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Example ﬂ(“.

Karlsruhe Institute of Technology

® Rall route: Frankfurt (Main) — Cologne
® Distance: 182 km
® Top speed V= 300 km/h
® Acceleration power P_..= 8540 kW
® Train specs
® 8 carriages per train, 4 powered, 4 passive
® 2 transformers
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Transformer specs ﬂ(“.

Karlsruhe Institute of Technology

® Maximum dimensions
® Height
® h = 700mm

z,max —

® Length
®m h = 3400mm

y,max —

® Width
® h, .= 2500mm

® Mass
® m,, = 6500kg

<
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Transformer specs A\‘(IT

® Electrical data
® Nominal power P
® P,=5000 kW
® Primary voltage U
® U, =25kV ~50Hz
® Secondary voltage U
® U, =4x1850V (4 traction windings)
® Relative short-circuit voltage u,
| U ~40%
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Driving Profile ﬂ(".

Karlsruhe Institute of Technology

P, =5175kW P, =5000kW

Driving profile - transformer power
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Model geometry

Frequency f 50 Hz
Nominal power

(15 min. window of driving Py 5000 kwW
profile)

Maximum power P nax 5175 kW
Rated power pf o 1,05+P,,
superconducting windings Prec = T<’:"X 1359 kW
(per winding)

Primary voltage os 25 kV
Secondary voltage us 4*1850 V
Rel. short-circuit voltage Uy 40%
Amplitude of magnetic flux é\H 15T

density
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Design process(1) ﬂ(".

Karlsruhe Institute of Technology

® Definition of optimization variables
® Efficiency
| Weight
@ Costs

13.12.2022

When designing components for railway applications, it’s important to keep the costs
as low as possible.

However, an increase in efficiency at the lowest possible cost is desirable.
- We choose the material costs as optimization variable
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Design process (2)

® Setting the range of the winding voltage 10V< u,, <50V (empirically)
® Only winding voltages resulting in integer numbers of turns are considered.
® Calculation of all other parameters in dependency of winding voltage u,,
® Later: Adaptation of the initial range of winding voltages

® Calculating the number of turns w,, , w,¢
. WOS=% Uos = 25 kV

w

® wy =% U, =1850V

w

® Determination of the effective iron cross section

Uy

a AFe,eff = \/E*T[*f*g;l
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Design process (3) ﬂ(".

by

@ Determination of the winding structure — primary side

IOS

® Calculating the conductor cross section A.,, = G
Cu

® Assumption: square shaped conductors

® hgy =bey = \/ACu h 0

® Maximizing the width of the primary windings to fit
the maximum thickness of the transformer
N, max=700mm ‘

b _ Zmax—AdFe—2*Qj s
w,0s 2

® Determination of layers

bW OS|

Cu

® y-direction: ny o5 = [ Wos }

Niayer,os
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Winding structure — primary side ﬂ(".

Wos

Npos =
nlayer,os

_ bw,os

nlayer,os - b
cu

(] (] (] [} [} P
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Karlsruhe Institute of Technology

by,

Design process (4) | ﬂ(".

Secondary side:
® Number of parallel tapes n,, ,,

® According to the transformers stray-field, the critical
current | is reduced up to 50%

® |, of modern tapes approx. 200A (width = 4mm) "

® | g =100A
V2P sc V2x1359kW
® n,, = = = 10,39
’ Uus*lc’-red 1850V*100A

® A minimum of 11 parallel tapes is needed
® Stacks of 11 tapes are not easy to fabricate/handle
® We choose n,,,; = 12

® 3 stacks of 4 tapes each
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Wlndmg structure secondary side ﬂ(".

A 3 stacks of 4 tapes form a
so called ‘package’

h

package

\%
<>

. bpackage

r]h,us

nIayer,us
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Design process (5) ﬂ(".

® Winding structure — secondary side .

® Height of windings has to match the | |
height of the primary windings h,, o5 ‘

® A _ hw,os—3*a s
w,us —

4
® Stacking the winding packages f 3 stacks of 4 tanes fom a
. . h lled ‘package’
® y-direction: ny,s = [ e | . so called ‘package
| Wus o hpackage
. - W
® R-direction: = | =
directio Nygyerus [nh,us N |
. bpackage
_nh,us

nIayer,us
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Design process (6)

® Calculating the stray inductance L, from
the relative short-circuit voltage u,

. La:L01+L,0'Z
w7, =2k= oL, + R, +R)}

IOS

U . I |
Wy, = == (Gwl; +R;+Ry))*x2=04

Uos , Uos
0 LO‘ — 1.Lk*Uos . ((Rll'l'Rz))

Jw*lpg jw

%,_J
ignored
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Design process (7)

® Calculating the Energy of the magnetic stray field
8 Wiggo =5 Lel? =5 [[f, BoH,dV =2 pq [[f, H,* dV
® Making use of cylindrical symmetries

HO',I(R): —

HO',Z(R): '<

Wos*l d d
0s™los ) Fe < R < Fe +al- os
hW,OS 2 - - 2 ’
dre
Wos*] ——=+ajostbos—R d d
o8 of Z , Fe+aios< R<—Fe+ai05+bos
hw,os bos 2 T - 2 ’

_ Wyslys

dre dre
oy S RS_+ai,us

4xhy s 2
dre
Wy s*l ——tajystbys—R g d
4+hy o5 bys 2 e — — 2 ’

13.12.2022
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Design process (8)

® Calculating the Energy of the magnetic stray field
8 Wnago =5Lal? =3[, BoHe dV =3pq [[f, Hy* dV
® [ntegration:

2 2
Ho*Wos Qjo0s dre by os by os dre
e L = % 2T * |—— a; * (_ - ) - b * —
0-'1 hW,OS 2 + 1,08 2 + 3 + 12 + oS 6

2 2 2
Ho*Wys Ajyus dre , bwus bw,us dre
m L, =" 42 x| Aiq e * (— : : b, .x—=
ag,2 4%y s 2 + Lus 2 + 3 + 12 + us 6

® [L,,;undL,, can be calculated from u,

® Calculating the needed air gaps a; ,; und a; ;5
® Solving quadratic equations

hw,os

T a - _ (% + bw,os) + (% + bw,os)z _ bw,osz _ by os*dFe + Lg1*hy os
L,0s 2 3 /— 2 3 6 3 Uo*Wos2*TT

R q; —- — (% + bW,us) + (dFe + bw,us)z _ bw,usz _ by us*dre + Lg2*4*hy, ys
Lus 2 3 )— 2 3 6 3 Uo*Wys2*TT

13.12.2022 Superconducting Railway-Transformer — Design Example
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Design process (9) ﬂ(".

by

® Calculation of dimensions and mass of the iron core
® Window height h¢ and -width b
a hf ~ hw,os
. bf ~ bw,os + bw,us
® Core height h; and -width b, e
@ h, = hf+2+*dp,
® by =br+2xdp, o
® Volume of the iron core Vg, .
® Vie = Apeess * 2 % (he + by)
® Mass of the iron core mg,

B Mpe = Vie * Pre
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Design process (10) AT

Karlsruhe Institute of Technology

® Calculation of (copper) conductor length , -volume and -mass (primary side)
® Making use of mean winding diameter and the number of primary turns w,,
t lCu = Wpos * TT * [dFe + (nlayer,os * bCu) + 2 * ai,os]
B Vey = ley *Acy

" mey, = VCu * Pcu

® Calculation of total length of superconductor
® Making use of mean winding diameter and the number of secondary turns w,

cl lsc =4 * Ny us * Wos * T * [dFe + (nlayer,us * bCu) + 2 * ai,us]
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Design process (11) ﬂ(".

Karlsruhe Institute of Technology

® Calculating copper resistance
Leu
® Rey = Pcu * AL
Cu
® Calculating copper and iron losses
® Pycu=Rcu* 1052
® Pyre = Vpe * Mpe
® Calculating the efficiency (without ac-losses)

B n — 1 . Pv,Cu"'Pv,Fe
PN
@ Calculating the costs

® Kpe = kpe * Mg, o = €
® Koy = kCu *Mey Fe ™ kg€
B Koo = ke * s kcu = 15@ \

— €
® Kiot = Kpe + Kcy + Ksc ksc =20 Specific material costs
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Design process (12) ﬂ(".

Karlsruhe Institute of Technology

® Finding the optimal design
® Target: Minimal material costs

® Kpe = Kpe * Mpe kpe = 9=
B Koy = key *mey €

kCu = 15—
B Koo = kge * 1y écg \
kse = 20— Specific material costs

® Kiot = Kpe + Kgy + K¢

2>K,,; has to be minimized
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Short insertion —winding ratio a, ﬂ(".

® Winding ratio a, = % has a big influence on the transformers shape

wW,0S

® Small values of a,, ® Big values of a,,
® Transformer appears rather dense and ® Transformer appears rather slim and long

short | n

P e
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Short insertion —winding ratio a, A\‘(IT

® How does the winding ratio a, influence the optimization variables?
® Influence on costs of superconductors?
® Influence on costs of iron?
® Influence on total costs?

® Additionally:
® Influence on efficiency n?
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Impact of a, on costs and efficiency S(IT

Costs of iron and efficiency 5

Costs of superconductors and efficiency 7
depending on the winding ratio a, and the winding voltage u,

depending on the winding ratio a, and the winding voltage u,

95000 - - 34000 - U, 45V
u =25V -e-a55 -~e-az=5 ,
o —e-a=7 —e-a=7 ;
s a.=10 g !
. -e-a, 32000 (|- ® - 8,710 )
90000 - A K u =45V
\\ V4 ,.
\‘ u =4OV' , ’uW=45V
. 30000 |- K K f
\\ 1 4 1
~ u =30V 1 ’ 1
W 85000 |- v ' ’ .
B s 1 ’/ 1
S AN 28000 i uNz4o v of '
S R u, =30V w ] ' I
) u =30V &y « = ! ! !
g " \\o \\ o ll :
[} - S N = B 1
g 80000 - LAARRERN 5 26000 - 4,35V ! S p0v
g_ \ SN 0 ’ 1 !
7 \ N ] ‘ '
\ . [e]
s AN )Y © / 0 =354 2
2 =40 V¢ - 24000 - ) W J/
(73] u = ’
S 75000 |- ! * NN ) .’ »0 =35V
K 4o\>‘o\ - COStS Of ! 2 S C t f -
s T . g ‘ y OStSs or Iron
\- s a0y superconductors | 2000+ u, =30V / . ’
L8V NN d th . /! decrease the
A Y V4
70000 - N sy ecrease e 0 umov” smaller the value
ooasy®| ? smaller the value | ., L’ ‘, ¢ t
w 4
=30V or ay gets
of a,, gets . Y
v
=25V
65000 ‘ ‘ ‘ ' ‘ ' 18000 Y ‘ ' '
0.9968 0.9969 0.997 0.9971 0.9972 0.9973 0.9974 0.9968 0.9969 0.997 0.9971 0.9972 0.9973 0.9974
Efficiency n Efficiency n
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Impact of a, on costs and efficiency

124000

Total costs and efficiency »

depending on the winding ratio a, and the winding voltage u,

_uw=25 A"
!\ - = Qv=5
. - = av=?
122000F s -e-a=10
“ v
Y
A
hY
LY
120000 .
S u,=30 V
118000 | e P i
®y =40V
w Th. u =45V
@ 116000 w
Wy
o
] u =30V
I e
S 114000 - ~.
— RN
u=sov *. TRV
w -~
112000 \\ =0V
A" L1
- ~
\\ \\
110000 - u=35v 7, L u, =45V
w kS
\\ -uw=45 V
A ’
108000 [ %
u =40V
w
106000 1 1 1 1 1 1
0.9968 0.9969 0.997 0.9971 0.9972 0.9973 0.9974
Efficiency
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® Conclusion:

® The smaller the value a, the cheaper and more
efficient the transformer will be.

® High winding voltages u,, result in low
superconductor quantity (and copper quantity)
but high iron cross section A,

® Cost development of superconductor and
iron is opposite in terms of winding voltage

® Total costs are the decisive factor

® Tendency to "stubby" design

Lowest total costs &
relatively high efficiency
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Results of the design process (1)

superconducting

Transformer dimensions in dependency of the windin% voltage u,

Transformer dimensions / mm
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normal conducting

Transformer dimensions in dependency of the windin% voltage u,

Transformer dimensions / mm

3500

3000

2500

2000

1500

1000

500

r y,max
‘ : : h

X

e ]

R

z

h

z,max
—————————————————— e ——
10 15 20 25 30 35 40 45 50

Winding voltage u,/ \"

Institute for Technical Physics



Results of the design process (2) ﬁ(".

superconducting normal conducting
Transformer mass in dependency of the winding voltage u Transformer mass in dependency of the winding voltage u
7000 7000
___________________ 'omex, e I I O P A N i 4 e
m m
6000 T cu 6000 T cu
mFe+mCu mFe+mCu
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Results of the design process (3)

superconducting

Transformer losses in dependency of the winding voltage u,

Losses / kW
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normal conducting

Transformer losses in dependency of the winding voltage u |
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Results of the design process (4)

superconducting

Transformer costs in dependency of the winding voltage u,
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normal conducting

Transformer costs in dependency of the winding voltage u,
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Verification of the design process ﬁ(".

® Checking whether all constraints are fulfilled
® Dimensions? v
® Total mass? v

® Relative short-circuit voltage? ;
® The relative short circuit voltage u, of 40% can’t be reached at certain winding voltages

The range of 10V < u,, < 50V was empirically set at the beginning of the design
process.

-> A second iteration of the design process is needed, to eliminate winding
voltages, that do not fulfill the constraints
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Results of the second iteration ﬁ(".

Karlsruhe Institute of Technology

superconducting normal conducting
2. Iteration 2. Iteration
Transformer costs in dependency of the winding voltage u, Transformer costs in dependency of the winding voltage u,
120000 1 55000 r
K K
Fe / Fe
—_—— —T “eu 50000 Koy
100000 | Kee _— Kot
Kiot 45000 |
80000
40000
w w
£ 60000 | 2 35000/
@) @)
o @)
30000 r
40000
e 25000
20000 F
20000 r
0 1 1 1 1 1 1 \\ 5000 1 1 1 1 1 1 1 ]
34 36 38 40 42 44 46 48 40 41 42 43 44 45 46 47 48
Winding voltage u, IAY We are Iooking Winding voltage u, A%

fOI‘ uW(Ktot,min)
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Comparison of Designs
superconducting vs. normal conducting

superconducting

Normal conducting

AT

Karlsruhe Institute of Technology

Conclusion;

@ Efficiency can be increased
by approx. 1%

® Total mass can be reduced
by approx. 1000kg

® Total costs are beeing
doubled

Winding voltage U, 38,5417 V 41,1111V
W 649 (Njaye=13, N,=50) 608 (Njaye=12, N,=51)
Number of turns
Wys 48 (Njaye=8, N,=6) 45 (Njaye=8, Nx=6)
Length (max. 3400 mm) hy 1337 mm 1372 mm
Width (max. 2500 mm) h, 1159 mm 1332 mm
Height (max. 700 mm) h, 644 mm 666 mm
Mass (max. 6500 kg) m 3414 kg (+X) 4406 kg
Efficiency n 99,73% 98,89 %
Total loss Py 13,390 kW 55,639 kW
Copper loss Pycu 11,024 kW 52,944 kW
Iron loss Py re 2,366 kW 2,6954 kW
Costs of superconductors K 70.949 € —
Costs of copper Key 9.584 € 18.519 €
Costs of iron Kre 25.051 € 28.539 €
Total costs Kiot 105.584 € 47.058 €
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AC-Loss Calculation

Karlsruhe Institute of Technology
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AC-Loss Calculation:
Field Impact on different winding sections ﬂ(IT

Karlsruhe Institute of Technology
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L osses over Load
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Load 30% 50% 70% 100%
Copper-Loss 0,94 kW 2,70 KW 5,53 kW 11,02 kKW
Iron-Loss 2,43 kW 2,43 kW 2,43 kW 2,43 kW
AC-Loss (cold) (5,54 kW) 9,68 kW 13,19 kW 18,39 kW
AC-Loss (warm) 55,40 kW 96,80 kW 131,90 kW 183,90 kW
Total Losses 58,77 kW 101,93 kW 139,68 kW 197,35 kW
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Losses over driving profile ﬂ(".

B AC-Loss
I Copper-Loss
I Iron-Loss
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