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Abstract: Fractional-slot concentrated-winding permanent magnet synchronous machines
(FSCW-PMSMs) have a good prospect of application in the drive system of electric and
hybrid electric vehicles. However, the armature magnetomotive force (MMF) of FSCW-
PMSM contains a large number of space harmonics, which induce large magnet eddy-
current loss (ECL). To solve this problem, a dual three-phase 10-pole and 24-slot winding
layout is proposed. MMF harmonic analysis shows that the 1st, 7th and 17th space-harmonic
winding factors of the proposed winding can be reduced by 100%, 87% and 87% respec-
tively, compared with a dual three-phase 10-pole and 12-slot winding. Electromagnetic
performances of the proposed machine under rated sinusoidal current supply and space
vector pulse-width-modulated (SVPWM) voltage supply are investigated based on 2D
finite-element analysis. It is shown that the proposed machine can meet the requirement
of torque and efficiency in the full speed range. Especially, magnet ECL can be reduced
greatly due to the reduction of the 7th and 17th space harmonics.

Key words: dual three-phase winding, fractional-slot concentrated-winding permanent
magnet synchronous machines (FSCW-PMSMs), MMF harmonic analysis, space harmon-
ics, magnet eddy-current loss (ECL), SVPWM voltage supply
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1. Introduction

In the drive system of electric vehicles (EVs) and hybrid electric vehicles (HEVs), PMSMs
have higher efficiency and torque density than induction machines and switched reluctance
machines [ 1-4]. Many researchers are devoted to designing the PMSM with superior performance.
The suggestions for optimization implementation on the transient and steady-state performance
of the line-start PMSM (LSPMSM), which can start direct-on-line, are presented in [5, 6]. Some
critical design areas such as materials, topology design, thermal management and an optimization
approach to the performance of the PMSM for EVs, are highlighted in [7]. A generalized design
for the optimal choice of permanent magnet-assisted synchronous reluctance motors (PMa-
SynRMs) for traction motors is presented in [8]. In terms of winding layouts, compared with
integral-slot distributed-winding PMSMs (ISDW-PMSMs), FSCW-PMSMs have the advantages
of short end-windings, a high slot-fill factor, low cogging torque and high fault tolerance [9, 10].
Thus, FSCW-PMSMs have a good prospect in the electric drive system.

However, different from ISDW-PMSMs, the order of the fundamental armature MMF of
FSCW-PMSMs is p, which is equal to the magnet pole-pair number. The space harmonics with
orders lower than p are called sub-harmonics, while the other space harmonics with orders higher
than p are called super-harmonics. The super-harmonics with the same winding factor as the
fundamental component are also called slot harmonics [11]. These space harmonics rotate with
the rotor asynchronously, which will induce large magnet ECL. Due to the poor heat dissipation
condition of the rotor, temperature rise caused by ECL will lead to irreversible demagnetization
and even damage the machines [12, 13].

To solve this problem, many researchers put forward many methods. One kind of method is
to optimize machine structure. The use of magnetic flux barriers in the stator core can suppress
the sub-harmonics of air-gap flux density [14, 15]. However, it will make the manufacturing
complex and it is not suitable for the machines with heavy load conditions. Magnet segmentation
is used to cut off eddy current and reduce ECL [16]. However, it will increase the manufacturing
cost and it is not suitable for the machines with short axial length. The other kind of method is
to optimize winding layouts. The winding coils with unequal turns per coil side, a multi-layer
winding and a dual three-phase winding are used to reduce the sub-harmonics, but it is not
effective on slot harmonics [17-23]. Recently, some researchers use stator shifting to reduce a
certain slot harmonic [24-28]. The slot harmonic and sub-harmonic can be reduced at the same
time when FSCW-PMSMs combine stator shifting and a dual three-phase winding.

In this paper, a dual three-phase 10-pole/24-slot winding layout of low space harmonics is
proposed. In section 2, the armature MMF of a three-phase 10-pole/12-slot, dual three-phase
10-pole/12-slot, three-phase 10-pole/24-slot and the proposed dual three-phase 10-pole/24-slot
PMSMs are derived, and armature MMF harmonic analysis is carried out. In section 3, elec-
tromagnetic performances of the four machines under rated sinusoidal current supply are inves-
tigated, such as torque, losses, electromagnetic efficiency and magnet space-harmonic ECL. In
section 4, electromagnetic performances under SVPWM voltage supply are investigated, such
as torque, efficiency in the full speed range, losses under maximum-torque-per-ampere (MTPA)
control and magnet time- and space-harmonic ECL. In section 5, some main conclusions are
summarized.
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2. Armature MMF harmonic analysis of the proposed
10-pole/24-slot winding

2.1. 10-pole/12-slot winding layout

The winding layouts of three-phase and dual three-phase 10-pole/12-slot PMSMs are shown
in Fig. 1. The symbols and reference directions of the corresponding coils are also shown in Fig. 1.

(b)

Fig. 1. Winding layouts of 10-pole/12-slot PMSM: three-phase winding (a);
dual three-phase winding (b)

The armature MMF distribution of phase A of the three-phase 10-pole/12-slot PMSM with
the mechanical angle 8 is shown in Fig. 2, where N.j2s is the number of turns per coil, i is the
armature current, and N.j»s? is the amplitude of MMF.
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Fig. 2. Armature MMF distribution of phase A of three-phase
10-pole/12-slot PMSM

The Fourier series of MMF of coil group Al, A2, B1, B2 and C1, C2 is calculated as

(e8]

6Nc12sIm

Flp(g, l) = n

k
sin (l—g) sin(wt — k6), (1)
k=1,-5,7,...

where: k is the order of space harmonic, Iy, is the amplitude of armature current, w is the electrical

k
angular velocity. sin (1_72T) is the pitch factor caused by the short-pitched coil.
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The MMF of coil group A3, A4, B3, B4 and C3, C4 is calculated as
_ > 6Nc1251m . kﬂ' . T
Fyp(0,1) = —k:1;7 ~r sin (E sin [wt -k (0 - 8)] . 2)

The total armature MMF of the three-phase 10-pole/12-slot PMSM can be calculated by (1)
and (2).

Feios(6,1) = Fip(6,1) + Fap(6,1)

o 12Ncios], k k k
=- Z %sin(l—g) sin(l—;r)cos [wt—ké’+1—72r , 3)
k=1,-57,... T
where the harmonics of order 5, 11, 17, ...,6v —1 (v =1,2,3,...) rotate in the same direction
of the rotor while the harmonics of order 1,7,13,...,6v+1 (v =0, 1,2, .. .) rotate in the opposite

k o o
direction. The other expression of sin (1—72T is the distribution factor caused by the distributed

coils per phase.
The k-th space-harmonic winding factor Wrpiask is the product of the pitch factor and
distribution factor, as shown in (4).

km kr
=sin|—]sin[—]. 4
Wrp12sk Sm(lz)sm(lz) “4)

For the dual three-phase 10-pole/12-slot PMSM, phases A, B, C and phases X, Y, Z are
supplied with two groups of three-phase current with a phase shift of 30°. The MMF of coil
group X1, X2, Y1, Y2 and Z1, Z2 is calculated as

- 6Ncioslm . [km\ . b n
F2p7DTPIZS(0’ t) = - Z % sin (E) sin [(O)t - g) -k (9 - g)] . (5)
k=1,-5,7,...

The total armature MMF of the dual three-phase 10-pole/12-slot PMSM can be calculated
based on (3) and (5).

_ - 12N01251m . km . (k - 1)71' (k - 1)71'
FDTPIZS(H» l) = — Z T Sin (1— Sin T cos |wt — k@ + T . (6)
k=1,-5,7,...
The k-th space-harmonic winding factor Wptpiask 1S
. (k) . [(k-Dn
Wbrtpi2sk = sin (E) sin [T] . (7

2.2. The proposed 10-pole/24-slot winding layout

The winding layouts of three-phase and the proposed dual three-phase 10-pole/24-slot PMSMs
are shown in Fig. 3.
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Fig. 3. Winding layouts of 10-pole/24-slot PMSM: three-phase winding (a);
the proposed dual three-phase winding (b)

Based on (3), the MMF of the top-layer winding group near the air gap is calculated as

_ o IZNC24slm . knm . kn km
Fi tpass(6,1) = — Z B sin i) sin i) cos |wt — k6 + =l (8)
k=1,-5,7,...
where: Nco4s is the number of turns per coil of the 10-pole/24-slot PMSM.
The MMF of the bottom-layer winding group near the stator yoke is calculated as
o 12Nepasl . (k) . (k= km
Fy_tp2as(0,1) = —k:1;7 % sin (E) sin (E) cos [wt — kO + > )]

The total armature MMF of the three-phase 10-pole/24-slot PMSM can be calculated by (8)
and (9).

Frpoas(60,1) = Fi_tpaas(6, 1) + Fy,_tpo4s (6, 1)

- 24Noously . (km\ . (k& Sk Tkn
=- e — — —_— - —.
Z = 31n(12)51n(12)cos(24)cos[a)t kO + > ] (10)
k=1,-5,7,...
The k-th space-harmonic winding factor Wrpoask is
. (km\ . [kn Skn
Wrpoask = sm(ﬁ) sin (E)cos (ﬂ) (11D

Based on (3), (6), (8) and (9), the armature MMF of the proposed dual three-phase 10-pole/24-
slot PMSM is calculated as

24N4slm

Fprpoas(6,1) = — o

k=1,-5,7,...

. (k) . [(k=Dn Sk (k—=)m  Skn
sm(lz)sm[ B ]005(24)cos[wt ko + B +24 . (12)
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The k-th space-harmonic winding factor Wptpoask is

Wpbrpaask = sin (%) sin [%] cos (521<_47r) . (13)

Based on (3), (6), (10) and (12), when I, is 18.38 A, N.12s is 192 and N¢o45s is 96, the armature

MMEF distribution and harmonic spectra of the proposed three-phase 10-pole/12-slot PMSM, dual

three-phase 10-pole/12-slot PMSM and three-phase 10-pole/24-slot PMSM are shown in Fig 4.

Based on (4), (7), (11) and (13), the space-harmonic winding factor is shown in Table 1. The four
machines are denoted as DTP-24S, TP-12S, DTP-12S and TP-24S, respectively.

12
1000 [-TP-12S ==-DTP-12S ---TP-24S -=-DTP-24S | C_ITP-12S[_IDTP-12S MBMTP-24S E]DTP-24S
800 | 1.0 A
< 600 f a4 z
S 400 put® E 0.8
3 200 s
=Ry 2 0.9
S 200 g
= E 04}
S -400t S
s T
—600 0.2 1
-800 HE
-1000 ; - . : , e 0a :
0 60 120 180 240 300 360 1 Y L L T T T

Mechanical angle/(°) Harmonic order

@) (b)

Fig. 4. Armature MMF distribution and harmonic spectra of the four machines: MMF distribution (a);
harmonic spectra (b)

It can be seen from Fig. 4 and Table 1 that the space-harmonic winding factor of order 1 and
11,13,...,12v £ 1 (v = 1,2,3,...) of DTP-24S becomes 0. The fundamental winding factor of
DTP-24S is 2.65% higher than that of TP-128S, 3.57% higher than that of TP-24S and only 0.85%
lower than that of DTP-12S. The 7th and 17th space-harmonic winding factor is 86.49% lower
than that of TP-12S and 86.95% lower than that of DTP-12S.

The methodology flow chart for comparative study of the four machines is shown in Fig. 5.

Table 1. Space-harmonic winding factor

k TP-12S DTP-12S TP-24S DTP-24S
1 0.067 0 0.053 0
5 0.933 0.966 0.925 0.958
7 0.933 0.966 0.122 0.126
11 0.067 0 0.041 0
13 0.067 0 0.041 0
17 0.933 0.966 0.122 0.126
19 0.933 0.966 0.925 0.958
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Armature MMF harmonic analysis of the
proposed DTP-24S

'

Establishing 2D electromagnetic FEM of
the proposed DTP-24S

v

Electromagnetic performance analysis under rated sinusoidal
current supply based on 2D electromagnetic FEM

v

Electromagnetic performance analysis under SVPWM
voltage supply based on 2D FEM field-circuit co-simulation

v

Summarizing eftects of time- and space-harmonic MMF on
electromagnetic performances of DTP-24S

Fig. 5. Methodology flow chart for comparative study

3. Electromagnetic performances under rated sinusoidal current supply

In this section, 2D electromagnetic finite-element models (FEMs) of TP-12S, DTP-128,
TP-24S and DTP-24S are established in AnsysEM Maxwell, as shown in Fig. 6. Electromagnetic
performances of the four machines under rated sinusoidal current supply are investigated based
on the 2D FEMs. Besides, magnet space-harmonic ECL is calculated by average eddy-current

Fig. 6. 2D electromagnetic FEMs of the four machines: TP-12S (a); DTP-12S (b);
TP-24S (c); DTP-24S (d)
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density of all mesh elements, which is used to investigate the effects of space harmonics on magnet
ECL. The four machines have the same basic parameters but different winding parameters, as
shown in Table 2 and Table 3.

Table 2. Basic parameters of the four machines

Parameter name Value Unit
Rated speed 1500 r/min
Rated current 13 A
Stator inner diameter 110 mm
Stator outer diameter 167 mm
Slot inner diameter 113.6 mm
Slot outer diameter 150 mm
Axial length 70 mm
Air-gap length 1.15 mm
Magnet thickness 5.2 mm
Magnet conductivity 625 000 S/m
Magnet pole arc 0.91 -

Table 3. Winding parameters of the four machines

Parameter name TP-12S DTP-12S TP-24S DTP-24S
Pole/slot 10/12 10/12 10/24 10724
Slot width/mm 13.2 13.2 7.5 7.5
Slot area/mm? 339 339 189 189
Wire diameter/mm 1 1 1 1
Turns/slot 192 192 96 96
Parallel branches 2 2 2 2
Turns/phase 192 192 192 192
Slot fill factor 44% 44% 40% 40%

To ensure the same turns-in-series per phase of 10-pole/12-slot and 10-pole/24-slot PMSMs,
the turns per slot are set to 192 and 96.

3.1. No-load line back-EMF and on-load magnetic field

Figure 7 shows the 2D FEM-calculated no-load line back-EMF of the four machines and
Table 4 shows the harmonic contents. It can be seen that the total harmonic distortion (THD) of
no-load line back-EMF of DTP-24S is lower than that of TP-12S and DTP-12S.
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Fig. 7. 2D FEM-calculated no-load line back-EMF
of the four machines

Table 4. Harmonic contents of no-load line back-EMF of the four machines

Harmonic order Amplitude/V
TP-12S | DTP-12S | TP-24S | DTP-24S
1 397.97 205.91 398.66 206.15
3 0 0 0 0
5 2.17 478 1.17 1.93
7 2.43 432 1.14 2.04
9 0 0 0 0
11 14.36 7.71 0.19 0.26
THD/% 3.94 5.07 0.63 1.44

Figure 8 shows the 2D FEM-calculated on-load magnetic field of the four machines under
rated conditions. It can be seen that the maximum flux density of the stator yoke and stator teeth
of DTP-24S is greater than that of TP-12S and DTP-12S due to the reduction of the stator teeth
width.
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(d)

Fig. 8. On-load magnetic field of the four machines: TP-12S (a); DTP-12S (b);

3.2. Torque characteristics

TP-24S (c); DTP-24S (d)

Figure 9(a) shows the 2D FEM-calculated electromagnetic torque of the four machines under
rated conditions and iq = O control. ig = O control refers to the armature current being in phase
with no-load phase back-EMF and electromagnetic torque reaching the maximum. Figure 9(b)
shows the cogging torque of the 10-pole/24-slot PMSM and 10-pole/12-slot PMSM. Table 5
shows the corresponding torque characteristics.
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Fig. 9. FEM-calculated electromagnetic torque of the four machines: electromagnetic torque (a);
cogging torque (b)

Table 5. Analysis of torque characteristics

Parameter name TP-12S DTP-12S TP-24S DTP-24S
Tave/(N-m) 40.18 41.66 39.84 41.27
AT peak—peak/(N-m) 2.55 2.33 0.81 0.3
Tiipple/ %o 3.17 2.80 1.02 0.36
Teogging/(N-m) 5.61 5.61 2.28 2.28
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The average electromagnetic torque of DTP-24S is 3.59% higher than that of TP-24S, 2.71%
higher than that of TP-12S and 0.94% lower than that of DTP-12S. The torque ripple of DTP-24S
is the lowest due to the lowest space-harmonic contents. In addition, the cogging torque of the 10-
pole/24-slot PMSM is lower than that of the 10-pole/12-slot PMSM because the 10-pole/24-slot
PMSM has a smaller least common multiple (LCM) of the pole number and slot number.

3.3. Losses and electromagnetic efficiency

The AC copper loss considering skin and proximity effect is calculated by the 2D magnetic
eddy-current solver. Each conductor in the slots is modelled separately and the ohmic loss density
distribution of conductors is shown in Fig. 10. The conductors close to the slot opening are
greatly affected by skin and proximity effect, and the ohmic loss density distribution is uneven.
The closer the conductors are to the slot body bottom, the less are affected by skin and proximity
effect. The AC copper loss can be calculated by the volume integral of ohmic loss density over
the conductors.
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Fig. 10. Ohmic loss density distribution of conductors at 1 500 r/min under rated sinusoidal current supply:
TP-128 (a); DTP-12S (b); TP-24S (c); DTP-24S (d)

The stator core loss, magnet ECL and rotor core loss are calculated by the 2D FEM using
the magnetic transient solver. The output power can be calculated by average electromagnetic
torque and rotor speed, as shown in (14). The friction and windage losses of the four machines
are ignored in the comparative study. So, the electromagnetic efficiency is calculated by (15).

2rn,

0 4

Pout = Tove -
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Pout
n= , (15)
Pout + Pmag + PACcu t Pscore T Prcore

where n; is the rotor speed. paccy is the AC copper 10ss. pscore 1S the stator core 10ss. prcore 1S the
rotor core loss.

The FEM-calculated losses, output power and electromagnetic efficiency of the four machines
under rated conditions are shown in Table 6.

Table 6. FEM-calculated losses, output power and efficiency of the four machines

Parameter name TP-12S DTP-12S TP-24S DTP-24S
Pmag/WV 46.38 45.47 5.92 453
PACcu/W 157.66 157.70 157.33 157.36
Dscore/ W 88.35 88.17 117.15 117.13
Dreore/ W 1.22 0.82 0.61 0.34
Protal/ WV 293.61 292.16 281.02 279.36
Pout/ W 6311.46 6543.94 6258.05 6482.68

n/% 95.55 95.73 95.70 95.87

The stator core loss of DTP-24S is 24.57% higher than TP-12S and 24.72% higher than
DTP-12S because flux density of the stator teeth and stator yoke increases. The magnet ECL
of DTP-24S is 90.23% lower than TP-12S and 90.04% lower than DTP-12S. The efficiency of
DTP-24S is 0.34% higher than TP-12S and 0.15% higher than DTP-12S.

3.4. Magnet space-harmonic ECL

From (3), the mechanical angular velocity of k-th space-harmonic MMF is w/k in the stator
reference frame. In the rotor reference frame, it can be calculated as

wkr=( @ —9), (16)

sgn-k p

where sgn is equal to 1 when the k-th space harmonic rotates in the same direction of the rotor,
while sgn is equal to —1 when the k-th space harmonic rotates in the opposite direction.
The frequency of the k-th space-harmonic MMF in the rotor reference frame is

fkr:

w
2r

sgn — E' . 17)
p

Table 7 shows the sgn and f, of the space-harmonic MMF in the rotor reference frame at
1500 r/min.

Magnet mesh generation of DTP-24S can be obtained based on the 2D FEM, as shown in
Fig. 11(a). When the machine runs at 1 500 r/min, the average eddy-current density of an element
during the rotor rotation period is shown in Fig. 11(b).
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Table 7. The sgn and f, of space-harmonic MMF under rated sinusoidal current

k sgn Sir [Hz]

1 -1 150

5 1 0

7 -1 300
11 1 150
13 -1 450
17 1 300
19 -1 600

I
>

Element

o
i

o
T

!
<

1
<

Eddy-current density/(A/mm?)
o

1
o
[

=

T0 20 30 0
Time/ms

(b)

Fig. 11. Magnet mesh generation and average eddy current density of an element of DTP-24S at 1 500 r/min:
mesh generation (a); average eddy-current density (b)

The average eddy-current density distribution Jaye, () of the i-th mesh element can be expanded
into Fourier series
Javei(t) = Z Jin cOs (nwt + (Pin) s (18)
n

where n is the harmonic order of the Fourier series. Ji, and ¢j, are the amplitude and phase of
n-th harmonic eddy-current density.

Magnet space-harmonic ECL can be calculated by Ohm’s law and the Fourier series of the
average eddy-current density of all mesh elements, as shown in (19).

Nm
pl.
Pmag (1) = = Z:‘ SiJ2, (19)

where: pmag (1) is the n-th space-harmonic ECL, / is the axial length, o is the conductivity, Ny,
is the number of mesh elements and S; is the area of the i-th mesh element.

Figure 12 shows the space-harmonic ECL of the four machines calculated by (19) under rated
sinusoidal current supply.
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Fig. 12. Magnet space-harmonic ECL of the four machines under rated
sinusoidal current supply

It can be seen from Fig. 12 and Table 7 that the frequency of harmonic eddy-current density
corresponds to that of space-harmonic MMF in the rotor reference frame. The 300 Hz harmonic
ECL accounts for 90.75%, 94.73%, 2.21% and 2.81% of the total ECL in TP-12S, DTP-128S,
TP-24S and DTP-24S, respectively. The 300 Hz harmonic ECL of DTP-24S is 99.70% lower than
that of TP-12S and DTP-12S due to the low amplitude of the 7th and 17th space-harmonic MMF.

4. Electromagnetic performances under SVPWM voltage supply

In this section, the torque, phase RMS voltage and efficiency of the four machines in the
full-speed range are investigated. The losses of the four machines at the turning speed under
SVPWM voltage supply and MTPA control are calculated by 2D FEM field-circuit co-simulation
established in Ansys Maxwell and Simplorer. Besides, the magnet time- and space-harmonic
ECL of DTP-12S and DTP-24S is calculated and contrasted by using (19).

4.1. Torque characteristics and efficiency in full speed range

The 2D FEM field-circuit co-simulation block diagram for the full-speed range of DTP-24S
is shown in Fig. 13, which is based on double d-g transformation. The flux weakening angle 8
. . Udc P ) P P .
is equal to the difference between —3 and \/u a1 g or \/u Tl after amplified by the PI

regulator. When the difference is higher than zero, g is equal to O rad, then ig;; and igo; are 0 A,
the control block diagram realizes iy = 0 or MTPA control. When the difference is lower than
zero, S is lower than O rad, then iq;, and ig); are lower than 0 A, the control block diagram realizes
flux-weakening control.

The control block diagram for the full-speed range of the three-phase PMSM can be easily
realized by d — g transformation, which only considers d1 and q1 components in Fig. 13. It can be
seen from Table 4 that the required dc-link voltage ug. of the three-phase PMSM is approximately
twice as much as that of the dual three-phase PMSM to ensure an equal power density.
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Fig. 13. 2D FEM field-circuit co-simulation block diagram for full speed range of DTP-24S

The ug. of TP-12S and TP-24S is set to 420V and the uy. of DTP-12S and DTP-24S is set
to 210 V. Within the limit of rated current, the output torque and phase back-EMF of the four
machines in the full-speed range are calculated by the 2D FEM, as shown in Fig. 14.
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Fig. 14. Torque-speed and phase RMS voltage-speed characteristics of the four machines: torque-speed (a);
phase RMS voltage-speed (b)

It is shown that in the constant torque area, the output torque of DTP-24S is higher than that
of TP-12S and TP-248S, and slightly lower than that of DTP-12S. The turning speed of the four
machines is 1 500 r/min.

The phase inductance determines the performance of flux weakening. The phase inductance
is greater and the constant power area is wider. For example, the d-axis inductances of DTP-24S,
TP-12S, DTP-12S and TP-24S at the turning speed are 2.3 mH, 6.8 mH, 3.5 mH and 4.5 mH.
So, the flux-weakening performance of TP-12S and DTP-12S is better than that of DTP-24S and
TP-24S.
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The 2D FEM-calculated efficiency map of the four machines in the full-speed range is shown
in Fig. 15. The proportion of the high-efficiency region accounting for the total region can be
calculated as

S
s = ==, (20)
Stotal
where S, is the area of the high-efliciency region and 7 is equal to 95%. Sy is the total
area of the efficiency map.
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Fig. 15. 2D FEM-calculated efficiency maps of the four machines: TP-12S (a);
DTP-12S (b); TP-24S (c); DTP-24S (d)

The proportion Ag of DTP-24S, TP-12S, DTP-12S and TP-24S is 0.46, 0.47, 0.47 and 0.48. It
is shown that DTP-24S has the advantage of efficiency over the other machines in the full-speed
range.

4.2. Losses under SVPWM voltage supply

When the PMSM is supplied with SVPWM voltage, the armature current contains time-
harmonic contents, which causes additional losses. The armature current waveforms of DTP-24S
at 1 500 r/min under MTPA control are investigated by using 2D FEM field-circuit co-simulation,
as shown in Fig. 16(a). Fig. 16(b) shows the harmonic analysis of phase current. The orders of
main time-harmonic contents are 40 + 4, 40 + 2, 80 + 1 and 80 + 5.

Magnet ECL and core loss of the four machines are calculated by 2D FEM field-circuit co-
simulation, as shown in Table 8, where por is the sum of stator and rotor core loss. AC copper
loss is calculated by the sum of ohmic loss caused by each time-harmonic current. It can be seen
that magnet ECL of DTP-24S is 62.0% lower than that of TP-12S and 60.9% lower than that of
DTP-12S. The total losses of the four machines are almost similar.
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Fig. 16. Armature current of DTP-24S under MTPA control: waveforms (a); harmonic analysis (b)

Table 8. Losses of the four machines under MTPA control by 2D FEM field-circuit co-simulation

Parameter name TP-12S DTP-12S TP-24S DTP-24S
Pmag/WV 71.82 69.84 37.92 27.29
Paccu/W 165.16 165.73 166.08 163.59
Peore/W 111.72 122.24 152.40 163.32
Piotal/ W 348.70 357.81 356.40 354.20

4.3. Magnet time- and space-harmonic ECL

To study magnet time- and space-harmonic ECL under SVPWM voltage supply, the time- and
space-harmonic MMF is derived. The [-th time-harmonic current of phase A and X of DTP-24S

is expressed as

ial = Im sin(la)t)

ix; = I sin [l (a)t - %)]

k)

where Ijy, is the amplitude of the /-th time-harmonic current.
Based on (21), the MMF of phase A and X is calculated as

Fa(0,1) = sin(lwt) Z

l
Fx;(0,t) = —sin (lwt - —ﬂ)

k=1,3,5,...

6

8Ncosaslim .
— S1

XZ km

k=1,3,5,...

8Neoaslim . [k
— S1n
12

n k—ﬂ CO Skﬂ-
12 )

21

Skm Skm
tddal _ =7 22
)cos(24)cos(k9 24), (22)
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The MMF of phases A, B, C is calculated as

3 —  8Neuslm . [(kn Skm\ | . Sk
Fipi(0,1) = Z o sm(lz)cos(24){sm(la)t+k9— 24)
k=1,3,5,...
2(1+ k)n
3

1 2(1 - k)n

X +
3 Cos 3

1+co
= S
2

. Skr
+ sin (la)t — kO + ﬁ) X

} . (24)

The MMF of phases X, Y, Z is calculated as

—  8Newuslm . [(kn Skr
Fop(6,1) = Z %sm(ﬁ) cos (ﬁ)
k=1,3,5,...

5 +cos ——
(I-k)n 5k7l’) y [1 2(l - k)r

) (I+k)yr Skr 1 2(l+ k)m
X {sm (lwt + k6 G o X

+sin (lwt—k@— 5 +H §+cos 3

} . 25)

The total MMF of DTP-24S is calculated by (24) and (25), as shown in (26).

0o

16Naslim . [km Skm
Fl(ey t) = zk: % sSin (E) Ccos (ﬂ)
{ . (I+kn (I+knm Skﬂ] [1 2(l+k)7r]

X |sin ——=— cos - X —_—

lwt + kO — B E -
(I-k)rm

+
3 CcoS 3

(l—k)n+5k7r] y [1 . 2(l—k)7r]}' 6)

+sin —_— =
12 24

lwt — k6 —
cos[w 3 COS 3

According to the value of k and /, the /-th time- and k-th space-harmonic MMF is derived as
(27). Magnet ECL exists only when the value of harmonic MMF is not equal to zero.

24Neoas ] k S5k I+k l+k 5k
—ZZ;S i (l—g) cos (2—:) sin L7 -:2)” cos |lwr+ko — T -;2)”—2—:
I+ k=3, |l — k| # 3i, i=0,1,2,...
=14 24N4s] k S5k -k -k S5k
Fuc(6,1) —;:;s Im sin (1—72T) cos (2—;) sin —( 12)ﬂ cos [lwt—k@——( 12)7T+2—:] @7
I+k #3i, |l — k| = 3, i=0,1,2,...
0 I+k +#3i, |l — k| # 3i, i=0,1,2,...

Based on (27), the mechanical angular velocity and frequency of the /-th time- and k-th
space-harmonic MMF in the rotor reference frame can be calculated as

lo w
Wikr = (sgn- - —) , (28)
P
w k
flkr:2_ sgn-l——‘, 29)
n p
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where: sgn is equal to 1 when k, [ are satisfied with [ + k = 3i and |l — k| # 3i, while sgn is equal
to —1 when k, [ are satisfied with [ + k # 3i and |l — k| = 3i.

Table 9 shows the sgn and fj, of the time- and space-harmonic MMF in the rotor reference
frame when DTP-24S is supplied with the armature current, as shown in Fig. 16(a). It is noted
that phase A of the 38th and 44th time-harmonic current calculated by field-circuit co-simulation
leads phase B by 120° and phase B leads phase C by 120°, while phase A calculated by (21) lags
behind phase B by 120° and phase B lags behind phase C by 120°. This difference influences the
sgn of harmonic MMF.

Table 9. The sgn and fjg, of time- and space-harmonic MMF under SVPWM voltage supply

1 k sgn Sir [Hz]
1 -1 4775
5 1 4625
38
11 1 4475
19 -1 5225
1 -1 5525
44
5 1 5375
5 -1 10000
7 1 9700
79 17 -1 10300
19 1 9400
29 -1 10600

The magnet time- and space-harmonic ECL of DTP-12S and DTP-24S is also calculated by
Ohm’ law and the Fourier series of the average eddy-current density of all mesh elements, as shown
in Fig. 17. It can be seen from Fig. 17 and Table 9 that the frequency of harmonic eddy-current

46 T T T T 14 T T T T
300
44JF/ 3
= =124 E
3
2 6 b m
Q
% 2 4L 600 |
E 4 1 E
RS 5000525 10000300 =
QU 22 - 2L 50004225 i
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r I i T 300 v
() el - - - ol 2, 0 hd \
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Fig. 17. Magnet time- and space-harmonic ECL distribution: DTP-12S (a); DTP-24S (b)
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density corresponds to that of time- and space-harmonic MMF in the rotor reference frame. The
300 Hz harmonic ECLs of DTP-12S and DTP-24S are 45.09 W and 0.27 W, respectively. The
300 Hz harmonic ECLs are reduced greatly due to the low amplitude of 7th and 17th space-
harmonic MMF. Thus, the total magnet ECL of DTP-24S is reduced greatly.

5. Conclusion

In order to reduce the armature space-harmonic MMF and magnet ECL of FSCW-PMSMs,
a dual three-phase 10-pole/24-slot winding layout is proposed in this paper. Electromagnetic
performances of the proposed machine under rated sinusoidal current supply and SVPWM voltage
supply are investigated. The main conclusions can be summarized as follows.

1. The proposed dual three-phase 10-pole/24-slot winding can cancel the harmonics of order
1,11,13,...,12v+1 (v = 1,2,3,...), and reduce 7th and 17th space harmonics by 86.95%
when compared with DTP-12S.

2. Under rated sinusoidal current supply, the proposed machine has better performances of no-
load line back-EMF, torque and electromagnetic efficiency. The total ECL of the proposed
machine is reduced by 90.46% when compared with DTP-12S, due to the reduction of 7th
and 17th space harmonics.

3. The output torque in the constant torque area and efficiency in the full-speed range of DTP-
248 are better, but the flux-weakening performance is poorer due to lower phase inductance.
Under SVPWM voltage supply and MTPA control, the magnet ECL of DTP-24S is 60.9%
lower than DTP-12S due to the reduction of 7th and 17th space harmonics.
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