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2. Design of Induction Machines
Demands for design

M A I,

Torque
M1 \

Stator current

0

0 syn
Output characteristic of induction motors |
vs. speed

Speed

SN * Ilsyn
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2. Design of Induction Machines
Typical demands acc. to Int. Standard IEC 60034-1:

Rated operation:

Measured rated slip sy
Measured power factor cosgy
Measured efficiency n,

Overload capability:
Measured breakdown torque M,:
Demand: for 15 s: > 1.6M

Starting parameters (ats =1):
Measured starting torque M,
Measured starting current /,

Measured minimum torque M,
("saddle" torque):

Tolerances for measured values:
+20% of calculated rated slip sy .
_(1_ COsgoN,calc)/6

-0.15:(1-77 1) fOr Py <50 kW
-0.10-(1-77 cq10) fOr Py > 50 kW

-10% of calculated breakdown torque M,

calc

-15% ... +25% of calculated starting torque M,
+20% of calculated starting current /,

,calc

,calc

Demands: M. > 0.5M,
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2. Design of Induction Machines
Example: Efficiency tolerance

Calculated efficiency 7, =0.9
Efficiency tolerance: Tol = -0.10-(1-7y ) for Py > 50 kW

Tol =—-0.1-(1-0.9)=-0.01

Minimum admissible measured efficiency:
=7y +1T0/ =0.9-0.01=0.89

Tmeas ,min
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2. Design of Induction Machines

Main dimensions of induction machines

hys SQs g 1/3 tooth )
e ’“1’h—— l _5 B -Bas — \Sa
yoke Bl | |slot

air gap

d ri
rotor shaft

STATOR

These dimensions have
to be defined during
design process to get
the wanted machine
output characteristic !

ROTOR

*amps
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2. Design of Induction Machines

8 6 4 5 . 1: Stator housing
' 2: End shield

3: Oil cooler for
sleeve bearings

-
i)

g
. g

4: Stator iron stack

5: Overhang of two layer form
wound stator winding

6: Rotor iron stack with axial
ducts in rotor iron back

7: Shaft end

1 .
Source: ABB, Birr, 8. Overhang of rotor two layer
Switzerland windi ng

;‘!‘

r2

9: Three-phase rotor slip rings with brush contacts and hand wheel to lift brushes
and to short circuit the rotor
10: Shaft mounted radial fan for generating cooling air flow,

which passes through openings in stator housing

%
‘e
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2. Design of Induction Machines
Design calculation yields equivalent circuit parameters

a) Equivalent circuit per phase for fundamental air gap flux density distribution,
sinusoidal currents and voltages (here: iron losses P, A neglected)

b) Corresponding phasor diagram for motor operation
jXSO’lS

*amps
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Energy Converters — CAD and System Dynamics

Summary:
Main dimensions and basic electromagnetic quantities of induction machines

- Design requirements by standards (IEC 60034) and by customers
- Electromechanical design implies magnetic, thermal and mechanical issues
- Design must be , translated* into equivalent circuit for performance prediction

*amps
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2. Design of Induction Machines
Scaling effect of power
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Velocity of rotor at synchronous speed at stator bore v, =277, is proportional

to velocity of air flow in air gap of open ventilated machines with fans mounted
on shaft.

Better cooling at bigger pole pitch, so higher current loading possible: 4, ~7, .

Flux cph=£-rp-lFe-1§51 is excited by coils. For minimum copper losses at given
n :

flux, surface 7,-Ip, needs minimum length per turn of 2-(z,+/g), yielding

Tp :lFe'

Result: 4 ~7,, Ip, ~7, and d,zr=2p7r,=d;~7, p

Rated apparent power Sy with Esson’s equation: S, =3U I, Ss=3U,1,

2
T ~ n
Sy =Ss :ﬁ'kwl'As'Bél'dé'lFe'%z(z'\/a'kwl'ﬂ 'B51)'p'As'T]29'ZFe =K'P°T;a

4 4 4
Sy~Py~p1,~p-A4; ~p-lg,

Increase of pole pitch, iron length and current loading with /P, /p !

T, ~YPy/ P, lpe~YPy/p, A;~3YPy/p
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2. Design of Induction Machines
Main dimensions may be chosen from curves, where
parameters of already built machines are summarized
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f Tp /cm Behind these curves ESSON'’s
100 utilization number is “hidden” for
90 2I _ [ [
80 4,1’/:3/ - a given induction machine type
wl ”/ > . . .
60 //e” = = - - an open ventilation cooling system
"
>0 /f// - a winding temperature limit 125°C
40 1 ’//
10 /,/”’ ,”//8/' Tp ~ »\4/ PN /p
wd //’/ ///’
o /// | ’154/ Increase of pole pitch of induction
20 /'//’/,/' machines for pole numbers 2, 4, 6, 8, 12
L~
T y=lg(z,)~1gG/Py / p)
o y=lg(r,)~1g(Py)/4-1g(p)/4
100 200 300 500 7001000 2000 3000 5000 10000 yv~x/4-1g(p)/4

—> Diagram is a straight line in double

P/kW logarithmic scaling :
TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 13
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2. Design of Induction Machines
Iron stack length vs. pole pitch

A
f/\\ Pole pitch 7, shrinks with increasing pole /\

count 2p z_p — dsiﬂ- /(2p)
A L,
le
—
v \/
W1, War, War,
2p=4 2p >4 2p >4
e 7Ty e 7T, l,> 7,

At low pole count 2p = 4 the At higher pole count 2p > 4 for the Therefore:
condition /, ~ z, for condition /, ~ z, the induction
minimum copper losses at machines become axially very short,
given pole area /; 7, is used  with a dominating ratio /,//, > 1

At higher pole count 2p > 4 the
iron length is increased /, > z,.
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2. Design of Induction Machines
(Equivalent) iron stack length

Increase of (equivalent) iron stack length /, of induction machines for pole count 2p = 2,
4,6, 8, 12

* le/cm
100
90 [.: Equivalent stack length (due
i T to radial ventilation ducts)
0 2p= 12 | 8|6l I
— = |
T =~ 2p = 4. le NTp NN/PN
20 ===l
o
= 1
30 e 2p>4: 1, ~k(p) -3 Py
=
k(p)>1
20
100 200 300 500 700 1000 2000 3000 5000 700C
—>
P/kW

*amps
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2. Design of Induction Machines
Current loading and air gap flux density

Stator current loading 4. & average air gap flux density B; . :

d.av=-

For pole count 2p = 2, 4, 6, 8, 12; open ventilated air cooled machines, Thermal Class B
(temperature rise 80 K over 40 °C ambient);

}

900
As A
A/cm ~T
A/em 500 2p=12 8 16 A4 2] § P
- /
500 /// /:/ — /’ Same pole pitch, but higher pole
400 /j;/ — / count, means bigger machine
200 A (= ESSON-number C 1),
/ so higher A is possible.
=00 . ., T . —» Tp/cm
B 0.7¢ 5 > 2 22 T 1% saturation limits tooth flux
é,av p>4
T 96 AL o densityto2 T,
5. 05 ' 2p=2 41— so: peak air gap B,;to 1 T,
Bs g =—Bs * e thus: average B, to 0.66 T

0.3
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2. Design of Induction Machines
Comparison of 2- and 4-pole machine cross section

For the same bore diameter d; the pole pitch of the 2-pole machine is twice of the 4-pole machine.

Hence for the same air gap flux density the flux @ per pole is twice. Therefore for the same yoke flux
density B, we need twice big yoke height h, for 2-pole machines, yielding a huge stator iron mass.
dsi B§1

2 A
Tp :dSl7Z'/(2p) D :;TpleBé‘l @/2 = hySIeBy - hyS — 2p By

“half” B-field line
D2

In order to reduce the iron 55 4 55
mass of the 2-pole machine, ca\ © B, @
the air gap flux density and B,
the yoke height are reduced, d; g \
yielding the same yoke flux hys hys
density = reduced ESSON
number!

Bs, =1.0T —0.7T
hye =100% — 70%
C ~ A Bz =100% —> 70% 2-pole machine 4-pole machine
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2. Design of Induction Machines
Current density

Decrease of current density J of 6 kV induction machines

for pole count 2p = 2, 4 and > 6; open ventilated air cooled machines,

Thermal Class B (temperature rise 4.9 = 80 K over 40 °C ambient)

J ?

A/mm?
9
8
7 —
ol =] T~ 2p= | 2
‘.\‘\ — o 7
\\\ s\\\§ \4\44 56
5 \\ —
T~ 472\\\\~
\ \\\ \\~
4 h\\~
3
2 10000
150 200 300 400500 700 1000 2000 3000 5000 -
P/kW

P~I* J~1/4L
J~1/8pP
1gJ~lgP_1/8

lgJ ~—0.125-1g P
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2. Design of Induction Machines
Pole count scaling effect of current density J vs. power P

St

A ~1,=dg 7/(2p) dy =L A, ~L/p

lFezL
2 2 2 )
- A , f ju . A -d= -1 — L
SNzSé‘ :\/E.kWI.AS.Bal.dSi.ZFe.;:(\/E.kWI.Bé‘l.fg). : ;l = :K?zPN

1 1

lg(K) lg(Py) lg(p)

L=4py-p*IK

x lgK) lgp)

y=lg(J)= y=lg(J)=-

8 8 4 8 8 4
y =gt
\
P2 = P+
0 \: X = lg(PN)

*amps
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2. Design of Induction Machines )\ TECHNISCHE
Air gap width

)y DARMSTADT
Increase of air gap width o with increasing induction machine size (pole pitch z,)
for pole count2p =2, 4,6, 8 and 12

? For the same pole pitch z, the
6/cm / higher pole count 2p gives a
( bigger diameter d;:
2
0,3 — need for bigger air gap Jto

avoid touching of rotor, caused
by shaft bending

2p=
0.2 1)
wd
/7// 5 d
T
4 — =~ const. =5 =
o 12////1/ » const. = 7, 2
’ ’/ ///
6 - S~d,~1,-
8 S Tp p
0
10 20 30 40 50 7080 109,
Tp/Cm B
TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2. / 20 m\f
el

Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder



2. Design of Induction Machines
Shaft diameter

Increase of shaft diameter d_,, (= inner rotor stack diameter d.)
with increasing power P and size for pole count 2p =2, 4,6, 8 and 12

dri
cm _ _
p Bigger power P at higher pole
50 = count 2p means
L/ L~
40 A~~~ - lower speed n, so higher
/ //’/6
A LA LT torque M, so
30 // e - . . .
% ‘* Pus - blgg_er shaft diameter d,; is
20 Z T 1% required
L~
//‘ 2 ,—/
10
) lg(d,;) ~1g(Py)/3+1g(p)/3
100 200 300 500 7001000 2000 3000 5000 7000
—
P/kW &
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2. Design of Induction Machines ), TECHNISCHE
Torsion stress requires a certain shaft diameter d.,

)y DARMSTADT

Torsion stress g, at torque M:
M-(d.;/2) N4
Ot max = 7 = ] = . @
P P22
Py By

Py-p
O max ~ & dri N3\/PN'p

3
dri

lg(d,;) ~1g(Py)/3+1g(p)/3
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2. Design of Induction Machines TECHNISCHE
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Increase of motor efficiency 7 with increasing induction machine power P

at pole count 2p = 2, 4, 6, 8 and 12 for cage and wound rotor, 6 kV, 50 Hz,

Thermal Class B (49 = 80 K), open ventilated machines

f n/% Power rise with lengths:
o8 T 1] P~C°L3~AS351L ~L4
9 cage—rotor A
gy =il P~L
96 5p= 6,80 — 1 _
o5 T2l N> < N At constant loss density
Y T < Ng py = P4V losses rise
94 - ‘ :
o FUET L - Tg=%p with volume: 3
7 » 3-ph _ -
92 ’%//f%// i Woung ?csffor Pd - pdV L
A A7

91 / ~ So efficiency increases with

o0 I bigger machines (P = P, ).

89 P 1 1

150 200 300 400500 700 1000 2000 3000 5000 9000 = P+ P o 1+ P /P - 1+k/L
- d d
P/kW k: constant

*amps
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2. Design of Induction Machines
Efficiency increases with speed at given torque

« At agiven torque M efficiency 7 increases at dominant I’R-losses with speed n.

« Torque M =PyQ2nny,)~3UL/f/p)~3 f; O 1/(f/p)~p @ I;="Flux x Current,,

P P 2r-n-M @]
- Efficiency n=-2-___ou __ da =~ np 5
b, Pu,+F; 2r-n-M+3-R-1I° n-p-@-I+k'"-R-1
n
~— I =1, =const.
7 n+k-1 SN
n‘Pout

0 > n

0
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2. Design of Induction Machines
Power factor

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

Increase of power factor cos¢ with increasing induction machine power P
at pole count 2p = 2, 4, 6, 8 and 12 for cage and wound rotors, 6 kV, 50 Hz,
Thermal Class B (4% = 80 K), open ventilated machines
a) In bigger machines the ratio

f CosS ¢ “stray flux vs. main flux” is
0,92 smaller due to higher slot
numbers Q, yielding higher
0,90 2 power factor cose.
I
0.88 ”//—:::/ b) High pole count machines
0,86 2- /74/’ /i—” have
0,84 2plod :,,—/ (1) low slot number g per pole &
0.82 ~ _r phase, so higher harmonic
’ 8 //’/ leakage,
0,80 ot | (2) smaller ratio z,/5, so lower
0,78 magnetizing reactance,
0,76 yielding lower power factor cos .
150 200 300 400500 700 1000 2000 3000 5000 9000
—
P/kW

-

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 25
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder

‘l
=
%



2. Design of Induction Machines
Induction machines with high pole count have poor cos¢

7%  TECHNISCHE
UNIVERSITAT
DARMSTADT

Example:
m=3,q9="1

* Magnetizing current [, ~ U/(2nL,) ~ /7,
Inductance per phase L. =L _ + L, Ly~1:7/6
* (a) High pole count 2p = pole pitch 7, = d;n/(2p) small
(b) Mechanical lower limit for air gap &,;, = 7,/9,;, gets too small for big 2p!

min

Example: Machine for very low speed 28/min:
I: High pole count induction machine not feasible for low speed, because cos¢ is too low

II: 4-pole induction machine frame size 400 mm with gear i = 50 is feasible

P/kW | n/min'| f/Hz | 2p | dg/m| g/mm| S/mm 6/d /%4 7,/6 | 1/m| cose| I./Iy
1| 750 | 28 | 224 | 96| 5 164 | 5 | 01 ] 328 ] 035 0.6 | 0.8
I, 640 | 1514 | 50 | 4| 045 | 353 | 2 | 04 | 1765] 0.66] 091 | 0.

*amps
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2. Design of Induction Machines

Design example:

Motor, Py = 500 kW, 6 kV, 50 Hz, 4 poles

*amps
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2. Design of Induction Machines

2p = 4,500 kW, cage machine: Estimation of motor efficiency 7

ﬁn/%
8

9 T 11
cage—rotor
1 T
96 4~\\\\\ - 1
2p= 6,8N\ N —
o5 NN <
LT 4 - »
94.4% 22 S8 R WY
/542/5?{/ Rk
93 e - — -
oy P 3—phase
9o /Z,/f/// wound rotor
Zr
91 ;/ e
90
89
150 200 300 40@ 700 1000 <000 3000 5000 9000
—
P/kW

-
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2. Design of Induction Machines

TECHNISCHE

2\ UNIVERSITAT

DARMSTADT
500 kW, induction machine: Estimation of power factor cos¢
? COS @
0,92
0,90 5
0,88 L —
0.868 By
0,86 = ]
4 4 /////———-_———
0,84 = =
2p:: GI////
/!
0,82 5 Peg
L~
o~
0,80 >
12
0,78
0,76
150 200 300 400(500) 700 1000 2000 3000 5000 9000
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2. Design of Induction Machines

2p =4, 500 kW, induction machine: Estimation of pole pitch z,
f Tp /cm

100 | =
80 D= -
80 P=lx%
/
70 ——
,-—" _,ﬂ" ’/
60 —— 4 /’
50 -=— ot
/
/ 6 L
40 ~
60 m LT L
AN 4’/ //’ 8/'
a0 > T >
el d el T
/ /’ //
A LAT12Lr
20 T ] 25
/// //f
e // d
/
10 —
100 200 300 (500 7001000 2000 3000 5000 10000
_>
P /KW

%
*amps
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2. Design of Induction Machines
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2p = 4,500 kW, cage machine: Estimation of (equivalent) stack length /.
? le /cm

100
90
80 —>
70 —

60 -
/?/

50 b

=
40

30

[AY)
o)
Il
\\
\\®
\\
(00}
(o))
A\
\
\
1\

MWARY
W
\

\AVIAN

A\

20
2p =4: 100 200 300 500 ) 700 1000 2000 3000 5000 700C

—»
7, =360 mm~/, =380 mm P/kW
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2. Design of Induction Machines

Pole pitch 7, =360 mm, 2p = 4, 500 kW: Estimation of air gap 6

6/cmT /
0,3 <
op=

0,2 C P /r/ /

/
A4 mm> -
o e P!
s 4
./ 14

0
10 20 30 40 50 70 —p
(36) ™/cm
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2. Design of Induction Machines

2p =4, 500 kW: Estimation of rotor shaft diameter d

dri
cm
50 o L
Rp= 12/ y ]
40 ) i
/ 116
/ //:/’ ///"
30 // e - —
4
L~ / —T
200mm) 7,/ g PEs
—
// 2 _,/
10
0
100 200 300 @oo 1000 2000 3000 5000 7000
—
P/kW
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2. Design of Induction Machines

Pole pitch 7, = 360 mm, 2p = 4: Estimation of current loading & air gap flux density
P

900
As
<>A;°m 600 2p=12 8l l6 _ta 2]
500 A/cm i 7
f-Ta¥a) ] /|
000 7// /té // /
T
300 V4
0.927(2/r)=
(2/m) 200 . — T — | ' —» Tp/cm
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2. Design of Induction Machines

500 kW, 2p = 4: Estimation of current density J

;
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2. Design of Induction Machines
Design example

f‘“:“ TECHNISCHE
UNIVERSITAT
'@ - DARMSTADT

Motor, Py =500 kW, 6 kV, 50 Hz, 4 poles:
Estimated values: 77 = 94.4 %, cos@ = 0.868

P

Motor output power: 500 kW, apparent power: Sy = N =610 kVA

g 610 N -COSPy
Motor current: [ = 7 SN - 7 =59 A,

3-Usy N3:6 U, X, +X
Synchronous speed: n,,, = f/ p=1500 /min U, X,
Pole pitch: 360 mm, stack length: 380 mm 1Ko 14
air gap: 1.4 mm, shaft diameter: 200 mm X

Current loading: 500 A/cm, current density: 5.5 A/mm?, 4_-J, =2750 (A/cm)(A/mm2)
Stator bore diameter: d; =2pz, /7 =458 mm.
Internal apparent power: (o, = 0.08/2=0.04): S5 =S/(1+0,)=610/1.04 =587 kVA

Electromagnetic utilization: C=Ss/(dy 2 1, - ng,,) =4.9 kVAmin/m’
2
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Energy Converters — CAD and System Dynamics

Summary:
Scaling effect in electric machines

- “Typical length* L used as scale
- Scaling laws for
power P, air gap flux density B;, current loading 4, current density J
- Assumptions for
given cooling system & type of construction must be kept in mind
- Pole count influence on active iron mass ~ 42, -1,, efficiency 7, power factor cosg
- Scaling laws verified with results of built machines

*amps
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Energy Converters — CAD and System Dynamics
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2. Design of induction machines
2.1 Main dimensions and basic electromagnetic quantities of induction machines
2.2 Scaling effect in electric machines
2.3 Stator winding low and high voltage technology
2.4 Stator winding design
2.5 Rotor cage design
2.6 Wound rotor design
2.7 Design of main flux path of magnetic circuit
2.8 Stray flux and inductance
2.9 Influence of saturation on inductance

2.10 Masses and losses
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2. Design of Induction Machines , TECHNISCHE
i UNIVERSITAT
Coil groups per pole and phase

)y DARMSTADT

Example: q = 3 per group
L: Total axial iron stack length including radial ventilation ducts

T 1T | A [ 1 1 T |
Example:
B " ]_ - W = Tp -
p
|
concentric colls colls with identical span
for single layer winding for double layer winding
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2. Design of Induction Machines

Two-layer four-pole three-phase stator winding manufacturing
(72 slots) for a doubly-fed induction wind generator

¥ i i L o N & »
i3 | iaramly o R o
! F ./
2 5 g
3 i W
-L'I
i

Source:
Winergy

Germany

*amps
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2. Design of Induction Machines
Single layer winding

Two different sizes of concentric coil groups possible for

2p =

4,8, ...

Cross section of
winding overhang

q=2
Example: g = 2 coils per pole and phase, il
Coil arrangement (without coil connectors) - A — J
—
I
| _ —
- - - _I r—-r--"--""""""=""="""=-—"=-—"="—"=-—-"=-= —/ | I_ -
i R S et S B g ) I i
A n N I I O
] o 1 I N
I I ;! oy I ;!
I 1 R N
+U —WI |+V: —U |+W :—V| +U —Wl |+V: : —-U | : |
b P b P
| | Lo | | | | | Lo | | |
| | o' _J I N D
[ | ST Y A Y B S N R SO J
_ 1 T I i L _
D R [ SO RO _! A I
I
= - l—’-
Tp A .‘-:
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2. Design of Induction Machines
Two layer winding

Identical sizes for all coils

Example: g = 2 coils per pole and phase
Coil arrangement with full pitched coils: W=z,

S AR

==

Lower layer

Upper layer

d.

S1

winding overhang
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2. Design of Induction Machines
Pitched two layer lap-wound winding W < 7,

Arrangement of pitched coils (W < z,)
RR L1 per phase and connection of coil groups

L1 I I
L] Lo L ol for N- and S-pole
A 4 Lo {' IL Y Lo :A A A
TN 1S Example:
T B q = 3 coils per pole and phase,
B b L B
= EESN pitch W/z, = 8/9
phase U
w Tp

upper layer
pp y -W +V -U +W -V

+U
| A v A v A | A v A v A |
@O@@@@@OOOOO Cross section of coil arrangement in slots,
/‘ X EY AOQOAOQOAi AOQOAOQO,E showing all three phases U, V, W
+U -W

lower la +V -U +W -V in upper and lower layer,
e W - Tp B being symbolized by phase belts
upper layer | |
:/ SIS ////////ji . T .
: - Phase belt without depicting single slots
/:I/ AR / Yy /!
/ +U -Ww +V 1I-U +W -V |

lower layer
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2. Design of Induction Machines
Momentary plot of MMF distribution

VA TECHNISCHE
UNIVERSITAT
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Tp
"
+U -W_ -W gV -U -U +W +W -V -V
> | - %\ X | x | % * | = | Upper layer
: x 1 X ® x 1L T 1 | Lower layer
V(x) A !‘ —‘ s: stator
I — —
| V(x) | Iuy=—-1y =1
| : Iw=20
| .
I,=1-3/2
2 Ne¢- I *
: N,: turns per coil
I 1 I I I 1 I I I » X
0 - -
TQ Tp
Slot
pitch

MMF distribution V(x)
(magneto-motive force)
distribution of a two-layer
winding

Example:
q = 2 slots per pole and

phase
Coil pitch 5/6
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2. Design of Induction Machines
Winding factor &,

_ ) m: phase count (e.g. 3)
‘ kWS Vo de |4 kpS |4 v. ordinal number
. v-nj
sin| ——
2-m - L. . S A /4 . i
kg, = Distribution factor K psy =Sm(v5-r—) Pitching factor
g -sin ver j p
2-q-m

* Reduction of harmonic induced voltage e.g. for g = 3, m = 3 (distribution factor):
fOF V:_S:kds,—S 20218 , V:7:de’7 :_0177
Also fundamental flux linkage is reduced a little bit: v =1:k, ; =0.960 .

 The flux linkage with stator winding of harmonic flux density waves
with v pole pairs is reduced for Wiz, = 8/9 e.g. (pitching factor):
For v=-5:k, s=0.64, v=T7:k, ;=-0.34.
Note that also fundamental flux linkage is reduced a little bit: v =1: k51 =0.984
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2. Design of Induction Machines
High voltage form wound stator coil
with several turns N, for two-layer winding

Winding overhang T

coil side, inserted in slot.
Black:

Semi-conducting anti-
corona screen

Red: Anti-humidity
varnish

coil terminals
Source:

Andritz Hydro,
Austria
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2. Design of Induction Machines TECI:
Inserting a two-layer winding into stator slots

DARMSTADT

Radial
ventilation duct

Tooth
Slot

Massive iron
clamping finger

Press plate

upper layer

lower layer
winding Source: Andritz
overhang Hydro, Austria

*amps
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2. Design of Induction Machines

573 TECHNISCHE
Two-layer winding: Slot and coil arrangement, 3 UNIVERSITAT
Winding insulation
| |
~ Wedge 76/ /»\
top lining - — \
|_main insulatiom™— | -—
A
inter-turn insulation — | ~
O ' coil
Insulation between ]
upper and lower layer ——— 1]
}
Conductors\\hl
\/ ~
—>
Oval semi-closed slot for round Rectangular slot for form wound high

wire low voltage voltage coil arrangement with N, = 8

turns per coil

*amps
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2. Design of Induction Machines
Stator winding details

A TECHNISCHE
UNIVERSITAT
)y DARMSTADT

| Wedge

( \.\\top lining
__main insulation
—strand

bar

insulation Z between
upper and lower layer

-slot lining

Roebel bar

1ron

stack

///

—press plate
—press finger

Cross section in slot ]Vc =1
with 24 strands per bar

 Winding overhang with clearing E to end
shields (on earth potential).
* Clearing ZF of end of main insulation from

pressing construction of iron stack end
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2. Design of Induction Machines

High voltage insulation for stator winding 3.3 kV ... 16.5 kV

Rated voltage (line-to-line, rm.s.) kV 3.3 6.6 11.0 13.8 16.5
Slot main insulation, thickness d mm 1.5 2.2 3.2 3.8 4.5
Inter-layer insulation, thickness Z mm 3 4 6 7 8
Top lining thickness mm 0.3 0.4 0.6 0.7 0.8
Winding overhang main insulation,

thickness d. mm 2 2.5 3.5 4 4
Clearing of slot main insulation ZF mm 25 45 80 100 110
Clearing between coils in winding

overhang A mm 3 4 6 7 8
Clearing from winding overhang

to earth potential E mm 25 35 55 65 75
Total conductor insulation thickness

(both sides), glass fibre,

inter-turn voltage < 80 V mm 0.3 0.4 0.4 0.4 0.5
Slot lining thickness in vertical

direction and slot play mm 1 2 2 2 2
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2. Design of Induction Machines
High voltage insulation for stator winding

ez

Example:
High voltage insulation

4

for stator winding

U I s —N11d o at Uy, = 16.5 kV
f ] <S5 5.0 E (Dimensions in mm)

-

E

L E J . -~ Drawings NOT to scale!

4.5 1 8.0 ; : a )
L

*amps
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Energy Converters — CAD and System Dynamics

Summary:
Stator winding low and high voltage technology

- Low voltage winding up to U <1000 V, AC, rm.s.:
usually single-layer winding
- Round wire winding and enamel insulation for low voltage
- High voltage: Uy > 1000 V, AC, rm.s.
- Special high voltage insulation system, open slots, rectangular conductors
- High voltage: Usually double-layer winding
- Large machines: Prefabricated, fully insulated coils
- Smaller machines: Complete resin impregnation of stator with inserted coils
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2. Design of induction machines
2.1 Main dimensions and basic electromagnetic quantities of induction machines
2.2 Scaling effect in electric machines
2.3 Stator winding low and high voltage technology
2.4 Stator winding design
2.5 Rotor cage design
2.6 Wound rotor design
2.7 Design of main flux path of magnetic circuit
2.8 Stray flux and inductance
2.9 Influence of saturation on inductance

2.10 Masses and losses
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2. Design of Induction Machines
Low voltage winding with round copper wire

* Low voltage winding is usually manufactured of round wire:
Slot fill factor k; for slot design is used. P - Ay, | Copper cross section
/

A Slot cross section
0

| single layer winding | double layer winding |
« Slot fill factor k ‘ <0.45 ‘ <0.42 ‘

* Round wire diameter d., < 1.1 mm for easy bending!

Example:

Ay = 194 mm?, single layer winding with round copper, N, = 13, a, = 1.
Each turn per coil consists of a, = 8 parallel wires with diameter
do,=1.0mm: 4, =a,-(d§, -7/4)=8-(1* - 7/4) = 6.28mm*

= Slot fill factor: Ag, =N, Ay =13-6.28 =81.7mm2, k, =81.7/194 = 0.421
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2. Design of Induction Machines

Cleaning of the two-layer stator winding of surplus resin after

complete stator resin impregnation

Source:

Winergy

Germany
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2. Design of Induction Machines
Stator two-layer winding design

- Chosen number of slots: g, =5, O, =2p-m,-q,=4-3-5=60,
leads to 15 slots per pole, d;. =458 mm

b S1

- Slot pitch: 7 =d 7/ Oy =24.0 mm
- Coil pitching 1s possible in steps of one slot pitch: W/z, = 14/15, 13/15 etc,,
chosen pitch W/z, = 12/15 leads to k,;; =0.951 .
The influence of 5™ space harmonic is completely eliminated: &

= 0.
ps,d
- Distribution factor: kg, =0.957 , stator winding factor: k,, ; =0.957-0.951=0.910

- With chosen air gap flux density 0.9 T main flux per pole of fundamental v=1 is

D, = % 7, lp, Bsy = % .0.36-0.38-0.9 =78.4mWb

- Choice of number of turns per phase V.

Estimated induced voltage per phase: U, = Uy /43 _ 6000/ V3

=3330V

1+, 1.04
U, =~2nf, Nk, @ = N, ,=210.17
N.=N;-a,/(2pq,)=210.17-1/(2-2-5)=10.5 a =1

-Final values: N, =10 N =200 U, =3330V 1'535’1 —0.946T
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2. Design of Induction Machines
Selection of available profile copper wire

Breadth (mm) Conductor height /2
b, (mm)
2 224 2.5 2.8 315  3.55
5 8.637 9.637 10.84 11.95 13.45 15.20 17.22 - -

5.6 9.717 10.84 12.18 13.45 15.13 17.09 19.33 2154 -
6.3 10.98 12.24 13.75 15.20 17.09 19.30  21.82 2434  27.49

1242] 13.84 1554 1720 1933 21.82  24.66 27.54  31.09

- Dimensions (without enamel coating) and cross section
- Edges of wire rounded by 0.5 mm .... 1.0 mm radius
Note: 12.42 mm2 < 1.8 x 7.1 = 12.78 mm? due to rounded edges
- h_ < b_ to minimize eddy currents, induced by the AC slot stray flux

*amps
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2. Design of Induction Machines
Profile copper winding

Example: 6.6 kV,a,=1, N, =8

- Number of adjacent turns: n__ .
Height: — [

- Number of strands per turn: a 4.0 mm ﬁé //>\

_ 0.4 mm
- Cross section area of strand: 4, 29 mm

I N

-
03 mm —— g

HiR

*amps
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2. Design of Induction Machines @ rcamiscre
. . UNIVERSITAT
Basic design example

0 o DARMSTADT

- Current per phase 59 A, voltage per phase 3460 V, U = 6.0 kV

- Current density limit 5.5 A/mm?, N, = 200, N, =10, 75, = 24.0mm

- Parallel paths: a, =1, a, = 1.

- Conductor cross section: Ay =1, /(J,-a,-a;)=59/(5.5-1-1)=10.73 mm?2

- Chosen slot breadth: st =12.5mm (= 0.52- Tos)

- Chosen conductor dimensions (Table 2.4-2): b; =7.1 mm, h; =1.8 mm
- Inter-turn voltage: U,/ N, =3460/200=17.3V <80 V:

- Table 2.3-3: Conductor insulation thickness d.. = 0.4 mm (both sides)

- Additional inter-turn insulation d. = 0.3 mm
N.-(hy +d;,.))+(N,—-1)-d; =10-(1.8+0.4)+9-0.3 =24.7 mm
n,,-(b; +d,)=1-(7.1+0.4)=7.5 mm
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2. Design of Induction Machines

Slot design - height

%) TECHNISCHE
UNIVERSITAT
DARMSTADT

sq hy h,=0.5 mm
Slot height design: mm “—.“‘ s 12.5 mm
Number of insulated turns per coil “ ho h, =4+0.442.2=
one above the other = 10 24.7 Z21 Y -66mm
Main insulation 4.4 "//</<<
Insulated coil side 24.7+4.4=29.1 29.1 7777 ) I I
: NN 1 p' =247 mm
Two coils per slot 58.2 ]
Inter-layer insulation =40 4.0 | |
Slot lining (thickness 0.15 mm) 0.45 h [
as 1B —20444020-
Wedge /740, = 4.0, 1,= 0.5 mm 4.5 v 8_4 - ol
. . ~ = 0.4 mm
Top and bottom lining 0.8 —
Vertical play 1.05 v .
Slot height A, + h, 69.0 /\,){\\;\}; L =247 mm
2
SNt
! bo=12.5 mm
bq
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2. Design of Induction Machines /) TECHNISCHE
) ] UNIVERSITAT
Slot design - width DARMSTADT
_sa [he 2000
Slot width design: mm =2 i QT
Number of adjacent insulated turns n,, =1 |7.5 1h2 ) —4+0.4+2.2-
Main insulation 4.4 §/<< b =6.6mm
Slot lining (thickness 0.15 mm) 0.3 fg\i
Play 0.3 >>*>/ By 5 =247 mm
Slot width bQ 12.5 <<
A
NNNN BB
h | I
Qs — ][ h h'=22+4+2.2=
N \< = 8.4 mm
22
NN
A, h
>>\/?\a 1 h'; =247 mm
A
SO !
! bo=12.5 mm
bq
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2. Design of Induction Machines

%) TECHNISCHE
UNIVERSITAT

Slot fill factor DARMSTADT
SQ SQ
sq . |hy hy —— —
“—l"'—"'lJ— = ha} l 1l
Slot fill factor: ho - hp } / *
k. = ACu b /
/- /
4o | |b har 1 har / hy=hy,
2-10-12.42 2 NIEE 7 l
.10.- —
_ e S ,
769125 =07 e, {n ik V V7
/4 | RRRERE
Low slot fill factor due to > | L= bq
high voltage winding! i “bq
1
&
a) ! I} b) c)
bq

a) Two coils (two-layer winding) in one slot for 6 kV, 500 kW induction machine
b) Wound rotor induction machine: Rotor slot design for low voltage winding < 1kV
c) Cage rotor: Deep rotor bar in slot: Very low voltage, no insulation!
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2. Design of Induction Machines
Check of winding design

- Limit of height of conductor h_ (or strand) to avoid eddy current losses
(current displacement): “reduced conductor height” £< 0.3 ... 0.35

- Conductor cross section concerning current density J,
- Coil main insulation thickness with respect to rated voltage U,

- Conductor insulation with respect to inter-turn voltage U, ., = Uy / N, <80 V

urn

- Sufficient tooth width to avoid increased iron saturation: <2.2 T

- Resulting thermal utilization A J,
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2. Design of Induction Machines =), Trennische
Checking of eddy currents at 20°C

-° - DARMSTADT

Checking of eddy currents at 20°C: £=h, / d;
& = conductor height / penetration depth of eddy currents

2-b
ﬂO'a)s'K'nne'bL

dp =\/ 2:12.5 =12.5mm

47107 -27-50-57-10°-1-7.1 — by —
¢ =0.0018/0.0125=0.144 < 0.35 -
/0%
Example: n_, = = h
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2. Design of Induction Machines
Check of current density and figures of merit

- Checking of current density and thermal utilization:
Jy =1 Na-a;-Ap)=59/(1-1:12.42) = 4.75 A/mm* < 5.5 A/mm”

4 _2mNJI 2:3:20050 o

° 2pz7, 4-36

A - J, =492-4.75=2337 (A/em)(A/mm®):
Result fits to limits for open ventilated machine with 80 K temperature rise.

- Electromagnetic utilization:
2 2

T ~ T
=—="kysA; Bs=—=

V2 V2

C 0.91-49200-0.946 = 295585 VAs/m’ = 4.93 kVA'min/m’
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Energy Converters — CAD and System Dynamics
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Summary:
Stator winding design

- Increased insulation thickness d with increased rated high voltage U
- Choice of winding type and number of slots per pole and phase q

- Choice of current density J and current loading A

- Detailed slot design for HV winding

- Slot fill factor k; for LV winding, depending on manufacturing abilities
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2. Design of induction machines
2.1 Main dimensions and basic electromagnetic quantities of induction machines
2.2 Scaling effect in electric machines
2.3 Stator winding low and high voltage technology
2.4 Stator winding design
2.5 Rotor cage design
2.6 Wound rotor design
2.7 Design of main flux path of magnetic circuit
2.8 Stray flux and inductance
2.9 Influence of saturation on inductance

2.10 Masses and losses
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2. Design of Induction Machines

Die-cast aluminium cage rotor with skewed rotor bars and
small fan blades at the rings

fan blade iron/ stack
ﬂ 'H“'”'u'z —————— | HHH
| |“|||I|.. ..|I||”|||||

= -

ring

Source: H. Kleinrath, Studientext
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2. Design of Induction Machines
Induced phase shifted bar voltages

Example: Q/p = 14 bars per pole pair Example: Q/p = 10 bars per pole pair

Ui ~ |VXB6| _’ Ui,bar :Sq}syifl'é&/\/5

Use of non-insulated bars due to low bar voltage!
Example: 2p=4,7,=36cm, f, =50Hz,/=1m, Bs; =1T:v,, =217, —36m/s

$=1:U, pgr =5 Vg -1 Bs /N2 = 13611071—255VSN—1% har =026V
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2. Design of Induction Machines
Squirrel cage: Bar and ring currents

a) Bar currents b) Ring currents aor =2mp /0,

]Ring = ]r /(2 ) SiIl(p?Z'/Q,,))

2 2 g 2 2

PCur :Qr°Rbar'1r +2'Qr'ARRing ']Ring :Qr'(Rbar+ARRing)']r :Qr'Rr']r
_ !

£ 2-sin2(7z-p/Q,,)
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2. Design of Induction Machines
Shape of rotor bars in rotor slots

%) TECHNISCHE
UNIVERSITAT
)y DARMSTADT

Copper bars: At big slip [s| > |s, | :

! | /|'| | "Current displacement”:
% // Resulting rotor bar current i,
/// (inclusive eddy currents) flows
7 7

mainly in upper half of bar !

-

|
>

Increasing current displacement effect! So it is using only part of rotor bar
Source: T. Bohn, Energietechnik, TUV Rheinland cross section, which leads to
Bronze bars increase of effective rotor bar

resistance R, ¢ (AC resistance).

R, 4c > R, pc

7 2 @
_ — — _ N
//// Powyr =0Qp R -1 =5 Fs| =F=—M,
s=1 p
Copper bars /%
7" Double cage for big % My ~R.(s=1)=R, 4c(s=1)
starting torque M, 1
TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 71 :‘E
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2. Design of Induction Machines )\ TECHNISCHE
Choice of rotor slot numbers DARMSTADT
amplitude of
1. No cogging QS =+ QI” deformation
stator
yoke ring

2. For skewed cage: O,SQS < Qr < QS

Minimum inter-bar currents Example:

2r=4

7*: maximum
L. . . . avoided order
3. Minimization of acoustic noise: of deformation

3a) |0y —0,|#0,1,2,...r%,2p,2p£1,2p+2, ... 2p£r*
3b) Avoid (Q,, Q,) pairs with high number of common dividers!

4. No pulsating rotor bending force: Choose 0, even
to avoid radial force waves with 27 = 2 nodes !

5. Minimize flux pulsation in teeth = reduce additional losses:
0/0Q, not below 0.8 and not above 1.2, otherwise slot frequent flux pulsation is too big

*amps
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2. Design of Induction Machines
Cogging torque & bending vibrations

(from lecture: “Motor development for electrical drive systems*)

7 TECHNISCHE
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e
LSS
% % Z : ﬁ.(é’ .8.)-dA
/]

\\\\.S

(

) (D (

NS
N

NN\
NONNENN

7
vz
O, =0,:

Big cogging force:

o

FORBIDDEN!
£ >0 Even rotor slot number:
res Yields with even stator slot number Q, =2pm g, a symmetrical
upper and lower flux density with symmetrical upper and lower
radial force.

Odd rotor slot number:
Single-sided magnetic rotating pull F.., = excites bending

2r=2 shaft vibrations with frequency f=n

*amps
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2. Design of Induction Machines
Losses due to inter-bar currents

(from lecture: “Motor development for electrical drive systems*)

Slot harmonic field wave

osv
B N N .
| S N
g
Rq
Uir{| ¢+-+ - +—-4 |Uirp
—_—
Ayir‘lg
bar-| 1q~0
7
ARRing
a) b)
a) Unskewed cage: No inter-bar current, because 4Ry, << R,
b) Skewed cage: Slot numbers equal Q, =Q,: No inter-bar current
c) Q = QJ/1.5=0.67-Q, <0.8-Q,: BIG harmonic inter-bar current flows,
as harmonic voltages add up.
TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 74
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2. Design of Induction Machines
Electromagnetic acoustic noise

(from lecture: “Motor development for electrical drive systems*)

*‘“A TECHNISCHE
UNIVERSITAT
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Radial : :
defzcélso r - The stator iron may be regarded as a steel ring,
_r Acdustic sound whereas the rotor is a steel cylinder.
’ { - Therefore the stator is less stiff than the rotor
o and is bent by the radial force waves.
[
H&' - As the iron surface is shaken
_—¢ /‘ with this frequency fr,,,
Magnetic pull ” the surrounding air is compressed and
as force wave | de-compressed with this frequency fr,,.
- So acoustic sound waves are generated with
K \ that tonal frequency f;,,, to be heard
: by e.g. human beings.
Vibration ;/ \ yes J
////."V/.
Source: o
Seinsch, I-(I)L-l(r)ce Teubner- Vibration

Verlag, Stuttgart

*amps
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2. Design of Induction Machines
Deformation of the stator yoke — Acoustic noise

(from lecture: “Motor development for electrical drive systems*)

TECHNISCHE
UNIVERSITAT
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*2r=0:
Stator surface oscillates in phase along the stator
r=0 re3 @ circumference, so a far reaching sound pressure wave p,;
is generated.
*2r>0:

With increased node number r the sound pressure p,; is
equalized strongly along the circumference = no far reaching

d)
sound.
r=4 24 -
SN \\\ difference of p
A\ *Y  equalized

vy Ny
e) v \
vy i
Vg
4 [
| : | |
P
re=2 r=9% Iy 1
/ !
/_
W‘
c) f) .
Source: Jordan, H.; Pair

Der gerduscharme Elektromotor, Verlag Girardet, Essen, 1950

Stator is approximated for the “far sound pressure field” as a vibrating sphere.

%
*amps
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2. Design of Induction Machines
Rotor tooth flux pulsation depends on ratio Q_/Q,

Qs /Qr=0,5 Qs /Qr=1 Q,/Q, = 0.5:

B Flux pulsation between 0 and 200%

open (Average: 100%)
il U
slots
T$ Q./Q, = 1 (forbidden !):
1 ﬂ ﬂ ﬂ [ semi- Closed r r No flux pulsation: 0%

rotor slots

vk}

Qs /Qr=1,5 Qs /Qr=15 _

I ;
S /W r:/w (\:

wol}
vy,

Q./Q, =1.5:
Flux pulsation between 66% and 133%
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2. Design of Induction Machines
Choice of rotor slot count
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Example:
Choice of rotor slot numbers:
2p =4, Q, = 60, unskewed rotor:

Rule 1: Q, # 60
Rule 5: Q.=(0.8...1.2)Q,=48 ... 72
Rule 4: Take only even numbers!

(44) (46) 4850%254%5@6\@64%@6@%}&(74

|f skewed

Rule 3: Choose e.g. r* = 4.
0,-0.|#0,1,2,...r%,2p,2p£1,2p£2,.. 2p+r*=0,1,2,3,4,4,3,5,2,6,1,7,0,8
Rule 2: For skewed rotor only slot numbers Q, < Q. remain:

e.g. Q.= 50 is chosen.
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2. Design of Induction Machines

Typical slot numbers of 3-phase cage induction motors

; TECHNISCHE
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e Typical stator slot numbers Q: g, =

integer (“integer slot winding”)

wig | 1| 23 als 6| 78] 09|10
2 18 | 24 (36) (48)] 54 [(60)
4 24 |(36)[(48) | (60)

6 | 18 |(36) 54 |(72)

B0

e Typical stator/rotor slot numbers for skewed line-start cage motors Q. > Q,:

(The rules 1 ... 5 are not always obeyed strictly!)

2p

0,/ 0,

2

24/22

6/28) 48/36 (48/40)

60/48

4

(36/28) 48/36 (48/44)

(60149) 6050

6

(36/30) 54/48

72/54

8
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2. Design of Induction Machines
Estimation of rotor bar current

) A
Current transfer ratio: U,
u'] — kWSmSNS — 2kWSmSNS
kWI"mI"NI’ QI"

Rotor bar current:

1. =1./ii; = I cosg,

I.=1.lii;~I;-cosp,=59-0.87=51.33A Ir
2k N 2.091-3-200 0,~180° |cos g/~ 1
iy = 2w s s =21.84
O, 50
I =ii;-1.=21.84-51.33=1121 A k,, =1m,=0Q,,N,=1/2
I
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2. Design of Induction Machines
Choice for rotor slot shape
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d, =d;—26=458-2-1.4=4556mm SQr
Tor =dy,m!Q, =455.67/50=28.6 mm T ‘
bor <7p,/2=14.3 mm l 7 ‘ hy
Deep bar rotor to increase starting torque: /
,,Deep* bar = big ratio A /b, = 8 (here: 8) /
Choice: N /
hCur =40 mm hQr = hCur /
bey = 5 mm ~
cross section: 4, = 200 mm? bor = beur hQr / hi=hypar
Semi-closed rotor slot to hold the bar against the
centrifugal force
- Choice: 5o, = 2.5 mm ! !
= he,, =40 mm, b, = b, = 5 mm (+ 0.1 mm play)

hl

h,=3.4mm, s5 = 2.5 mm
b

hoe =40.1 +3.4=43.5mm, by, = 5.1 mm Qr

*amps
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2. Design of Induction Machines
Choice of ,,reduced conductor height“ h¢, /dg = &

Ryc=kr-Rpc =6 -Rpc ¢>2 bor *bey, dg| _ =1y -7 f,-x(9)
6 ,Deep* bar - -
5 >
kRT M
4 /
3
2 //
1 e hCur: h
00 1 2 3 4 5 8 £ [

Example:
50 Hz, copper bar: dz = ca. 10 mm, A, = 40 mm

&= h./de = 4: Expected bar resistance increase: Factor k; = 4 at stand still s = 1
dp(s=1)=1/x- f, " pic, Ky (75°C) = 1/\7-50-47-1077 -50-10° =0.0101m =1.0lcm
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2. Design of Induction Machines
Cage design

bRing

| ha 4 times bigger ring current than bar
. LIIIIN B 6 ! current: Bigger ring cross section:

DRing| | Dbar e.g.
“U" Choice:

dra Mring = 80 mm, b

dRing cross section: A4

Ring — 10 mm,
= 800 mm?

Ring

Rotor bar current density: J, =1,/ Ag,,. =1121/200=15.6 A/mm? =J Ring
Rotor ring current: I g =1, /(2-sm(pz/Q,)) =1121/(2-sin(27/50)) = 4472 A

Necessary ring cross section: Apjue = ping / J ping =4472/5.6 =800 mm®

*amps
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Energy Converters — CAD and System Dynamics

Summary:
Rotor cage design

- Choice of number of slots per pole pair Q/p

- Rotor slot count must differ from stator slot count Q. # Q.

- Bar shapes for increased starting torque M, via current displacement kg
- Skewing of rotor cage typically by one stator slot-pitch

- Die-cast cage (mainly aluminum, sometimes copper) for small machines
- Brazed copper cage for large machines > (200 ... 500) kW

- Ring cross section area much bigger than bar cross section area
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Energy Converters — CAD and System Dynamics
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2. Design of induction machines
2.1 Main dimensions and basic electromagnetic quantities of induction machines
2.2 Scaling effect in electric machines
2.3 Stator winding low and high voltage technology
2.4 Stator winding design
2.5 Rotor cage design
2.6 Wound rotor design
2.7 Design of main flux path of magnetic circuit
2.8 Stray flux and inductance
2.9 Influence of saturation on inductance

2.10 Masses and losses
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2. Design of Induction Machines
Wound rotor — doubly-fed induction wind generator

Doubly-fed induction
generator for wind power
generation

4 poles

2000 kW, 1800/min,
50 Hz,

slip range: -/+ 20% = speed
range: 1500 £300 =
1200 ... 1800/min

Source:

Winergy, Germany

Details:

| See lecture:

Large Generators &
High power drives

L7 T it
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2. Design of Induction Machines
Wound rotor winding of slip-ring induction machines

- Wound rotor winding is usually a three-phase two-layer distributed winding.

- Due to the slip ring system usually a low voltage winding (U, , <1000 V) is
chosen by a big voltage transformer ratio i, so a low N..

- Choice: N =1, Q. # Q, (reduced cogging torque, unskewed machine)
— NSkWS

N,k
o O5 =2p-q5-my

N.=2p-q.-N,./a, 0.=2p-q,-m, Usually: mg,=m_= 3,

Ly
S0:q,#Q,,€.9.59#6

- Advantage of low voltage rotor winding:

- Thin slot insulation allowed = high copper fill factor = low rotor winding
resistance R. = low rotor copper losses

- N_. = 1: One turn per coil = Rotor winding is manufactured as
wave winding = 50% reduction in winding overhang conductors =
= further reduction of rotor winding resistance R,
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2. Design of Induction Machines b T
Rotor wave winding DARMSTADT
. /\ /\ brazing
L. 1 R Upper layer Lower
7 7, bar layer “bar
Ncr =1 \/ \/
One turn = two “bars’,
which are connected in
Upper layer Lower layer the winding overhang

“Bars” are inserted into the semi-closed or closed rotor slots and are afterwards
connected by brazing to form the phase winding!
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2. Design of Induction Machines
Wound three-phase rotor winding manufacturing

Rotor especially
for big doubly-fed
induction wind
generators with
rotor slip rings

Source:
Winergy Calculation
Germany example:

see text book

*amps
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2. Design of Induction Machines

DARMSTADT
sQ
N sQ l_h4 hy —= by Qr=72, qr=6
Q,=60,q9,=5 | o TE Tho bew X heyy =4.5x18.0mm? ~
beys X heys = 7.1x1.8mm? = Z Z P ~ 81 mm?
b
~12.8mm? “ ' N, =1
h’ h ‘
N, =10 w2z ! A = Total copper cross
W : .
Total copper cross N , section area:
section area: hqs h' by 72.2.1-81mm? =
60-2-10-12.8mm? = L , ! — 11664 mm?>
= 15360 mm” by bQ J. =52 A/mm*
_ 2 —
J, =4.8 A/mm kf _ ACu
a) b)

a) Two-layer high-voltage stator winding, 6 kV, N, = 10, lap winding, open slot,
low fill factor k:, =~ 0.3, big slot cross section necessary for given A J,

b) Two-layer low voltage rotor winding < 1 kV, N, = 1, wave winding, semi-closed slot,
high fill factor k; ~ 0.6, small slot cross section necessary for given A.J,

*amps
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Energy Converters — CAD and System Dynamics
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Summary:
Wound rotor design

- Design of three-phase rotor winding similar to stator winding

- Usually two-layer winding for low voltage < 1 kV

- Wave winding with 50% reduction of winding overhang possible,
if one turn per coil N, = 1

- Rotor slot count must differ from stator slot count Q, = Q,
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Energy Converters — CAD and System Dynamics
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2. Design of induction machines
2.1 Main dimensions and basic electromagnetic quantities of induction machines
2.2 Scaling effect in electric machines
2.3 Stator winding low and high voltage technology
2.4 Stator winding design
2.5 Rotor cage design
2.6 Wound rotor design
2.7 Design of main flux path of magnetic circuit
2.8 Stray flux and inductance
2.9 Influence of saturation on inductance

2.10 Masses and losses
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2. Design of Induction Machines
Design of main flux path of magnetic circuit

Iy .
Radial cooling duct ..~ Example:
_ lpe 2p =4, unskewed
YOke.BYS / QS _ 32, Qr _ 36> QS,
Main flux Tooth:BdS “m.=2,q =4
path L
QS — 2]9 Mg (g
Q. =4-2-4=32
Example shown for
two-phase stator with
phases a and b at
the moment: i, = -i,
4 Re-axis
i, =-i L
Yoke flux = ;
ca. 50% of air-gap flux-" b 1,
‘I)h/ < | ’
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2. Design of Induction Machines

Magnetization curve of silicon iron and pure iron sheets DARMSTADT
% # (Hysteresis loop omitted) (Manufacturer ,a“) Iron losses =
2,0 — —— —— A FOUCAULT's eddy current
C — ——— T} losses + hysteresis losses
) =
Zes
1.5 ,4% A, B: Iron sheets with Si to
/ —— D increase resistance to reduce
== eddy current losses (Foucault
1.0 4 = losses)
//
// C: Iron sheets without any Si
0.5 / (“pure” iron)
D: Cast iron
//
0 2 4 6 81020 40 60 80 100 200 300 _, Vo = Iron losses at
H 1.0 T, 50 Hz per kg
Iron losses of 0.5 mm thin iron sheets: A/cm
A: sheet type Il 1% Si Vi = 2.3 W/kg Hyst.: 1.6 W/kg Foucault: 0.7 W/kg

my
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B/T H/A/em
.0 ol 2 o3 d oS 6 w7 8 9 ) )
0.5 0.7 0.81 0.83 0.85 0.87 0.89 091 0.93 0.95 0.97 Magnetlzatlon
0.6 0.99 1.01 1.03 1.05 1.07 1.09 111 1.13 1.15 1.17 characteristic B(H):
0.7 1.19 121 124 1.26 1.28 1.32 1.34 1.36 138 1.43 Iron sheet type Il
0.8 1.46 1.49 1.53 1.56 1.59 1.64 1.68 1.72 1.75 1.79 (Manufacturer ,b%)
0.9 1.83 1.88 1.93 1.98 2.03 2.08 2.13 2.18 2.25 2.3 B, H-values differ somewhat
1.0 235 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 from manufacturer “a”!
L1 33 34 3.5 3.6 3.8 3.9 4.1 42 44 45
1.2 4.7 49 5.1 52 5.4 5.6 58 6.1 6.3 6.6 ,U(H) =BH)/H
1.3 6.8 7.1 7.4 7.7 8.1 8.5 9.0 9.5 10.0 10.6 . .
1.4 11.3 12.1 13.0 14.2 15.5 16.8 18.0 19.3 20.5 21.9 N_On_“near funCtlon:_
1.5 233 248 26.4 28.1 29.8 31.5 334 355 377 40.0 TIme_Steppmg solution
1.6 42 45 48 51 55 59 62 66 70 74 needed!
L7 78 83 87 92 97 101 106 112 117 123 .
1.8 129 135 141 148 155 162 170 178 187 196 |§OtrOpIC Sh_e,ets_:,
1.9 206 216 226 236 247 259 272 287 303 320 B (H ) - ILIOH +J (H )
2.0 339 361 383 408 435 465 495 530 567 605 - - -
2.1 650 700 750 810 870 930 1000 1070 1140 | 1220 B TT H TT J
2.2 1300 1380 1460 1540 1620 1700 1780 1860 1940 | 2020 B( H) — ,U( H) ) ]f[ y
2.3 2100 2180 2260 2340 2420 2500 2580 2660 2740 | 2820 2
&
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2. Design of Induction Machines
Influence of punching on iron sheet parameters
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UNIVERSITAT
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Magnetic polarization J [T]

-

—
[@)]

-
o

afl il
o

}( rg Sheet type I11
I\

Aanufacturer ..c

o
3

| |
magnetic polarisation (peak vaiue) =

0,0

P B i+

10

100 1000 10000

Magnetic field strength H [A/m]

[Wkg]

spezific core loss

Losses per mass p at 50 Hz [W/kg]

4 Source: Schaoppa, PhD Thesis, RWTH Aachen, 2001
, Punched sheet 2.25 Wikg
mi

1 i I N F
1 W/kg Fresh steel

sheet coll
0 | |
0 0.5 1 1.5 2

Magnetic polarization J [T]
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2. Design of Induction Machines
Calculation of non-linear magnetic circuit

i-th section of flux path C (e.g..n=6,i=3)

\ re! N
v3 ] Hre 24 i / y
2@’ B V. <o O -
[ Vé‘ /N H5 O = Vl Hl =7
Hs
~ 1 |s 4 g
é Ve :ZVi :ZHiSi
6 ~\N l:2 l:2
__j.___ O

|\
As|\ 5 0 !
T o (D

cross—section area A

Ampere’s law: SEH eds=N-I= ZH 5 = ZH S—ZV V=N-I
i=1 i=1

Start with a certain qux D: B, =®/ 4
For i-th iron section H. is taken by H.(B.), for air: H; = B; / u

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2. / 97 &
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder -u;m\“




A TECHNISCHE
=\ UNIVERSITAT
)y DARMSTADT

2. Design of Induction Machines
Real geometry of induction machine

Closed loop C
e.g. B-field line

(d

’/x/ Qrslots

rotor

) Closed loop C for Ampere’s law: Sectionsi=1, ..., 5:
JHalt™ 1~ 1. Air gap &, which is influenced by slot openings 5o
magnetic § ;= 3. Stator and rotor teeth with length 7, (tooth section)

circuit:
e (=4, 5: Stator and rotor yoke with half yoke length /, (yoke section)
\
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2. Design of Induction Machines

Numerical calculation of magnetic field

A TECHNISCHE
UNIVERSITAT
dy~ DARMSTADT

with Method of Finite-Differences (see: Seminary CAD 0+3)

=«

magnetizing
currentl, in

tator winding

- Cross section of a three-phase
4-pole high voltage cage induction
machine with wedge-type rotor slots
(Q,/ Q, =60/ 44)

- Numerically calculated
no-load flux density B at rated voltage
& no-load (s = 0, rotor current zero)

In this lecture:

Analytical step by step calculation
of magnetizing current I  is done by
calculating m.m.f. V; of n sections in
iron and air gap

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2. / 99 3
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2. Design of Induction Machines
Magnetization of air gap: Single sided slotting

1 1 Calculation model by SQ

conformal mapping

| SQ \ x
(5‘l 77T . ) | () E— N
Bs(x) ~ T ~ _ B(X) ‘ calculated
TN L /TN ~ |~
B | | Bs=kc* B Bs 185
f | L -
| | T

Due to the slot openings the air gap flux density shows a considerable ripple. Average
flux density B; per slot pitch 7, with respect to peak value B under the tooth tips is

given by 1/k (Carter’s coefficient k; > 1). A
Vs=Hs-0=Bs-0/py=Bs kc-0/py=Bs-0,/ 1

A 7o B Equivalent air gap:
}%(:j — JE;(S ;/ JE;(g — 177 =" (f;
—£(h)-8 d ¢ S, =kc-0
o & (h) K e — "C .
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2. Design of Induction Machines
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With increasing slot opening sy and decreasing air gap width 6

Carter's coefficient k. increases !

§7 Influence of ratio h = sy/o on factor ¢
/| todetermine Carter’s coefficient
6 4
5}
4 ) 5
$(h)=—- [h -arctan(h/2) — ln(l +(h/2) )]
3 T
2 h2
c(h)~—
1 h+5
0
9 10 h=spl3
—>
S Q/ ¢ %
TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2. / 101 5‘5
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2. Design of Induction Machines

Double-sided slotting

SEN SN

“*"f,l} i

-y

k™)

ke =kes ke

stator

air-gap

rotor

* CARTER coefficient for double-sided slotting:

= Approximately calculated by multiplication from
single-sided slotting, because:

= Influence of the small rotor slot openings s, is small
(due to semi-closed slots)

Slotted stator Slotted rotor

5 —9
Sar semi-closed rotor
slot
sz
k Cr
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2. Design of Induction Machines TECHNISCHE
Influence of slotting on air-gap flux density DARMSTADT
" 1 pole depicted
:%ZJ MMF ¥/(x) P Example: q,=2, Wiz, = 5/6, iy = -iy, iy =0
400E Cage rotor: Q/p = 13 (rotor current zero: i =0)

300

No iron saturation considered

Vo

rrirTrTITITY

200 :
3 stator slot opening Sqs

mﬂig Z rotor slot opening

16F

1T Stator m.m.f. distribution

—

i
— “-}__x
Tp

1,2}

!

I 104
08}

o g6t
04F
02}

of

[

— Rough consideration of slotting by multiplication
of stator and rotor air gap permeance function,
— 1 1 calculated by conformal mapping

0 05 10 15 20 25 30 35 40 45 S50 85 80 o, 00 Binder, A.: Archiv . ET, 1990
2x/tgy —

— 1 T 1 1

-
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2. Design of Induction Machines
Measured unsaturated air-gap flux density
with slotting influence

£,00 :
ol B (x) Example:
8-pole slip-ring induction motor, 30 kW, 50 Hz

q./q, = 213, QJ/Q, = 48/72, non-skewed,

%" measured

0,25
l -\ Dashed: Calculated by
0 conformal mapping

low voltage round-wire windings

0251 iy, = -iy, fed via DC current at rotor stand still
050k <oior N ot (rotor current is zero i, = 0)
slot stator & rotor slot T 5 ' '
—O,TSF lignedn - s
[ Ty
-1.00 ] ¥ I L SN2 1
0 100 200 300 mem 400

X ——

Semi-closed slots: -

0=0.5mm, so, = 3.0 mm, s = 1.8 mm

¥
,b'o"l
t

Source: Binder, A.: Archiv f. ET, 1990

*amps

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 104
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder

‘l
I~
%



A TECHNISCHE
UNIVERSITAT
)y DARMSTADT

2. Design of Induction Machines
Equivalent iron length /,

Radial ventilation ducts in iron stack lead to ripple of air gap flux density in axial

direction z, which is described by magnetic equivalent iron length /_:

z, sections of iron packets with length /,, z,-1 ducts with width /,:
L=lp+(zy =Dl g, =2+

= L +1
Taking [, + 1, instead of z,, [ instead of s,; k- =Bs/Bs = L&

L+, —¢(h)-o0

W=1/68

el L A
L0 iron stack mi _ ]
m H||| H““ ||||’“‘ air gap Flux per pole: @
radial- | \ ‘ | ‘ ‘ F5) _
duct > ‘ | @/TpNB§'L_B§'le>B5.lFe
1
1 N
// \\// \\// -\\// — Bé‘L:(Bé‘/kb)L:Bé‘L/k,C:Bé‘le
Bs Bs Equivalent iron length [ :

A 4 I..._

[,=L/k,
I Z e C 1
— i -
TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 105 &
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2. Design of Induction Machines
Radial ventilation ducts in stator AND rotor (1)

In stacked stator and rotor configurations radial ventilation ducts
in stator and rotor shall allow a direct radial air-flow at low flow resistance!

air flo
i w ’

—
T

/ ge = g

1 Z

——ii S—

*amps
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2. Design of Induction Machines
Radial ventilation ducts in stator AND rotor (2)

Radial ventilation ducts in stator and rotor:

Symmetric no-load air gap field !

| L] I

For calculation of /, use instead of 6 only half
f T T air gap 5/2 !
512 Jap 072
N Symmetry line of field
1 k
\ _ /
I, =L/ k|
4 air-gap field , _ L+ o= e
5/2T— C L+l —C(h)-(512) 5/2
. lk \
> 0—>0/2
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2. Design of Induction Machines

Measured unsaturated air-gap flux density
with cooling duct influence

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

oy B é(Z) _ Axial center o.f machine
n .
0,6+ measured | Example:
T 8-pole slip-ring induction motor,
05+ I 30 kW, 50 Hz
0,4 - . 2 radial ventilation ducts
. Dashed: caII:uIa’fed by
03l conformalmapeing  J. =z,-1, =73.3-3 =220 mm,
L=1l +(z-1)-[, =220+ 210 mm,
0,2}
L =240 mm, /, = 10 mm,
1F
0 z, = 3 packets, [, = 73.3 mm
J 100 mm 200 z
0 /.f//flff////ff/ T
p—— _F iron stack — \L*
Stator winding ll lk Radial ventilation duct

overhang
Source: Binder, A.: Archiv f. ET, 1990

*amps
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2. Design of Induction Machines
Example: Influence of slot openings & radial ducts

500 kW, cage induction machine, O /Q, = 60/50, B; = 0.858 T,
d; =458 mm, air gap 0= 1.4 mm, by, =sq,=12.5 mm, 55, = 2.5 mm,
iron stack of stator and rotor: z; =9 sections: /; = 42 mm, 8 radial ducts with width /, = 10 mm

o/ mm | so/mm | h =50/8 4 kc
stator 24.0 12.5 8.93 5.72 1.50
rotor 28.8 2.5 1.79 0.47 1.023

O0,=kr-0=154-14=2.156 mm

Resulting: k~ =1.50-1.023 =1.54

- = b+l 1.166 V5=§-5e=40'i508_7
;72' .

. , = 10.002156 = 1472 A
L+l & (H)-(S12) n

Iron stack length:
Total active length:
Equivalent iron length:

lpe =91 =9-42 =378 mm
L=942 +810=378 + 80 =458 mm
I, =L/kp=458/1.166 =392 mm
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2. Design of Induction Machines
Example: Equivalent iron length

e [ron stack length < Equivalent iron length < Total active length
lp, <, <L
378 mm < 392 mm < 458 mm
100 % <104 % <121 %

* If you want to neglect the equivalent iron length effect,
then take /., NOT L for the machine calculation!
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2. Design of Induction Machines
Iron fill factor k¢,

ke, < 1: Iron fill factor due to insulation of iron sheets

- Usually single-sided
\ . insulated iron sheets
- Axial iron fill factor:
bsh

kp, = ~0.95...0.97
bsh +bins

insulation

bsh b

~

ins

— _/

insulated iron sheet
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2. Design of Induction Machines
Magnetization of teeth

stator

Radius r from motor
center

*amps
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2. Design of Induction Machines
Apparent tooth flux density B"; = NO slot flux

Example: Stator tooth Tooth length = Slot length:

lQ =1 (=l)
stator

()]
Bj(r)= L
kFe °bd(r) °lFe

Flux continuity and
neglecting the slot flux

Radius r from motor
center

NN\ Parallel sided slots:
, Tooth flux density B4 and
» field strength H, depend on

D ng-T ] Y A e radius r
% T | el s, Ha)=Ba0) )
Air gap flux per stator slot pitch Ly dg/2+1,
B ‘TQ Sl S
“Tooth m.m.f. integration”: d i/

*amps
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2. Design of Induction Machines
Parallel-sided tooth and slot flux

B,
Tooth fluxy, 4
A i
A C I=

f

. A

!

0

\ AN > X

§Hd§:HdA—HQA:@:0 — Hd:HQ Bd:ﬂFeHd>>BQ:ILlOHQ:ILlOHd
C

Tooth flux: @, = B, (r)-kp,b;(r)lg,

I

iy
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2. Design of Induction Machines
Determination of field strength H, in the tooth (1)

Air gap flux per stator slot pitch: @5Q = B ‘To -,
Apparent tooth flux density: @5, = B;(r) kg, by (r)-Ip,

Flux passes mainly in teeth, but also in slots:

Dsp =Dy +DPpy =By (r) kpby(r)lg. +1gH  (r)-IE, ‘le(”)Jr(l—kFe)bd(’”)J

Relationship (1) between B (H,): both are unknown! B A
' H bQ (I/') ’
By (r)=By(r)- ( kg, |-Hy(r) Bl )
ke \ bg(r) o
B 7
tea d (1)

Iron magnetization characteristic (2):
B..(H..))= B,(H

Fe( Fe) d( d) O I I'_I - H

Combination of (1) and (2) yields B,(H,) ! 0 *d
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2. Design of Induction Machines
Determination of field strength H, in the tooth (2)

Neglecting the parallel slot flux in high saturated teeth =
— too high tooth flux density 5" ; = too high field strength /7" ;> /1

B A

Low saturated teeth:
Small difference between Hyand H',
=>H,~H',

High saturated

In that case:
The “helping” influence of the parallel
slot stray flux can be neglected!

Low saturated

0 . > H
I 4
, Hy >1
Hy~H', () d " a" M
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2. Design of Induction Machines
Simplified method to calculate the magnetization of teeth

(1) Parallel slot flux is neglected =
“Apparent” tooth flux density B’ is taken as

real tooth flux density B!

(2) Parallel sided slots:
“Apparent” tooth flux density B’, is taken at
1/3 of the tooth height
to avoid the tooth m.m.f. integration!

Result: Simplified method:
(1) Neglect slot main flux, (2) Take tooth at 1/3 height

B5.TQ.le

B3 =
, kFe 'bd,1/3 'lFe

Hy3Byis)=Hyys |Vag = Hg sl
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2. Design of Induction Machines
Tooth flux density at 1/3 of the tooth height
for tooth m.m.f.

4 Hy(y) L

Vy=[Hy(y)-dy~Hgy5-1
0

H d,1/3

E e —
r | | g
0 1/3 2/3 1 v/l
B S5 T l
Byiz= c < H' (B ~H V,=H [
’ Do 1/3(Ba1/3) = Hy 13 = '
kre byrs-lpe d.1/3\Bq, , d d1/3 td
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2. Design of Induction Machines
Example: Teeth and air-gap m.m.f.

500 kW motor: By = 0.858 T, kg, = 0.95, [, =392 mm, /. = 378 mm, d; = 458 mm,
0J/0, = 60/50, 6= 1.4 mm, 7,, =24.0 mm, 7, = 28.8 mm, iron sheet type III

‘ I‘hQ ba (mrn)l‘ ld=ho(mm)|‘ bays (mm)l‘ B;,JB/TI‘ H,,,/Alcm |‘ Val A |
stator] 690,125 ] 600 ] 139 J 1615 | 465 | 321 ]
roor |} 43551 ] 435 ] 199 J i3] 85 | 37 |

N &
/ /4
/ ,"'{

Check of flux density at narrowest tooth width:

Limit saturation !

stator 11.5 I‘ 1.95<2.4 I Stator: b,
rotor 18.0 I Rotor: b, ;
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2. Design of Induction Machines
Resulting teeth and air-gap m.m.f.

(1) Neglecting the yoke saturation — Start with a certain value of the slot-averaged
air-gap flux density B; = Calculate air gap m.m.f. V and the teeth m.m.f. V and V/;:

Vsea =Vs +Vas + Vg =Vs +V,

(2) Repeat the calculation for different increasing values B; =
= we get the local saturation characteristic: By = F(Vs.4)

B F(V Vas +Var
s =FWVsiq) 301 +37=358 A
B s A B S A V5 /
Vs V/ s fSAST
0.858 T r
0 N > Vs+d 0 1930 A > Vs+d
0 Vé+d 0 >0 )
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2. Design of Induction Machines
Distribution of m.m.f. V(x)

V(x) Distribution of m.m.f. due to distributed stator winding,
/ a) considering coils placed in slots,
- P b) but neglecting slot openings
/ o+d \/5
—J- L+ x 5 mg
tp V= ' ' Nskwsllm
T p
[, : Magnetizing current

(1) Taking only its FOURIER fundamental I}5+d into account
(2) Neglect yoke iron m.m.f. =

= Vg (x) =V, -sin(xz/7,)

Result:
Sinusoidal distribution of m.m.f. V', (x) of air gap and teeth
as fundamental of step-like m.m.f. function ¥(x)
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2. Design of Induction Machines
Distribution of saturated magnetic air gap flux density

Saturated field distribution, neglecting slotting

Bs A B
Vd V/Bé_F(V5+d)
B
(v=1)
V6+d
* 0 > Vc5+d

0 V(5+d

Vsra(X)=Vsq sin(xw/7,)  Bg(x)=F(Vs,y -sin(xz/7,))

e For each amplitude V5 +4 and each value x the B;(x)-curve is calculated!

Result:
Tooth saturation leads to flat-topped flux density distribution in air gap
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2. Design of Induction Machines
Calculation of Bj,
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- Via FOURIER-series for v=1 the air gap amplitude B, is determined from B;(x): Bsi
27 BsAV p. Bsop
1 ¢ : 1 5,602
B§1 = j Bé‘(X)'Slﬂ(Xﬂ/Tp)'dx = _‘(Bé":})oo +’\/§B5’600 +B5,900) 35300/
T Y 3 7 T
4
- Result: B§l = f(V5+d)
0 '
0 30" 60° 90°

- Conclusion: By starting with a certain value of the slot-averaged air-gap flux density B;

we get the air gap m.m.f. V, and the teeth m.m.f. V and V:
Vora =Vs +Vas +Var

- Assuming a sinusoidal distribution of the m.m.f. V,, (x) due to the distributed stator

winding we get a non-sinusoidal distribution (usually flat-topped) of B,(x). From that we get

via Fourier-series the fundamental B;,, which induces the sinusoidal internal voltage U,,.

- Repeating the calculation for different increasing values By
we get the saturation characteristic! A
Up~Bs1=fVsia)
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2. Design of Induction Machines @5 Techniscre
. e - UNIVERSITAT
Simplified calculation of By,

-° - DARMSTADT

- Detailed calculation via FOURIER-analysis is for hand calculation too long!

- A simplified method was developed by ARNOLD, which allows also a simple
consideration of the yoke saturation influence!

- Also this method leads finally to the determination of the internal saturation
characteristic:

U, =271f, Nk, (2/ 7t ,l,Bg Bs 4 V L By;=0927T
= Bs max = 0.858 T
% ~~— 1830 A
Up~Bs1=fVsia)
To be determined:
B; = Bj; max. Maximum of flat-topped air- 0 e A e e
max- 0 30° 80° 90
gap flux density distribution
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2. Design of Induction Machines
Basic idea of ARNOLD’s method for determination of B, (1)

B5,v:l ()C)
v=1 — Tooth-saturated distribution,
1 neglecting influence of coils in slots,
B yields flat-topped distribution.
dmax B
B 6.1 From that, Fourier fundamental
Bs(x) [Péav
' v B5,v=1 = 85,1
0 X Tp is needed for voltage calculation

Tp tp
2
G5 =1, [Bs(x)-dx=1,-7, B, ElejB5’V:1(x).dx:;.le 7, Bs,
0 0

The above sketch shows: The air-gap flux per pole @; of the saturated
distribution Bx) and of fundamental B;.,(x) is nearly the same. So we get:

B5,1 =(7/2) 'Bé,av
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2. Design of Induction Machines
Basic idea of ARNOLD’s method for determination of B, (2)

B§,v:l (x)
v=1

A

Bdmax

Ba(X) Bs av

T
0 —» X P

Bs1=(7/2) By 4y

- Maximum B; ., of flat-topped distribution B;(x) must be known for calculating correctly
m.m.f. of air gap V.

- B; ...x/Bs oy decreases with rising degree of tooth saturation V., /V; from (unsaturated)

d,max’ = o,av _
value 727’2 = 157 (Bs max = B§1) down to typically 1.3
(theoretical limit 1 at very high saturation).
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2. Design of Induction Machines
ARNOLD s iterative solution of flat top ratio B

/B

O,max’ ~ 9,av
1 _Bé,max * Pre-calculated averaged
o Bsav saturation result for many
1,6 iInduction machines
\ L
w2 =1.57 with iron sheet type Il
1,5 N Manufacturer “a”
\\ ( )
14 \\\ Ratio of maximum of flat-topped air
' T~ - gap flux density distribution versus
T average flux density Bgpay/Bs av
1.3 —| depending on degree of tooth
saturation Vyg.q/ Vs
1,2
Bsnax = Bs is the maximum air-gap
1,1 flux density value, which is needed
for the calculation of V4 and Vs

0 02 04 06 08 1,0 1,2 1,4 1,6
—

k= Vas+ Var
=5
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2. Design of Induction Machines
Example of ARNOLD' s iteration method

550 kW motor, rated voltage 6.6 kV Y, 50 Hz, o, = 0.05, N, = 200, k, = 0.91

U, =Uy /(N3-(1+0,))=6600/(~3-1.05) = 3629V
U, _ 3629 o7
N27f, Nk -2/ )t I, N27-50-200-0.91-(2/7)-0.36-0.392

Bsa =(2/7)-Bs; =(2/7)-1.0=0.6366T = Bg. =?

Bs,=

Assumption (1stiteration): B; ,../B; ., = Bs/Bs o = 1.41 = Vi, 4/V; = 0.3:

Bs =141B ,, =1.41-0.6366 =0.897T
B5 "TOs °le

Bél’S,l/:‘} — :169T VdS :7469:511A
kFe °bds,1/3 'lFe B 0.897
Vy =13-435=574  Vs=—2.6,=———-0.002156 = 15394
Mo 4-10
Voo Vs = (511+57)/1539 = 0.37 ﬂ
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2. Design of Induction Machines
Teeth and air-gap m.m.f.
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Assumption (2"9 iteration): Average of old and new value:
Viyergd Vs = (0.37 + 0.3)/2 = 0.335

(P 27 I [ [ T
B EN BN BN .

After 2nd jteration values V,,/V; at beginning and end of iteration
differ only by (0.35-0.335)/0.335 = 4.5% < 5% !

We take accuracy limit 5%:
So iteration is ended, taking as final values:
B; = B; .x = 0.891 T and V., ,/V; = 0.35.
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2. Design of Induction Machines
Magnetization of yokes

| Iron sheet

e Yoke flux: Bys B(H)-curve

:(@54‘@0_5,)/2
:(1+O'S)@5/2

<
ﬁ,,
T V

e Maximum yoke flux density:

D
B, = Y _
hy 'lFe | kFe

bys

* Yoke flux density B,(x) is integral of air gap flux density distribution B;(x),
hence even a flat topped B;(x)-distribution leads to a nearly sinusoidal

yoke flux density distribution B (x) !

e But non-linear B(H)-magnetization of iron therefore yields non-sinusoidal distribution
of magnetic yoke field strength H,(x) !
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2. Design of Induction Machines
Magnetic tangential field strength in the yoke

H,(x)
H,(B,) .
_ H,
H oy By)- Average
H, . BT
0 ! o —— 1 Average yoke curve
0 | x=I[, 20]
\By Iron sheet
B(H)-curve
M.m.f. of yoke: 10
ly
jag H,(B,)
V,=[H,(x)-dx=1,-H, N H
0 0 \&

Hy(B))
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2. Design of Induction Machines
Average yoke magnetic field strength: H Hy(B )

A TECHNISCHE
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By
=3

EJ/(By)

1,9

'—___—._——_

1,8

1,6 -

1,4 /

1,2
Lot

08/
ol

0,6

0,4

0,2

0
0 10 20

Pre-calculated characteristic
for iron sheet Il (Manufacturer “a”)

30 40

A/cm

e M.m.f. of yoke:
l)’
V,=|H,(x)-de=1,-H

e Example:

- Peak yoke flux density B, = 1.8 T
- Corresponding field strength (iron
sheet type A, lll): H, =120 Alcm

- Average yoke field strength:

H ,(1.8T)=30A/cm << H ,(1.8T) =120A/cm
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2. Design of Induction Machines
Axial cooling ducts: Equivalent yoke height &,

e Axial round ducts (diameter c,)
in rotor iron back prohibit
magnetic flux there!

e Equivalent yoke height 4 .:

y

h e :CI+C2/3+C3 :hy—(2/3)'C2
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2. Design of Induction Machines

: - . . UNIVERSITAT
Equivalent yoke height %, due to axial cooling ducts DARMSTADT
yoke mmf: Vy Vy
[ N yoke flux: )
h
ye
h, > D, # > D,
- [ 20/3] .
ly
Axial round ducts Equivalent yoke height h,, :
hye = ‘|‘C'2 /3+C3 :hy —(2/3)°Cz

*amps
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2. Design of Induction Machines
Flux penetration in shaft reduces rotor yoke saturation

A TECHNISCHE
UNIVERSITAT
)y DARMSTADT

e Penetration of rotor flux into shaft and reduction of shaft flux
by shaft eddy currents = Skin effect in rotor shaft with rotor frequency s- f

e Penetration depth d;
of yoke flux into iron shaft:

dr = 1
E —
\/7Z-°S°fs'ﬂFe°KFe

(constant parameters assumed)

» Equivalent yoke height h, :

B(r) B =hy +dp
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Yoke flux densities
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Example: 550 kW 4-pole motor, 6.6 kV Y, 50 Hz, d; = 458 mm,
o=1.4mm, /,,=69 mm, /;, =43.5 mm, hyS =77 mm, hyr = 84.1 mm, slip 1.5%
shaft diameter d; =200 mm, ¢, = 30 mm, B;=0.891 T, B;; =1.0 T

®Os5-(1+0,)/2

hys ) lFe | kFe

e Stator maximum yoke flux density: B =

B - (2/m)-Bs) 7ple-(1+00)/2 (2/7)-1.0-0.36-0.392-1.05/2 1 70T
7 Bys - lpe ke 0.077-0.378-0.95
e Rotor maximum yoke flux density:
dp = : = : =8.2mm
VTS [y Hpe Kpe N 7-0.015-50-1000- 47107 -5-10°
Byre=h, —(2/3)-c; +dp =84.1-(2/3)-30+8.2=72.3mm
5, - Os/2  @2/m)Bsyt,-l./2 (2/7)-1.0-0.36-0.392/2 1T
e lpe kre e lpe kre 0.0723-0.378-0.95 ﬂ
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2. Design of Induction Machines
Yoke radii, lengths & m.m.f.

Fys = (dy + Ry ) 2+ 1y = (458 +72)/2 + 69 = 334mm

ls =1y - 7/(2p)=262mm

P = (d g~y )2~ 1y — 8= (458 —72.3)/2 - 43.5-1.4=148.25mm

Iy =1y -7/(2p)=116.4mm

e Yoke m.m.f.: According to ﬁy (B)):B,, =1.7T = H ys =20.4A/cm
Byr — 173T:>Hyr :239A/Cm

Vs = H ysl g =20.4-26.2 = 534A

V= Hyrl,, =23.9-11.64 = 278A

V2 m
o Totalmm.f WV, =Vs +Vy + Vg + Vs +V,, :7-?-Nskwsllm
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2. Design of Induction Machines
Saturated magnetizing reactance X,

2 2'ms _le.Tp

a) For infinite iron permeability: X, , =27/ - 1 - (Nk, ) 2

t<-p O,
2-3 -0'392.0'362260.29
2.2 0.002156

X =27-50-47-1077-(200-0.91)* -

b) With finite iron permeability: X, is reduced by the ratio V5 1 /Vm

: B 1.
Vs :ﬁ-ae _ 0891 --0.002156 =1529A , V5, =—"1.5, = 0 —-0.002156 =1716 A
Ko 477-107 — K 47-10
Vigrar =483 +52.6 = 535.6 A, ¥, =534A, V,, =278A Vzl%\: B =10T
N By= 0.891T
V,, =1529+483+52.6+534+278 = 2877A S—-
V 1716 \LB (%)
X, =—L.x, =—"".2602=15520 ’
Ve 7 2877 0 . b
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2. Design of Induction Machines
Saturated magnetizing current 7,

e Magnetizing current: /,, = 7 i = 7 32877 =234 A
NE s Nk Y22.200-091
T p T 2

e Corresponding induced voltage:
Uh _\/77#5 s wsl (2/72')7 B51

U, =\/572-50-200-0.91-(2/7[)-0.36-0.392-1.0:3629V

e Saturated magnetizing reactance: X, =U, /[, =3629/23.4=155.1Q

R Xs, Xr Ry /s
°—>—|:- e

Us X Al
U
—h
l Im

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 139 3
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder -u;m\“

-




Energy Converters — CAD and System Dynamics

Summary:
Design of main flux path of magnetic circuit

- Air gap, tooth and yoke section for magnetic main flux path

- Different steel sheet grades for low iron losses

- CARTER s coefficient for influence of slot opening on air-gap MMF

- Equivalent iron length for influence of radial ventilation ducts on air-gap MMF
- At high saturation: Slot parallel flux relieves tooth saturation

- Yoke magnetization is sinusoidal distributed = average yoke MMF curve

- Axial rotor cooling ducts reduce rotor yoke height

- Magnetic shaft relieves rotor yoke saturation

- ARNOLD s method simplifies magnetic circuit calculation

- Result is the saturated magnetizing (main) inductance

By=1T=1=234A¢ 40%of =59 A
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Energy Converters — CAD and System Dynamics

Derivation of penetration depth in a massive

7% TECHNISCHE
UNIVERSITAT

TH DARMSTADT
“half-space* conductor (1) Repetition
y rotH = J + (?9_1; ~J No wave propagation  rotE = —2—? divB=0 B=uH iFE=J
By Constant conductivity x & permeability 4, two-dimensional field: ¢-/0z =0, B,=H,=0
Ho 10, K OH /0y —0H | oz 0 0 0 0
k=0 rotH =| 0H |8z —0H . /ox | = 0 =l 0 0 (= 0
I . aHy/éx—GHx/ay 6Hy/6x—8Hx/8y J, J, KE,
z X OE./dy—0E,/dz) ( OE.ldy\ (-0B,/ot
“half-space” rotk =| O, 6z —OF, /&x |=| —0E, /ox |=| -8B, / ot
OE,/0x—0OE, /0y 0 0

divB =

5_OB. 0B, L 0B, 0B,

ox Oy

0z Ox

Impressed AC B-field in y-direction:  B(x,t) = (0,By-coswt,0),x<0=B,.=H_ =0

OB, /| ox =, = UKk,

T

OE. /0y =0=E, = f(x,1)

R

2 2
0°B, | ox* = ukdB,, ot

OE,/0x=0B,/ot 0B,/0y=0= B, =g(x,t)

BULLARD's linear partial differential equation of field diffusion

*amps
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Energy Converters — CAD and System Dynamics

Derivation of penetration deoth i | UNIVERSITAT
rivation netration in a massiv
Stationary (particular) solution of BULLARD's equation: 828 / ox* = UKOB,, / Ot
By(x,t)zRe{Ey(x)-eja”} azﬁy(x)/axz —jouxB ,(x)=0 B, (x)=C, M+ Cre )7 = JuK

I+ 7 1+ 7 2
A= joux =%-w/a),u =% dg =.|—— | | Penetration depth
E

WUK

Boundary conditions: B(x,7) = (0,B, -coswt,0) =Re(0, B, -

e’ .0), x<0

In infinity fields are limited: E(x — 0,¢)=(0,0,0) = Qy(x —0)=0=>C,=0=C, =8,

Field solution: | B, (x,) = Re{BOe—(”ﬂx/ i . /@t }: By-e

-cos(wt —x/dpg)

1 8By
Eddy current density: J, (x,f) =——

y7i ax 1.0 1

JZ(x,t) :i%:_Re &I‘FJ e—(1+])X/dE .eja)t
[ Ox u dg
1 OB _Re{Boﬁe—(Hj)x/dE -ej(a)t+7z/4)}

J, (x,t)=——>=
H Ox dp

BN ok
Ju

J, (x,t)=~ e cos(wt—x/dg +m/4) 0

= B,(0)=5,=C, +

¢,

(

| Field and eddy current density

WBy(X)/Bof att=0

"X
~
QL

oy
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Energy Converters — CAD and System Dynamics

Derivation of penetration depth in a massive UNIVERSITAT
“:alf-astp(a)lce?‘ :oenductor (3) ’ Repetition SARISTART
" 3 Pulsating damped
% e magnetic flux density in
Wiy, conducting half space
o n/2 *4 Penetration depth ag One half oscillation 0 < wt < =

B(x)=B,(x)=p- H,(x)

Envelope of B-
Source:
Curves A. Prechtl / Theoretische Elektrotechnik, Skript,
TU Wien, 1993

x/d
2 SRl Lo &
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Energy Converters —
CAD and System Dynamics

2. Design of induction machines
2.1 Main dimensions and basic electromagnetic quantities of induction machines
2.2 Scaling effect in electric machines
2.3 Stator winding low and high voltage technology
2.4 Stator winding design
2.5 Rotor cage design
2.6 Wound rotor design
2.7 Design of main flux path of magnetic circuit
2.8 Stray flux and inductance
2.9 Influence of saturation on inductance

2.10 Masses and losses
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2. Design of Induction Machines
Stray fluxes and inductances in the equivalent circuit

- Slot stray flux in stator and rotor slots,

- Stray flux in winding overhangs of stator and rotor winding,

- Flux of harmonics of air gap field, excited by stator current for stator field
harmonics v = 1, and excited by rotor current for rotor field harmonics = 1,

- Stray flux due to skew between stator and rotor slots in cage induction machines.
Usually rotor cage is skewed, thus rotor stray inductance is increased.

N —

S Rg jXScr X I'g Rr’/s

o}

*amps
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2. Design of Induction Machines
Slot stray flux density of single layer stator winding

HFpe = ®©
g 2K Real flux density B_&
field strength H_in the
% - /_];’/ ‘ >~ BO‘(Y] Slot g 7
C) " hy FIU
®
N ? Idealized flux density
c|°c \{ in slot for calculation .
Y \ ; - ;
”
A ba 7 ks S
* Be Ati.(f) =1, : Peak slot stray field:
PN Y T
> Bo(y) N .1 y
by B (y) = toHs(y) = 1o bc C-h , 0<y<hp
N1 ¢
/BG(y):ﬂO CC, hlgygh1+h4
h, ————4— bQ
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2. Design of Induction Machines
Slot stray inductance calculated from magnetic energy

e Open slot: Magnetic energy stored in slot stray field of one coil of a single layer winding

(= two_coil sides) at peak stray field:
hy+hy h h
L 1> f 20 b, " . )2 s
W = ﬂ—“(ﬂ dB)dV j By gy Z%ebo. jB () dy = Hle ( j dy+ [dy
2 > 21y 21 g
y’ o h ,
I dy :_—1 jdy _b—4 j? Z % - B,(y)
bo bo 0 0 B |,
~) 2 hy hy NG?
LO.CZZWO./]szﬂoNCﬂ,QIe /IQ: + clic
3bo by I AD I
e Series connection of all coils per phase: L,,=p-q-L open slot B,
e In case of a parallel branches per phase: Loy =p-q-Ly./a y y
2

Ng=p-q-N./a Stator slot stray inductance: Lsop = Ho N - Aos L,
p.

N

(Single-layer winding)
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2. Design of Induction Machines
Slot stray inductance for semi-closed slot L__,

» Single layer winding:| L ., = 1 .N? -L%QS -1,
P45

o Instead of

_Mm
=3, 5, bq
we get ‘ (% L .
/1Q=h1+h2+ 3 41 h4-lr13

3by by (by+5p)/2 s 1
SQ
Semi-closed slot
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2. Design of Induction Machines
Slot stray flux density of a two-layer winding

¢ Open slot, full pitched winding = upper and lower layer have the same coil current:

/

» Instead of Ly ! Lower layer
I = b ] b n | © h'| LL
36y | by } - /‘[ S S
we get with hy — 2k gj - b B2 glﬁper layer
! !
1922'3}1291 +41119 +le = | *h—z : :
0 0, "0 bq y B,
open slot y Y

At h’: Half flux density B~ 72 = w ~ B?: (1/2)? = /4 in energy
density, therefore: h’/(4b,)= instead of h'/b, !
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2. Design of Induction Machines

Two layer winding:
Influence of coil pitch W = z, on stray inductance

A TECHNISCHE
UNIVERSITAT
-° - DARMSTADT

’Tp—W

Tp

UL [+U|-W|[+V |-U|[+W]|-V
LL+U|[-W|[+V[|-U|+W|-V |+U

“(a)-slots” (a) (b) “(b)-slots”
e Phase shift between [, and -, is 60°, so total ampere turns
n (b)-slots are only V3/2 <> 86.6% of (a)-slots.

e They excite a smaller stray flux in (b)-slots,
thus reducing total slot stray flux - depending on the pitch #/z !

e This is considered by the
slot stray flux reduction functions K, K,:

16 7, 16 4 7,

(a)
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2. Design of Induction Machines
Functions K, K,: Reduction of slot stray flux due to pitching

Considering reduction of slot stray flux due to coil pitch /7 in two layer winding

E;T e Bqo(y)

_— |
1,0 LL | |7
K]_ ’

0,9 /:{ 7 (o h'y LL
08’%_"—_____'____'_7/ K2 h "

0?-75__.______.____-/];// K1< —y Ak | ===

0.7 AL UL /

/// | , Here
0,6 A | O hy smaller field UL
/ | * increase: K|

0,5 | ! S N
I A | K,{ _~ 1

, | // | b Q i «—
0,3 I ' ™ Here smaller field: K.

oes e - — |- —;[/ i ?

0,2 // I |

/| | | / '
0,1 e | | ﬂ, . K 2 hl h K h2
1 2 o 1 . . _|_ _|_ 2 =
0 : : < 3b, 4b b
0 010203040506070809 10— v 0 O O
201918 1,716 15 1,4 1,3 1,2 1,1 1,0 - ‘T_p »
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2. Design of Induction Machines
Explanation of factor K,

A
/ ‘ © ‘ h’w (a) Slot Ampere turns: &, = 2N/, UL|N¢+ 1y
g I he | 2] 1
A (a) LL | Ne*ly
;¥ (b) Slot Ampere turns: &, j\fNCIU
L_.1

e Reduction in magnetic energy in “region” h,: W_ = ‘7; =~06)

Loy _Wory _ Oow (f f 3
L 2 4

Wotw)  Opa

oc(a)

* In pitched winding W/z, = 2/3 only slots of type (b) occur:
Therefore reduction of L__in the region “h,” by: (3/4)/,/b,,

W 2 h_2:(§K+l]h_2—(ig+ljh_2:§h_2 UL: upper]ayer

e Check with K,: . K, - =
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2. Design of Induction Machines
Influence of stator slot arrangement on slot stray flux

Two-layer winding: A5 depends on slot geometry:

L S +K,- L]
by 4b, 2 by

1) Open slots: 1y, =K, -2

2) Semi-closed slots: /1, =K;-2- hl h +K, - (hz hy h4}
3bg 4bQ ) bp (bp+sp)/2 s
Open slot: 9,

wedge influence neglected

2T
Z

h’ 7 1 h
| A
)
1 ho
ha h3 ‘r
AN | he
* Sq Semi-closed slot ‘
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2. Design of Induction Machines

Slot geometry calculation:
Two-layer high voltage stator winding in open slots

-39 [ha—s 7y =0.5mm

~y- —

d Mo — By =di 124d+2-dyy +d, + e = N
1

d — |4l =0.4/2+22+2-0.15+0.4+4.0 =7.1mm

Vo
AN

| |0y — hf = N -(hy + i)+ (N, =1)-d; = d; =24.7-0.4 = 24 3mm
NN\

L
SO

0 — ' =Z+2-d+2-(d;./12)=4+2-22+2-(0.4/2)=8.8mm

=
o
dic

N\ [2 —
Y ,
| |ht— hj =24.3mm J [
[ / .

< ‘ ]

N
L

SO !
1 Conductor arrangement

bq
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2. Design of Induction Machines
Stator (open) slot leakage reactance X__q

Example: W/t = 12/15: Kj=— 2+ 08875 K="
16 7, 16 4 7,
hi{ =24.3mm h'=8.8mm hy + hy =7.6mm
Aos =K1 -2 | +K2-h2+h4 _0.8875.0- 203 88 485
3b 4b b 3-12.5 4-12.5 12.
9 0 0
Stator slot leakage reactance (open slot):
2
XSO'Q:a)SLsonszs':uONs ﬂ‘Qse:
P Y
_ 2
_2750-47-1077 - 2007 -2—5-1.843 +0.392=2.28Q
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2. Design of Induction Machines
Influence of rotor cage slot arrangement on slot stray flux

« For cage rotor per bar: L .. = o - Aoy -1,

e Different slot shapes for BIG or LOW current displacement effect:

: hy hy
e BIG displacement: Deep bar: Ap, = — k. +—
3bQ SQ
SQ
= hy hy
‘ h4 Wedge bar: ﬂ’Qr — : kL)wedge +—
' 3D, S0
) + SQ
h4 — —
hqr hi=hpar Ir 7 b €
Deep bar Wedge bar 0,9-h;
] 1 | '
) .
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2. Design of Induction Machines
”Current displacement effect” of deep bar kg, k

e |t is used for increase of starting torque due to increase of rotor resistance,
dependingon ¢ = hl\/”’fr Uy " Ky,
e Decrease of slot stray flux must be considered in that section of slot,

where bar is placed (height h,). A
ki,
4 kg: in-crease of R, k,: de-crease of L _
kg 1,0 1=
‘ for deep bar \l\
6 0,8
\
5
4.24 0,6
h, 4
3 0,4 P
pa 0.353 ~
- o 0,2 T~
1
|
0 1 2 3 4 5 6 0 1 2 3 4 5 6
424 — 424 —

-
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2. Design of Induction Machines ), TcHniscHE
Slot stray reactance of deep bar rotor cage X ,’,O.Q(S) 4y’ DARMSTADT
SQ
Data: 7, =40 mm, b, = 5.1 mm, A, = 3.4 mm, s, = 2.5 mm [ R he
Ao Mg e o A0 3 Gk, +1.36
har hy=hpar
a) Start slip s=1and 20°C: f, =1-50=50Hz
E =T f, -ty Ky = 0.04v7-50-47-1077 -57-10° = 4.24 =

kL 20353 ﬂ“Ql’ :@

b) Rated slip s = 1.5%: f, =0.015-50=0.75 Hz: £=0.519, k =0.998, 4,, =3.96

iy = Nskus 2000098 50, s 364,35 0184
Nk, 051 0. 50
XI,”GQ(S = 1) = MUM] y a)SL,,GQ = MUMI y 279[5. . ,Llolere =
=364-21.84-2750-47-1077-2.28-0.392=2.80 Q ‘
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2. Design of Induction Machines
Winding overhang geometry

Minimum theoretical
radius r,;, = hqy/4

h
wT-r > T - &
4
['/2 \ C,:\/Tés_(/%+st)2 / /// AL/
= 7+ by, gl =D ) ST =W (/) I B
Ty ‘ , hos Al,: Additional length for
) W2 ] lps =1 +”'T+2'Za + 4l coil & series connectors,
larger radius r > r.. . at bend
h .
I = v 2o o, =228 9 5 57450 =614.8mm
(g, a2 22 \/1_ (12.5+ 4)2
_ - .
2, 24

*amps
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2. Design of Induction Machines
Stray flux and inductance of winding overhangs L__,

- Stray flux is inducing voltage at length /, of turn per coil
- As all coils excite in winding overhang the stray flux, C% h

no influence of slot number or g respectively, appears P— s

/ N

- Thus taking /, instead of /, and omitting g, we get the bs I

expression: 2 2

Loy =ty " Ny - — Apg I S
p W

- Geometry factor /1, must be taken from (i) numerical 3D field calculations or from
(i) measurements of single coil model test set-up!

lpy =614.8 mm, 2, =0.075- (1 + leJ 0.075 - (1 + w} =0.203
T, 360 N

22 -7 > 2 N
Koo = O,Logy =271, - o] Apslyy =2750-47-10°7 -2007-2-0.203-0.6148 =1.97
P
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2. Design of Induction Machines
Rotor stray flux and inductance of end rings L, _,

TECHNISCHE
UNIVERSITAT
)y DARMSTADT

hRing
T

dRing

X,

bRing

/)

N

Y hy

From tests 4,. =0.12
with respect to /p, =7,

(T

[

For rotor end ring side adopted
(stator-side) formula, including voltage
and current transfer ratio:

, 2 2
Lrab = Ho 'NS ';'ﬂ“br 'lbr

=L =2xf, - uyN? %/Ib,,lb,, =2750-47-1077-200° %-0.12 .0.36=0.68 Q

- A rough estimate for stator winding and cage of induction machine is 4, = 0.3 !

-Here: Ay = Ay, + Ay, (L, /1) =0.203+0.12-(0.36/0.6148) = 0.2733 = 0.3
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2. Design of Induction Machines
Stator harmonic air-gap field waves

5 TECHNISCHE
UNIVERSITAT

)y DARMSTADT

o Step-like stator air gap flux density distribution
at,u,:e—>oo: B&(x,t):ﬂng(x,t)/5e ﬁv=l

e Fourier series of stator air-gap field: —J< -
o0
) p
Bs(x,t) = Zde -cos(vax /7, — at)
v=1,-5,7,...

B51 Vsl kws,l "V

e Each harmonic self-induces stator winding with stator frequency £,
thus adding up to the total self-induced stator voltage U, .,

Bév _ st kWS,V
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2. Design of Induction Machines
Harmonic stator leakage inductance L__,

o o)
; k
B5(x,t) = ZB5V ‘COS(V7DC/Z'p — a)st) Biév __ws,v
v=1,-5,7,... B51 kWS,l VvV

e Each harmonic self-induces stator winding with stator frequency 7,
thus adding up self-induced stator voltage U, ..,

JXsgQ+b Xrg Rp'/s AU ;¢ = Zth = Zthv A

lS RS Qh,v=l l* JXh .
AQhS = Z]th 'ls =
X A ‘V‘>l Oi)s
U JAhv=-5 - >
l_JS —h,total k
o wsVv — 7
AU, | L , Rotor FXpyo1 L D | T/ Xse0 Ly
Xhy=+7 v|>1 Vo Kywst
cage
. effect
Y v v ) neglected
o I &
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2. Design of Induction Machines
»,Harmonic stator stray coefficient” oy,

2.ms .le‘Tp/VNkz

-0 - _ 2
s=0: Uh,total = @5 * Ly total * I Ly, = o (Ngkyg, )™ 2 W;V
0 o 7w V-p 56 1%
Uh,total = ZUhs,v: Za)sl’hv] S :wsLh,total[ S
v=l v=l
o0
Ly, Kyws v / V)
Lh,totalzzl‘hv th =1 ZL - _th =] Z
- hv=I1 vl (kysy /1)
00 k 2
Definition of ,harmonic stray coefficient”:  |op = Z —= 1
v=l V'kwsl

Lh,total =(1+ GOS) ' Lh,v=1 = Lh,v=1 T 005 'Lh,V=1 =Ly + Ly

o0
my=3 Ly o1 = D Lny, =(1+00¢) Ly o
v=1,-5,7,...

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 164
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder

*amps

4
D
&/



‘“; TECHNISCHE
=\ UNIVERSITAT
-° - DARMSTADT

2. Design of Induction Machines
Harmonic stator leakage (stray) inductance L__,

e It is calculated from fundamental magnetizing inductance (where main flux
saturation may be included): ‘Ls,c,o = 0(yq -Lh\ ( i ]2

WSV
O0os =

e Harmonic stray coefficient o, ! \Vkyg

2 5,2 41 vi>
_I_
A) For full-pitched winding, m = 3: oy =| = — | -2~ ~1
3]€W81 6qS

1
B) For pitched winding, m, = 3: W = (mg - g, —S8) - 7, >

Values 1000, from Table vV )Y s
ST s

»
>

i

A

T

’ 2 I’ 9.662 I’ 2.844 Il 1.109 || 0.624 || 0.437 I COefﬁCient100yJ
| 3 || || 2.844 || 1.406 || 0.688 || 0411 I o8
S I XN SEEN N N
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2. Design of Induction Machines
Minimum harmonic stator leakage inductance at Wiz, = 0.8

For pitched stator winding with W/Tp =4/5=0.8

the harmonic leakage inductance is minimum,
because no 5t harmonic of stator field occurs,
which in a 3-phase winding is the biggest contribution to harmonic leakage inductance.

W x 4
k. _ c=sinyv-— -—|==sin|5-—— [=—=sin(27)=0
p:v==3 [ r 2} ( 52) (27)

BN N B

5/6=0.83 7/9=0.78 10/12=0.83 12/15=0.8
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2. Design of Induction Machines
Harmonic stator leakage at infinite slot count ¢ —> o, m =3

; TECHNISCHE
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E.g.: Full-pitched winding, m = 3: | L ; o = Ops - Ly

2 2
2
W=z, oo =lim[ z ].5%” 1—(”] 2 _120.0022> 0
qs—>© o1

g\ Sy 6q82 3-3/n)) 6
W= Tp- kws,l - kds,l 'kps,l - kds,l
lim &y, = lim sin(7z/6) _ lim Q.S .g: 0.5-6 :3
q4s —>® , qs =0 7T H,-J7Z' ¢—0 Slné: 7 4 4
gs - sin 6% 6526% £ Result:
g~ Even at infinitely big slot

U WV U W Y count the m.m.f. V(x) is

not sinusoidal due to
the 6 zones per pole-pair
. of the phase belt.

X o0, ,, =0.0022>0
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2. Design of Induction Machines
M.m.f. of cage current distribution V (x,, {)

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18...

DOOPODPOOOPPODODDO--

p P
Tor
201,22Tbar i Yo Bs (V)= -V(y)/ o,
621pgr
/0,90Ib-ar-
/Tb'ar‘|» =
U= 1 Xy

e Symmetrical m -polyphase bar current system:
e Example: Q, = 28 bars, 2p =4, Q,/ p = 14, phase shift ¢, =220/ Q, =7/ 7

L 27 f, 1) U= 1+Q”gr g. =0,£1,£2,...
P

u=1,-13,15,-27,29, ..
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2. Design of Induction Machines
Rotor harmonic inductance L,

o0 A
By(x)= 3, By(l)-cosumoxit,—w, ) B 1
p=l+g,-0,/p 5+ Bs -1 M
e Each harmonic self-induces rotor cage with rotor frequency f,,
Bs(x) thus adding up self-lnduced rotor harmonic voltage j@, - o¢, - Ly, = - L,
pu=1
L;'OO = ZLh,u ZuU,u uly Lh,u O0r 'Lh,VZI
— ™ X ‘,u‘>1 ‘,u‘>1 )
y  2-m le'Tp/:u kws,u
Ll,l,u =Ho- (NSkWSlu) T —- S 2
T K- P e H
2
2k
U= 1+Qrgr g =0xL%2,... oo, = ng
P ‘,u‘>1 ,Ll ) kwsl
: : : 1
e Summation of series gives exact formula for |0, = > —1
rotor harmonic leakage coefficient e.g. via sin(p-7/Q,)
magnetic energy method: p-7/Q,
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2. Design of Induction Machines
Rotor leakage reactances

!

ro0 = J @O - Oy * Lh,v=1
Rotor leakage reactances: Slot Overhang Rotor field harmonics

NN

szo'Q+b JX;’faQ J z,fO'b ] 1'/00 Rr,/s

o—pb—(—1— = ’ _— —_— I e
I R
=S S .
Qh,v=1 l JXh
. 2\
Xhy=-5
[_Js L]h,total !
AU,

s ! thy=+7 > Rotor
cage
effect

) v v ) neglected
c I

*amps

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 170
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder

&

S

—
(/



&7 TECHNISCHE

{5//=) UNIVERSITAT
DARMSTADT

2. Design of Induction Machines
Rotor harmonic and skew leakage reactance

_ _ _ Skewed rotor bars of cage rotor:
e Each stator harmonic wave is decoupled partially

from the rotor cage by the skew ‘ ‘
between stator and rotor winding

\
\
.
=)

ra

e With die-cast rotor cages usually the rotor cage
is skewed

bar

e With brazed rotor copper cages often the stator - bsk
slots are skewed. Qr skew

e For high voltage windings with parallel-sided IFe
open slots a special sheet punching method
acc. to HUBER is used: ,HUBER-Stanzen®

1

—1
sin(p-ir/Qr)jz. Sin[(p°7Z'/Qr)°(bsk/TQr)] 2
p'ﬂ'/Qr (p'ﬂ'/Qr)'(bsk/TQr)
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2. Design of Induction Machines
Separation of rotor harmonic & skew leakage reactance

e Skew leakage: oy =004~ 00,

» Good approximation, as pr/Q, <<1 e.g.: pr _ ?g =0.13<<1
Harmonic reactance skew leakage '
2 2 2
s Llfpm) Lpzm) by
O+sk,r — 3 Q 3 Q
r r TQr
. 3
Oo,r = sinla -1= a:ﬂ<<lzsmazl-[a—a—],
( )2 Q}, a a
a
1 1 a’ a’
0, =——= 1~ ~l=l+—-1=—
O [ 2}2 o> 3 3
- ==
6 3

*amps
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2. Design of Induction Machines
Stator and rotor harmonic leakage inductance

Example: 500 kW-cage induction motor:

Harmonic stator reactance: op,(g, =5,5 =3)=0.411/100
Xio0=0L;0 =00, X, =(0.411/100)-155.1=0.64 Q

S

No-load saturation

Stray inductance of skewed rotor: Rotor skew by, = 75, = 24 mm

bSk/TQI” :TQS/TQI” :QF/QS =50/60

COrsir = 1 ~1=10.896/100

(sin(Zﬂ/SO)T. sin[(272/50)-(50/60)]\’
27750 (27/50)-(50/60)

X160 =0,L0 =0, X =(0.896/100)-155.1=139 O

No-load saturation

Rotor harmonic stray inductance: 0.82 QO 08240.57=1390
Skew leakage stray reactance: 0.57Q —
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2. Design of Induction Machines
Resulting stator and rotor leakage inductances

Example: Data: 550 kW 4-pole cage induction motor, 6.6 kV Y, 50 Hz

Saturated magnetizing reactance: X; =155.1Q
Resulting stator leakage reactance:

Xoo =Xso0 t Xsop T X500 =2.28+1.97+0.64 =4.89 Q

Resulting rotor leakage reactance (UNskewed): (End ring leakage: 0.68 Q!)

a) Stand still (locked rotor, s = 1):
X, o :X,’,GQ +X 00+ X, 00 =2.80+0.68+0.82=4.30 Q

b) Rated slip 1.5%: X, , =6.37 Q c) Arbitrary slip: X, =3.20Q-k;(s)+3.18Q

Is Rg Xs, Xr, Ry /s

=N

Us Xh Al

J—
3

o
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2. Design of Induction Machines
Relative stator and rotor leakage inductances o, o,

Example: Data: 550 kW 4-pole cage induction motor, 6.6 kV Y, 50 Hz

Saturated magnetizing reactance: Xj =155.1Q

Resulting stator leakage reactance: X, =4.89 Q

Resulting rotor leakage reactance (UNskewed): Rated slip: X, =6.37 Q

Relative leakage: o =X /X, =4.89/155.1=0.0315 estimated: 0.05
6. =X /X, =637/155.1=0.0411

I Rg Xs, Xr. R /s

Result:

Rotor slot count Q, = 80 < Q, = 60:
1. Higher harmonic leakage = higher

resulting leakage
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2. Design of Induction Machines
Root locus of stator current phasor at fixed stator voltage

e Amplitude and phase angle of stator current phasor /. depend on load (= slip s).
e |f machine parameters are constant = locus diagram of stator current phasor is a circle.

o Simplification: If stator resistance is neglected (R_ = 0) = circle centre M located on
abscissa (HEYLAND’s circle).

US

X

No-load: 7. (s=0)=—j

S

Example: 500 kW induction motor no-load current

U 6600 /+/3 @
I S:O z—' S = —7 —
Lls=0)~=/F =T 600 _

S -
jlm

X, =X, +X,=489+155.1=160.0 O

Z, =R+ X2 =~0.74% +160.02 =160.0 Q

U, — 6600/3
X, -(I+c,) 155.1-1.05

23 4A GENERATOR

estimated: o, = 0.05: I;(s =0) =
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Energy Converters — CAD and System Dynamics

Summary:
Stray flux and inductance

- Slot, overhang and harmonic stray flux

- Skewing increases stray flux

- Coail pitching ~ 0.8 reduces slot stray flux and harmonic stray flux
- Stator and rotor stray flux are of the same order of magnitude

- Results are the stray inductances for the equivalent circuit

-Note: L, L, M= o =1-M?/(L;L,) can be measured directly, butnot L, L__
L,=L—1i-M L.,=L.—M/i 1:arbitrary
o-L =L, + ii? -L.,  butnot exactly
X, =1551Q X,,=489Q X! =637Q
2 2
o=1- L =1- 155.] =0.069
(X, +X,0) (X, + X)) (155.1+4.89)-(155.1+ 6.37)
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Energy Converters — CAD and System Dynamics
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2. Design of induction machines
2.1 Main dimensions and basic electromagnetic quantities of induction machines
2.2 Scaling effect in electric machines
2.3 Stator winding low and high voltage technology
2.4 Stator winding design
2.5 Rotor cage design
2.6 Wound rotor design
2.7 Design of main flux path of magnetic circuit
2.8 Stray flux and inductance
2.9 Influence of saturation on inductance

2.10 Masses and losses

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 178
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder



2. Design of Induction Machines
Numerically calculated influence of saturation
on inductances

a) At no-load (s = 0, rotor current zero) b) At stand still (locked rotor) s = 1

Numerically calculated two-dimensional magnetic flux density B of a three-phase,
4-pole high voltage cage induction machine with wedge rotor slots (Q, / Q, = 60/44) at rated voltage

*amps
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2. Design of Induction Machines
Saturation of teeth and yokes by main flux (s = 0)

Qh :Us _(Rs +j'XSO')'lS0

¢h . .
/ |Hh| A air-gap line Dy - Z(Usalso)
U /
Stator UN . y X X2
/ Example: X_from test at s = 1
7 Tso _ In _ 55
Rotor Iy Iy
7
0 = >
° 09 lso /1IN
a) main flux path b) measured “no-load”-characteristic
lso Rs jXSO-
Saturation of X, = U,/I, is measured! Us JXhJ Un

|B|—|

o]

*amps
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2. Design of Induction Machines
Saturation of tooth tips by zig-zag stray flux (s = 1)

I s1 Usl L i
/ —_—
7 Tooth IN A
(§§> / th : 5.8
5__
2 /IIIA // S 4+
27 'w 37 —t28
1T Usg
& 0 : : : : > Un
0 0.5 1 N
a) Zig-zag stray flux path b) Measured “locked rotor’-characteristic

e Saturated X =X _+ X', is measured at s = 1 via reactive power Q_ by X_= 0/(3(/)*) !

e Saturation of leakage flux causes increase of locked rotor current e.g. from 2.8 to 5.8,
which should be kept as low as possible ! For details see the text-book!
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Summary:
Influence of saturation on inductance

- Main flux saturation reduces main inductance L,
- No-load current [, is increased by main flux saturation (teeth & yokes)
- Stray fluxes especially at open slots pass large parts of air,
so they are usually not influenced by saturation
- Closed slots & harmonic stray flux are influenced by tooth tip saturation
- Stray flux saturation reduces stray inductances L, L
- Short-circuit current , (= starting current) is increased by stray flux saturation
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2. Design of induction machines
2.1 Main dimensions and basic electromagnetic quantities of induction machines
2.2 Scaling effect in electric machines
2.3 Stator winding low and high voltage technology
2.4 Stator winding design
2.5 Rotor cage design
2.6 Wound rotor design
2.7 Design of main flux path of magnetic circuit
2.8 Stray flux and inductance
2.9 Influence of saturation on inductance

2.10 Masses and losses
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2. Design of Induction Machines
Losses and efficiency

e Determination of efficiency 7 for demanded output power P, requires
knowledge of losses P,

P

out

+ P,

77:

out

e Loss components are
- Stator and rotor ohmic losses,
- Friction and windage losses,
- Iron losses (mainly in stator iron for 0 < s < 2s,)),
- Brush losses in case of slip ring induction machines,
- Additional no-load losses such as tooth pulsation and surface losses,
- Additional load losses such as
stator and rotor eddy current losses in conductors.
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2. Design of Induction Machines
Example: Loss balance

550 kW cage induction motor, 6.6 kV Y, 50 Hz, unskewed rotor

574 921 W
7739 W

Total iron losses Pr. 6779 W
Stray load losses Paq1 (= 0.5% 0of574 921 W2 875 W

Air gap power Ps 557 528 W

Rotor cage losses Pcy; (slip: 0.814%) 4538 W
Friction and windage losses Pfriw 2670 W

Mechanical output power P out 550 320 W (= 550 kW)
Efficiency 7 95.72 %

‘e

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 185
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder |

&/



7% TECHNISCHE
G -_ UNIVERSITAT
@’ DARMSTADT

2. Design of Induction Machines
Stator winding resistance per phase & copper mass

() =p20°C)-(1+ay-49) ag=1/(255K) A48=9-20°C
1 NS . (L 4 lb) p. resistivity
K a-a;- Ay k. conductivity k= 1/p

R, =

Example: Hot resistance value !
P, (715°C)/ p(20°C) = (1+ (75 -20)/255) =1.22

I N,-2-(L+1,) 1 1200-2-(0.458 +0.6148)

R, =—- = - = 0.740
K a-a-Af 57-107/1.22 1-1-12.42-10
Mcy s = yCumSNs - 2(L+ lb) d- aiATL =
=8900-3-200-2-(0.458 +0.6148)-1-1-12.42-10~° =142.3kg
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2. Design of Induction Machines
Rotor ring segment resistance

R, =Ry, + ARRing =—-— P
Cur
Geometrical data of rings:
bRing
- hy
_— ([T - % x de.ng =d;—20—-2h, — th.ng =
ing ar
! drs
dRing r g
 — | dRing /0, =408.4-7/50 =25.66 mm

AR ging = ging T /(i O, - Apig ) =0.4084 - 7 /((57/1.22)-10° - 50-800-107°) = 0.69 1>
" 1 1

ARp, . = ARp. - =0.69 - =22.0 40
fing = RS i (2 0,) 2sin2(x-2/50)
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2. Design of Induction Machines
Rotor bar resistance at 75°C

7 TECHNISCHE
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kg: Increase of R_for deep bar (k, depends on slip due to current displacement)
kR‘ a) At stand still (locked rotor) s =1.0:

f, =150 =50Hz:
6
5 fzhlx/”'fr'ﬂo"f@:
;3.544 A :O.O4\/7z-50-47z-10_7 .(57/1.22)-10° =3.84
2 /// kg =3.844
L (0.392-3.844 + (0.458 —0.392))
Rpar = - = =168.32 402
097t = 3 3;‘4 5 6 57/1.22-10°-200-10

b) Rated slip s = 0.015:
£.=0.015-50=0.75Hz: £=047,

kp =1.0043, R, . =49.2 10
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2. Design of Induction Machines
Rotor bar and ring segment resistance R,
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[ .o oo
Rr — uUuIRr

Rated slip s =0.015: f,. =0.015-50=0.75Hz:
R, = Ry + ARpypy =49.2+22.0=71.2 pQ

R =iiyii;R. =364-21.84-0.0000712 = 0.566 Q

r-r-r

Caqge losses: ) ? 2 "D
g Pew, =O,RI? =0, -ii?R, (I, /ii;)? =

2 712
PCu,r QrRr]r mSRI" r = 0, 'ﬂﬁUﬁer .];2 —m, R .];2
r
Rotor current I’ to be calculated from T-equivalent circuit for chosen slip s !

Cage mass: Q bars 2 rings
mey, , =8900 - [50 .200-107°.0.458 +2-800-107°-0.4084 - 72']2 59.0 kg
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2. Design of Induction Machines

UNIVERSITAT
Friction and windage losses (air-cooled machines) DARMSTADT
- Friction losses in ball or sleeve bearings P ~ n? Details: see Lecture

- Windage losses: Power consumption of shaft mounted fan P ~ n3 sLarge generators
and high power

- At high speed or big power machinery: Air friction losses of rotor P ~ n3 drives* (2+1)

Semi-empirical equations to calculate losses !

Shaft mounted fan

T 4
Open-ventilated cage @ék;::i:::::{é)\ 1Y, Ball bearing at

non-drive end

induction machine e sttty ptpteyin i .
_ = — side
O: Rotor surface
5 LT - _ .

P ~Q0-v L

fr+w _ . Source:

2 7 ABB, Switzerl

Pfr+w ~ (72- . dsi . L) . (dsiﬂn) B — ki‘ , Switzerland

Example:

500 kW, 4-pole induction motor: Synchronous speed n = 1500/min:
P, ~10-dy L -7 -n* =10-0.458°-0.458 7° - (1500/60)* =2714 W

*amps

&/
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2. Design of Induction Machines

Eddy currents in conductive sheets
without their self field

7\ TECHNISCHE
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Ba 4 y iron sheet (a) Approximate calculation with sinusoidal varying flux:
M{ Moo= - Induced voltage: U; = W@ /2 = ﬁ#-(bshL-é)
> X - Electrical field strength (loop 2L+2b, ~2L): E =U, /(2L)
/&\*A/ - Eddy current density.J g, =x-E=x-7- f - by, ~B/«E
I"f - s L>>by,  _Eddy current losses per volume:
External field a B 2 )
0 ] (b) Considering, that an inner “loop” has a smaller flux @~ x than an
Edd}f current ‘ “outer” loop, yields less eddy currents Jg, within the sheet.
density ' Sk - Neglecting the eddy current self field reaction, we get a “triangular”
(@) X eddy current density Jg, ~ x with a 1/3 loss density.
0 g N\ 2
PFt/V:K'(ﬂ-'f'bsh - B) /(23)'\} 2 1
X" -dx=—
A ~ x 2 3
b Ht 4.k (7« A 0
(b) x P, IV = , . f-by,-B
0 3 (22
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2. Design of Induction Machines
Eddy current losses P, in conductive sheets

with their self field

A TECHNISCHE
UNIVERSITAT
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BA AY 4.5 . 2
M0,k =C ' >
ix P IV =——- f by B |k
- x 3 \242
~ A
/4 d.: Penetration depth of B(x)
B o dE:l/\/”'f'/u'K in iron sheet
13 _
.x C=byldg Attenuation factor ky <1 due to
eddy currents self field

3 sinh ¢ —sing Jr: Eddy current density in iron sheet

i ¢ cosh{ —cosd (= Foucault losses)
0<¢ <<1 b,: Sheet thickness

kW ~ 1,
dy kW ~3/C, ¢>>1 B(x): Attenuated flux density in
iron sheet due to the opposing

eg.:d,=b,/2=C=0b,/d, =2 self field of the eddy curren
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2. Design of Induction Machines
“Thin” and “thick” conductive sheets

2
4-x [ & —

P V= - - fby-B| -k

Ft 3 (Zl_f h j W

A) “Thin sheet": Small eddy currents Jg: Their self-field is negligibly small !
¢ <2 (<2 = ky=1 = B=B isevenlydistributed in the sheet

dp>by /2 Av [ N2 )
PV = . f.b..Bl ~f%.p% .B?
Ft 3 (2\/5 f sh j f sh

B) "Thick sheet": Big eddy currents Jg: Their self field attenuates the B-field!

;>2 ;>2.3 = ky=3/{ = B<<B:Brepulsedto sheet sides
2
Py 1V = ub 7K
Ft - ’ Sheet volume: V' =4-b
2 7, sh
TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2./ 193 m\?
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2. Design of Induction Machines
Eddy current losses in “thin” vs. “thick” sheets

<57 TECHNISCHE
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Example:

f=50Hz, B=1T, ky, =10’ S/m (pure iron), uy, =10004,, 7, = 7850 kg/m®

thin sheet bs, = 0.5 mm I thick sheet bs, = 50 mmI

I
g I 0.7 I 70 I
Kw I 1 I 0.043 (= 3/70) I
PV Widm ) 43005 |
Ln = ) [ Wi

Pr/V [ W/dm® 10.3 ] 4390.5
Pr = Pr |V - 75,) 1 WIkg 1.3 | 559

d :1/\/7z-f-,u-/(:1/\/7z-50-1000-47z-10_7 10" =0.71 mm

- Eddy current losses pg, per kg at B =1 T, 50 Hz, are much bigger for thick sheets,
so laminated iron stack with thin insulated sheets must be used to interrupt 7.

- Adding Si to Fe increases sheet resistance (xx, drops), and reduces pg;.

‘e
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2. Design of Induction Machines
Determination of iron losses

e Eddy current (Foucault: Ft) and hysteresis losses (Hy) in iron stack,
measured in EPSTEIN frame

e Losses in W/kg: at 1 T, per kg mass of iron stack (fin Hz, b, in mm):
Pio(f) = Pry - (f150)+ ppy - (f 150)° - (b 10.5)°

At1T, 50 Hz: Vio = pHy + PEy °(bsh /05)2
At1.5T, 50 Hz: v;s = (1.5T/1.0T)? - v, = 2.25- v,

bsn = 0.5 mm hysteresis J| eddy-current
losses py losses prt

| Il W/kg Il W/kg || W/kg I

steel sheet (C <0.08%) | || ~4.2 || ~29*2 I ~1.3"

>") not specified, but typically 70% hysteresis losses, 30% Foucault losses
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2. Design of Induction Machines
Adding of % of Si decreases B in B(H)-curves

B
T ? | A: sheet type llI
20 I ——— X 1% Si
C =T | . V,o = 2.3 W/kg
/4/,4—“: \\ Hysteresis: 1.6 W/kg
5 ;/ \\ Foucault: 0.7 W/kg
/ /——-PD ﬂﬁ B: sheet type IV
L — \ 3.5% Si
101 S \ Vo = 1.7 Wikg
e Hysteresis: 1.3 W/kg
A Foucault: 0.4 W/kg

C: steel sheet
(C <0.08%)
P 0 % Si

- Vi > 4.2 Wikg
0' 24681020 40 60 80 100 200 300 ;

H .
A/cm D: cast iron
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2. Design of Induction Machines
Calculation of stator iron losses (1)

VaN —

e Teeth iron losses: B =B e Yokeiron losses:

B, ) B, Y
d,1/3
PFe,d:ka'[ j ’Vlo’kf’md PFe,y:kVy'(IJg] 'Vlo'kf'my

1.0

e Loss increase due to manufacturing (e.g. punching):
Teeth:kyy; =1.8...2.0 Yoke: ky, =1.3...1.5

2
o) i
by (50 e >0 by, = 0.5 mm

V10

e Influence of frequency: ky=
e Masses:

Stator teeth: m , = ¥ g, - ﬂ(d +2lds) — 21-]-(72/4)—QS-AQS}-ZFe-kFe
Stator yoke: 7, = 7z, |42, — (dsg — 2,0 |} (2 14) 1 -k,
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2. Design of Induction Machines
Calculation of stator iron losses (2)

e Example:

550 kW motor, 50 Hz, iron sheet type IV, v,,= 1.7 W/kg, d; = 458 mm, 0= 1.4 mm,
ls =069 mm, [, =43.5 mm, h =77 mm, shaft d; =200 mm, s, = 84.1 mm

At rated speed rotor frequency is very small

B, = 1.70T, Béz’s,l/fi =1.68 T,
kvy: 15, ka: 18, (< 1 Hz),
m,,, =456 kg mg, =175kg so rotor iron losses can be neglected !

e Stator iron losses: f =50 Hz: kf =1:

2
Pre.us :1.8-(%j 1.7-1-175=1511W

2
Pre ys = 1.5-(%) 1.7-1-456 = 3360 W

e Resulting (stator) iron losses: 4871 \W
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2. Design of Induction Machines
Additional no-load losses (depending on main flux!)

7 TECHNISCHE
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e Rotor surface losses (eddy currents):

Non-sinusoidal air gap field (due to stator slots) induces with slot frequency in the
conductive rotor surface,
where the rotor sheet insulation is partially bridged due to milling process !

e Tooth pulsation losses = Slot-frequent iron losses:

Non-sinusoidal air gap field (due to stator slots) causes flux pulsation with slot frequency
in rotor teeth, hence increasing iron losses.

Stator tooth flux pulsation usually much smaller, as rotor slot openings are semi-closed
or closed.

e Rotor cage harmonic currents (bar currents):

Stator slot-ripple air gap field also induces with slot frequency in the rotor cage !

Stator slot frequency: f,,=n" 0,
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2. Design of Induction Machines
Slot ripple coefficient S
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S
(1) [ . gl 2. CARTER: Air gap flux density ripple at rotor surface !
/
L 7725 B Note: For infinite sy/Jthe value of f=0.5.
Y X 2/ f G
)
=3 e s
1+(2 :
2BkcB kcBg
BkcBs h—SQ/5 0,4
9 . 0,34 [/~
A\B “Equivalent” _ B = ,B.k - B
SQ [thCB‘S pole sequence: 0. 2 ¢ 9
T = TQ . T/2 0,1_
| N\l 0
g I I
5 0 10 20 30
Air gap field distortion —»
under open stator slot S Q/é

Fqu ripple wave

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2. /200

Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder




2. Design of Induction Machines TECHNISCHE
Rotor surface losses P, Experts only | DARMSTADT
T/2 T=T
= Os Eddy current
. - | N | S | density in rotor
o, - surface
- 7 T
Source: Breuer, Germany 4 —*—/ = —/ {T‘/j ?
(L L REER

- In case of conductive rotor iron slot-frequent flux rlpple Bq in rotor causes induction of eddy current
density Ji, with penetration of about z,/4 (Use thick sheet model: ,,by,“ = 7/2).

- Eddy current density distribution resembles one half of calculation model of thick sheet.

- BUT: Rotor iron is laminated, but lamination is partially bridged due to tooling.
Experiments show, that measured surface losses of iron stack with 0.5 mm sheet type IV are only
k... =8 ..13 % of "thick sheet" equation.

exp

- Surface layer volume: ) )
T
VOI" :Q}".(TQI’_SQI").IFB.TQS /4 L‘[Slnzydj/:l:(ij
2

Fundamental sine wave: By(x) = Bysin(x7/z,) = Bgsin(y)

2 W2

3

Pr=Qr-<rQr—sQr)-lFe-wQsM)z( ke - ﬁgj (0, -n) ”ﬂ'"-kexp
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2. Design of Induction Machines
Calculation of rotor surface losses

e Example: 60 stator slots, 1500/min
Slot frequency fp, =Q, -n=60-1500/60 =1500 Hz

h=sp, /6 =12.5/14=8.93 ,B——(l— 21893 0391
J1+(2/8.93)?

Flux density amplitude: By, = B-k¢ - Bs =0.391-1.5-0.891=0.52 T

Rotor surface: 4, = O, - (7, =5, ) I, =50-(0.0288-0.0025)-0.378 = 0.497 m?

Experimental factor: k.= 0.08, 14, = 14004, (estimated), &g ey = ca- 4 MS/m

e Surface losses:

3 6
Py, =0.497-(0.024/4)* (3 @j 15001-5-\/ 7410 —-0.08=1220 W
7 N2 14004710~
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2. Design of Induction Machines
Rotor tooth flux @, : Pulsation A®,, Experts only |

Open stator slot

SQS SQs 1 , |
B//H///d Jl M—_w Semi-closed

) o rotor slot
I'////i’///l 1942 T 72 |22 7%\ /%%
. or Example: L or Tor O
-t TQS - Qs < Qr — TQS - Tos B Qr

*dr, min / ®4r, max
/ /l P, s
B X i . . ) > X
Sine-wave approximation
0 0
Minimum rotor tooth flux

of Bs(x)-ripple
(x)-Tipp Maximum rotor tooth flux

Pulsation of rotor ABg D, ,max Dy, ,min - Bk sin(-Q, / 0,.)
o = — Cs
tooth flux density. B, 20, 4 7-0./0,
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2. Design of Induction Machines

Rotor tooth flux pulsation depends on ratio Q_/Q,
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QS/QI‘:O’5_. Qs/Qrzl .
B B
open
‘ Y ‘ Y "I:v stator\l:,j‘ ‘ Y ‘ Y
Slots
N
1 [1 rh(seml closéd)| r r
rotor slots
Qs /Qr=15 Qs /Qr=15 _
B
S /W r | /W r\ |

Q./Q, = 0.5:

Flux pulsation between 0 and 200%
(Average: 100%)

Q./Q, =1 (forbidden !):

No flux pulsation: 0%

ABdr - Sin(ﬂ'Qs /Qr)
Bdr ”'QS /Qr

Q./Q,.=1.5:
Flux pulsation between 66% and 133%
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2. Design of Induction Machines
Slot ratio Q./Q, influence on tooth flux pulsation

Open stator slots, semi-closed or closed rotor slots

Q./Q, 0.5 1.0 1.5
Flux pulsation between: 0% ... 200% 0% 66% ... 133%
Pulsation amplitude: 100% 0% 33%
AByr) _|sm(z Qs 1O,) 0.64 0 0.21
Bdr 7 Qs /Qr
0.64 = 100% 0% 0.21 =33%
;%E%rmfggéhggﬁfig:-fﬁ-rcI.EI';a\rljg:Z(:;eBIiEnn;;?iewandlung | Energy Converters — CAD & System Dynamics, 2. / 205 ﬂ;ﬁg



2. Design of Induction Machines
Calculation of rotor tooth pulsation losses P

puls,r

e High frequency f,: Eddy current losses Py, ~ /> in teeth with stator slot frequency f,
dominate over hysteresis losses Py o~ fo,, Which are neglected

e Damping influence of self-field of the induced harmonic rotor cage currents /, , neglected!

2 2
ABj /3 Jo,
Ppuls,r ~ PFt,QS = ka ( "PFt- "M gy

1.0 50

e Example: 60 stator slots, 1500/min, slot frequency: f,, = 1500 Hz, m,, = 127.8 kg
Fundamental sine wave: B, ;(x) ~ By, 5sin(xn/z,) = Losses proportional (B, 1,3 / V2)?

Tooth flux density pulsation amplitude: B, 1,3 =1.41T = B, 1,3
B3P ke sin(z-Q,/Q,) 1.41-0.391-1.5 sin(z-60/50)

AB = . _ —0.091T
ar1/3 2 7-0./0, 2 7 -(60/50)
2 2
eLosses: P, , =1.8-(%) O4(%} -127.8 =688 W

(Sheet type IV: pg, = 0.4 W/kg)
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2. Design of Induction Machines
Additional no-load losses

o Additional no-load losses are occurring already at no-load !
e Tooth pulsation, rotor surface & harmonic bar current losses at no-load
e They are measured during no-load test !

e They are included in measured iron losses at no-load !

Example:

550 kW-cage induction motor: “Measured” iron losses P

Fe,meas:*

Eddy current losses 4871 W
Hysteresis losses
Additional no-load losses 1220 W + 688 W

P =4871 W + 1220 W + 688 W = 6779 W

Fe,meas

Note: Harmonic bar current losses neglected here for simplicity.

*amps
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2. Design of Induction Machines
Additional load losses P, , (“stray load losses”™)

- Stator winding eddy current losses due to slot stray flux (Field’s losses) )

- Increased rotor surface and tooth flux pulsation losses due to load-increased
slot-harmonic air gap field > P,

- Rotor cage harmonic currents induced by increased stator field harmonics

- Inter-bar harmonic currents in skewed rotor cages between adjacent bars _/

e Standard IEC EN 60034-2:
Large machines: Estimate P,, , as 0.5% of electric power P, of machine!

Pd,l,N — 0005 . PeN

a

Smaller machines < 100 kW: Measurements show typically ~1.5% ... 2% ... 3%.

Py 1y =(0.015...0.03) - Py

a
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2. Design of Induction Machines
Estimate for the load current I

oad
A

U 2 2 2

= ]s zILoczcl_|_]s0
e |_.oad current = “Primed” rotor current!

lLoad — ]—’r — lm o ls
e No-load current: £ (s =0)=1
~ lLoad
e Estimate for load current:
Pr

lLoad ~ lSO N ls
¢,.~180° |cosg |~ |

e Assuming purely inductive no-load current = phase shift: 90°

Estimate for load current: |I; ., = \/13 — 1?0

*amps
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2. Design of Induction Machines
Load-dependent stray load losses P_,

eloadcurrent: I;,,,=1,~1,—1,

e Stray load losses: F,; | ~ ulz /R~B*/R ~ ]%oad /R

2 2 2
Pad,l,N =0.005- PeN ~ ]Load,N — ]SN - ISO
e Stray load losses at arbitrary load:

Pyg1 =0.005-Poy - (I3 = 13) [ sy —13)

a

e Example:
550 KW motor, rated efficiency 94.4 %, P, y =Py = By v /1y =550/0.944 =582.6 kW

Stray load losses at rated current: P, =0.005- P,y =0.005-582.6 =2.91 kW

® Example.' Half-load M = MN /2 —> ]Load ~ ]Load,N /2 —> Pad,l ~ Pad,l,N . 052 = Pad,l,N /4

*amps
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2. Design of Induction Machines
Eddy current losses in stator winding (Field s losses)

Y, —> 0 | I Stator slot stray flux density B: ate.g.: n=2N,=210=20

It induces eddy currents in slot conductors, causing there losses,

B which may be described by increased “AC resistance”

Q
| £ Average rise of AC resistance per phase:
k,-l,+L—1, +1 .
,uO,K\ kR,av — RAC /RDC —_n '€ e b > 1| Field & Emde
L+1,

| E
2_
E b =@+ ©) E=hyldp=hy [Tty [k (e by TBg)

hL 1 p(&)=21,w(£)=0: See text book! (W /7, =1)
f . Example: & = 0.0018-\/77-47z-10_7 .50-57-10°-(1-7.1/12.5) = 0.144
_.:/,L - 0(0.144) =1.0000382 , (0.144) = 0.0001433 at 20°C
. .
n, bl PQ k, =1.0000382 + 207 =1 0001433 =1.019 negligibly small !gu.
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2. Design of Induction Machines
T-equivalent circuit per phase

Ipetlis Rogy + Ry jXgg Xrg Ry/s
o >
Y lFe
Us I,4
R re
\J

”Equivalent iron resistance” R Pr, = m; -U;% / R,

Simplification: U, instead of U,: Ry, =m,-UZ/Pr, =3-(6600/~/3)* /6779 = 6425 Q

Often: Further simplification:
Rpgp figny =M - Us /(Prp + Ppp) =3-(6600/4/3) (6779 +2714) = 4588 Q

Simplification: "Equivalent series resistance” R, ; on stator side,
although most part of additional losses P, ; occur on rotor side!

d, = Mg 'Rad,l °]S2 Rad,l = Pad,l /(ms ]]2\7) = 2910/(3592) =0.278 Q)

P

a
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2. Design of Induction Machines NS
Example: Loss balance

e

DARMSTADT

550 kW motor, 6.6 kV, 50 Hz, unskewed rotor: 7 =59.04 A
U,=U = 6600/~/3 V, fs =50Hz, at 75°C: Ry = 0.74 Q, Raq1 = 0.278 Q, Rg. = 6425 Q,
Xoo =4.89 Q, X, = 155.1 Q (saturated value), X, =(3.2-k;(s)+3.18) Q,

R = (03335 -kg(s)+0.233)2  cos = = 22332519 —= 0352
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2. Design of Induction Machines

Calculated stator current I, &

electromagnetic torque M_versus speed n
Me A Is -

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

Nt A M,/M = 3.0
10000 ~ 550 kW, 4 pole, three phase cage
M induction motor, 6.6 kV. 50 Hz
- Ve
4500 - \ Solid lines:
— with current displacement (k_, kg) in
rotor bars considered,
5000 \ Dashed lines:
%1/];4? Mo—35529Nm S without considering current displacement:
S il : — 550kW  (k =1, kg=1) = too low torque is
\ calculated !
2500 +— 100 ~ p 550320
. I,=59.04A | My=—mN_— =3532.2 Nm
— 0 @ 2r-ny  27-(1487.79/60)
SN = V. 0
1500—-1487.79
0 i i i i f i i I f T SN = — 08 14%
1 0,908 0,5 0,2 0 1500
0 1
© _ @ Ty L(s=1)/ Iy =410/59.04 =6 9.

A7 TTIN
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2. Design of Induction Machines
Influence of stator harmonic field waves
on torque characteristic M(n)

0 ‘syn ’
s<+— 12| 1,0 0,857 0,5 0,04 S - s
Measured at run-up from s =2 to s = 0:
. Linear time scale = Non-linear slip scale
Additional asynchronous torque component due to Details: See Lecture: P
5t and 7t harmonic stator field wave etalls. see Lecture.

Motor development for electrical drive

Skewing helps due reduce these asynchronous systems (2 + 1)

harmonic torque components!

*amps
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2. Design of Induction Machines
Total ,,active mass of machine

Stator winding (without winding insulation) 142.3 kg

Rotor cage 59.0 ko

Stator teeth 175.0 kg
Stator yoke 456.0 kg

Stator iron mass: | 631.0 kgl

Rotor teeth 127.8 kg
Rotor yoke 210.2 kg
Rotor iron mass: 338.0 kg

Total active mass: 1170.3 ko

550 kW, 4 poles, cage induction machine, open ventilated, Th. CI. B, 50 Hz

Thermal Class B: 80 K temperature rise: 550 kW/ 1170.3 kg = 0.47 kW/kg.

Thermal Class F: 105 K temperature rise: 4/105/80-0.47 =0.53 kW/kg.
A typical ratio of "power per active mass" is 0.5 kW /kg !

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 2. /216
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder



Energy Converters — CAD and System Dynamics
Typical modern high-voltage (HV)
squirrel-cage induction motor
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Cooling hood
g cegnsee POt air 4
1
( / cold air/““f :
| — - #TJJ\ % _
j{ | 3 Terminal
, : - Shaft box
. jdm_________________________'___ end
= |
Bearing
Motor
Open-circuit air ventilation (IC01, IP23) Foot-mounted motor (IMB3)
(International cooling IC) (International mounting IM)

(International protection IP)
Rated power 500 kW S1

(S1: continuous duty)
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Energy Converters — CAD and System Dynamics
Data of a typical modern HV
squirrel-cage induction motor

7 TECHNISCHE
UNIVERSITAT
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500 kW, 6 kV£5%, Y 50 Hz, 59 A, J90
n=94.5%, cosp=0.87,2p =4,
ny = 1479/min, My = 3229 Nm
M /M =24, M,/M=0.9, 1,/ =5.2

IMB3, IC01: 1 m3/s air flow

Above 1000 m sea-level: .

FEIIIES

Power de-rating necessary! i
Insulation system:

Thermal Class F (155°C), but utilized only: t [ |

Th. Cl. B (130°C) to insulation increase life 69;5] =1 T o 1
span &

Motor total mass: 2200 kg 395 I I J
Rotor mass: 422 kg = __2-2-4____ 1180 -

Rotor polar moment of inertia: J = 6.8 kgm? 130 "] 1740 .

Frame size (shaft height) = 355 mm

(standardized value)
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Energy Converters — CAD and System Dynamics
International Protection IP (,,Schutzart®)

e The |P Code (International Protection Marking, IEC 60529, EN 60529),
classifies and rates the degree of protection provided against intrusion of
a) parts: body parts such as hands and fingers, dust, accidental contact, and of

b) water
by mechanical casings and electrical enclosures

e Standards for electrical machines: |IEC 60034-5

e |[Pxy: International Protection
x: 1. Number: describes protection against intrusion of parts
y: 2. Number: describes protection against intrusion of water (no protection against oil!
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Energy Converters — CAD and System Dynamics
International Protection IP: Examples

e Examples:

IPOO: Motor housing is open

IP23: Parts with diameter >12 mm
cannot intrude

P44 Parts with diameter >1 mm
cannot intrude

IPG7: Dust may not intrude

Motor housing is open

Spray water with intrusion angle up to 60°
from vertical line cannot intrude

Splashing of water from all directions
cannot intrude

Powerful water jets under defined pressure
and time duration may not intrude
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Energy Converters — CAD and System Dynamics
International Mounting IM (,,Bauart®)

» The kind of fixing the electric machine to a base, e.g. by bolts,
for transferring the machine torque into the supporting structure,
is defined by the nomenclature of IM

» Standards |[EC 60034-7

* IM xy: International Mounting

X: 1stletter: B: horizontal shaft, V: vertical shaft
y: 2nd number: e.g.: Mounted on feet or via a flange
« Examples:

IM B3: Mounted on feet; with horizontal shaft
IM B5: Mounted via housing flange; with horizontal shaft

« “B”: Bearings are built within end-shields of E-machine
“D”: Separate bearings mounted directly on supporting frame
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International
| Mounting IM
IMB3 MB7

IMV5

MBS

__J
IMB9 IMVEB ‘IMV9

iMB 14 IMV18 MV

IMB 35

‘@}

L

M B 34

Source:
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Energy Converters — CAD and System Dynamics

Summary:
Masses and losses

- No-load and load-dependent loss components

- Iron and friction losses already at no-load

- No-load additional losses due to tooth flux pulsations and surface eddy currents

- I >R-losses at load and additional load losses

- Loss balance for efficiency determination

- Active masses = Iron masses for flux and copper masses for current flow
(e.g.: 0.55 kW/kQ)

- Inactive masses = constructive parts (bearings, shaft, housing, cooling system)
(— Power vs. total mass: e.g.: 0.23 kW/kg) *)

*) In cars higher: > 1 kW/kg (see: Lecture ,,Motor development (2+1)%)
upper limit today: ca. 5 kW/kg (by: a) elevated speed, b) special materials)

vy
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Energy Converters — CAD and System Dynamics

Appendix 1:
Induction Motor Computation with
the SPEED program
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Energy Converters — CAD and System Dynamics
Induction Motor Computation with SPEED:
Stator winding

5 slots per pole and phase
3 phases

Two-layer winding
Pitching of coils 12/15
Slot step: 1 —» 13

U W

Source: SPEED program
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Energy Converters — CAD and System Dynamics
Induction Motor Computation with SPEED: Geometry

Stator

Stator open slot

Air-gap

Rotor semi-closed
deep bar slot

Shaft omitted I our rotor axial cooling

ducts
Source: SPEED program
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Energy Converters — CAD and System Dynamics
Induction Motor Computation with SPEED: Results 50 Hz

8000 0 3 ocked-rotor cirve s =17
7000 400 s I M S
> 6000 3[04 e - A0 A |
% - 5000 1= 300 1"Nostray flux — |
> o000 g 250 q saturation ||
2 3| 7200 1 considered! o*~ |
— Of ™~ ! | !
- 3000 o) 150 4 [ S H I D S
2| 2000 Y S P < SR N R—
2 1000 , , , , , o sod 2
- 0 | | | | > 0 ' ' g
0 10 20 30 40 50 0 2000 4000 6000 8000
Phase current I,/ A Line-to-line voltage ¢ / v

No-load current at 6 kV: 22.06 A (=041, I ,=59A Locked-rotor current at 6 kV: 336 A (396 A, FEM)

at 6.6 kV: 31.92 A (23.8 A analytical) (=6.71y)
SPEED: a) no shaft = higher rotor yoke saturation at6.6kv: 370 A (410 A, _
analytical)

b) not exactly the same B(H)-curve of iron
Source: SPEED program
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Energy Converters — CAD and System Dynamics
Induction Motor Computation with SPEED:

Loss balance 50 Hz

Source: SPEED program

P =500 kW, U, = 6000 V'Y

I =59 A,5=089 %

P, =550kW, U, =6600 VY
I=64A,5=0.82%
(I, =59.04 A, s = 0.814 %)

Electrical input power P, 523 070 W 575 680 W
(574 921 W analytical)
Stator winding losses Pe, s 7445 W 8743 W (7 739 W)
Total iron losses P, 5959 W 6932 W (6 779 W)
Stray load losses Pag1 2513 W 2764 W (2875 W)
(=0.5% of 500 kW)
Air gap power Py 507 153 W 557 241 W
(557 528 W)
Rotor cage losses Pe, . 4517 W 4594 W (4 538 W)
Friction and windage losses P, , | 2643 W 2648 W (2670 W)
Mechanical output power P out 499 993 W 549 999 W (550 320 W)
(=500 kW) (=550 kW)
Efficiency 7 95.59 %
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Energy Converters — CAD and System Dynamics

Induction Motor Computation with SPEED:
Efficiency vs. load

TECHNISCHE

UNIVERSI
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Uy =6000 VY 50 Hz
100 g S ; 100 : ]
95.59 % |
X o514 e —o— X o5 5
= =
> | | P | | !
I L S ES L i (¥} Jd ) S ]
§ 20 | | g 20 | | |
& ; 500 kW -2 ; ;550 kW
o I | & | AR S AR |
g ] : z =R z z
80 41— . . i > 80 -+ i a i . >
0 ,: 200 400 600 800 0 :' 200 400 600 800 1000
v\ Power P/ kW ' Power P/ kW
1 |
Zero efficiency at zero power! , Source: SPEED program
n=0atP_ . =0!
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Energy Converters — CAD and System Dynamics

Induction Motor Computation with SPEED:
Torque curve (50 Hz)

'A TECHNISCHE
UNIVERSITAT
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Source: SPEED program

UsN

=6000VY

U, ;.= 6600 V'Y

-----------------

R 1—5000 XM,

110000

mor = 10000 Nm (10578 Nm)
i analytical |
8265 121—10000Nm |

a o sep Lo i
Z e o : : : M =3530 Nm|
A 2000 | 5 5 5 5 5 :
E E g | | A : | | "1
o g | T J T T T
= 2000 -1008000 O 1000 | 2000 3000 - L o | | |
& 2””” 1”“9999 9 1“““ 3000..—-400 uzﬂon 1000 0 1000 | 2000 3000 4000
£ """""""" 4000 g oe L5000 - e |
— e | e J
o 8000 &
e Y I S 10000 -~y Gl
Speed nn/ rpm
Mg iy 662 | 15000 -+t
: = =1.21
Mgy 6 Speed n/ rpm
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Energy Converters — CAD and System Dynamics
Induction Motor Computation with SPEED:
Stator current curve
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Uy = 6000 VY 50 Hz U, =6600VY
336-
------------------- 400
< 300 ------------------------------------------------
~|
L I W /N B S
B 200 gl
8 1504 @
=
e A 00 =59 A | I A | | | |
T DR I I,=2206A f | T —— [, =31.92A4
-2000  -1000 0 1000 2000 3000 4000 -2000  -1000 0 1000 2000 3000 4000
Speed 1/ rpm Speed nn/ rpm
Igeryr 336A  Ugy 6kv
Source: SPEED program

*amps
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Energy Converters — CAD and System Dynamics
Induction Motor Computation with SPEED:
Stator current root locus

Uy =6000 VY 50 Hz U, =6600VY

Effoct of rotor current
ETTOVOVUL VI TVLIVI VUuITT ViIiIL

150 | displacement k; & k,

100

Re{l} /A

-100

-150

Source: SPEED program
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Energy Converters — CAD and System Dynamics

Appendix 2:
Induction Motor Computation with
the Finite-Element-Method (FEM)
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2. Design of Induction Machines

2D numerical solution of quasi-stationary
MAXWELL equations

2D Flux density vector: B(x, y,t) = (By,By,0) infinitely long in z-direction

2D Vector potential: 4 =(0,0,4,(x,y,?)) current density: J = (0,0,J,(x,¥,1))
B:=rotd div4:= —g-y-fiq)/at =~ 0

A TECHNISCHE
UNIVERSITAT
-° - DARMSTADT

rotE = —0B /ot = —8(rotA)/0t — E=-0A4/6t- grad @
rot( B / )= rotH =J +0D /0t~ J = rot(rotA /1) A.: z-component magnetic vector
1 = const : o ~0 potential (unknown)

- r—g - - - ) . . .
rot(rotA) _ grad (diVA) _V2ig = - J=-V24 u . Magnetic permeability (given)

x . Electrical conductivity (given)

~V?A=-AAd=pu-J=pu x-(—04/8t — grad p)

. R Jimp- IMpressed z-component of
A =—-pu-x-(—gradep)+ u-x-04/0t current density (given)
A;I — - J A S 8A/8t Or: grade: Impre§sed eIeptric |
potential gradient (given)
aAZ+aAZ:—,u-J- +,u-lc-aAZ . . .
ox’> oy’ ZImp ot | Time-stepping solution neede
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2. Design of Induction Machines
FE-Solutions for the analysis of el.-magn. field problems

1) Steady state FE-analysis: (“DC”) o .lot=0
+ Calculation of fluxes and inductance
+ Determination of forces and torques
+ Saturation effects, De-magnetization of magnets

2) Frequency domain FE-analysis: (“AC”) 0.0t = jw ...
+ Time-harmonic eddy currents
+ Time-harmonic induced voltages
+ Fixed-saturation problems

3) Time stepping FE-analysis: (“transient”)
+ Arbitrary time variation (eddy-currents, moving rotors, ...)
+ Transient phenomena: (e.g. sudden short-circuits, ...)
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2. Design of Induction Machines
2D triangle finite element (FE) mesh

0% 4, +82AZ . +MK.8A
ox? oyt ’ ot

u . Permeability is constant per finite element

k: Electrical conductivity is constant per FE

Special case (“AC”):
Harmonic time functions:

@ : angular frequency

Az(x,y,t)=Re{4z(x»Y)'ejm}
Jz(x,y,t):Re{lz(x,y).ejcot}
0%4, o4

St = u ek A,
let o

@ No time-stepping needed, but B(H) must be linear!

|

_——_—’ x
Open source software FEMM free at http://femm.foster-miller.net/wiki’HomePage
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2. Design of Induction Machines

Induction Motor B-field (flux density) plot
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\ \ 1
2107 e+000 : »2.218e+000
1.996e+000 : 2.107 e+000
1.885e+000 : 1.995e+100
1.774e+100 : 1.885e+000
1.664e+100 : 1.774e+000
1.653e+100 : 1.664e-+000
1.442e+100 : 1.553e-+000
1.331e+000 : 1.442e-+000
1.220e+000 : 1.331e-+000
1.109e+000 : 1.220e+000
9.981e-001 : 1.109e+100
8.872e-001 : 9.581e-001
7.763e-001 : 8.572e-001
6.654e-001 : 7 763e-001
5.545¢-001 : 6.654e-001
4.436e-001 : 5.545e-001
3.327-001 : 4.436e-001
2.218e-001 : 3.327e-001
1.109e-001 : 2.218e-001
<1.547 e-005 : 1.109e-001

ensity Plot: |B, Tesla

\
—
i
2
/4

_| 2.000e-+H100
1.875e-+100
1.750e-+H100
1.B25e+000
1.800e-+100
1.375e+100
1.260e+000
1.125e+000
1.000e-+000
8.750e-001
7.800e-001
B.250e-001
5.000e-001
3. 7ale-001
2.800e-001
1.260e-001

Density Plot: |B],

2.375e+100 :
2.250e+100
2.125e+H100

=2 a00e-+100
D 2.375e+000
: 2.250e+000
2125000
: 2.000e+300
2 1.875e+100
:1.750e+100
: 1.625e+100
: 1.500e-+100
»1.375e+000
:1.2580e+000
2 1.125e+100
- 1.000e-+H100
» 8.750e-001

» 7 .500e-001

: B.250e-001

; 5.000e-001

: 3.750e-001

: 2.500e-001

=1.547e-005 : 1.260e-001

Tesla

f=50 Hz

e Cross section of a three-phase induction motor (Py = 500 kW), no-load: P, ,; = 0:
* No-load flux density B: Rated voltage U, = 6 kV, s = 0, rotor current zero (FEMM program)
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2. Design of Induction Machines

Induction Motor radial B-field
at no-load 6 kV in the air gap

Open stator slots of high voltage machines yield considerable flux density ripple !

Radial flux density component in middle air-gap &/2 Idealized geometry for calculation
2 : : : : : : 5
1417 ] - Stator slot  ——r 2=
_Ripple: Stator slot influence N
z 1st+5th harmonic o) (g 15
g | N WA
Rotor slot influence”” I o
-2 i f H 1 : 5 T
0 100 200 300 400 500 600 700 S
Circumferential co-ordinate, mm
Flux fringing in air gap due to slotting CARTER's coefficient:
ko =By /B ‘o
Source: FEMM program c — Ds o —
prog 79— (h)-6
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2. Design of Induction Machines
FOURIER-series of radial B-field
at no-load 6 kV in the air gap
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o
Y

Air gap flux density, T

1.2

©
o

1
9
[o2]

1
—
(N

. TheSthhamonic N_. A

Circumferential co-ordinate, mm X

0 71.72 143.45 21517 286.89 358.61 430.34 502.06 573.78 6455 717.23

____q_._ The reséultantémagnfetic wiave (fundam

100

60

40

20

Harmonic amplitudes, %

180

Low iron saturation
= nearly no 3@

140

e

T MG RGNS SIS ASTR KORPS BEI, ]

0 : - 3

- 80 :
soqgig s

Harmonic phases, degrees

:.r x x §< :1( 3 - 180 : : 3 : :
2 3 4 5 6 T 0 1 2 3 4 5
Harmonic order 1% Harmonic order
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Source: FEMM program
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2. Design of Induction Machines
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Induction Motor B-field (flux density) plot © 5 UNIVERSITAT

at locked rotor (s = 1)

Y N
&8

]

3.567e+000 : »3.776e+000
3.398e+00 : 3.587e+100
3.209e+100 : 3.398e-+100
3.020e+000 : 3.209e-+100
2.832e+100 : 3.020e-+100
2.643e+100 : 2.832e+000
2.454e+100 : 2.643e-+100
2.265e+100 : 2.454e-+100
2.077e+100 : 2.265e-+100
1.888e+000 : 2.077e+000
1.699e+000 : 1.658e-+100
1.510e+000 : 1.699e-+100
1.321e+100 : 1.510e+000
1.133e+000 : 1.321e+000
9.439e-001 : 1.133e+000
7.551e-001 : 9.439e-001
5.663e-001 : 7.551e-001
3.776e-001 : 5.663e-001
1.888e-001 : 3.776e-001
<1.827e-006 : 1.885e-001

ensity Plot: |B], Tesla

(=)

= ‘\ Zi g-zag a ir gap flux

o

3.587e+000 ; =3.776e+000
3.35%5e+100 : 3.557e-+100
3.205e+100 : 3.395e-+100
3.020e+100 : 3.208e-+100
2.832e+100 : 3.020e-+100
2.B43e+100 : 2.532e-+100
2.454e+H100 : 2 B43e-+H100
2.265e+100 : 2 454e-+H100
2077 e+H100 : 22655e-+H100
1.888e+100 : 2.077e-+H100
1.698e+100 : 1.885e-+100
1.510e+100 : 1.699e-+100
1.321e+100 : 1.510e-+100
1.133e+100 : 1.321e-+100
9.435e-001 : 1.133+100

7.851e-001 :
5.663e-001 :
3.776e-001 :
1.888e-001 :

5.43%e-001
/.55 e-001
5.B63e-001
3.77Be-001

=1.827e-005 : 1.888e-001
Density Plot: |B|, Tesla

Source: FEMM program

= f=50 Hz

e Cross section of a three-phase induction motor Py = 500 kW: Stand still s =1.
e Harmonic calculation (“AC”): Flux density plot at Uy = 6 kV, ot = 0, constant x per element

‘e
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2. Design of Induction Machines
Induction Motor B-field and rotor bar current density plot

at locked rotor (s = 1, 6 kV)
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Source: FEMM program

=1.862e+102

1.764e+002 : 1.862e+H102
1.666e+002 : 1.764e+102
1.560e+002 : 1 .666e+H102
1.470e+002 : 1 568e-+H102
1.372e+002 : 1.470e+102
127424002 : 1.372e+H102
1.176e+002 : 1.274e+102
1.078e+002 : 1.176e+H102
9.807e+001 : 1.078e+102
8.821e+001 : 9.801e+001
7.847e+001 : 8.827e+001
5.860e+001 : 7 841e+001
5.880e+001 : 6.560e+101
4.900e+001 : 5.880e+001
3.920e+001 : 4 900e+001
2.940e+001 : 3.520e+001
1.960e+001 : 2.840=+001
9.801e+000 : 1.960e+001
=8.801e+000

Density Plot: [J], M&m2

Eddy current density, A/mm

I(s=1)~

VR, 4R +(X oy + X1, )

[ (s=1)=6.6-1I, =396A4~1.(s=1)
I, =ti;-1.(s=1)=21.84-6.6-60 = 8650 A
Rotor bar current density:

200

150

o))
o

Jy, =~/2-8650 A/(40 -5) = 61 A/mm >

Current displ

A0 s

180 A/mm?

0 10

20

Rotor slot height, mm

30 4G
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Energy Converters — CAD and System Dynamics

Summary:
Induction Motor Computation with the Finite-Element-Method (FEM)

- 2D and 3D no-load and load calculations, solving MAXWELL's equations
- Different commercial solvers available

- Analytical programs much faster, but no detailed saturation calculation

- Numerical calculation for prototype development

- Analytical programs for daily use (changes of voltage, power, etc.)

- Numerical methods for field calculation: see Proffs. deGersem & Schops
- Seminar on numerical E-machines calculation offered (Dr.-Ing. B. Funieru)
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Seminary: Design of Electrical Machines and Actuators
with Numerical Field Calculation (SS 0+3)
(Dr.-Ing. B. Funieru, CST company, Darmstadt)

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

Contents

* The Finite Element (FE) Method Fundamentals
* Presentation of FEMAG, ANSYS and SPEED

» Basic methods to optimise a FE model

 Specific use of the programs for magnetic and thermal cases
AN

permanent magnet
synchronous motor

BTEP=1

(AVE)

Temperature
distribution in a coill

Examples:

« Calculation of an electromagnetic actuator (FEMAG)

« Calculation of a permanent magnet synchronous motor
o T g s (FEMAG & SPEED)

» Thermal calculation of an actuator (ANSYS)

Examination:

* Activity during seminary (33%)

* Project report (33%)

 Presentation of the project results and oral
examination of the theoretical part (33%)
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-
Seminary: Design of Electrical Machines and Actuators

with Numerical Field Calculation (SS 0+3)
(Dr.-Inq. B. Funieru, CST company, Darmstadt)

Example: PM synchronous motor — Time stepping solution

e 2D FE steady state calculation with sftepwise rotor movement
(air gap re-meshing)

e Stator winding fed by AC current source (impressed current system) ,
depending on the rotor position angle a and the angular speed do/dt ~ n

e Determination of:
“ Flux per phase, induced voltage, forces, torque, losses
= Machine parameters (inductances, flux linkages, ...): L, L, ¥,

Y Machine operation quantities: M, I, U, P = f(n)
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PM synchronous motor — Time stepping solution
FE-Calculation with 2D solver FEMAG

(ETH Zurich, Prof. K. Reichert)

7 TECHNISCHE
UNIVERSITAT
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analtical | |GP-FEM- | |EM-FEM-
e Analysis: Analysis:
-DC - Synchron.-Motor
-AC - BLDC-Motor
-Transient ] gl({)-l\l\/}[-ol\t/{::'tor

- Induction-Motor

- Linear-Motor
Magnetization
Demagnetization

El.-magnetic
Fields

Optimization—»

PE-Simulation [¢—— EM-ModelsI
Source: FEMAG, Reichert, Performapc.e
PROFEMAG company characteristics
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Step 1: Generation of FE mesh VST
Example: Semi-closed T der 1, o
4-pole PM synchronous motor, m=3,q=1,  Statorslot: = A
single-layer winding,1 pole section: Parameter- B2
defined SIOt H Tooth-width/ 2
geometry o e Toothwidih 2
vl X .
w19
WH Di
Periodic Boundary
conditions

T

Buried rotor magnet TTT—,

Automatic mesh

Source: FEMAG, Reichert, generation (“Mesher”)

PROFEMAG company
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Step 2: Moving rotor no-load (currents = 0)
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PSS

\“",’/\\\\‘}

a

A\
\
\
\
\

ko (%)
1: 100.00
Skew angle =0 3: 25.80
5: 6.74
7: 1.53
9: 3.18
11: 4.26
13: .99
15: 1.22

Steady State FE-Analysis

Source: FEMAG, Reichert, PROFEMAG company

Cogging Torque [Nm]

1.00
0.50
0
-0.50
0
-1.00
0 100 [Dgr] 200
No-Load Voltage [V]
Speed: 3000.00 [1/min]
400
200 __;l/ \Q\
| ‘\(///
-200 \ {’
-400
0 100 200

Rotor position () [Dgr]

10

10

10

10

Winding fluxes [Vs]

linkages

[Dgr] 200

100
No-Load Voltage (RMS) [V]

Spectrum of Harmonics

100% Value:

KWB1 Value:| 2.08

236.3
1: 100.00
3: 25.80
5: 6.74
7: 1.53
9: 3.18

11: 4.26
13: .99
15: 1.22

0

135 709 1113 152}2

Harmonics order
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Step 3: Load simulation with impressed Ec e
current system DARMSTADT
Source: FEMAG, Reichert, PROFEMAG company Windifllgnsk;é;:es [Vs] Windings currents [A]
,,,’/\\\ \\ -0.50 9
Y 100 200 0 100 200

Torque [Nm] Internal Voltage [V] Int. Voltage (RMS) [V]
Speed: 3000.00 [1/min] 3 Spectrum of Harmonics
40 500 10
100% Value: 323.7 |
I KH.B].. Value: 1.12 ; l(l)g: k (%)
30 250 g —
10 2 : 1: 100.00
o s 3: 10.87
20 0 - .
Load angle{ 20 [Pgr] ) 5:  1.54
Skew anglej 30 [Igr] 10 7 .42
10 -250 T 9: .63
T - T
o -500 10 © L
0 100 200 0 100 200 01 3 5.00 7 9 10.00
Rotor position [Dgr]: Rotor position [Dgr]: Harmonics order k

L7 T it
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Step 4: Post processing: Flux density B at load, depending
on rotor position angle « and on stator currents

Induction B r [T]

Induction B phl [T]
blue Iine: 1. Harnonl c

FEMAG - DC 2.0 0 5o blue line: 1. Harroni o

Version: Oct 2006
1.0 0.25

1.0 -0.25

/ /\ \ \ 00 p . 0o 0 100 2:)0
/ ’ positigo[ngr] > position [Dgr]
W/ Source: FEMAG, Reichert, Induction B r [T]
%{\\ﬁ%( PROFEMAG company
""\\ ”q .
" 1.0
2
%
O

O

"',W 2.0 @ o

4 2,00 o T 2.00
Steady State FE-Analysis e
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Step 5: Local iron loss distribution at load

Post-processing with iron loss formula:
Steady State FE-Analysis

Source: FEMAG,
Reichert, PROFEMAG
company

1%

FEL[Wmm3]
.364E-03
.334E-03
.303E-03
.273E03
.243E03
.212E03
.182E-03
.152E03
121E03
910E04
.607E04
.303E04
.0000

FEMAG - DC

\ersion: Oct 2006

i
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FE-Simulation with movement of rotor VENEE
(program FEMAG) DARMSTADT
Torque [Nm/mm]
BLDC- Motor
i \ Fieldweakening
o P%Sjrtr{i“t [r";i] Machine data from FE-Simulation:
] - No-load and load calculation
)(\ — r——— - O0<w,<wy:
% 0<U,<U,y

Torque [Nm]

40. 400.

30. 300.

20. \ 200.

10. [P,

o 0

0 5000 10000

Current Id [A]

-2.50 7.50

-5.00 \ 5.00

=7.50 \\.. 2.50

M
-10. ]

a 5000 10000

Speed [1/min]

~—]

o 50 100

Voltage [V]

0

5000 10000

Current Ig [A]

\

N\

~

0

5000 10000

Speed [1/min]

Position [Dgr]

A/

Performance
characteristics
from

La Lq, Yn
machine mode

Wdg.Voltage (operat. limit) (RMS)[V] = 250.0
Wdg.Current (operat. limit) (RMS)[A] = 10.00
Curr.angle (=0: optim,>0:const) [Deg] = 0.0
Winding resistance stator [Ohm] = 0.0
Inductance Id [H/mm] = .3289E-03
Inductance ILq (lin) [H/mm] = .5846E-03
Inductance Lg (1.5*In) [H/mm] = .5846E-03
Inductance Lg (2.5*In) [H/mm] = .5846E-03
Stator end-winding inductance [H] = 0.0
Wdg.No-load PM flux (RMS) [Vs/mm] = .3056E-02
Effect. armmature length [mm] = 100.0
Number of Phases m >=2) = 3.000
Number of Pole pairs p c=1) = 2.000
Max. current (RMS): = psi m/Id [A] = 9.291
Rel. mumber winding turns (wdg.l) [pu] = 1.000
Rotor Speed (1/min) : from 0 to 7500

Number of steps: 20.00

Source: FEMAG,

Reichert, PROFEMAG

company

ja)qu lsq (RS ~ 0)
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Energy Converters — CAD and System Dynamics

Summary:
Design of Induction Machines

- Detailed analytical calculation method for induction machines
- These methods are usually programmed as ,,analytical* machine programs
(e.g. SPEED)
- 2D and 3D numerical finite element or finite difference programs as alternative
- Numerical programs for detailed prototype investigations
- Further information on E-machines:
- Motor development for electrical drive systems (Lecture, 2+1)
- Large generators and high power drives (Lecture, 2+1)
- Design of Electrical Machines & Actuators with Numerical Field Calculation
(Seminary, 0+3)
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