotor of
the proposed machine consists of an iron core of salient struc-
ture with mechanical strong strength, which is suitable for driv-
ing in high-speed regions. With the radially magnetized conse-
quent pole PMs in each slot opening, the pole-pair number of
outer PMs P, equals the number of stator teeth and slots. The
double-layer fractional slot winding is applied in the slots. With
the winding step of 4 and pole-pair number of 4, the winding
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factor is 0.951. The pole-pair number of winding equals the
pole-pair number of inner rotor P;. In conventional CP-PDD,
the pole-pair number of stators P,., modulation ring Z,,., and
inner rotor P;. meet (1). The speed ratio G,.. of the inner rotor
and outer rotor meets (2). Due to the change of transmission
structure, while keeping the pole-pair numbers of stator and in-
ner rotor unchanged, the gear ratio changes in the proposed ma-
chine. The pole-pair numbers of stator P,, outer rotor P,,, and
inner rotor Z; meet (3). The speed ratio G- of the inner rotor
and outer rotor meets (4) in the proposed machine.

ch = Poc + Pic (1)
Wic ch

re — - 2

¢ Wme Pic ( )

Po = Pm + Z’L (3)
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2.2. Working Principle

CP-PDD can be divided into two machines with rotor PMs or
stator PMs in Fig. 2. When PMs in the stator are removed,
the proposed machine can be regarded as a permanent magnet
vernier machine (PMVM) [14]. When PMs in the rotor are re-
moved, the machine can be regarded as a flux reversal machine
(FRM). In addition, the MG generates torque on the inner rotor
and outer rotor. The synthetic torque on the inner rotor is close
to 0, and the output torque is a synthetic of the torque from
PMVM, FRM, and MG. In PDD, the high-speed rotor is not
connected to loads, while the low-speed rotor with low-speed
high torque is connected to the mechanical load.

To simplify the calculation, the permeability of iron and the
end effect are neglected. The air-gap flux density of each part of
separated FSCP-PDD will be analyzed as follows. The initial
positions of the inner rotor 8, and outer rotor 6, are set to zero
to analyze the PMVM and FRM. The mechanical positions of
the inner rotor §; and pole piece rotor 6,,, can be calculated as (5)
and (6)

0; = Oio + wit = w;t Q)

Z

O
Pr,

ng + wmnt = —

(6)
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FIGURE 2. Principle of FSCP-PDD. (a) PMVM. (b) FRM.

where w;, wm, Z;, and P, are the angular velocities and pole-
pair numbers of the inner rotor and pole piece rotor, respec-
tively.

Firstly, the torque of PMVM is analyzed. When PMs in slot
openings are removed, the proposed machine can be regarded
as a PMVM. In [22], the magnetomotive force (MMF) of PMs
can be expressed as

o i=1,3 Jm (,L"Oopmap""g + 4H0urm59/lm)

X sin <];r) cos <‘7Pm29pm) €08 [1 P (0 — wimt)] (7)

where B, is the remanence of PMs, 0,,,,, and 0, are the angular
widths of one pole of rotor PMs and iron, 4 the average radius
of the air gap, ,,, the radial length of rotor PMs, 4,/ the equiv-
alent air-gap length, 1o the vacuum permeability, and pi,-,, the
relative permeability of PMs. The air gap of the machine is re-
garded as a double saliency structure because of the stator slots
and inner rotor slots. The permeance function can be expressed
as

2,

A, (0,1) =~
(6,%) Ho

Apo(0,)Ayi (0 — 0;,1) ®)
where A, and A,; are the permeance functions when only sta-
tor slots and inner rotor are considered. A, can be calculated
as (9)—(13), where Ao and A, are constant and the kth term
in permeance function; Z, is the number of stator teeth; 8; and
0, are the angular widths of stator tooth and stator slot; , is the
air-gap length, respectively. Similarly, A,; can be calculated
in the same way. Thus, the no-load air-gap flux density can be
given by (14).

+oo
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k=1,2
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Then, the torque of FRM is analyzed. When PMs in the outer

rotor are removed, the proposed machine can be regarded as an
FRM. The MMF of stator PMs can be expressed as

+oo
Fy(0) = Fro+ Y Fricos(iPy0) (15)
i=1,3

where Fy; is the 7th term in MMF function. Due to the mechan-
ical positions of rotors being determined by (5) and (6), the per-
meance of rotors can be simply taken into a single form. The
air-gap permeance can be calculated as (16) where Az and A ¢
are constant and the jth term in the permeance function. Thus,
the no-load air-gap flux density can be given by (17).

Ho
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j=1,2
The general expression of back EMF can be given as,

2m

o {TQL B(0,, )N, (0.)d6, | (18)
dt 0
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where L is the stack length, and N,, is the winding function.
The electromagnetic torque of PMVM and FRM can be calcu-
lated from (19) where ¢, . is three phase instant current and
1,,, the amplitude of the current.

o _ Baio+ Byip + Beie _
Wi

)y

i=|6n=£1|,n=0,1...

3E; I/ (2wm) cos [(i F 1) Prwmt +0;]  (19)

Then, both PMs in the outer rotor and inner rotor are re-
served, and there is torque transmission between the two rotors.
To facilitate the analysis of open-circuit air-gap flux density, a
relative coordinate system is established on the outer rotor and
expressed in (20).

Ore =0, +0 (20)

Finally, the torque of FSMG is analyzed. As an FSMG, the
magnetomotive force of the pole piece rotor is modulated by
the permeance of pole pieces and teeth of the high-speed rotor.
The magnetomotive force of the pole piece rotor is expressed
as (7). The permeances of pole pieces and high-speed rotor are
expressed as

Am = AmO + Ama COS(Pme're)
Ai = Ao + Nig co8(ZiOim — Ziwimt)
= Ajo + Ajq cos (Ziare — Zjwimt — Zim5ivrn) (22)

@n

where Ao, Mg, Mios Nias Nims Aim, and Ay, are the average
component of the permeance of the pole pieces, the amplitude
of the permeance of the pole pieces, the average component
of the permeance of the high-speed rotor, the amplitude of the
permeance of the high-speed rotor, the mechanical angle of the
inner rotor relative to the pole piece rotor, the angular speed of
the inner rotor relative to the pole piece rotor, and the deviation
angle between the center of pole pieces and the center of the
high-speed rotor, respectively. Then, the flux distribution in
the air gap is obtained as,

1
Bmg(9T67 t) = F’UaAiOAmO COS(Pmere) + QFUaAiOAma

{cos [(P 4+ Z;)0re] + cos [(Pm — Z;)0re]}

1
= FyaAmo\;
+2 vaiim04idia
Cos [(Pm + Zi)are - Zi(wimt + 6zm)]
—+ cos [(Pm — Zi)H,«e + Zi (wimt + 5””)}
+1F J\
4 vaiimailia

cos (P + Py + Z;)0re — Zi(wimt + 0im)]

+cos[(Pm — Py — Z;)0re + Zi(wimt + 6im)]
+cos[(Pn + Py — Z)0re + Zi(wimt + dim)]
+cos[(Pm — Py + Z:)0re — Zi(wWimt + 6im))

(23)

As shown in (23), the fourth term and fifth term of (23) con-
tribute to the magnetic coupling. Then, the average torque is
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expressed as

ow,, 1 [*

90 21 ),

Bxa—FdH

= 90

24

where T', W,,,, and F are the average torque, magnetic energy,
and magnetomotive force, respectively. Thus, the torque equa-
tions of the high-speed rotor and low-speed rotor are expressed
as (25) and (26). The output torque from the low-speed rotor is
the sum of the torque of FSMG and the electromagnetic torque
of the PMVM and FRM.

1
Ti = ZFanmaAmOAiaZi
X SiN [(— Powom £ Ziwim )t — Pobom £ Zi0im] (25)

1
Tm = ZFanmaAmOAiaPm

X i [(— Powom £ Ziwim )t — Polom £+ Zi0im] (26)

3. PARAMETRIC OPTIMIZATION

To achieve higher output torque and lower torque ripple, the
key parameters will be analyzed and optimized through a multi-
objective genetic algorithm (MOGA) method [23]. Before op-
timization, the influence of some leading parameters on the
torque density and torque ripple will be analyzed for design
guidelines of the proposed FSCP-PDD machine [24]. When
optimizing parameters, the total volume, current density, axial
length, outer radius, etc. will be kept unchanged. A full para-
metric model of the proposed machine is established in Fig. 3.

FIGURE 3. Design parameters of the full parameterized model.

3.1. Number of Stator Teeth

The influence of stator teeth number on transmission ratio (TR)
and torque density is shown in Table 1. With the change of sta-
tor tooth number and pole-pair number of stator PM F,, the
winding factor, pole-pair number of outer rotor P,,, and TR
of MG change correspondingly. The torque performances of
the machine with the number of stator teeth of 18, 30, and 42
are compared under the premise of keeping the current den-
sity, cross-sectional area of slots, total turns of winding, and
volume of PM unchanged. As can be seen from Table 1, with
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TABLE 1. Influence of stator teeth number on the average torque.

P, | P,, | TR | Winding step | Winding factor | Output torque (N-m)
18 | 14 | 35 2 0.945 181.65
30 | 26 | 6.5 4 0.951 213.87
42 | 38 | 95 5 0.953 196.90
240 220
e — = 210
ZE 200+ / E
< ./ %’ 200 — R
%160 /n/ % 190 /
S %7 2"
%0 -/. g;” 180
< / < 170
80 T T T 160 T T T T T
0.55 0.60 0.65 0.70 0.75 1 2 3 4 5 6 7
Split ratio (d/d,) PM height ratio (h,/h;)
FIGURE 4. Influence of split ratio on the average output torque. FIGURE 5. Influence of PM height ratio on the average output torque.
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Total height of PMs (mm)

FIGURE 6. Influence of total height ratio on the average output torque.

the increase of the stator teeth number, the output torque of the
machine will increase and then decrease. An increase in the
number of pole pairs also leads to an increase in loss and a de-
crease in efficiency [25]. Thus, the model with 30 stator teeth
is selected for further optimization and study.

3.2. Split Ratio

The influence of the split ratio on the output torque and torque
ripple is shown in Fig. 4. The more the split ratio is, the more
the space of the PM and armature winding is, and the less the
equivalent air-gap radius is. However, when the split ratio is
much too high with serious magnetic saturation, the average
torque will decrease. Some margin is preserved to prevent the
occurrence of magnetic saturation while the maximum average
torque is obtained when the split ratio is selected as 0.7.

3.3. PM Dimension

Figure 5 shows the effect of the ratio of rotor PM height to stator
PM height on average torque. The influence of the total height
of PM on average torque is shown in Fig. 6. The influence of

0.5 1.0 15 20 25 3.0 35 40
Angular width ratio of outer rotor (6,/60,)

FIGURE 7. Influence of angular width ratio of the outer rotor on the
average torque.
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the shape and size of PMs on the average torque is analyzed
when the outer diameter and split ratio are determined. When
the total volume of PMs is fixed, the larger the volume of the
rotor PM is, the higher the torque generated by the PMVM is.
At the same time, the volume of stator PM and rotor PM will af-
fect the transmission torque of MG. The higher the total height
of the PM is, the greater the average torque of the machine is,
but the height of the PM is not linearly related to the volume
of PM. The torque of the machine with an excessive height of
PM will decrease due to flux leakage, magnetic saturation, and
narrowing of the inner rotor space.

The influence of the angular width ratio of the outer rotor
core to the outer rotor PM on the average torque is shown in
Fig. 7. With the decrease of the ratio, the PM volume increases,
but the volume of pole pieces with the function of flux modula-
tion decreases, and the average torque increases first and then
slows down. The influence of the angular width of stator PM
on average torque is shown in Fig. 8. The angular width of sta-
tor PM also determines the angular width of stator teeth on the
side of PM.
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FIGURE 8. Influence of angular width of stator PM on the average output
torque.

As a trade-off, the optimal values of the above four parame-
ters for the proposed machine should be selected as 3.5, 10 mm,
2.5, and 5 deg respectively.

3.4. Stator and Rotor Teeth

The influence of stator teeth width on the average torque of the
proposed machine is shown in Fig. 9. The narrower the stator
teeth are, the more space is left for the winding, and the higher
the armature winding current and output torque are when the
current density is fixed. However, the narrower the stator teeth
are, the less flux can pass through them. Some margin is pre-
served to prevent magnetic saturation while the optimal stator
teeth width for the proposed machine is selected as 5 mm. Un-
der this parameter, the motor exhibits high average torque, high
utilization rate of permanent magnets, low loss, and relatively
low operating temperature.

The influence of inner rotor teeth height on the average
torque of the proposed FSCP-PDD machine is shown in Fig. 10.
The height of rotor teeth will influence both the output torque
and the torque on the inner rotor. The torque of the inner ro-
tor increases with the increase of the rotor teeth height, while
the output torque decreases with the increase of the rotor teeth
height. The optimal rotor teeth height for the proposed machine
should be selected depending on the specific design require-
ments so that the torque on the inner rotor is 0.

204 1.5

202 1\-
_
.E 200 -\

—=— QOuter rotor

% 108 ] \ —4— Inner rotor

Q 0.0
2 1964 \.

5 A -0

8 194 T

o X~ -1.0
& 1924 —

o] 190 4 Tl 1.5
E ‘k./

186 T T T T T T T T -
5 6 7 8 9 10 11 12 13 14 15

Inner rotor teeth height (mm)

FIGURE 10. Influence of inner rotor teeth height on the average output
torque.

3.5. Global Optimization

The method of single-parameter scanning determines the influ-
ence of design parameters. Meanwhile, it selects the parame-

210

205—/.\.\

-, 200

1954

190

185

180

Average torque (N-m)

175 "

3.0 35 40 45 50 55 6.0 6.5 7.0
Stator teeth width (mm)

FIGURE 9. Influence of stator teeth width on the average output torque.

ters that have significant influence on the optimization results
for MOGA optimization. The above individual parametric op-
timizations provide guidelines for global optimization. Con-
sidering the copper loss, iron loss, and PM eddy current loss
at 300 r/min for the outer rotor and 1950 r/min for the inner ro-
tor of the proposed machine, the objective functions of max-
imum average torque, minimum torque ripple, and maximum
torque per unit PM volume are given, while the temperature of
the winding and PM is roughly set at 100°C. Fig. 11 shows the
Pareto front of MOGA, which best meets the requirements of
output torque as large as possible and torque ripple as small as
possible. The optimized parametric values are shown in Ta-
ble 2. Under the premise that the main parameters such as PM
volume, outer diameter, and stack length are unchanged, the
conventional CP-PDD is optimized and shown in Table 2 as
well.

6.55%

6.50% -

6.45% -

6.40%

6.35% -
% 6.30% | L]
B 6.25% - =

E 6.20% =
E . o

®  Pareto Front

o
=

6.15% -
6.10%
6.05%
6.00%

187

5.95%

590% T T T T T T T T T T
192.5 193.0 193.5 194.0 194.5 195.0 195.5 196.0 196.5 197.0 197.5 198.0

Average torque (N-m)

FIGURE 11. Pareto front of MOGA.

4. PERFORMANCE COMPARISON AND ANALYSIS

The open-circuit radial flux density of the proposed machine
and harmonics spectra comparison of the outer air gap are
shown in Fig. 12. It can be seen from Fig. 12(b) that the open-
circuit flux density harmonics of the outer air gap of the con-
ventional CP-PDD are mainly the 4th and 30th, while the flux
density harmonics of the proposed FSCP-PDD are mainly the
26th and 30th harmonics. In the conventional CP-PDD, the 4th
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FIGURE 12. Flux density. (a) Flux density distribution of proposed machine. (b) Outer air-gap harmonics spectra comparison.
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FIGURE 13. Output torque. (a) Average torque at different current densities. (b) Transient torque at rated speed and current density.

harmonic of the outer air-gap flux density mainly produces EM
torque, driving the inner rotor rotation. In the proposed FSCP-
PDD, the 26th harmonic in the outer air-gap flux density is mod-
ulated by 30 stator teeth to generate the EM torque of PMVM.

The average output torque comparison of the proposed and
conventional machines at different current densities is shown
in Fig. 13(a). The torque performance of the FSMG is much
lower than that of the conventional MG, but the contribution of
the EM torque to the output torque in the proposed machine is
much higher than that of the conventional CP-PDD. The EM
torque of CP-PDD is mainly generated on the high-speed ro-
tor and transmitted by the MG. When the current density is
3.2 A/mm?, the output torque of the proposed machine is equal
to that of the conventional machine. The transient torque com-
parison of the two machines is shown in Fig. 13(b). In the pro-
cess of optimization, the slot area, winding turns, outer radius,
PM volume, and stack length of the two machines are set to
the same to facilitate comparison. Torques of them on the inner
rotor are 0 at rated current densities.

The loss comparison between the proposed machine and con-
ventional machine in each region at rated current density and
different speeds is shown in Fig. 14. With the increase in speed,
the loss of the conventional machine increases more than that of

the proposed machine. The loss of the conventional machine is
mainly composed of the eddy current loss of stator PM, while
the loss of the proposed machine is mainly composed of the
eddy current loss of stator PM and rotor PM.

6000
B Magnet eddy current loss of rotor PM .
Conventional
[ Magnet eddy current loss of stator PM i
5000 1 A\ Copper loss Proposed
Core loss of inner rotor ~ machine

_ EEE Core loss of pole-piece
2 400091 Core loss of stator
2
2
5 3000
50
<
=
[
>
< 2000

1000 4 Proposed Convent'ional

machine machine
0~ T T

300 300 1000 1000
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FIGURE 14. Loss comparison between the proposed and conventional
machines at different output speeds.
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FIGURE 15. Temperature of the proposed machine at rated speed. (a) PMs. (b) Cross section of the proposed machine.

TABLE 2. Main parameters of the proposed FSCP-PDD and conven-
tional CP-PDD after optimization.

Parameters FSCP-PDD ‘ CP-PDD
Stator tooth number 30
Pole-pair number of pole piece rotor 26 ‘ 34
Inner rotor pole number 4
Outer radius (mm) 115
Stack length (mm) 60
Air-gap length h, (mm) 1
Split ratio 0.7
Stator yoke height hq (mm) 9.50
Slot height ho (mm) 25
Outer PM height h3 (mm) 1.97 2.03
h31 (mm) 1
hs32 (mm) 1
Pole piece height hs (mm) 5.65 8.76
Rotor tooth height hs (mm) 6.5 2.67
Inner radius (mm) 40
Stator tooth width w; (mm)
Slot opening angular width 61 (deg) 2
Outer PM angular width 0> (deg) 5 7.93
Pole piece angular width 05 (deg) 4.75 5.29
Inner PM angular width 04 (deg) 2.17 46.88
Rotor tooth angular width 05 (deg) 44.62 43.12
Turns per phase 400
Steel material DW540-50
PMs material N40UH
Slot fill 0.45

The temperature distribution of the proposed machine with
rated speed considering the thermal magnetic coupling and the
axial wind speed of 34.1 m/s in the air gap inlet is shown in
Fig. 15. Natural heat dissipation cannot meet the heat dissipa-
tion requirements. Therefore, the proposed machine needs to
adopt air-cooling heat dissipation. It can be seen from Fig. 15(a)
that at the rated speed, the maximum temperature of the PM
as the main heat source is 73°, which is much lower than the
maximum operating temperature of N4OUH. Fig. 15(b) inter-
cepts the cross-section of the highest temperature area inside
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FIGURE 16. Max Mises stress of high-speed rotor.

the proposed machine, and all parts of the machine are within
the permissible operating temperature range.

The maximum Mises stress comparison between the pro-
posed machine and conventional machine at different speeds
is shown in Fig. 16. The faster the rotation speed is, the greater
the shear force caused by the rotation of the rotor is, so only
the Mises stress of the high-speed rotor should be considered.
Considering that the yield stress is 300 MPa, the speed of the
inner rotor of CP-PDD should be lower than 25000 r/m, while
the speed of FSCP-PDD can reach 30000 r/m. When the speed
of the high-speed rotor is 25000 r/m, the Mises stress compar-
ison between the conventional CP-PDD machine and the pro-
posed FSCP-PDD machine is shown in Fig. 17. The maximum
Mises stress of FSCP-PDD is smaller than that of CP-PDD, and
the mechanical strength is stronger, which is more suitable for
high-speed driving.

5. EXPERIMENTS

To further verify the performance of the proposed machine and
validate the FEA simulations, a prototype is fabricated, and an
experimental platform is built as shown in Fig. 18. The output
rotor of the proposed machine is connected to a magnetic parti-
cle brake through a 500 N-m torque transducer while the inner
rotor of the proposed machine is idling. To ensure the safety
of the prototype trial, the test speed and torque of the rotor are
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FIGURE 17. Mises stress comparison of the high-speed rotor at 25000 r/m. (a) FSCP-PDD. (b) CP-PDD.
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FIGURE 18. Prototype and experiment bench.
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FIGURE 19. Back-EMF of the proposed machine. (a) The waveform of back-EMF. (b) Harmonics spectra.

lower than the maximum speed and torque determined by the
FEM.

5.1. Open-Circuit Experiment

The open-circuit phase back-EMFs and harmonics spectra at
rated speed are measured and shown in Fig. 19. The simulated
results considering loss and temperature are compared with the
measurement. It is noticed that small amounts of high-order
harmonics occur in the back-EMF of the proposed machine.
The poor sinusoidal of the back-EMF will lead to harmonic EM
torque and other shortcomings, but the output torque ripple is
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relatively low when the EM torque is combined with the trans-
mission torque of the MG. It is observed that there is a basic
agreement between the simulated and measured results while
the amplitude of measurement is slightly smaller than simulated
results. The main factors causing the difference may be the er-
ror in PM temperature and the number of PMs. However, the
difference is within the acceptable range.

5.2. Load Experiment

Furthermore, the load experiment is conducted before pull-out.
The measured and simulated torques under rated current are
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FIGURE 20. Measured and simulated torques under rated current.

shown in Fig. 20. It is observed that there is a basic agree-
ment between the simulated and measured results while the av-
erage torque of measurement is slightly smaller than simulated
results. The difference of phase back-EMF causes the differ-
ence in torque. However, the difference is within the acceptable
range.

The loss and efficiency at different speeds are shown in
Fig. 21. The simulated loss mainly includes magnet eddy cur-
rent loss of PMs, iron loss, and DC and AC components of cop-
per loss. Compared with the measured loss of the prototype, the
simulated loss does not consider mechanical friction loss, wind
friction loss, etc. Due to the certain deviation in the processing
of the prototype and the difference in considered loss, the sim-
ulated performance of loss and efficiency is slightly worse than
the measured results. However, the error is acceptable. The
performances of the proposed machine are shown in Table 3.

TABLE 3. Performances of proposed machine.

Item Value

Current density (A/mm?) 32
Average rated torque (N-m) | 194.1
Torque ripple 6.5%

6. CONCLUSION

This paper proposes a novel FSCP-PDD machine that is more
suitable for high-speed driving. Concerning FSMG, the rotor
PM of the conventional CP-PDD machine is moved from the
inner rotor to the outer rotor, which changes the working princi-
ple of the machine. After optimizing the CP-PDD machine and
FSCP-PDD machine by MOGA, the EM properties are com-
pared and analyzed. The output torque density of FSMG is
lower than that of conventional MG, but due to the presence of
direct drive torque, the FSCP-PDD machine has higher design
freedom than the CP-PDD machine. A prototype is built and
tested to verify the proposed machine. Under the same output
torque, the FSCP-PDD machine has less loss than the CP-PDD
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FIGURE 21. Measured and simulated losses and efficiencies at different
speeds.
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machine with high-speed driving, and the high-speed rotor of
the proposed machine has better robustness. It has been proved
that under suitable air-cooling conditions, the operating temper-
ature of the FSCP-PDD machine is within a reasonable range.
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