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1. Permanent magnet synchronous machines as “brushless
DC drives”

1.1 Basic principles of brushless DC drives

Source: Siemens AG, Germany
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1. Permanent magnet synchronous machines as “brushless
DC drives”

1.1.1 Basic function of PM synchronous machines

Source: Siemens AG, Germany
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Applications of modern PM synchronous machines

Robot drives Tooling machines

Source: Siemens AG, Germany

Source: Kuka, Germany

Industrial Robot with PM Drives Cross section of Six-pole PM Motor
- High precision positioning - High acceleration /deceleration (“dynamic” !)

- Robust (no cooling) - Smooth torque
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PM synchronous machines (“brushless DC") as robot
drives

A3

OAM-O

[\

motor A2 AB

o= motor

Al

Source: Kuka, Germany

Motors in axis Al, A2, A3 and A6
Source: ABB, Sweden
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“Brushless DC” servo drives in tooling machines

Main drives are of 10 ... 30 times higher power,
_ z-axis motor either induction or PM synchronous machines

main drive

e AN
”:;.!ﬁ. :1.'..%{"* E: =1,
’ y—axis motor
e % : motor |
Rk x—axls motlor main _|
TR s A drive
& e
Milling machine: PM motors Cutting machine: PM motors for servo
for servo application in x-, y- application in x- and y-axis
and z-axis
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AMPERE’s law: Excitation of magnetic field by electric current

Example:

Two different
currents I, I, with
two different
numbers of turns 1
and N and two
different flow
directions:

O=NI;—1o

Ampere turns@®:

N turns _
Source: A. Prechtl, TU Wien,

Austria
e The integration of magnetic field strength H along closed loop (curve C), which spans

the area A, is equal to the resulting current flow (Ampere turns @) penetrating through

the area A.
e Positive field direction is connected to positive current flow direction by RIGHT HAND

RULE.
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Basic function of PM synchronous machine

p Tp | |
- e - Electric machine:
5 , | /HFe ! , /”’F Unslotted rotor
/(7////1/: - }/Ig //[/ - Air gap
/ -'Ji /‘#/O /'(f/ /6\{ ! A ! / lotted stator:
| ~ SN W '
l g w\!\ °° AN T!\ OO f.k o
e N\ \\ < e Inserted coils with two
7 | r M Fe coil sides each, where
q Ne -1 coil current i flows

Ampere’s law for air gap field:  §H edS=Hpe s -Spe s +Heer *Srer + Hyight -0 + He e -0 = Og
L . C 5 e
Infinite iron permeability x4, assumed: 5£H ®dS =Hg right -0 —Hg ert -0 = AVs5(X) = Oq (X)

C
Magnetomotive force distribution in air gap: V (x)

L o Vs=Hgs 0
Magnetic field strength distribution in air gap: H(Xx) g 5\/ I
: e s = HoVs
Magnetic flux density distribution in air gap: B (X)
§“‘l;5'§”':i TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems
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NN A IRAST INATY AT AT

/w@/m JRERBEER, T/
RTp /3 Q ©
7 7
OO0 RXRe @ 90
/2L V(x)
®
]
- -

OO ., IR . . OO

0,866 ®
0,866 ®

0920 RRe e 0@®®
—e/sh

_\_‘_,_I_

m.m.f. moves to the left

positive
© direction

t=T/6:
.. 1
W=w=35
iV=—I
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Magnetic moving field

e Field curve moves with increasing
time t to the left !

o After time T the field curve has
passed the distance 2z,

e Velocity of linear movement is called

2T
Voo =—r=2fr
syn T P

synchronous velocity !

Synchronous rotational speed ng,
In case of rotating field arrangement:

Vsyn _ Vsyn _ 2t
dSi/2 pr/ﬂ' p

WDsyn = 27msyn =

f

Ngyn = —

Institut fur Elektrische
Energiewandlung « FB 18
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PM synchronous servo motor overview

Terminal box for power and encoder cable
name plate

Shaft end

Encoder for rotor )
NDE bearing J DE bearing

position
measurement

Small 500 W, 320 V, self-cooled 4-pole three-phase PM synchronous servo motor
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Single-layer three-phase round-wire stator winding

PM rotor
Winding
overhang

Key for torque
transmission

winding in
slot

Source: Engel
Elektroantriebe GmbH,
Germany
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1. Permanent magnet synchronous machines as “brushless
DC drives”

1.1.2 Permanent magnet technology

Source: Siemens AG, Germany
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Permanent magnet technology

Permanent magnets:

- AINICo,

- Ba-Ferrite and Sr-Ferrite,

- Rare earth magnets SmCo and NdFeB

/ Ju(Hy)
e K 9&7,: Is Magnetic field inside permanent magnet:
N |
/ / | _
. - P By = #oHy +Jm

—Hcp 0 Hs Hum : L
// Jy: magnetic polarization

Saturated values: Subscript s

Remanence flux density: B = Jg
Coercive field strength: H-; and Hg

Rare earth magnets:
For —Hq; < Hy < Hgj: Iu(Hy) = Js = const.: By = ggHy + Js

Bm =pmHm +Br=pmuHu +Js |um = 4 typical : uy ~1.0544
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Permanent magnet properties

B(H)-characteristics:

a) (1) Soft magnetic material, (2) PM magnet,
b) PM magnets: Second quadrant at 20°C;
(1): Al-Ni-Co, (2): Ba-Ferrite, Sr-Ferrite, (3): Sm,C0,; (4. = 350°C)
(4): NdFeB (4., = 180°C)
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Permanent magnet materials

Bx 12 1T,2 ® By: Remanence flux density
Br Wid {g © Hcg: Coercive field strength of
f/ E.._ /4/1/ 0.8 the B(H)-lOOp
P . .
~Hep /\HCB 4////’3 ® Hysteresis loop B(H): statically
7 2 ¥19%%  measured (here: values at 20°C)
// // H //
o — |/ i
Source: R. Fischer, -8 -6 -4 -2 0
hanser-Verlag kA/cm

® Soft magnetic materials (“ferromagnetics”) (1): Iron, nickel, cobalt: B, and H-g are
small: well suited for AC field operation due to small hysteresis losses

® Hard magnetic materials (2): = permanent magnets: B; and H-gz are big: well suited
for the excitation of magnetic DC fields, but not suited for AC fields

Aluminum-Nickel-Cobalt-Magnets (AINiCo) with high Bg, but low Hg
Ferrites (e.g. Barium-Ferrite) with lower By, but higher Hg
Rare-Earth-Magnets Samarium-Cobalt: high B; & Hg, small influence of temperature

Rare-Earth-Magnets Neodymium-Iron-Boron: very high B; & H.g, decreasing with
Increasing magnet temperature

=R OR

®* Magnetic point of operation is in the 2"d quadrant of the B(H)-loop
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Design of magnet dimensions
Tp Tp

- T

— ’| stator
A

6: air gap
(T T T

| \\\L | \J\ I\ hy: magnet height
SRRANRRRTANRRR [ e

rotor

Magnet field at no-load: No electric current in stator winding !
Ampere’s law: $H eds =2(H;0+ Hyhy) =0 =0 s, >0

S
Flux continuity® = By, Ay, = BsAs

Surface mounted magnets: Ay = As , hence: By =By

Operation of magnets in 2" quadrant: Bs = toH s =— 14 ) Hy =By

El674 A . S
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Magnetic operation point P ¢
Operation of magnets in 2" quadrant:

By =umHm +Br=uyHp +J5

h
Bs = uoHs =—14 gl Hy =By

Bs
B
Bé‘: R
1+ M 'hd
Ho Ty
#m =Br/Hcp
'HM
CB

0

Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fir Elektrische
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~Hy

VAC, Hanau, Germany

No-load magnetic point of operation P

A

Source: By © Temperature influence T:

B, (Hy)-loop shrinks with increasing
temperature T. Hence the PM flux
density decreases with increasing T:

P Br
Po T, <T,<T53<T,
P 5}

B, (T,
Py B, B
0 Tp| 21p =X
Ty To [Tg Ty 5
—H 0 -
o s //)I// —B»/ / !// stator
%fﬁ A YA 4
T T
SOOOROUOIOORNN R by
\li\\\\\ \‘IXEX\\\\}\ rotor
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Stator ampere-turns in the g-axis = d-current operation
P P d-axis

g-axis \l—\</’|‘-/<7—|/

— tat
Ampere-turns in q-a% |//B'// stator
I

| i 0: air gap
: :LF: ;\ N\ \:\\\J \\\:\\ ! hy: magnet height
\1 \\k\\ll\b X\Qk\\}\ rotor

Magnet field supported in d-axis, when electric current flows in stator winding in
the g-axis (“d-axis current operation”)!

Ampere’s law: §|3| o dS =2(H 5+ Hy,hy ) =20
o c
Flux continuity: @ = By, Ay = BsAs

Surface mounted magnets: Ay = As , hence: By =B;

: . h
Operation of magnets in 2nd quadrant: |Bs = zoHs = - 7'\/'("' m —©O/hy )=By

s

hd
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Operation of magnets in 2"d quadrant of B(H)-plane

By
B) b) 51 1
01,—0 _Br
y P\ B
Bs =—ty—.Hm =By P Br —~~TBéa
5 P2 P3
P4 o
)
Py
a)
b0 >0, — 12
Tq To [ T3 Ty
_HM ‘ O _HM - 1 00
—Hcg ~Heg g

o
—-0/hM
Reversible demagnetization of permanent Irreversible demagnetization of
magnet by air gap. The operating region of the magnet permanent magnet a) by increased air gap o, < 9,
IS the second quadrant. With increased temperature the b) by external opposite field -®&/h,,, reaching an
remanence and coercive field is decreasing, yielding  operating point P, below the "knee" of the
reduced air gap flux density according to operation hysteresis loop.

Ll

points P, to P,.

Prof. A. Binder : Motor Development for Electrical Drive Systems
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Stored magnetic energy density in the air gap (1)

tr
N - At B, = B; = Bx/2 the stored magnetic density is

T v \}3 maximum !
j \k - But this is NOT a motor design rule!
Magnet \\

- Usually one tries to obtain a high B; close to the
remanence By, to get a strong motor.

A A
Stored magnetic energy By AtB. =B.=B./2 the By
VA i M o R
density in the air gap stored magnetic density
/ Br IS maximum ! Br
Ws/Vm=—BsHy /2
Bs=Bwy B
R/2
Hy |0 —Hcg/2 1|0
M Hy cB/ Hy

Prof. A. Binder : Motor Development for Electrical Drive Systems
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Stored magnetic energy density in the air gap (2)

Wm

[

O e 0
I,
o

i i 85 B
j dB5:j(B5/,u0)-dB5:2— Wn=-""As-0
0 Ho 2 g

Il
CDl

Wm:—B5'A5.|35.5: B5"A‘5.|-|5.5:_B'VI - Aw ‘Hy, -hy
2110 2 2

By - H By - H
Wry = —=UTM (A -hy) = -,

Be/2)-(Her /2
Wm,max:_( R )2( CB )VM

The stored magnetic energy in the air gap is proportional to the ,energy product*
and to the magnet volume!

st
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Comparison of different magnetic material for

the same flux and demagnetization limit

at 20°C AINICo NdFeB, A NdFeB, B Sm,Coy; Ba-ferrite rubber ferrite
Br/T 1.3 1.4 1.2 0.95 0.4 0.24
Hce / KA/m 90 1100 900 710 270 175
AmlAg 1 0.93 1.08 1.36 3.25 5.4
hm/ho 1 0.08 0.1 0.13 0.33 0.51
Vu/Vo 1 0.076 0.11 0.18 1.08 2.8
IT N N 1; &, N N -
s AdFePp SmeCorr|Ferrite Rubber- Rare earth magnets allow for
Co s hy the same flux and the same
h demagnetization limit a much
0 - y  smaller magnetic volume of
\ only about 10%, which yields
AM compact PM motors, but it is
expensive.
ted Ao

%% TECHNISCHE
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Energy product of permanent magnets

“Energy product”: |(BmHwm)max| It characterizes the strength of a magnet!
Maximum rectangular area under B,,(H,,)-curve in the 2" quadrant = TWICE
the maximum stored energy w,, .« P€r volume in the air gap

T In case of rare earth magnets
/ 12 with straight B,,(H,,)-curve in

,r the 2"d quadrant:
// T . 1 By Heg

Winmax =5
/ ! 2 2 2
0,6 . .. Br Hcp
/ 1 Energy product”: > 5
4
0,4

st
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Example: Energy product of permanent magnets

/ T
/r" 1.2 “Energy product”: |(Bm Hwm )max
'E
0,

// Al-Ni-Co: 60 kJ/m?3

/ Ba-Ferrit: 30 kJ/m?3

/ 1 Sm,Co,: 170 kJ/m3

// NdFeB: 270 kJ/m3

4 3
/ 0,4
- e H 2
A A o / 0
—8 —6 —4 —2 0
kA/cm
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Development of permanent magnets

480 60
Development of permanent magnets in terms of

o~ energy product
£ — 50 @
— Source: Masato Sagawa: ,NdFeB magnets: Past, O
Y. : : @)
=~ present and future“; Prizztech seminar on Adv. Nd.Fe B S
é 320 Mag. Mat. & their Applic., Pori, 10.-11.10.2007 &ooitd 40 =
= &
= S
Iz s
M 240 Sm,Co,, la0 L
= Q

(&) 4
Ba, Sr-Ferrite Sm Pr) Co, -
= ‘ i Sm,Fe, N, o
o 160 - l Gesintertes SmCo, T e -4 20 35
o MR IS o
= FeCrCo =
Za Co-Ferrit .~ AINICO\ , =
o 80 e ’ 1 \.\ ! 110 o
c ? D
\ ‘ - e MBA o
- ' ! _‘-r p UCJ
Stahl ; :
O mA 1 . 1 1 | | O
1900 1920 1940 1960 1980 2000 2020

Year  Jahr
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NdFeB-magnets: Temperature limit and coercive field strength

With increasing remanence flux density Bg:

a) the operation temperature limit 4., decreases.

b) The coercive field strength H, decreases.

A

A
15 T 15 T
Br/T Br(Hc)): Be/T Br(Fnax):
typical curve typical curve
1.25 T 1.25 T
1.0 =T 1.0 =
i i > i i >
1000 2000 He,y/KA/M 3000 50 140 g J°C 230
%% TECHNISCHE

D 7 .
=" UNIVERSITAT
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1. Permanent magnet synchronous machines as “brushless
DC drives”

1.1.3 Torque generation in PM machines

Source: Siemens AG, Germany
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PM-Motor — Torque generation at g-current operation
d

* ls-Current operation: All conductors with the
same direction of current flow are opposite of
the rotor magnets with identical polarity.

Byl T ° Hence all tangential LORENTZ-forces point
Into the same direction, yielding maximum
torque per current.

Torque due to LORENTZ-force:

Mo~ F,r~1g

The torque is directly proportional
to the g-component of the stator
current!

s

gt@jm .. -
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The torque is proportional to the g-current component!

I\/1(3 /' (1 (ﬁ' (1
| +U. AV -V +W +W), -U |
: | | 4 |
Torque: /O/G/ G)/ D2 OQ
i |

Mezlq'kT \% |N N : }6

, * | huM

K- “Torque constant ,

7#‘?"____
\TUJ
&

- The PM synchronous machine can be easily
controlled, if we have ,current ~ torque!”

0

[l
@§QP 47

&7
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PM synchronous machine as “Brushless-DC”drive

q q

|
Y N L
i t (b
/ /)FS 5
] N J
N p -
® Torque: M, ~®,-I
* like in a DC machine: Mg ~@-I,
DC machine: PM synchronous machine with | -current
operation: (“brushless DC”-drive)
Commutator + brushes Inverter + Rotor position measurement
Rotor armature winding Stator three-phase winding
Stator field winding Rotor magnetic poles

ADVANTAGE of brushless DC drive: NO brushes = reduced maintenance
Less rotor mass = lower rotor inertia
More robust motor system with less losses

Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische
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Torque generation in PM machines with surface

mounted magnets at g-current operation
A
A B
B

PN
B, / \
| > X

3 y \\_//

No-load air gap magnetic flux density a) with pole coverage ratio ¢, = 1, and b) with ¢, <1
d

. q . q Current flow in stator
P | +U. AV VAW W, -U ) coils produces with
o o % ' | . .
‘ Fo=I-1xB :O/(@/ G)é[/@//@ ot rotor PM air gap field
1% IN /

I-1

AN

—»

F, |

I
— a tangential force on
I I
Tangential Lorentz-force . rotor.

. +
per conductor ///////)FS /B/S X Force gives torque !

= | M.=F.dg/2
«&7 TECHNISCHE
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How to get maximum force resp. torque for
given current amplitude ?

U

1.1/34

Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische ﬂ

Stator air gap field B, must be
perpendicular to rotor PM field B, to get
maximum torque. Then ALL phase
currents have the same polarity under one
pole and give there fore the SAME force
direction. This is like in DC machines =
brushless DC Drive system !

Stator field is directed into gaps between
rotor magnetic poles (rotor g-axis) = g-axis
current operation !

By rotor position sensor the stator currents
are switched with inverter to get the right
phase shift for g-current operation !

An inverter is needed !

L1l
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No-load air gap field expressed by By or Hg

B
Bé‘: R
14 0
to Ny
U
—MHCB
B, v Hes H, = 0
144, 0 14 0
Ho hy Ho hy

4111
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Air gap magnetic flux density for one pole under load

d A
ql . ’ N 1q ,Current layer” (loading):
W@G}”}/{-f/@%ﬂ/ A fe 2 MNg- I
V l 7\ :6 — P~
o 2Py

Ampere’s law gives stator field:

ok}
N
=

P

2 L2y fHeds=2-Hyg-(5+hy)=2-A-xX
AH‘S C
AT /(5+hy) A
1 . — H5,S = 5 h - X
sHehy /(6+hy) v
} ‘ D4
) 0 ®
2 2

Under load surface mounted rotor magnets experience danger of
demagnetization at the trailing pole edge, especially when magnet is hot
(typically 150 °C).

L1l
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Block current feeding

B

1

oS
™l
H

a) Source: Siemens AG, Germany b)
a) Cross section of PM synchronous machine with 100% pole coverage ratio

b) Trapezoidal no-load stator phase voltage (back EMF); block shaped current
impressed in phase with back EMF

Prof. A. Binder : Motor Development for Electrical Drive Systems
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Torque generation with block current feeding,
calculated via internal power

A _
1y
Ve
A N Uiu
"o TN i ~' Torque generation with block current
=4 =S ’ feeding, calculated via internal power.
ly
v
N Air gap power: Ps =27 -Ngyp - Mg
0 // \\ > t
\ s/ T \T
\\ // ? \\ . - - -
pooommoooo ' b= Ps(t)=upy (O) -1y () +upy (€) - (€) + Uy () -y ()
oy mp— —_‘é ~ ~
\%/,1ljﬁv //' 22 ° l.J F) ¢ I
0 . —* '  Electromagnetic torque: Me =
\\\ % /// T ) 2 /A n
Ps A
e e A smooth torque without any ripple is
m i g uiu v YV usy i%w i‘wlv it theoretically produced with contribution of
- % RIS two phases at each moment.
UiV A IV UiV | IW(WiW (| 1w Wiw 1 diuIu Wiy
0 LU .
0 T T

§E

177
574
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Torque generation with sine wave current feeding
A

Ui i Sinusoidal phase current is impressed
by inverter in phase with sinusoidal
\ I back EMF, resulting in
Us
: 3 a) pulsating power per phase, but
- i
\ I I b) smooth constant power and constant
r et torque for all three phases.
0 T T
2

Using internal power per phase we get

constant resulting power:

Ps(t) = oS(wt) - | cos(a)t)+U cos(awt —27/3)- | cos(wt — 27 /3) +U o COS(wt —47/3)- | cos(wt —4rx/3)
LJ o Ul 4rr u pl“ 87
05 (t) = —2—[cos(2et) + 1]+ —L—-| cos(2mt — —=) +1 | + —2—| cos(2amt — —=) +1
2 2 3 2 3
m: phase count u,l 3/2)-U
P ps(t) = m—— = const. :( )Up
Here: m =3 2 ° 2-7-N
§\&% TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische ﬂ=
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1. Permanent magnet synchronous machines as “brushless
DC drives”

1.1.4 Induced no-load voltage in PM machines

Source: Siemens AG, Germany

L1l
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Induced no-load voltage ("back EMF”) in one coll at
100% pole coverage ratio

Ay (t)
/
/( )y e \ ¥,
P X >t
0 Bp(x) TP <Tp 0 p RTp
[ \ I \'2 Vv
Bp e+ Tp (=Tp)
’ > X
A dvy./dt

I<
o
o)
PN
>
ﬁ
~

>t

> % 0 T T
2

a) b)
a) Rectangular air gap flux density distribution = 100% pole coverage ratio leads to

b) triangular coil flux linkage time function, causing rectangular shaped induced coil
voltage u; . = -dy/dt

L1l
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Example: Coil group with g = 3 colls

uig(t)
/ a.=1, q=3

0 - o wt 100 % pole coverage ratio, 3 slots per
— pole and phase
T e |
mq I

B .

| | _

! ] Unskewed colls:

o 23 o The induced back EMF is

L - tep-like !

M S step-like !

A 1 \[ skewed by

| | A |

k d— | T :

Y unskewe V\ﬁ/ ° Coils - skewed by one slot

| | : . .

| | i > wt pitch - yield a trapezoidal

B back EMF !
: | \ uigr(t)
- S AN

Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische ﬂ
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Back EMF in coil group with g >1 colls

Example: q =2 Ve A 4
q // / b/sk . P
[ [ [ | I I | I / 2 [ [ I /
B Tp NEC
u; (t :
) i ( ) X ;ZUI
Ul | : Ui /
| | > > 1
0 T X 0 T
2 2
a) Unskewed coils: - 2T T
The induced back EMF is step-like, when 6 6
being induced by rectangular air gap flux b) Coils skewed by one slot
density distribution ! pitch yield a trapezoidal back

EMF
Colil skew: b,

L1l
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Air gap field function developed as a FOURIER
series of sine waves with shrinking wave lengths

A Fundamental wave €
B X 7T
amplitude B -, B5 (Xr) = Z B5’ﬂ -COS| u :
PN AA/ u=1,35,... Tp
/ \ B B=1 : : :
p Rotor air gap field amplitudes:
\\ || / - 4. Bé‘ _
0 = aemp =Tp\ /2Tp Bs i = ﬂ.ﬂ'sm(ﬂ'ae'ﬂlz)
<~ A

M

- X = X;: Circumference coordinate in
rotor reference frame

P Br
- Field function symmetry to abscissa: PPz
No even ordinal numbers u 1

- Air gap flux density B;= B, due to P4
permanent magnets depends on B,
magnet temperature T Hy T2 [Ts |T4 0

~Hepg 0

§&'§f’{,‘ TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische :
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Influence of pole coverage ratio a, on the rotor flux
density amplitudes

B
15, A B
1,0 :0,97 =1 PN I
: N ey e
0,8- | \\ v .
0.6- | <~
|
| Rotor air gap field amplitudes:
| =
0,4- | 4-B; .
| Bs . = O .sin(u-ay-7l2)
| s
0,2 : u="7
i | =5 At o, = 0.85 the fundamental amplitude is
0 . _ reduced by 3%, but 5" and 7" harmonic are
1 oo o5 08 | or ¢ reduced drastically.
Ke

L1l
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How to get sinusoidal induced back EMF from NON-
sinusoidal rotor air gap field ?

p

[}
Y

Use of pitched coills: AT _ _ | e TP
) % 5 ro doVopPo
(= two-layer winding needed!) T W

Flux linkage of pitched coil:

Wi 2 7 W 7
l//C,u(t) = Nche _.. B5,ﬂ(X,t)-dX = Nc '_'_plFeB5y -Sln(,u-—-—)-COS(,ua)'[)
W /2 T H Tp 2

. W
Pitch factor: kpﬂ :sm(y-—-z)
Th 2

:‘““'f‘ﬁ_“i';"; TECHNISCHE Prof. A. Binder : Motor Development for Electrical Drive Systems Institut fiir Elektrische ﬂ=
>

7)) . °
(= DARMSTADT 1 Energiewandlung « FB 18



Harmonic flux per coil of one harmonic field wave

Circumference coordinate in stator reference frame:
X=Xg =Xy +Vgyn -t Vg =2-Ngyn - P-T Ngpy=n

Permanent magnet field in stator reference frame:

- X
Bs(Xs,t) = Z Bs , -COS| 1 Sﬂ—,u-Z-n-p-ﬂ-t W, =p-27-N-p
T
u=1,3,5,... P

Harmonic angular frequencies of harmonic field waves:
w,=p-o=4-27-n-p 0=27-n-p=2rx-1f

Harmonic flux linkage per coil:

W /2 W /2
Veu®=Nelge [Bs, (x1)-dx=Nelge [Bg, -cos(u--x/, - w,t)-dx
-W /2 -W /2
2 T . W rn
Yeu (t) =N '_'_pIFeBa“,y -sm(y-—-—)-cos(a)ﬂt)
T U Ty 2

Energiewandlung « FB 18
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Harmonic induced voltage per coill
FARADAY s law of induction:

2 Z-p . W T .
ui,Cﬂ(t) :—d l//C/,l(t)/dt = C()ﬂNC .;.IIFGB&IU Sln(ﬂgz) 'Sln(a)ﬂt)
‘ W Example: g =3, m = 3, pitch 8/9

W R

Pitch factor:  [Kpu = Sin(ﬂ'—'z)

Example: g =2, m = 3, pitch 5/6:

e I 1 s 1 s B ] o ] ©0 ] 1 |

S
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Coil groups help to get sinusoidal voltage !

Example: Three-phase winding, 9 slots per pole, g = 3 coils per pole and phase.
OZQ,u:l :CZQ :ﬂ'(TQ/Tp) =719 180°/9 = 20°

Distribution factor:
A 2sIn e
y :Ui,gl’,y ) q ] Sln ,u j
Y7 1
2 Th
Ui, (t) = uw-Ng Ky, <Ky, — ZIFGB@ sin( uawt)

\_LI\_I\_l\_l\_I\_I\LI\_l
| ” || 0.960 || 0.667 || 0.218 || -0.177 || -0.333 || -0.177 || 0.218 I

Reduction of colil flux linkage due to coil group arrangement q = 3.
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Winding factor = Coll pitch + coil groups

Winding factor:

Kuy = K~ Kpy

Pitching factor: Distribution factor:

sin(yﬂj
(s W r - 2m
py—sm(ﬂ'r—'z) dou =

P

g Sin 4
q U 2ma

Prof. A. Binder : Motor Development for Electrical Drive Systems
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Star connected three phase winding suppresses 3
harmonic line-to-line voltages and 3" phase currents

Harmonic induced voltage.:

2 7 . .
Ui, (t) = po- N -kwﬂ-ﬂ- ; le By, -sin(uat) =U; , -sin(uat)

If the stator winding Is star connected, the third harmonic voltages in all
three phases U, V, W are IN phase and IDENTICAL.:

Uy3(t) =U5-cos(3mt)
Uy 3(t) =U5-cos(3(amt —277/3)) =U5 -cos(3mt) = Uy 3(t)
Uy 3(t) =Us5 -cos(3(at — 47 /3)) =U5 - cos(3at) = Uy 5 (t)
Therefore the line-to-line voltages show NO 3rd harmonic component:
Uyy3(t) =uy3(t) —Uy3(t) =uys(t) —uys(t) =0

|3— /23 — IU3+I—V3+lW3:3I3:O — |3:O
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Skewing influence on the induced voltage

Skewing by the distance b, represents a phase shift between coil side beginning and end
with respect to the u-th harmonic field wave of Px =7 *Dsk /(7 / )

a4
a3 IV
/

“

-~

/
/ |
r 1Fe
Au, 4

—

Pu=7 Dy (7ol 1) fpe resulting induced Vvoltage AU along the coil side inside iron is

the sum of differential small voltages 4u,, along the differential
small coil lengths Ay.

The resulting voltage AU is given by:

AU 2-sin(gp,/2) _sin(S /S g _ My
" = = Xu=8IN(S,)/3S, HT Ty
¢,u Z-p

> 4,

n=1
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Skewing helps to suppress slot harmonic back EMF

Skewing by the distance b, reduces flux linkage and therefore induced voltage further by

the so-called skewing factor

_ M7
a 22'p

X =8NS ,)/S, S

Example: Six pole machine, rotor speed 1500/min, 5/6 chorded coils,

g = 2, 85% pole coverage ratio, magnets skewed by one stator slot pitch

Slot
harmoni

E

Ordlnal Stator Fqu Wlndmg Skewmg Induced phase Induced line-line
Number frequency den3|ty Factor factor voltage voltage
nm 100 % o 933 o 989 100 % 100 %

% UNIVERSITAT 1.1/53
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Measured line-to-line no-load voltage (back EMF)

100
| n=1000/min Fourier-analysis of measured
T _ 2p=4 no-load voltage:
u; u=1. 33.5Hz, 748V
1 Uuw
0 = t £=5: 167.0Hz, 0.34V
(V) “L
- Uvyw Other amplitudes are
| =60%l negligible !
100 i Y I Y Y N B
O 20ms 40ms

- 4 pole brushless DC motor (rated data: My = 1.3 Nm, ny = 6000/min)
- designed for sine wave commutation, at 1000/min
- nearly ideal sine wave back EMF

b ——  —————————>—>—>Dn0nmnmnmnmmmDmDmm
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Permanent magnet four-pole synchronous servo motor

320V, 500 W
Pole coverage ratio ca. 85%

Skewed magnetic rotor shells

Inter-pole gap

Source: Engel Elektroantriebe GmbH, Germany
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