Large Generators and High Power Drives

1. Manufacturing of Large Electrical Machines
2. Heating and cooling of electrical machines

3. Eddy current losses in winding systems

4. Excitation of synchronous machines
5. Design of large synchronous machines
6. Wind generators and high power drives

7. Forces in big synchronous machines
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3. Eddy current losses Iin winding systems

3.1 Additional losses in electrical machines

3.2 Basics on current displacement

3.3 Current displacement in massive slot conductor
3.4 Critical conductor height

3.5 Use of current displacement in electrical machines
3.6 Methods to reduce current displacement effect

3.7 Air-gap winding for superconducting machines
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3. Eddy current losses Iin winding systems

3.1 Additional losses in electrical machines
Losses in synchronous machines at sinusoidal line voltage operation

A) No-load losses: (I = 0):

Al) Iron losses (Eddy current & hysteresis losses) in stator iron teeth and yoke
A2) Friction losses (Bearings, brushes)

A3) Ventilation (windage) losses (Fan power, rotor surface friction)

A4) Additional no-load losses

B) Losses at load: (occur in addition to A), if I, > 0):
B1) Ohmic losses in stator winding
B2) Stray load losses (= additional losses at load)

C) Excitation losses:
C1) Ohmic losses in rotor field winding
C2) Electric losses in brushes

C3) Losses in exciter (= exciting machine or power electronics)
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3. Eddy current losses Iin winding systems
Additional no-load losses

Axial component B, of no-load end field

- Main flux density in air gap has end field component, penetrating press plates axially

- Big machines: big press plates = big surface for axial flux = big eddy currents
Source: Vogt, K.; A Statfor

Berechnung el. Maschinen, .
VEB Front side —lg —-

Stator r eddy current I,
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—¢ & 4 Front side

Axial flux-density component B, penetrates iron sheets perpendicular, induces eddy
currents in the end zone packets and the end press plates = additional no-load losses
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3. Eddy current losses in winding systems

e — aktiver Teil des Generctors . ——— .
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3. Eddy current losses in winding systems

B, (amplitude of fundamental no-load sine wave field) at the
front end along the tooth height in radial direction

06} 495 MVA, 2-pole turbine generator, 50 Hz: front |1
J Measurement performed during no-load
05
test at rated voltage I tobth
helght
0.4F e
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3. Eddy current losses Iin winding systems

Reduction of end-zone eddy current losses

- Partitioning of end plates reduces eddy current paths
- Slitting of press fingers reduces eddy current paths

- Non-magnetic press plates reduce the magnetic field B,
(e.g. aluminium, stainless steel)

- Stepping of end packet increases the end-zone air gap to reduce the field
- Laminated glued press plates

- Copper shielding of press plates: The eddy currents flow in the low-resistive
copper-shield. Their self-field opposes the intruding field B,, which does no enter
the press-plate
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3. Eddy current losses Iin winding systems

Losses in press plates and press fingers

Axial end field component B, induces with stator frequency eddy currents I, in press
plates

Aluminium press plate Laminated glued steel press plate
(lower power range < 400 MW) (high power range up to 2 GW)
Copper shield [t —
//’I’/ 'Ir l :.lH
Turbine /-f‘_ R ,

generators -

OROWH BOVER 1908704

Source: Neidhdofer, G.; BBC (now Alstom), Switzerland
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3. Eddy current losses in winding systems
End zone of synchronous hydro generator with high pole count

Ventilation
duct

Toot
Slo

Massive
iron
clamping
finger

Press
plate

1st [ayer

2"d layer

winding
overhang
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3. Eddy current losses in winding systems
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3. Eddy current losses Iin winding systems

Rotor pole shoe losses at no-load

- High voltage winding demands open stator slots, which cause ripple in air gap
magnetic flux density

tooth  Shator Slot-frequent ripple causes induced voltage in
] — | rotor pole shoe surface, hence eddy current

|
losses occur !

1 L B - Frequency: fo = nQ

W/
* BiA

$

===~ Rotor  (in kHz-range !: e.g. 36 slots, 3000/min:

Jl
. /é—\} ! Bo fo = 1800 Hz)
~ \- - Reduction of pole shoe losses:

35 . | - Laminated pole shoes

’Z« Source: Vogt, K.;
N

perechnung el. Maschinen, - - Magnetic stator slot wedges

1 . . .
1 - - Grooving of rotor press plates
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3. Eddy current losses in winding systems

Manufacturing of poles for high pole count low speed ring generator

Pole shoes, built as laminated iron
stack to suppress eddy currents, which
are induced by slot ripple magnetic air
gap field due to stator slot openings

Also the damper is induced = losses

Slots for damper bars
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3. Eddy current losses in winding systems

Massive rotor pole shaft welded to laminated pole shoes
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3. Eddy current losses Iin winding systems

Additional load losses

e Stator iron losses due to 3@ harmonic of air gap field

- Already at no-load 3" harmonic due to shape of air gap exists in salient pole
machines !

- At load stator and rotor field give increased flux: Saturation occurs, causing

increased 3" harmonic _
- 319 harmonic stator

Unsaturated frequency is 3-times
u

- line frequenc
s . Saturated b y
e.g. 150 Hz

- Reduction of losses:
> X

i:j | 0 T Optimization of air gap

No-load &% 2 Load 2 Low loss iron sheets
P /—< >y N \ //( Source:
ohn, T. (Ed.), TUV Rheinland
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3. Eddy current losses Iin winding systems
Increase of press plate end-zone losses under load

press plate copper shield
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Source: Darrieux, G., ABB, Switzerland

- Winding overhang of stator and
rotor winding excite stray field with
line frequency

- Axial component causes
considerable eddy current losses in
press plates

- Reduction of losses:
- Partitioning of end plates,
- Slitting of press fingers,

- Non-magnetic press plates to reduce
magnetic field (Aluminium, stainless steel),

- Stepping of end packet ( = increase of air
gap) to reduce field,

- laminated glued press plates,

- Copper shielding
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3. Eddy current losses Iin winding systems

Model to calculate & measure
end zone flux density at load

Measurement points

with small coils \

Stator slot model:

front side

eddy current I.,” .»
.

Measurement of front end axial flux A
. A o
density component B, x (A
Slot conductor current |: 6000 A G
Induced eddy currents cause end- A ,-/ij,-"' A
rJ . F ] S '
zone losses . ,a‘: i [
ﬂ'........u.....'x" - /t,."r
Source: / Yy z
AEG, Germany | F1=6000 A 200376
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3. Eddy current losses Iin winding systems
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3. Eddy current losses in winding systems

B, (amplitude of fundamental sine wave field) at stator winding short-circuit at
the front end along the tooth height in radial direction

s

495 MVA, 2-pole turbine generator, 50 Hz: front t
018 Measurement performed during short-
T}F ircuit test at rated current tdoth
0,14 hegight
- r 2
| o8
0:30r Measurement —  _ _ 5 E| <
~ I 2 =
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3. Eddy current losses Iin winding systems

Calculated amplitude of fundamental sine wave field B, at rated stator voltage
and current at the front end along the tooth height in radial direction

495 MVA, 2-pole turbine generator, 50 Hz front | 1
*ii
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3. Eddy current losses Iin winding systems

Calculated amplitude of fundamental sine wave field B, at rated stator voltage
and current in the first iron end packet in axial direction

front.-<---a. 495 MVA, 2-pole turbine generator, 50 Hz Source: AEG, Germany
. .""-..‘ N . r
107 ... front} _-Stdnderendpartie ,
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Large Generators and High Power Drives

Summary:

Additional losses in electrical machines

- Additional no-load losses (stator current is zero) in the iron core, the rotor pole
shoes & the damper cage and the end zones

- Additional losses at load due to current displacement in the stator winding, Iin
the rotor pole shoes & damper cage due to stator space harmonic fields and in
the end zone

‘s
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3. Eddy current losses Iin winding systems

3.1 Additional losses in electrical machines

3.2 Basics on current displacement

3.3 Current displacement in massive slot conductor
3.4 Critical conductor height

3.5 Use of current displacement in electrical machines
3.6 Methods to reduce current displacement effect

3.7 Air-gap winding for superconducting machines
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3. Eddy current losses Iin winding systems

3.2 Basics on current displacement

- Big generators: Big power leads to big current !
- Big current needs big conductor cross section, so conductor height is big !
- Usually in big generators number of turns per coil is N, = 1: = BAR !

- Stator current causes slot stray flux, pulsating with line
frequency, which induces eddy currents in conductor itself = additional load losses !

- Eddy currents are superimposed on bar current; they cause unequal current
density distribution!

- Current flows to greater part in upper conductor half = current displacement !

s

UNIVERSITAT 3/23 Energiewandlung  FB 18

4 ), TECHNISCHE  piot A Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
=% DARMSTADT ~aft>




3. Eddy current losses in winding systems
Slot conductor & slot stray flux at DC

e If currentdensity J,.. =1,/ Ayar 1S homogeneously distributed over bar cross section,
then slot stray field, which crosses slot perpendicular to slot axis, increases linear with bar
height x ! X, X %

/br — — — — — — — — — — — — — | — — — — — —

-

\

O I SR TR BparEg — T hpar F=——==—=3
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- ——— 0 - —— 0 o
y Jbar B

-

.

e AMPERE's law:  §H-d5 =Hq(x)-b, = J-X-byyy
C

X-b I X I
Bo (X) = 1) —28r = 4, —0ar. ,0<x<h _ bar
o(X) =1y b, 0 b, oo bar  oOr BQ o ,X>h

Y,
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3. Eddy current losses in winding systems

Eddy currents in slot conductor at AC current

e Slot flux density is pulsating with line frequency, penetrating the slot bar from the side. High slot
bars form a "massive short circuit loop”. FARADAY's law yields: B, induces voltage u; = -d@/dt in bar,
which causes eddy current flow I, Self field of that eddy current By, Is directed opposite to B, due
to LENZ's rule.

e Hence the eddy current I, flows in upper bar region IN direction of bar current I, , and in lower bar
region OPPOSITE to bar current.

V e Facit 1:

~
/'/Ipt Due to I the resulting bar current density is

( Bq > HIGHER in upper bar region: Current

| > displacement towards upper bar region (“Skin
B~  BQrt effect”).

| i

IV/ l - -~ e Facit 2:
The resulting slot stray flux density B,_ is due to

Bor: reduced.

e Current displacement INCREASES with increasing frequency f, , with increasing electric bar-
conductivity x, with increasing bar height h,,. and with increasing permeability « of conductor. (Note:
Copper and aluminium’s permeability is u = 1, !)

s
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3. Eddy current losses in winding systems
Equivalent bar resistance and inductance at eddy currents

X X
/ : A 4
— b || N —
94~ — — hpar 5 — h
: \f\ : . bar = bar ///7
Rt Jo pa—
Y BQ R /
y \ \\K\ B | —
/r/’&\ J J_ Bg=
I bar Lbbar_\ — ]
0 > 0 =
L ) Ibar B

- Due to high stator frequency major part of bar current flows in upper bar region: so only
reduced bar cross section is used for current flow. Thus “AC bar resistance” R, is higher
than “DC bar resistance” R, ,,-.

- Due to reduction of slot stray flux density the slot leakage flux is reduced. Hence the “AC
bar inductance” L, is smaller than the “DC bar inductance” L, ,-.

Rbar~ — kR Rbar= > Rbar: LO',b&I"" — kLl—a,bar: < La,bar:

‘s
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3. Eddy current losses in winding systems

Resistance increase ki and inductance decrease k;

'y
kp,

1,0

0.8 \

0,6

0,4 o

= N W 00 O

o
—
N
w
A
(O)]
o
o
—
(4V)
w
A
9}
(0))]

3 3
“Reduced” conductor height &: Doar

Per-unit value £, containing all relevant parameters: c= hbar ”fs:w(
S

Kg, K, for deep bar ("rectangular cross section") depend on ¢&!
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3. Eddy current losses Iin winding systems

e Example: Current displacement in a slot copper bar:

- At 75°C bar temperature copper conductivity is s, = 50-10° S/m.
- Bar width = slot width: bbar = bs

- Permeability: g, = p, = 47-107"Vs/(Am)

- Stator frequency f,= 50 Hz

- Bar height: h,,, = 3 cm

¢ = hbar\/frfswc bgar _3.102.y/z.50-47-10~7 -50-10% -1 = 2.98 ~ 3

S

From curve k(&) we get: ky(3) = 3 and from k(&) follows: k (3) = 0.5.

e Facit:
- Bar resistance increases up to 3-fold !

- Bar inductance decreases down to 50%.
e Rule of thumb:

At 50 Hz the increase of resistance of copper deep bar is kg =h [Cm] :

bar

s
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Large Generators and High Power Drives

Summary:

Basics on current displacement

- Slot conductor excites slot stray flux

- AC slot stray flux induces eddy currents in slot conductor

- Resulting conductor current density is displaced to the slot top

- Increase of equivalent conductor resistance due to eddy current losses
- Opposing self-flux of eddy currents reduces slot inductance

» TECHNISCHE
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- DARMSTADT

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
3/29 Energiewandlung * FB 18

--::fl\\‘\\‘

am



3. Eddy current losses Iin winding systems

3.1 Additional losses in electrical machines

3.2 Basics on current displacement

3.3 Current displacement in massive slot conductor
3.4 Critical conductor height

3.5 Use of current displacement in electrical machines
3.6 Methods to reduce current displacement effect

3.7 Air-gap winding for superconducting machines

s
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3. Eddy current losses In winding systems
3.3 Current displacement in massive slot conductor

% - Ampere’s law:

A §I:I0d§=@=jo,&:1£o,5\
C
_~ -~ —Hy(X)bg +Hy(x+dx)bg = xE,bdx
777777/ , e H oH,
— X)bgy + (H, (X) + —=dXx)by = sE,bdx
7 /5%1, y (g + (Hy (x) +— Y d)bq = E,
P e cH b
1 oA 7 \ Q § - b — A K—E 1. Maxwell equation
2 ARV s s ox by
x4 |28 P o= NSN o
dx ’ \\\\ 7 - Faraday’s law: § =——
/j)\<\ 7 i N H yat
17 \\ % E,(x)I-E (x+dx) =—zl -dx-—=
o7 s 2 v E, ot oH,
 m— E, ()| —(E, (x)+ 2 L)l =—pd-dx-—2
jo —y 5H
fe—bg —f °E, —,u— 2. Maxwell equation
OX ot
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3. Eddy current losses in winding systems

Calculation of eddy currents in slot conductor (1)

- Solution of linear partial differential equations for sinusoidal time functions: Use of
complex phasors: yields conventional linear differential equation!

H(x,t) = Re{ﬂ(x).ﬁ.ej“’t}, E(x,t) = Re{g(x)-ﬁ-ej“’t}, J(x,t) = Re{g(x)-ﬁ-ej“’t}

H(x,t) > H(x), E(x,t) > E(x), J(x,t) > J(X)

2
oH b oE, d°E,(x) . b
y _ = — _— =

- Solution of conventional linear differential equation' exponential functions !

E,,(x) = Ce? . J JwﬂK— i+ ) /mm— Y
E,(x) = C,e @ DA 4 ¢ _olrilfx 4o /ﬂfﬂKb_
Q
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3. Eddy current losses in winding systems

Calculation of eddy currents in slot conductor (2)

OE, . 1+ p _(1+]) (1+ )
Ox _Ja)ﬂﬂy ‘ ﬂy(x):_ J .a)/u(gle +J'BX—926 ) ’BX)

Boundary conditions:
At lower bar edge (x = 0) magnetic field is zero: H(0) =0: C; = C, = C.

_y(x)_1+J p .9(_e—(1+j)ﬂ><+e(1+j)ﬂ><):1fj. p .9.2.3h[(1+j)lb’x]

j ou j ou
Fntl , S0 magnetic field: H,(x =h) =1/by .

At upper bar edge x =h m.m.f.is eJquaI tﬁ bar curr
C= .
1+j Ao 2-Sh[(1+1)ﬂh]

H ()= i+ 1A ()= i@ 1 chl(+ D]
AL T [ iy b Sh[(1+1)ﬂh]

j ouc 1 ch[+j)sx]
1+ B b sh[L+j)sn]

iz(x) :KEZ —

Gy TECHNISCHE  prot A Binder Large Generators & High Power Drives Institut fur Elektrische %5
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3. Eddy current losses Iin winding systems
Current density distribution

- Absolute value of current density distribution J: — —
Use formulas: sh (X +jy) =shxcosy+jchxsiny
ch (x+jy)=chxcosy+jshxsiny

3,(x) = 1 ouc 1 [ch2fx+c0s2[x
‘ J2 B b Vch2ph—cos2ph h

- Simplified expression for big B: h>> 1/ :
cos(2Bh) << ch(2ph), x' = h —x,

ch(2f-x) = (€% +e2/*) |2~ 2/ |2 ”
Joh@BX)Tch(25 -y ~ e2hX 2P _ ghlxh) _ gpx

T

AU

Penetration depth dg

, 1 oux | gy
I (X)= = L P 1 [by 1
‘ Q
b b fux
:h LE(I:\I/-IENRIZICTI-S Prof. A. Binder : Large Generators & High Power Drives  Institut flr Elektrische %a
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3. Eddy current losses in winding systems
Increased losses due to eddy currents

b-L
- Total losses in conductor with length L: B, = —— IJ 2dx=1°R_ =kg - | 2RO

L
- DC resistance of conductor: Ry = ——
bhx

, _b’l—,]ll(wﬂ’sz. n 2.cosh(2,8x)+cos(2,8x) dx—12.R £ sinh 2& +sin2¢&
1Tk 22\ B bg | cosh(2ph)—cos@ph) ° 7 cosh2&—cos2é

N y R (&) = é.sinh2§+sin2§
- Increased losses by coefficient: [*R ~ R, P cosh2& —cos2&

h b
Abbreviation: “Reduced” conductor height: £ = f-h = 9 h- \/ﬂf,u/cb
E Q
- Above h > 0.5 d¢ current displacement is significant, rising above & = 3 with
nearly linear increase k, = €.
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3. Eddy current losses Iin winding systems

Increased losses In massive slot conductor

7
(% R_ sinh 2&£ +sin 2
" k= = p(g) = SN2+ SInZe
T | 0 cosh2& —cos2¢&
4
3
2 >3
| h L L
ol R.=krRy~#Ry=———=
RRo = <R de bhx  bdex
o)

o 1 2 3 4 —»E 7
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3. Eddy current losses Iin winding systems
Effect of increased losses for copper bar

Example:

Cu-bar with different height h at f = 50 Hz:

h:a) 5 mm, b) 10 mm, c) 40 mm

x=5010°1/m, p=p,=4mn-10"Vs/(Am), b/by =1, dg =0.01 m =10 mm

¢ {

7 _L_o,oo5m % t’olm

0,005 0,01 0,04 _
g 0,01 0,5 0,01 o 0,01
k ~ 1,0 k = 1,09 k = 4,0 Increase of losses
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3. Eddy current losses in winding systems
Instantaneous current density distribution (1)

At different instants t : Current changes sinusoidal: i(t) = V21 -cos wt :

e J euxc 1 chl@+ )] -
lZ(X)_KEZ_l—I-j ﬁ bQ Sh[(1+ j)ﬂh]_‘]re(x)‘i'J‘Jim(X)

J,(xt) = Re{iz(x)-ﬁ-ej”t}: x/E-(Jre(x)-cosa)t—Jim(x) -sin wt)

Example:
Copper bar, h = 4 cm, f = 50 Hz, b/bg = 1, ¥ =50-10° S/m,dg =1/ # =10mm,
E=40.

Current density J,(x,t ) for 0<x < h : per unit of DC current density J = 1/(bh):

Begin of period |
1/8 period I
1/4 period I

3/8 period I
Half period |

4 ), TECHNISCHE  piot A Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
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3. Eddy current losses Iin winding systems
Instantaneous current density distribution (2)

sinwt= YE
! B °
J sinwt= ] sinwt=1 i:_sz-\‘b 1. 9 i = 0734,
[ A b rfpex
21
4 ~s kO _
|, / ke =9§)2F = g4~ L2t
, = 1
2 / | S i‘“{ iz 1/2 Periode
/ V=1//T = 0,707 / e — 0,707 /\ ! Sin ot =0
J / / / 1o\
/o190 0 Vi Y
-1 1
—r X 0 h \
Anfang der Periode 1/8 Pericde 1/4 Periode 3/8 Periode -2
'L({‘)=j\: Sinwt Stromverteilung liber den Querschnitt eines Hochstabes aus Kupfer -3 \
o f (bezogene Stromdichten éntspr. Scheitelwert des Leiterstromes) |
J= hb wihrend einer halben Periode -4
-5
ST, Berheightdom, frequency SOHz - Er TN
Source: Neidhofer, G., BBC, Switzerland
s LTJE?\?ENREICTF; Prof. A. Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ=
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3. Eddy current losses Iin winding systems
Instantaneous current density distribution (3)

- Current density
— distribution along deep bar
for O, 1/8, ¥4, 3/8, Y2 period

‘ ’% 1/2 Periode i
5

3 .i I
i | |

3/8 ll?erj_ode Anfang Periodei 1/4/Periode
. " AY . !

LTS e
5 :. !,.. i E it : .;r iR . HE R
- ~£ ["' o & 1 . - Copper bar

- bar height 4 cm,
frequency 50 Hz,

- The envelope of all

instantaneous current

"~ density distribution is the

1,1 1 | resulting absolute value of
| strondichte- current density distribution

Effektivwe;t

{positiver Ast
der HiUllkurve)

Stromvertellung IR
(iber den Querschnitt - w?m-wwm'"'? :
elnes Cu-Hochstabes

e 5
[ i

e

Hohe 4 cm
Frequenz 50 Hz

L
l
|
!

, Source: Neidhofer, G.,
6 BBC, Switzerland

!
SRS SN U S A
L N

=i

1 g
-b pa—
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3. Eddy current losses Iin winding systems

Losses in massive conductive parts (1)

- If tangential AC field strength H, at surface of body is given, with big body
thickness h >> g (e.g. thick plate), we get from previous solution:

g oL ou 1 px _He xide
, = =
J2 B b de
2 H 2
- Losses : (e.g. in thick plate): B =A. IJZ -dX' = Hy : Au
K
Losses per surface e.g. of plate: Pl — Ht : 1
A 2K dE

- Losses are small: a) if penetration depth is big,

b) if conductivity is big.

s
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3. Eddy current losses Iin winding systems

Losses in massive conductive parts (2)

T = T

Copper 50 106

Iron, steel (4 = 100) ’ 410° I I’ 35.7 I
Iron, steel (1 = 1000) | 410° | 1.1 || 113.6 |
Non-magnetic steel (1 = 1) | 1.510° | 57.5 || 5.8 |

Penetration depth and eddy current losses at f = 50 Hz, 55°C !

Application:

- Copper plate for electro-dynamic press plate shielding.

- Aluminium or non-magnetic steel press plates instead of magnetic iron press plates

‘s
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3. Eddy current losses Iin winding systems

Press plate losses

Axial end field component induces with stator frequency eddy currents in press plates

Press plate Press plate -
Copper shield @
' % S S .
s — NN
I Dot A0 L
T ' B
i -
Turbine el il EEESRIS R RT l
generators . ' L RN
S SN !

A Source:
: Neidhofer, G. & Darrieux, G.,

—m — ' :
No-load Load BBC, Switzerland

=
V"/

s
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Large Generators and High Power Drives

Summary:

Current displacement in massive slot conductor

- Slot flux calculation due to slot conductor via MAXWELL s equations

- Derivation of reduced conductor height, equivalent resistance and resulting slot
Inductance

- Loss formula may be used as a rough estimate also for press plates, but only
due to tangential flux density

UNIVERSITAT 3/44 Energiewandlung * FB 18
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3. Eddy current losses Iin winding systems

3.1 Additional losses in electrical machines

3.2 Basics on current displacement

3.3 Current displacement in massive slot conductor
3.4 Critical conductor height

3.5 Use of current displacement in electrical machines
3.6 Methods to reduce current displacement effect

3.7 Air-gap winding for superconducting machines

L . . . . . . %
gevy TECHNISCHE  prot A Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁg
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3. Eddy current losses Iin winding systems

3.4 Critical conductor height

a) Ohmic Iosses 5 4
PO |2R0 I L I L dE OdE -(’c'olrzst)
bxh de/c h & \ZT
b) AC losses: ’ % W
2 2 R- sh(2&) +sin(2¢) 171NN 4
Pl = I R.,, = I RO — = POkR = POd . (cons
Ro £ ch(2&)—cos(28) ! E)
- With increasing conductor height at given /P /p
current a) decreases, but b) increases. Where is 1 — L(EY Ode
optimum ? Differentiation: 1 o (€1 Pous
dP,/d € = 0 yields sh(2¢)- sin(2§) = 0 at o ;

7T o 1 gkrit 2 —» & 3
gcrit =—=1.57
2 Source: Neidhofer, G., BBC, Switzerland
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3. Eddy current losses Iin winding systems

Minimum “massive” bar conductor losses

- Minimum total losses at critical conductor height: optimum coefficient:
kR,Opt - ¢(§crit) = (0(72/2) =1.44

Example:
Cu-conductor, f =50 Hz: = dg = 0.01 m: h,;, = 0.0157 m.

- How big are total losses for infinite conductor height ? FINITE !

1%L
R (S — o) = Ry, -th(28) = Py,

"0de =g«

Facit:

For big machines (big current = big conductor cross section) it is necessary to
split conductor into smaller strands to avoid excessive AC losses !

7 TECHNISCHE
2 UNIVERSITAT
" DARMSTADT
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Large Generators and High Power Drives

Summary:

Critical conductor height

- Eddy currents in a massive slot conductor limit the useful conductor height

- At 50 Hz: Copper bar height bigger than 15 mm yields increased losses,
although the cross section increases

- Necessity for other solutions to increase the slot conductor current

» TECHNISCHE
UNIVERSITAT
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3. Eddy current losses Iin winding systems

3.1 Additional losses in electrical machines

3.2 Basics on current displacement

3.3 Current displacement in massive slot conductor
3.4 Critical conductor height

3.5 Use of current displacement in electrical machines
3.6 Methods to reduce current displacement effect

3.7 Air-gap winding for superconducting machines

s
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3. Eddy current losses In winding systems
3.5 Use of current displacement in electrical machines

Increase of asynchronous starting torque in induction machines

Ly My I a’ i
ST TR (081 (79 (B4 () ()] (B
s4 2+— Torque T R*— é |
increased
[ 1
R 7 \ ZIl /ZW/
G2 '%ﬂ ) 2 3 A 5 A//l
3 4 //'i/y/% 7 4\/
v
"/} Doppelkdfiq 2/ ¥4/ /] | U
1 rd
.. A AR g ,3.‘* - Asynchronous starting torque due to rotor
5 3\\\j qur:f{’tb_ oger O Vi cage is directly proportional to rotor losses.
, eilsta —r .
1 N \%v//,b‘{; - So at stand still = big rotor frequency - big AC
=y NP losses (with bar shapes 2, 3, 4) yield big

torque increase !

Rundstab Schleifringld
N N Rundstab ((scr\:|eufr1ngnquferL)

05 1 = . .
0 Source: Bohn, T. (Ed.), TUV-Rheinland

‘s
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3. Eddy current losses In winding systems
Heating of rotor bar during asynchronous start-up

150 Calculated temperature distribution
[ﬁ]t 8 ° in deep bar
/—\ - At upper bar edge much bigger heating
u .
100 N\ due to current displacement
- Big machines need long time to run up
Yav (5 ... 20 s), so equalizing of temperature
R N distribution due to heat conduction in bar
™~
, 'J> - Big bar temperature causes thermal
s — expansion of hot copper:
u ~\9' -5 v
/ \0\ x a) bar may be quenched out of slot
N ~ b) bar-ring welding may tear off !
0 5 10 -t—[—s-]- 15 - Cages are heat sensitive !

Source: Neidhofer, G., BBC, Switzerland

s
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3. Eddy current losses Iin winding systems

Asynchronous start-up of synchronous motors

I°ru / Laminated rotor poles need
In| M, o starting copper cage ( = heat
I/I, =~ S
bl 5 e / sensitive)
T ? MM, 7\\25\/ - Massive rotor poles doe not need
7 S SN rotor cage: massive pole surface
\ . . . .
Goerges phemomenon . I \ \\‘“1 (conductive iron) is carrying eddy
b o2f— _ W currents
due to rotor saliency and ‘
short-circuited field Advantages:
. : | |
winding at slip 1/2 ! - a) no heat expansion problem of cage !
L | \ lam. 4
| M/M T,_/ b) 10 ... 20 times bigger iron rotor
I — resistance shifts break down slip to
nearly unity = much bigger starting
o~ oq 0.28 o.5 0.78 1.0 torque'
"Fn Source: Bohn, T. (Ed.), TUV Rheinland

7T

~
d
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3. Eddy current losses in winding systems

Massive pole synchronous motors

4 pole motor

Screwed poles
Source:

Andritz Hydro,
Austria

7
& 4

) o

‘s
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Large Generators and High Power Drives

Summary:

Use of current displacement in electrical machines

- Eddy currents in rotor bar yield increased asynchronous starting torque

- ,Starting” cage for synchronous machines

- Massive steel pole shoes also may be used as ,starting” and ,damper”® cage

» TECHNISCHE
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- DARMSTADT

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
3/54 Energiewandlung * FB 18

i.,, W

am



3. Eddy current losses Iin winding systems

3.1 Additional losses in electrical machines

3.2 Basics on current displacement

3.3 Current displacement in massive slot conductor
3.4 Critical conductor height

3.5 Use of current displacement in electrical machines
3.6 Methods to reduce current displacement effect

3.7 Air-gap winding for superconducting machines

s
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3. Eddy current losses Iin winding systems

3.6 Methods to reduce current displacement effect

- Separating massive conductor into several parallel strands DOES NOT LEAD to
reduction of AC losses, because circulating eddy currents will occur via parallel paths =
1st order eddy current losses !

‘hl

- —ly ~ —

~ — - — — — — —_—— — ] ,

________ = A h

e — — — — o — s — L
- Eddy currents have to flow also via overhang length, so | b
effective conductivity is decreased by I-./(l. + I,), but total E=h"- [rfux- Fe |
conductor height h” is active ! lge +1y bg

i - .. ) |
ﬂ TWIStmg IS also needed ) Source: Neidhofer, G., BBC, Switzerland
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3. Eddy current losses Iin winding systems

Transposition of strands in two slots

- Slot stray flux linkage in both coils opposite, so

a) in single layer winding cancelling of stray flux = NO 15t order eddy current losses !
B,, = B, : induced electric field E,,=-E,, : totalE,=E,, + E,,=0!

b) in two layer winding stray flux in upper and lower layer different, so only reduction
of total stray flux linkage (B, > B, ) = reduction, but not full elimination
of 1st order eddy current losses !

Conductor is
split in two

strands s“

-
| \\\\\\S‘

B
)
«——— Eupo

1 ==
“>od,;  ®B,,

—
~——.> —l
Ewe
g TECHNISCHE  prqt A Binder : Large Generators & High Power Drives  Institut fur Elektrische E
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3. Eddy current losses in winding systems

Transposition of strands in form wound coils

N KX
NN
)

e——
— L/
//////< J/ J 32
% /
1
Two-layer Two-layer Two-layer form wound coil
massive bars 4 strands per bar automatically changes position of

strands in slots, so that reduction
of stray flux is achieved !

Source: Neidhofer, G., BBC, Switzerland

TTTTIC

~
N
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3. Eddy current losses in winding systems

Transposition of strands in series-connected form
wound coils

—
Series —
connection of 7N :— -1, /‘—J'—\\
™ < \\
the strands of ;\ L /il:\\
two coils ! : §
= 1T -~
| | ::1#? | | Source: Nei_dh(jll‘er,dG.,
L. — L _J BBC, Switzerlan
2"d coil lower layer 1st coil lower and upper layer

- By connecting only the strands of series-connected two coils without paralleling the strands
a complete elimination of slot stray flux is possible also for two-layer winding.

- But this is time-consuming, expensive manufacturing !

) TECHNISCHE bt A Binder : Large Generators & High Power Drives Institut fur Elektrische ‘
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3. Eddy current losses in winding systems

2"d order eddy current losses

X
—— ) DC distribution J,

J (%)

' AC distribution
\J(x)

Source: Neidhofer, G., BBC, Switzerland

Coiils with N.>1 number of tumns:
- Each turn is a massive conductor

- The lowest conductor experiences only its own
slot stray flux: kg ; = ¢(&)

- The next conductor experiences its own stray
flux and the stray flux, excited by the turn below !

Kr2 = @(S) +218)
- So its eddy current losses are increased !
- phturn: kg = (&) + p(p - 1) w(d)

- Eddy current losses in massive conductors are
called 2"d order losses !
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3. Eddy current losses in winding systems

Field’s equation for 2"d order eddy current losses
- Increase of losses in pt" turn due to eddy currents:

~ k—Dbg — Kp =@(&)+ p(p-Dy(S)
e b —f Max. (&) =& smf;iftﬂmzzg; h b
cosh2& —cos
m Vm/ losses (5)_25 Shf—Slné: é::E:h\/ﬂfﬂK@
NN YA thet cosé
e 1 - Average increase of losses per turn (m turns
P m h el Kim = 2 ik =p(S)+ m’ _1w(~f§)
vzl me " 3
2 S\\\\\ - Average of slot (eddy currents) and winding overhangs (no
1 l///////] eddy currents): K o +]
_"™m 'Fe " 'b
Source: Neidhéfer, G., BBC, Switzerland R ™ IFe 4+ Ib
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p(&)=¢-

7 ;

3. Eddy current losses in winding systems

cosh2& —cos2&

1 1 I

Single-sided current
o) °

displacement

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische ﬁ
s

7

Field's loss functions (FIELD & EMDE, 1912)
sinh 2& +sin2¢&

shé —siné
=2
vie)=2c ché +cosé
14 T T T 1
Y5 |— Double-sided current
T displacement
8 // \
AN
4 Double increase of
) | AC _resis‘tanc_e
~2&, E>>1
o __// Wl(g) l é:! é: 1

o 1 2 3 4 —=F 7

Source: Neidhofer, G., BBC, Switzerland

4
3
2
p(&)~ <&, &>>1
1
0
o 1 2 3 4 —»E
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3. Eddy current losses in winding systems

Field’s formula for 2"d order eddy current losses

e— by —f - Number m:

——  Single layer winding: m = N, is number of turns per coll

- b Max. " Two-layer winding: m = 2N, is TWICE number of turns per

-~ )
m V/ﬁ losses coil
\<S§§S§ - Loss increase in top conductor p = m:

L

P >\/\>> Koo = (&) + MM (&)

2 1 AN Top conductor suffers maximum additional losses

‘ |
1 [///////] due to eddy currents !

Source: Neidhofer, G., BBC, Switzerland

—> ' fe—
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3. Eddy current losses in winding systems

2nd order losses with increased number of turns m

Example: b/bQ = 0.8, 50 Hz
Total slot height m'h = 60 mm = constant, but m increases !
Is k., increasing / decreasing, as conductor height h = 60mm/m decreases ?

10 ] . - Eddy current losses
K m T increase from one

T mh = conductor to two

e 5 | W/ff const conductors per slot !

1 ez __L - The average losses per
4 conductor k,/m
\\ decrease at constant
5 T~ current density J !
O

1 2 3 4 5 6 17 _,. m 10

Source: Neidhofer, G., BBC, Switzerland
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3. Eddy current losses Iin winding systems
Reduction of 2"d order losses (1)
¢ Increase number of turns per slot to reduce conductor height h:

Aim: 6z:h:h\/yz1‘,1¢7<0.3
de bQ

e Example: 12-pole synchronous generator: n = 500/min, 2p = 12, f =50 Hz
- Stator winding: N, =2, =2, W=5/67,a=2,7,=05m,l =1m, m=2N,=2x2=4
- Number of turns per phase: N = 2pgN. /a=12-2-2/2=24

If number of parallel winding branches per phase a is increased,

- the number of turns per slot N increases,

- the current per winding branch I, = I./a decreases and so does h.

-a =6 Instead of 2: m = 2N_ =12 is tripled, h is one third of old value
N =2pgN./a=12-2-6/6=24

Result: 2"d order additional losses decreases to about 30% !

Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische
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3. Eddy current losses Iin winding systems

Reduction of 2"d order losses (2)

Example: 12-pole synchronous generator: n = 500/min, 2p = 12, f =50 Hz
- Stator winding:
a)N;=1,9=2,W=5/67,a=1,7,=05m,1=1m, m=2N, =2x1 =2

- Number of turns per phase: N=2pgN./a=12-2-1/1=24

b)N,=4,9=2,W=5/67,a=4,7,=05m,I=1m, m=2N,=2x4 =8
- Number of turns per phase: N=2pgN./a=12-2-4/4=24

Result: 29 order additional losses decreases to about 25% !

% NN
477775
7/ AN
V)
------l.-
% /\>\/>\\ Source: Neidhofer, G.,
] .
/ NN BBC, Switzerland
4 IS
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3. Eddy current losses Iin winding systems

Critical conductor height for coils N, > 1 (1)

4 4
e For £ < 1: Taylor-series: ¢(§)z1+4—5§4 z//(g)z%
2 4 2
m--1¢ .M -0.2
3 3 9

e Constant current per conductor | , constant number of conductors per slot m :
12 12L (1 m?-02 §3J

54

4 .4
Ky =1+—-&7 +

Total losses (with h=¢&-dg): Plzkm.PO:b - .kmzb Tt
. .K . E.K

Loss minimum at dP,/d&é= 0: |Seyi —hc”twt/ 3 48 _132
1 - [ocrit dE m2_0.2 m2 \/E

e Optimum increase of 2" order current displacement losses:

2 2
m-—-0.2 4 m-—0.2 3 1
km,opt — km (§crit) ~1+ 9 ‘gcrit ~1+ 9 T :1+§ :1-_33
:h TECHNISCHE  prof A Binder : Large Generators & High Power Drives Institut fur Elektrische 5
G UNIVERSITAT 3/67 Energiewandlung * FB 18 78S
* DARMSTADT g g e




3. Eddy current losses in winding systems

Critical conductor height for coils N, > 1 (2)

e Critical conductor height h_;;, depends on nhumber of conductors m per slot one
above the other: ~ heit 1.32

gcrit_ dE _\/E

e Height h_;, iIs smaller, the bigger m is !

1.32
Critical total slot height H.,;, . Herit = M- Nerit ® M-dg T =1.32-\/ﬁ-dE
o m

Facit:
As total critical slot height rises with humber m, the total amount of copper height
may be increased !
Applicable for “small” machines with high voltage U:
“Small” machine: Flux per pole @ is small: So need for high N, and N, !
High N. = highm!

U — a). kWNS ¢ @
A ) TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut far Elektrische F
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3. Eddy current losses Iin winding systems

Bar winding : N, =1
e Big generators: Flux per pole @ is big, so N, is low: U = w-k,N; - @

Often N, = 1, especially with two-pole turbine generators, as
maximum number of parallel paths is a = 2.

e Partition of bar into small parallel connected conductors leads to
big 15t order eddy currents, so twisting of these parallel conductors
IS necessary to eliminate slot stray flux linkage.

e Patent of Ludwig Roebel (German engineer, at BBC company):
Twisting of profile copper conductors in rectangular slot eliminates
1t order eddy currents.

e In Roebel-bars only 2"d order eddy currents remain !

L . . . . . . “
gevy TECHNISCHE  prot A Binder : Large Generators & High Power Drives Institut fur Elektrische %5
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3. Eddy current losses Iin winding systems
Roebel bar = 20 parallel twisted conductors (strands)

0 v _l:' by !4' 5 l‘6' 7 ly |9 o l| l2 5 !4 !6 7 ls !9 !:0 10
1 10" | ; i ESES »——Nx“"‘—‘;
S . |
c Ll ol SRENY :-
10 T.[r%f&f.?isk? \il 9'%0'%-'2&3 k4|5-\6 .k7,8\9 —
10 . | , l i 2 4 5 6 7 8 9 10 10
360° twisting 1 SEaEEa s El - | .
orsirands LI.;;-LM,L.H}H}':J ,
10 | l ! ‘ l l | P2 3 BEEEERS 10
L i R

7 TECHNISCHE
2 UNIVERSITAT
" DARMSTADT

: : i i ; | : ; | !
Source: Roebel, L., Deutsches Reichspatent, reprin't
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3. Eddy current losses in winding systems
Roebel bar cross section and winding overhang

—  —[weare ] N
—\?\::p(?iiing 1 §

___\\main insulation N
| strand ZF _ E
insulation Z between £
upper and lower layer \\J; L _ X
I I
_slot lini L
| +slotlining ”W | =
Roebel bar Winding overhang with clearing E to
-1 end shields (on earth potential) and
Cross section in slot with ¢ clearing ZF of end of main insulation
24 strands per bar frogn pressing construction of iron stack
en
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3. Eddy current losses In winding systems

Slot stray flux linkage elimination in Roebel bars
Stackvlength

erd * *

=z | ' 70 70
T%@m g

‘7 /

7
= o g B’
2 “fl' g 'llﬁ 2

{

i o
5 5 | \\\Wﬂ |

==377 b 3 —
g 7 LI -ﬂﬁm_,g %%

Source: Neidhofer, G., BBC, Switzerland

- a), b) Each arbitrarily chosen pair of parallel strands (e.g. 1 and 10, 2 and 8, ...) forms loops,
where positive and negative oriented areas have the same shape and relative position !
So the linkage of linear increasing slot flux density B, is cancelled completely for each pair !

- ¢) The radial slot flux B, of main field experiences likewise for each arbitrarily chosen pair of
parallel strands (e.g. 1 and 10, 2 and 8§, ...) loops with positive and negative oriented equal
areas: So also radial flux linkage is cancelled completely for each pair of strands !
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3. Eddy current losses Iin winding systems

Example:
ROEBEL-bars: 2x12 strands: strand geometry hr = 2 mm, f = 60 Hz, Y, = 100 °C,
b/bg = 0.7, winding overhang length ratio: Ip/lre = 0.65.

&= Z—T = hT\/izf,uOKbL = 0.002\/7z-60-47110_7 .43.4.10°.0.7 =0.17
E Q

m = 24 strands one above the other ! 2" order eddy current losses:

4 4
FIELD's formulas: ¢($) =1+ ch“ =1.000074 = (&) ~ % =0.000276

2

J— 2_
M =1 &) =1.000074+ 2% =2

3

-0.000276=1.000074+0.053=1.0531

km =p(S) +

k +(l. /1 1.0531+0.65
Average value per turn: kg =1 (hy Fe):

N

[HEN

03
1+ (1, /1) 1.65 —

Average increase of losses is only 3.2%. No 1% order eddy current occur !

‘ 7, TECHNISCHE Prof. A. Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
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3. Eddy current losses In winding systems
Winding overhang geometry with Roebel bars

. AN\
2 0 A AR
‘\\\\
Stator | A/
4\\\\
\\\\'
S AN/
/ \\\\V

] Bar connection

11111111

Winding overhang geometry of a two-layer
winding of a turbine generator with Roebel bars N

- (a): straight part of overhang

A ™
NN\
A

QN
O N

Roebel bars

Source: Sequenz, H.
- (b): curved part of overhang (Ed.), Springer-Verlag +a

NS

Y,
‘Ut
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3. Eddy current losses in winding systems

Winding overhang geometry with Roebel bars

Air-cooled 2-
pole turbine
generator

{
AAAAA

Source:

BBC (now Alstom),
Switzerland

RS
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3. Eddy current losses In winding systems
Winding overhang stray flux in Roebel bars

Source: Sequenz, H.

(Ed.), Springer-Verlag - fe »T id
r=1 r— - - |
One layer of | 1 | IR ?
s I &7+ ] -
section (a) Ld L _J R \

i
\

> Bg

|
J

g J
- Winding overhang stray field much smaller than slot stray field, so twisting of

winding overhang in hydro generators not done !

Note: Low speed = high pole count = small pole pitch = short winding overhang: eddy
current losses in winding overhang of minor importance ! But in two-pole turbine
generators: LONG winding overhangs, so transposition of strands is NECESSARY !

- Cross section of bars e.g. in section (a): Transversal component of stray field B :

B.: Self field of on bar in bar axis B:: External field of bars of other layer in bar axis

- Condition for elimination 1st order eddy currents in winding overhangs:

Twisting of strands in winding overhang must eliminate stray flux linkage of resulting
transversal stray field B, (=sum of B, and By), hence of self field AND of external field !

& -» TECHNISCHE
- UNIVERSITAT
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3. Eddy current losses In winding systems
Winding overhang stray flux linkage elimination in Roebel bars (1)

I 780 ° | F60 ° I 780° |
X 7 /r "
: -~
7 Wwinding overhang slot winding overhang 0
Be -a— Je

¥ %

Example: 180° twisting of strands in winding overhangs (180°/360°/180°):

Source: Sequenz, H.
(Ed.), Springer-Verlag

- Each arbitrarily chosen pair of parallel strands (e.g. 2 and 5, ...) forms loops, where
positive and negative oriented areas have the same shape and relative position ! So
- the linkage of linear changing self-field flux density B, and

- the linkage of the (more or less constant) external flux density By is cancelled
completely for each pair !

s
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3. Eddy current losses Iin winding systems
Stray field in winding overhang under load

L.t »

-
! -

-

"y

T

8 I \'
i

D

.

- Winding overhang of stator
experiences also strong radial stray
field component B,, which has to be
taken into account for stray losses

/in very big machines

- In smaller machines it may be

V) neglected, as the stray flux linkage

area for radial field B, is much
" smaller than for transverse field Bq !

- E.g. section (a): Length L:
Area for B, : 2xb; x L,

“* DARMSTADT

3/78

d - Area for B, : (m/2)xh x L,
Z-aXIS Source: Darrieux, G., BBC, Switzerland
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3. Eddy current losses in winding systems

Model for numerical calculation of tangential flux density
component along the upper bar in the winding overhang in axial
direction (superconducting turbine generator, 3 GVA, rated load)

4 | Stator front Projection o : .
, end upper bar in Winding
the r-z-plane overhang of
upper bar

oot
0 . Stabquerschn.
schematisch

Source: AEG,
Germany
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Schematic cross section of

upper bar

. oben

x——=—x &, mitten

Bohrung

* B!t LFI"'ltEFI
Air gap side
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3. Eddy current losses Iin winding systems

-

’ + oo + B, oben
T .
1313 Stobquerschn. == x-—=x 8 mitten Numerically calculated
sSchemansc . .
\ Botmng - Bv unten tangential flux density
Al .\Lower bar side 5 component along the upper
N . ;g bar in the winding overhang
i g, = i i : :
IR \ "~ in axial direction
B x'“"*-..x 5.
07} \, Superconducting turbine
[, generator, 3 GVA, rated load
Upﬁer ban Source: AEG,
B, % side a,"\\ Germany Schematic cross section of
5 > upper bar
03t \%#_ - E:ar overhang length PR + B t asben
! TN,
01 S x——=—x 8, mitten
NN
00 o1 03 05 07 0§l \‘is\a m B s—e 3 unten
-01} Z— X ohrung  Ajr gap side
Institut fur Elektrische
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3. Eddy current losses In winding systems
Winding overhang stray flux linkage elimination in Roebel bars (2)

I 780 ° | F60 ° I 780° |
. ’ /r [
| -~
g Winding overhang slot winding overhang /4

Radial field 2., m@maF===3 e Py
component B, , (_ _I O L

e.g. from rotor 4
Example: 180° twisting of strands in winding overhangs (180°/360°/180°):

] 5

Source: Sequenz, H.
(Ed.), Springer-Verlag

- If B, is constant along z-axis, then its flux linkage is also cancelled ! Usually B, (z)
decreases with increasing distance from iron stack ! So 180°/360°/180° does not fully cancel
radial stray flux linkage !

Note: Special (very expensive) 180°/540°/-180° eliminates also flux linkage due to B,(z),
which is varying with co-ordinate z !

TTTTIC

~
d
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3. Eddy current losses Iin winding systems

Parallel connection of 2 Roebel bars per slot
R T AR RTH

Source: Sequenz, H.
(Ed.), Springer-Verlag

- In very big machines (e.g. 1.8 GVA) two Roebel
bars side by side in one layer in one slot are

Short circuit loop
between 2 parallel

used. NNy T w

- Additional eddy currents are induced by radial
field B,, causing further losses.

- Therefore special solutions have been invented,
e.g. transposed parallel connection of Roebel
bars !

& -» TECHNISCHE
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3. Eddy current losses Iin winding systems

Crosswise connection of 2 parallel Roebel bars per slot

strands

massiveé
strands
Rocbel Lower
oebe |
aver
bar y

-» TECHNISCHE
EC UNIVERSITAT
- DARMSTADT

-Transposed parallel connection of 2
parallel Roebel bars per slot!

- Transposition is done in the winding
overhang!

- Transposition leads to a short circuit
loop of four Roebel bars, where the
two half loops have opposite flux
linkage

- Hence total flux linkage of radial air
gap flux density per short circuit loop
Is cancelled !

- No additional current induced !

Source: Sequenz, H. (Ed.), Springer-Verlag
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3. Eddy current losses in winding systems
Crosswise connection of 2 parallel Roebel bars per slot

Short circuit loop,
built up by 4
Roebel bars

Transposition of
Roebel bars

-Transposition leads to a short circuit
loop of four Roebel bars, where the
two half loops have opposite flux
linkage

- Hence total flux linkage of radial air
gap flux density per short circuit loop

I |
Source: Sequenz, H. Is cancelled !

Ed.), Springer-Verla . )
(Ed.), Spring g - No additional current induced !
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3. Eddy current losses Iin winding systems
Complete twisting of four rows of strands

Ansicrir A

View A

§
,

Source: Sequenz, H.

(Ed.), Springer-Verlag
Ansichr B
7 - b/
View B % /4 '
f/‘@ % WZZ v TrE
RIS A -

8

- Instead of parallel connection of two Roebel bars per slot a complete
twisting of four rows of strands (rows I, Il, IlI, IV) is possible, but very
expensive, so rarely done !

L . . . . . . %
gevy TECHNISCHE  prot A Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁg
s>

=" UNIVERSITAT - F
G [ ]
~ DARMSTADT 3/85 Energiewandlung * FB 18



20

496

——

a6

a¢

a2

-» TECHNISCHE
EC UNIVERSITAT

3. Eddy current losses Iin winding systems

“* DARMSTADT

Prof. A. Binder : Large Generators & High Power Drives

Eddy current losses in hollow conductors (1)
> - In Roebel bars with included hollow conductors
12 /// for direct liquid cooling the cc_)nductor height h; is
—// B increased due to the duct height h, !
. ] - But the copper cross section is the same as in
w — | massive strands without duct !
— " - For slot stray flux caused 2" order eddy
25 /Jkﬁ currents FIELD’s formulas can be used, if the
/ hollow conductor coefficient v is used :
| 2 2
— AEZ
— b K, =1+ = g4y|  Ifall conductors
08 9 are hollow !
70 V= 12- JZT ) AT
42 94 a6 498 70 4
- __;_"'_T bThT
. Z . T 1 3 3)
it b ==-lord -bhd)  Ar =brhy —eh,

Institut fur Elektrische
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3. Eddy current losses Iin winding systems

Eddy current losses in hollow conductors

Roebel bar with mixed massive and hollow conductors (strands): ™

(2)

Two layer winding:

m, /2 : numbers of hollow strands in vertical direction per bar

m,, /2 : number of massive strands in vertical direction per bar

m/2 = my /2 + m, /2 : total number of strands in vertical direction per

bar
Simplified calculation:

Current displacement of massive strands k., and hollow strands ka, |

are regarded separately, as if all strands were hollow or massive:
2-0.2 m*—0.2

m?® —0. -
Ky =1+ 9 5\?r ! Kmp =1+ 9 glffl |4 |

Average increase of losses due to eddy currents in all strands:

m
M +Kpy - —
m m

Source: Sequenz, H. k _ k
(Ed.), Springer-Verlag mV+H — MmV °

m,=6,m, =24

r
;
2
!
I
i
|
l

?
i
III{BIIIIIIIIIHIIIIIIIIEIIIIIT |

b,
I NS
I A IO
. - 3 .
5

n‘||um’|mmmnmm A 1 .4;.5;'

Uliimimmnnay§ a8

Gl

“Z!'A'I!.:g_:!zﬁ!,_—:: n

o

m = 30
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Large Generators and High Power Drives

Summary:

Methods to reduce current displacement effect

- Eddy currents in massive conductors = 2" order current displacement

- Massive conductor is split into parallel strands: Unequal current distribution in
the strands = increased losses = 15t order current displacement

- Strands may be transposed in the winding overhang = twisting = reduction of 18t
order current displacement

- 2nd order current displacement in multi-turn coil by FIELD-EMDE formula

- ROEBEL transposition of strands within the slot reduces 15t order current
displacement completely

- Big turbine generators: Also ROEBEL transposition in winding overhang to
reduce 15t order current displacement there

UNIVERSITAT 3/88 Energiewandlung  FB 18

4 ), TECHNISCHE  piot A Binder : Large Generators & High Power Drives Institut fur Elektrische ﬁ
“* DARMSTADT >

s



3. Eddy current losses Iin winding systems

3.1 Additional losses in electrical machines

3.2 Basics on current displacement

3.3 Current displacement in massive slot conductor
3.4 Critical conductor height

3.5 Use of current displacement in electrical machines
3.6 Methods to reduce current displacement effect

3.7 Air-gap winding for superconducting machines

s
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3. Eddy current losses Iin winding systems
3.7 Three phase winding for super-conducting generators

e Wires with super-conductors consist of thin twisted super-conducting filaments,
embedded in copper or silver “matrix” conductor ! In case of quenching (= super-
conductor gets normal conducting due to overload) the resistance of the super-conductor
material is so big, that the “matrix” must take over the current !

e Rotor: DC excitation: Super-conducting winding = no Ohmic losses !

e Stator: AC winding: Eddy current losses in “matrix” of the winding would yield too high
losses, causing high amount of cooling power (e.g. 30 K above absolute zero !)

So conventional copper is used for AC three-phase stator winding !

e Big rotor excitation allows big air gap field of 1.5 ... 1.8 T, so stator teeth would be strongly
saturated. Therefore teeth are omitted, an additional conductors are placed there, fixed by
special non-conducting cylinder of glass fibre (“air gap winding”)!

Hence current loading A is increased by factor 2.

e Increase of utilization:  C../C5rm = (Asc / Avorm) - (Bse / Brorm) =2:1.5=3
Super-conducting synchronous machine is only 1/3 in size at lower total losses !
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3. Eddy current losses Iin winding systems

Three phase air gap winding for super-conducting generator

Two layer AC Super-
copper winding conducting DC

in stator rotor winding
NO TEETH = Source:
. . Neidhofer, G.,
air gap wind BBC.
( Switzerland
0 SN\ ‘ 2, L \\\
/ SIS \ﬂiﬁ | }
. LI S\E\_ ._._;._ = __’/_/_/ ________

Usually'also the rotor iron is made of non-magnetic (stainless) steel due to the high flux density !
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3. Eddy current losses Iin winding systems

Three phase winding for super-conducting generators

- Roebel bars of stator air gap windings are exposed to radial and transversal flux
density B, and B, due to lack of flux guiding teeth !

”

N k5 — d \ po— | N\ : pr—— N ‘ 3
\::\\ & ] N N \k N
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One bar per layer

One small Roebel bar with

B

A

A

r

i

transposed strands =

Source: Neidhofer, G., BBC, Switzerland
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- Therefore one bar per layer consist
of e.g. 10 twisted and parallel
connected small Roebel bars, which
In their turn consist of e.qg. 8 parallel
and twisted strands !

- The small Roebel bars eliminate
mainly the transversal flux linkage,
whereas the bar itself eliminated the
radial flux linkage !
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Large Generators and High Power Drives

Summary:

Air-gap winding for superconducting machines

- Air-gap winding allows doubling of current loading

- Air-gap winding increases magnetic air-gap strongly, so only super-conducting
exciter winding useful for increased rotor Ampere-turns for field excitation

- Air-gap winding is exposed to normal and tangential flux density component

- Double-twisting necessary for coping with tangential and normal AC flux

- Very expensive winding system
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