Permanent Magnet
Synchronous Motor (PMSM)
Design



Part 1 — General Considerations



UCF Permanent Magnet (PM) Motor

= Characterized by permanent
magnets on rotor

= Known for its simplicity and
low maintenance

= No copper loss on rotor
= High efficiency
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J. R. Hendershot and T. J. E. Miller, Design of Brushless Permanent Magnet Machines
2nd Edition, p. 44, Motor Design Books LLC, 2010.
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g’” Inner Rotor Possibilities (2)

UCF

: _ (e) IPM in Toyota Prius
FIGURE 1.25 (a) Surface PM (SPM) synchronous machine. (b) Surface inset PM (SIPM)
synchronous machine. (c) Interior PM (IPM) synchronous machine. (d) Interior PM synchro-
nous machine with circumferential orientation. (From Krishnan, R., Eleciric Motor Drives,
Figure 9.5, Prentice Hall, Upper Saddle River, NJ, 2001. With permission.)
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¢ loyota Prius Hybrid Electric Vehicle (HEV)

1. Four cylinder combustion engine;

2. Generator/starter; J. R. Hendershot and T. J. E. Miller,

3. Electric Motor; Design of Brushless Permanent Magnet
4. Power split device (PSD) Machines 2" Edition, p. 34, Motor

J. F. Gieras, Permanent Magnet Motor Technology - Design Books LLC, 2010.
Design and Applications, 3" Edition, p. 282, CRC
Press, 2010.



o  Segmented Magnets
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In Large PM Rotor

J. R. Hendershot and T. J. E. Miller, Design of Brushless Permanent Magnet Machines
2nd Edition, p. 94 & 602, Motor Design Books LLC, 2010.



Rotor Skew

stepped magnet



UCF Magnetization Profile

parallel magnetization

most popular

radial sine magnetization

radial magnetization

sine angle or sine direction
magnetization
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R. Krishnan, Permanent Magnet Synchronous and Brushless DC Motor Drives, p. 25-30,
CRC press, 2010.
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UCF Halbach Array (3)

Airgap Flux Density
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%?j Stator Volume and Size

2
DI _V, T P .
T 0)

m

Typically
V, =8~ 9 in°/(ft-Ib) for 10hp or less (air cooled)

V, =4 ~5in°/ (ft- Ib) for 10hp or more (water cooled)

The unit for D and L is inch.
If we design D=L, we have the stator bore (inner)

diameter estimated
1

D ~(TV,)3

estimated

We can pick up D close to D

estimated.
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core gap, per half pole pitch
zlP
=l |, By (6.1,

D 2 zl2
= _Ieff EJ.O Bg,pk COS(Hae)deae

Stator Core Design
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%%i’ Effect of Pole Number on Yoke Flux Density

Finite Element Analysis

12 slots ‘ £ Ml iy S 12 slots
4 poles s o) DA 10 poles

with the same d,

J. R. Hendershot and T. J. E. Miller, Design of Brushless Permanent Magnet Machines
2nd Edition, p. 106, Motor Design Books LLC, 2010.



g})

Number of Turns per Coll

V, wea = V22N, @ ~444FN,®
2B DI

where quk g;k
N =k N /1.1

K, =k k;k, N, =PgN,/C

. 1S the number of series turns per phase of armature winding
C is the number of parallel circuits of armature winding

Consider leakage flux
C
N @/¢,rated

" 242af,qk,B, , Dl




Stator Slot Design

General Consideration

0.47, <t <0.67,

3t, <d, <7t
Define b, =7, —t,

b,, = (0.1~ 0.5)b,
d,, = (0.1~ 0.5)b,
d,, = (0.1~0.5)b,



%? Stator Conductor Size

Stator current density

I /C

J __ "a,rated
s,copper
PP S

a

where S, Is stator (armature) conductor cross section
area and can be determined from the above formula
together with:

Air -cooled : 400A/cm® <J .. <800 A/cm?

I /C

: S _ a,rated
N

s,copper




%@ Permanent Magnets
= Samarian Cobalt (SmCo)

= Operating temperature of up to 350°C
= 2"d strongest rare earth magnet

= Neodymium Iron Boron (NdFeB)
= Operating temperature of up to 150°C
= Strongest rare earth magnet
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USC? Permanent Magnet Properties

TABLE 1.2 Hard Magnetic Material {Permanent-Magnet) Properties

. Energy
Material property and cost data per Ciost pier
. . unit unit Energy
Residual Coercive Energy valume _ perumit
Tlux force product Curie (iperating Density Violume  Energy ool
density He. BHy,., e mip. temp. _— Cost E.,BHar E;BHpw Ch:, CDJE,, EyClr,
Material B kG ke Mg - O T "C Tam "C Dy, piee D, Ibiin? C, Vib* kJim? Yin® Fin’ I I3
Ceramic
Cerarmnic | 23 325 L5 450 300 4.9 0.150 2 54 0.14 035 243 0380
Ceramic 3 305 245 iE0 450 300 4.9 0,150 3 nae 046 0.54 l.18 0,845
Ceramic 8 350 325 330 450 300 4.99 0,150 4 ne 046 0,72 | 58 et
Cerarnic 10 420 305 4.20 450 300 4.9 0.150 8 334 055 | 44 243 0380
Alnico
Alnico 5 1250 nad 35 ] 540 T.A0 0.263 A0 438 0.7z 10,54 14.70 (A
Alpica 5-7 1350 074 7.5 Ba 540 T30 0.263 55 597 0.98 14.49 14.52 a7
Almico & 20 155 53 Ba 550 T30 0.263 48 422 065 265 1530 QU0ES
Alpico 8 HC T2 1.50 A0 840 50 7. 0.263 48 39.8 065 265 19.40 0ios2
Almico 9 100 150 10.5 Bal 540 T30 0.263 1080 EEY 1.37 2635 1924 0iE2
MMagnequench
M1-C 9H (MdFeB) &30 540 9 470 25 .10 0.220 o o5 .30 19.49 14.95 00aT
MOZ-E |5 (NdFeR) 525 720 15 335 180 T 0.274 — 1154 1.9 — — —
MO3-F 42 (MdFeBy 1210 12.30 2 aTa 180 T 0.274 — 3342 S48 — — —
Sarmariurm cobalt
EmiCo |8 SA0 72 15 TI5 250 S0 0,300 110 1432 2.35 3295 1404 0Tl
SmiCo 22 Q.85 815 n 220 250 B30 0,300 120 175.1 287 3595 1253 0uEn
SmiCo 26 HS 100 Q.80 7 H220 380 530 0,300 150 214.9 352 44.94 12.74 0uovs
SmiCo 28 10,70 1030 28 520 350 530 0.300 150 27, 363 44.94 12.31 (|
EmiCo 32 1140 Q50 a2 520 350 S0 0,300 L& 2546 4.17 47.93 11.49 Q0T
Meodymium iron boron
MNdFeB-24 1000 QA0 24 310 210 TA5 0.269 S0 191.0 313 21.51 87 0145
MNdFeR-24 UUH Q80 750 24 300 B0 TA5 0.269 &l 191.0 313 16,13 i.l& 0194
MdFeB-28 10,80 010 28 310 150 TA5 0.260 o . A5 24.20 a3 0151
MdFeR-28 UH 1050 1040 28 L] 190 TA5 0.269 S0 2, 365 21.51 589 0,170
NdFePR-32* SH 11 a0 1110 3z A0 180 TA5 0.269 o 2546 4.17 24.20 580 0172
@ 1255 E 38 385 130 TA5 0.269 0 024 4.9 18.82 30 0263
MdFeR-42 H 13.30 127 2 310 1200 7 0.269 S0 342 548 21.51 395 255
MdFeR-428 14.10 1250 45 L] a0 TA5 0.269 S0 3820 6.2 21.51 344 291

* Approximate cost for comparison purposes only.

From Yeadon — Handbook of Small Electric Motors



%(:f Rotor Peripheral Speed

The maximum allowable peripheral speed of the rotor is a central consideration in
machine design. With present-day steel alloys, rotor peripheral speeds of 50,000
ft/min (or about 250 m/s) represent the design limit.

1 ft/min = 0.0051 m/s
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Motor Losses (1)

= Copper loss
= Typical

P. =I°R

= Stray losses

= Electrical phenomenon such as skin and proximity
effect



%?j Motor Losses (2)
= Core (Iron) Loss

= Hysteresis loss
» Eddy Current loss

D :Kthfa+KC(Bf)2+Ke(Bf)3/2

Iron

= Mechanical loss
= Windage loss
= Friction loss
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Fig. 4.12 Comparison of finite-element and analytical results
for airgap flux distribution at the middle of the gap

J. R. Hendershot and T. J. E. Miller, Design of Brushless Permanent Magnet Machines
2nd Edition, p. 174-175, Motor Design Books LLC, 2010.



Part 2 — Surface Mount Round
Rotor Multi-Pole PM Motor
Design



&

Magnetic Circuit Analysis

For a multi-pole surface mount rotor

Poles

B An = By Ay




%Z’ Working Point for Permanent Magnetics (1)

Maximum Energy Point B
BI’
BmR
~HoHe  t6H 1oH
Br
B=—"(H+H.) = BH = 5, (H+H_)H
C Hc
To get (BH) .x = o(BH) =0= B, :i,H __He

oH 2 " 2



g{%’ Working Point for Permanent Magnetics (2)

Increasing
Temperature

Sy & b &

uH

Load Line: B, = —?mxg(ﬂon) P. iIs called permeance coefficient
:_PC(ILlOHm) P:dm Ag: Ag/g z&m:%
9 A Ad, Ry 4
Define: B. =a B. H_ =-(1-a )H, S P =D %
/uOHm 1_am

Typically pick up: «, =~ 0.5~ 0.9
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s= Alrgap Magnetic Field from PM Rotor

PM embrace: Ppy —> electrical angle
Bg, rotor T
B, —-——- —
pPMyr—@ )
2 | |
_ Ppwm Prwm Pa Oy 27
—Bm 2 2 _7M ede
P
Ose = Eed
Bg, rotor BRh
h=1,35...

By, = By cos(hf,,) = B, COS(hgﬁd)

_2
27

7+ ppy |

P 12 2
[ Bucos(he,)de, + [ (B, cos(he,,)de, |
—pou 12 7—ppm /2

Sin(h '0;'\") pitch factor for the
B

= B,

hth harmonic

h m
(P
Ko :sm(h ;Mj




g” Phasor Diagram

V¢ Bnet
) | S
\ JXSIA BS
E, By

Typically, design cosé ~ 1 at full-load for PMSM.
SiNd ~1/3 (0=19.47") so that T, 00 = (L7 3)T 01 out

= B, =co0soB, , 0.94B,

Ba,pk = SIN 5Br,pk ~ 0.338r,pk o k%43in(p;M)Bm



%ﬁ” Air Gap Size and PM Thickness

From: 4 d
Hy N,
Ba,pk — A ° 1'5\/§|A,rated

T gtotal P

Initial total effective air gap size:

A 4 u Na
Jiotal :; B ° P 1'5\/§|A,rated

a, pk

A . \ d
From: Jotar = kcg total 0w =9 +d, [ 1, =~ P (A= A)

g
/ P, = — "y,
a

Carter’s coefficient m
= g — (1_am)g ltotal

dm — amg total :urm




%ﬁj Effective Air Gap
Qtotal = kcg Itotal

where the Carter’s coefficient

T

k, = :

¢ 2
Ts _ 2bsO atan b?O . g total |n l+[ bfo ]
7 2 g total bsO 2 g total

approximately

59 'total + bsO
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Rotor Sizing

Total rotor diameter, including magnet D_= D —2g

Rotor inner diameter D, =D, —2d



Part 3 — Two Pole Super High
Speed PM Motor with Magnet
Inserted In Rotor Shaft



= Rotor Is assembled by
neating and cooling.

= Rotor Is welded and
well balanced after
assembly.




%ﬁl Air Gap Size

For a 2-pole PM rotor 2gH, +H,D, =0

:defme_'_/uOHmDr:O (Angn)

D, /2 B
= = — = P,
geff zuon C ff
arter’s coefficient
Gy + -2 k(g+/Df) ST
e A~ K¢ + =
Y. 24 g 5~
> (54 ) o=k, k(- ) O
PC Il’lrm 2 2 ILlI’m 2
= D = K D D-D
kc+i+1_kC 9T
P. Mo
Define: B. =a B. H_ =-(1-a )H, S P =D %
/.lon 1- m



%‘g Effective Air Gap

~ 1 A Dr 1 Dr
Jiotar = kcg total ootal = Gerr + o Jom =97 24,

2
where the Carter’s coefficient

k, = s

c 2
T, — 2bsO atan b?O _ g total |n 1+( b?O J
T 2 g total bsO 2 g total

approximately

5g ltotal + bsO




%ﬁ“ Example - Specifications

Design a 2kW, 100krpm, NdFeB-38 PMSM, 2 pole
36 V terminal voltage, Y connected, 90% efficiency.



