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Influence of Pole Number and Stator Outer
Diameter on Volume, Weight and Cost of
Superconducting Generators with Iron-Cored
Rotor Topology for Wind Turbines

Y. Guan, Z. Q. Zhu, Fellow, IEEEK;. J. Li, Ziad Azar, Senior Member, IEEE, A. S. Thomas,
Vedrefio-Santos, M. Odavic

Abstract—This paper investigates the influence of pole number
and stator outer diameter on the performance of superconducting
(SC) generators. The SC generator has an iron-cored rotor
topology. Firstly, the generator structure is introduced and the
optimization procedureis described. Then theinfluence of design
parameters on performance, in terms of generator volume,
weight, SC wire utilization, and active material cost, etc., is
presented. Some relationships for the optimal combinations for
different performance attributes are established. In addition, the
influence of SC material price on the determination of optimal
stator outer diameter and pole number is discussed. Finally, the
influence of SC coil area per pole on performance is also
investigated.

Index Terms—Iron-cored, pole number, SC generator, stator
outer diameter, wind turbine.

|I. INTRODUCTION

Wind energy has developed rapidly in recent year

primarily due to the dwindling supply of eaByaccess

include the difficulties of constructing foundations, grid
connections and maintenance, etc. Consequently, a wind farm
with a smaller number of large power wind turbines is
preferable to that with many small ones. The INNWIND.EU
project is targeting 10~20MW wind turbirfes][4].

Superconducting (SC) material has the capability to carry
large current densities, which makes the produced magnetic
field much larger than that of a copper coil or permanent
magnet (PM). Thus, the SC generator can be designed with
high torque and power densities. American Superconductor
(AMSC) has designed a 10MW SC generator with air-cored
rotor for direct-drive wind turbines with a weight of ~150 tons.
The weight can be as high as 300 ton$00 tons if PMor
copper field winding excited topologies are adopted
respectivelf [ [6] This makes the SC generator a competitive
candidate for the offshore wind turbine market and can
significantly reduce the foundation and installation costs.

The biggest challenge of the commercialization of SC
gyenerators is the high price of SC wire. For a high temperature
superconducting (HTS) generator, the cost of the HTS material

fossil fuels and concerns over global climate ch@ingk [1]. TI€UId be up to 90% of the total material gos} [7]. The iron-cored

market of onshore wind turbines is mature and the capacity'or SC generator topology has gained much attention in
much larger than that of offshore wind turbi@ [2]. Howeverecent years, due to better utilization of SC material, although
offshore wind farms are more desirable, due to the high averdhe weight is higher than that of air-cored topologies. The

wind speed, limited onshore installation space, lowgyerformance has been compared with other topologies in
interference with habitats, and shorter distance between Some iron-cored rotor SC generators are designed and
farms and densely populated cities near the coast, etc. In fasg performances are analyzefl in [11]]14]. The influences of
the offshore wind turbine market is developing much fastglesign parameters, such as rotor pole width, stator outer
than that for onshofe LT[B]. In 2007, the total capacity ofiwindiameter, electric loading, operating temperature of the SC
turbines in EUI’Ope was 566GW, with offshore wind turbineﬁ,ire, etc_, on performance are investigate[lS]_ DTU

sharing 1.1GW. In 2030, it is expected that the total capacifyestigated the influence of pole number on the weight, SC
will reach 300GW, with a share of 120GW to be installegiro length and active material cost of air-cored rotor SC

offshore[ [3]. The disadvantages of offshore wind trbin€generator ifi [14]. Converteam found the optimum pole number

to be between 16 and R0 [I7] [18]. However, both DTU and
Converteam only gave the results without detailing how the
results were obtained.

In this paper, the combination of stator outer diameter and
pole number is investigated, because they are interrelated and
exhibits an optimal combination. The investigated performance
indicators include the volume, weight, SC material utilization
and active material cost of the SC generator with iron-cored
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rotor. The distribution of optimal combinations for thesestator iron loss are not considered due to the low fundamental
performance indicators are shown. Finally, some relationshifrequency. The total length of half a turn of the stator coil,
for these optimal combinations are established. Lhait wrn Which includes the end winding lengtH, i§ (Za) [20].

Lhalf_turn = Lgtqer + 2d; + 2C; (13)

= )

2cosa

The structure of the SC generator with an iron-cored rotor P
topology is shown ip Fig.]1 (a). The stator tooth and yoke, and cosa = V1 — sina = /1 - (ﬁ)2 (1)
rotor pole are all made of iron. The materials of the armature °
winding and field vymdmg are' copper and seconq generauQthere k is stator slot width, pis the average width of stator
(2G) of HTS material respectively. The characteristics of tq%oth and ¢ C,, 7, « are shown i1 (b)

Ll Sy Yy .

HTS material can be found(in Fig] According to the strategy i should be mentioned that the full pitched stator winding is

of COO"”Q,HTS, material, th? iron-cored rotor tppology can bSdopted in the investigation. The short-pitched winding could
further divided into warm (with only HTS material cooled) anq)e employed, since it can eliminate some harmonics in the no
cold rotor iron (with both HTS material and rotor iron cooled,

) . oad voltage. However, if all of the machine stator windings
topologies. The former has a shorter cool down time due to lef'ﬁi/e the same pitch, the comparison of the torque capability is

cold mass. The cold iron has a more stable cryogenig since the winding factors are the same. Therefore, the
environment, due to the large thermal capacity caused by rofof

) i S luence of winding pitch is not analyzed in the paper.
iron. However, the cooling power is higher and the cool down A parametric sweep is a useful method to highlight the

time is longef [7] [19]. In this paper, the warm rotor ifoNf.q ance of a particular design parameter on the particular
topology is adopted, and the space between the field windiggio e, This method is adopted for investigating the

and the rotor pole is utilized for cryostat installation for SC Coihfluence of the combination of stator outer diameter and pole

II. GENERATORSTRUCTURE ANDOPTIMIZATION PROCEDURE

A. Generator Structure Cs

cooling. number. For each machine with specific stator outer diameter
B. Optimization Procedure and pole number, the stator yoke thickness, stator slot width
An optimization study will be conducted for each desigr2nd Neight, and rotor pole width are optimized.
. . L . D
with a different combination of stator outer diameter and pole
number. For each design, there are many dimensional /—\—‘ﬁ
parameters which can be optimized, as shoyn in Fig. 1 (a). In e B
order to simplify the optimization, some conditions are
imposed:
1) The cross sectional area of the SC coil per pole is fixed at 0
200 mnd.
2) Some of the rotor dimensional parameters, which are |

related to the cryostat installation, are not optimized, as listed in
This leads to a simplification of the optimization
process of the SC generator, since the design of the cooling bp
system is reported to be very challen [9]. The airgap length

equation if TABLE | is achieved by fitting the data of some

existing electrical machines in Siemens. )

The influence of the area of SC coil will be discussed in /\x
a
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]
S\ T
N
(02}
O
(@]
=3
A
e
1
4
I
N
9

-
[
]

hcar

section IV. For each specific stator outer diameter and pole
number, the stator yoke thickness, stator slot width and height,
and rotor pole width are globally optimized to achieve the
10.5MNm electromagnetic torque with the shortest stack length
Lsack The target torque of 10.5MNm is defined based on the
requirements of a 10MW direct drive wind turbine, which are
also listed il TABLE J. These requirements are supplied by
Siemens Wind Power according to the EU INNWIND project.
Finite element analysis (FEA) software MAXWELL is utilized
for torque calculation andg=0 (The d-axis is aligned with the
rotor field excitation) control is adopted and parameter \
scanning is performed for global optimization. ()

During the optimization process, the armature DC coppeig. 1. Cross section and dimensional parameters of S€rajen (a) Cross
loss is fixed to be 495kW to satisfy the efficiency requiremegction and corresponding parameters. (b) Parametersaofcsiit
of >95%. For simplification, the armature AC loss and the

dl

Lstack

dl
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TABLE |
PARAMETERS OF10MW SCGENERATOR

winding. The variation of torque per generator total volume
with pole number is shown 4 (d). There exists some

gg‘é":(; ((':”')Vr:]’; 91_% optimal combinations of stator outer diameter and pole number
Torque (MNm) 105 to achieve the maximum torque per generator volume.
Efficiency (%) 95

hpa(mm) 40

Bp:(mm) 60

hei(mm) 60

heo(mm) 60

heg(mm) 60

g (mm) 2+0.001xD

bsc (mm) 12.5

hsec (Mmm) 8

hes(mm) 60 .

Packing factor of stator slojk 0.6 @)

SC coil engineering current density (\/mm?) 340

SC coil operational temperature (K) 30

SC coil maximum perpendicular flux density @) 1.34

Stator current density, JA/mn) 35

Number of slots per pole per phase 4

Stator coil pitch full pitched

I1l.  INFLUENCE OFPOLE NUMBER AND STATOR OUTER

DIAMETER

(b) (©
A Influence on Torque per Stack Length and Torque pei ‘ é é
Generator Volume
Some of the cross sections of the optimized SC generat@%ljzz'lgrrﬁs;psffgo(’gé"i)lgr:nmz’;)fg;l% %’lf;mz’pzz%i%)ﬂm' 2p=64.
are shown if Fig.]2. As the pole number 2p increases, the coll ’ ' ’ ' ' '
pitch of the stator coil reduces and the end winding length
decreases, which favors fully utilizing the armature windin

()

2
and increasing the torque. However, the ratio of rotor po ;¢ |
width to pole pitch reduces, which tends to reduce tr ;¢4 |

fundamental flux density in the air gap, as shoyn in Hig. 3, ai£ 1 4 |
further reduce the torque. Consequently, there should be 24
optimal pole number to achieve the maximum torque. Tt § 1
variation of torque per stack length with pole number is shov T g8
in[Fig. 4 (a). As 2p increases, the torque increases initially, th Z 0.6

eventually the torque begins to reduce. The optimal po 04 } —2p=8 —2p=16 —2p=24
number is related to the stator outer diameter. In th 0.2 —2p=32 —2p=40
investigation, the optimal Dp for torque per stack length is 0 : : : : : : : :
~1/6m. As can be seen frfm Fid. 3, the maximum flux densi 0 20 40 60 80 100 120 140 160 1
in the airgap of the SC generator is quite high, 1.5-2T, muci g(a)( - deg)
higher than that of the conventional PM generators, ~1T.
The variation of torque per generator active volume wit 25
pole number is shown 4 (b). The optimal 2p for torqu W2p=8  ©2p=16
per volume is the same as that for torque per stack leng 2 S;Efig w2p=32

because the pole number does not influence the volume \E
stack length. For the volume[in Fid. 4 (b), the length of the el £ 1.5
windings are not considered. The torque per generator to &

volume (with end winding considered) can be obtaindd Hy (2 x 1
T
T — T i VG(active) — T i LG(active) (2) 05
VG(total)  ViG(active) Va(total) VG(active) LG(total)

where \acive) aNd oty are the active and total volumes of 10 1 12
the generator respectivelygeive) @aNd lggoray are the active
and total length of generator respectively. The variation of
generator active volume to total volume with pole number f% . 3. No load flux density in the middle of air 5m, (a) Waveforms. (b
different stator outer diameters is showjn in Fig. 4 (c). When tlgg?ectra, Y gapem. (2) )
generator is designed with a bigger diameter, a larger ratio of

generator axial length will be occupied by the armature
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Torque per stack length (MNm/m)
= = N N w w
Ul o 6] o [¢)] o (3]

o

0.35

o
w

0.25

0.15

Torque per volume (MNmM/m”3)
o
N

B. Influence on Torque per Generator Iron Mass

It can be seen fron Fig] 2, as the pole number increases, the
area of iron of the cross section reduces. Thus, the iron weight
per stack length reduces, as showf in Fig. 5 (a). When the
torque if Fig. % (a) is divided by the corresponding weight in
[Fig. 5 (a), the torque per iron mass is obtained, as shgwn ih Fig.
(b). There exists an optimal pole number 2p for each stator
outer diameter to achieve the maximum torque per mass. The
optimal pole number increases with stator outer diameter. In
addition, the optimal pole number for torque per mass should be
between the optimal pole numbers for torque and mass

8 16 24 32 40 48 56 64 72 80 88 96 1041121: respectively, thus, the following relationship is always
P‘("‘; number established: The optimapZor torque per iron weight >@for
a

torque per stack length. It is worth mentioning that although a
combination of larger stator outer diameter and pole number
favors to reduce the iron mass, as seep in _Hg. 5 (b), the
requirement for supporting structures for the stator and rotor
becomes tougher, due to the large diameter. Consequently, the
total weight of the generator may not be reduced. The influence
of stator outer diameter and pole number on the supporting
structure is not considered in this paper. With the supporting

0.1 _ _ X . .
—G—Bjm —><—B:gm structure considered, the optimal stator outer diameter for
0.05 T Doiom  —e—Detom torque per generator total mass will be lower than the data
O presented fn Fig.]5 (b).
8 16 24 32 40 48 5664 72 80 88 96 104112120 £ 800
Pole number 5700 |
(b) =3
£600
< 1.2 5
(o] -
! ésoo
Soo| SRR g |
,go.s - =300 |
— %]
206 ¢ £ 200 |
g S 100 |
B 04 [ =
o ——D=5m ——D=6m 0 L L L L L L L L L L L L L L
©0.2 —-D=7m  ——D=8m 0 8 16 24 32 40 48 56 64 72 80 88 96 1041121
& ——D=10m  —e—D=12m Pole number
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 (a)
0 8 16 24 32 40 48 56 64 72 80 88 944112120
0.25
Pole number
() S 02
& 0.25 z v
2; =
E 02} 2 0.15
P
= £
2 0.15 g 01
€ ©
=} >
S S 0.05
01t .
g " ,
) —-D=bm  —D=6m o L& .
2005 ——D=7m ——D=8m
S —+-D=10m —e-D=12m 0 8 16 24 32 40 48 56 64 72 80 886 104112120
= Pole number
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ) (b)
0 8 16 2432 40 4I§0I26nu?:11bgr2 80 88 96 1041121 Fig. 5. Variation of iron mass and torque per iramsmwith pole number for

different stator outer diameters. (a) Iron mass @aksength. (b) Torque per
iron mass.

(d)
Fig. 4. Variation of (a) torque per stack length),tbrque per generator active
volume, (c) ratio of generator active to total léngdctive length means the C, |nfluences on Torque per SC Length
stator or rotor stack length, without end-windinggénconsidered), and (d)
torque per generator total volume with pole numberftierent stator outer
diameters.

Because the area of SC coil per pole is fixed in the
optimization, the total quantity of SC material of the generator
per stack length is proportional to the pole number, as shown in
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[Fig. 6 (a). The torque per SC wire length, as shojvn in Fig. 6 (b),
can be obtained by dividing the torqué in Fi. 4 (a) by the SC 1
wire length i Fig. b (). There exists an optimal pole number tc 0.9

achieve the maximum torque per SC wire length, and tht 0.8 | &W//@
optimal 2 for torque per SC wire length pZor torque per gor7t
stack length. 306 t

It should be mentioned that the SC coil end length is no <05 |
considered in Fig.]6. By including the end length of SC coil, the £ 0.4 t

~

torque per SC wire total length can be obtained by g03
T T Lsc(stack) 3) 8i I —9—B=gm —x—g:?g\ +B=Ig]
= ) N —+—D=8m ——D=10m —e—D=12m
Lsc(total) Lsc(stack) Lsc(total) 0 X X X X X X X X X X X X X X
] i o 0 8 16 24 32 4048 56 64 72 80 88 96 10411212
where lsgsiacy iS the length of SC wire used within the stack, Pole number
Lsqrotan 1S the total length of SC wire including botgy;wck)and (@
Lsqeng- Lsqeng IS the length of SC wire used in the coil end 525 o DB SeD=6m  ———D=7m
Winding. Legeng)Can be obtained by (4). T ——D=8m —+D=10m —e—D=12m
Z 2}
Lsc(end) =TT 4) 2
<
_ . _ o 215 |
where 7o is the pitch of SC coil. The variations of <
Lsqstach/Lsqroray With pole number to achieve 10.5MNm are & , |
shown i(a). If the generator is designed with a larger §
stator outer diameter, more SC wire will be used as the eng 5 |
winding. The variations of torque per SC wire total léngt £
T/Lsqioray With pole number are shown (). For = L.
T{Lsc(total)a there are optimal combinations of stat_or outer 0O 8 16 24 32 40 48 56 64 72 80 88 96 1041121
diameter and pole number, and for all stator outer diameters Pole number
lower pole number is preferable. (b)
12 Fig. 7. Variation of length ratios of SC wire straightdémto total length and
—e—D=5m torque per SC length with pole number for differstator outer diameters,
10 | —<D=6m torque=10.5MNmM. (a) dsstacdLsciiotay (B) Torque per SC total length.
——D=7m
——D=8m
8 I . DPoiom D. Influence on Cost

—e—D=12m

(o))

The quotations of SC material, copper and iron are listed in
The variations of iron, SC material, copper and total
costs with pole number and stator outer diameter are shown in
[Fig. 8 As the pole number increases, the iron cost reduces,
because less iron is utilized, as shown in Flg. 2. However, the

N
T

N
T

Length of SC per stack length (km)

0 e SC material cost increases, due to poor SC material utilization,
0 8 16 24 32 40 ggle5r?unf§er72 80 88 96 1041121 35 shown ifFig. 7](a). The copper cost is constant, which can be
@ explained from (5), since the total copper loss and current
density of the armature winding is fixed in the process of
=8 optimization.
£ ——D=5m ——D=6m ——D=7m
g 7t ——D=8m ——D=10m ——D=12m Py = p]ZV (5)
26
£5 | where Ry is the copper losg, is the resistivity, J is the current
S density, V is the volume of copper. Optimal combinations of
ot T stator outer diameter and pole number exist for the total cost, as
g 3t found in Fig. 8 (d). The optimal pole number for total cost is
S, @e—s&&\s\@\@ larger than that for SC material cost, due to the reduction of iron
51 L cost.
e
0 S TABLE II
0O 8 16 24 32 40 48 56 64 72 80 88 94112120 QUOTATIONS FOR MATERIAL COST
Pole number SC material Copper Iron
(b) 100€/m 7.5€/kg 0.8€/kg

Fig. 6. Variation of SC wire length and torque B€ length with pole number
for different stator outer diameters, the end lengtB®fcoil is not considered.
(a) SC coil length, stack length=1m. (b) Torque $Erwire length.
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2.5
——D=5m ——D=6m —a—D=7m
° 2l ——D=8m ——D=10m —e—D=12m
o
c
215
.g
g1}
o
c
205t
0 oo o
0 8 16 24 32 40 48 56 64 72 80 88 96 1041121
Pole number
(@
2.5
——D=5m ——D=6m —a—D=7m
s 5 ——D=8m ——D=10m —e—D=12m
) L
w
o
215
.g
@ 1+t
o
(8]
Q
n o5
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 8 16 24 32 40 48 56 64 72 80 88 96 1041121
Pole number
(b)
0.12
— aaees 2 98 2908 0 0 0 06 0 o
o
5 0.1
w
c
£ 0.08
.g
+— 0.06
[%2]
o
o
g0.04
S 0.02 —e—D=5m —<—D=6m ——D=7m
o ——D=8m ——D=10m -e—D=12m
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 8 16 24 32 40 48 56 64 72 80 88 96 1041121
Pole number
(c)
2.5
°
5 2t
w
c
215 |
£
B o1t
(5]
T
E 05 —o—D=5m —<D=6m ——D=7m
——D=8m ——D=10m ——D=12m
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 8 16 24 32 4048 56 64 72 8088 96 10411212C

Fig. 8. Variation of cost with pole number for diffet stator outer diameters,

Pole number
(d)

torque=10.5MNm. (a) Iron cost. (b) SC cost. (c) Copguet. (d) Total cost.

E. Influences on the Ratio of Stack Length to Stator Outer
Diameter

The variation of stack length with pole number for different
stator outer diameters to achieve 10.5MNm of torque is shown
in[Fig. 9 (a). The ratios of stack length to stator outer diameter
are also shown if Fig.]9 (b). As the stator outer diameter
increases, the generator becomes flatter.

7
——D=5m

61 ——D=6m
Es |
<
24 r
<o
x 3
[$]
8
w2t

1 L

0

0O 8 16 24 32 40 48 56 64 72 80 88 96 10¥2120
Pole number
@

T 14
g —e—D=5m
g 12t ——D=6m
e 1t ——D=7m
<
208 |
<@
$06 |
o]
204 +
o
2
= 0.2
04

0

0 8 16 24 32 40 48 56 64 72 80 88 96 1041121
Pole number

(b)
Fig. 9. Variations of stack length and ratio of ktdength to stator outer
diameter with pole number for different stator outeliameters,
torque=10.5MNm. (a) Stack length. (b) Ratio of stamhkgth to stator outer
diameter.

F. Safety Margin of SC Caoil

During the optimization process in section Il, the current
density in the SC coil is fixed to be 340A/mnisually, the
operating current density should include a safety margin, with
respect to the critical current density, in order to safely and fully
utilize the SC material. For the SC material, the critical current
density and flux density are interrelated, if the temperature is
fixed. Consequently, the critical current of the SC cail is
difficult to determine before optimization, because an accurate
value of the flux density in the SC coil cannot be obtained
before the optimization. In this section, the safety margins of
the SC coil for the optimizations in section IIl are reviewed.

The temperature of the SC coil is assumed to be 30K, and the
flux density, B, perpendicular to the surface of the SC tapes is
calculated. In fact, flux densities, perpendicular and parallel to
the surface of SC tapesy Bnd B, both have an influence on
the critical current density. Only:Bs considered, because B
has much more significant influence on the critical current
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density than The no load flux lines and the distribution

of Br in the SC coil are shown([in Figi0] The self-induced B TABLE Ill s
. . . AXIMUM PERPENDICULAR FLUX DENSITY IN THE COIL OF GENERATORS
In the SC COIl for_a_ran_ge Of St_ator (.)Uter dlameters and pol%‘ WITH A RANGE OF STATOR OUTER DIAMETERS AND POLE NUMBERS
numbers after optimization are listeq in TABIIE|and shown D=6m D=8m D=10m D=12m
in The maximum B in the SC coil does not vary ~2p=16 1.320 1.356 1.372 1.377
significantly with stator outer diameter and pole number. With2p=32 1.327 1.379 1.386 1.408
a current density of 340A/nfnall the SC coils can operate 2P-20 1.310 1.357 1.394 1al7
y : p 2p=64 1.286 1.344 1.392 1.413

with a safety margin of between 23%~27%. The LJ-B
characteristic (not available online) is based on the 2G HTS
material developed by Siemens Corporate Technolog 444 500

Although it is desirable to keep the same safety margin acrc g ggg | 450 \

all the optimization studies, it increases the complication (& gog 200 |
optimization. It is acceptable to fix the SC coil current densitz% 700 350
since the safety margins of the SC coil for different designs tgsoo 300 ) e ,H%, ——
not differ significantly. The normal flux density in the SC coil € 500 12 125 1.3 1.35 1.4 1.45 1.
under rated load operation is close to that under no lo 8 400
operation, because the flux density imposed on the SC coil g 300 - i

- . = —Critical JB--, 30K, ST
the armature winding is much lower than that by the SC co 3 200 —— 3L 30K (with 23% safety margin)

due to the comparatively lower current density. 100 Tgf;éagﬁ [()vgllrtlltl 27% safety margin)
The safety margin of between 23% and 27% is for tr 0 o 2 3 :
straight parts of the SC coil. In some cases, the critical part L Perpendicular flux density (T) 4

be in the end-winding, because the SC wire is under stress @lge11. Critical engineering current density - flux densibaracteristics of the
to bending, which degrades the J-B characteristic of the SE€ material. The operational current density and maxirself-induced Bin

. - . the SC coil for designs[in TABLE |l are also shown as afien points.
material. However, for a large generator coil, the bending g P

U.S ua.I.Iy does not affect the SC ’T‘ate”a' per.formancefv_ OPTIMAL COMBINATIONS OF STATOR OUTER DIAMETER
significantly. Therefore, the safety margin only considered fO[L\ND POLE NUMBER. AND |NFLUENCE OFSCMATERIAL PRICE

the straight parts of SC coil in this paper is safe. _ )
The influences of stator outer diameter and pole number
torque per generator total volume, torque per iron mass, and

B”t?j‘;mm torque per SC wire length are summarized in this section, as
. 5. 63762001 \@ shown if Fig12|(a)-(c). It is clear that the optimal stator outer
5. 65095-001 diameter and pole number combinations for these performance
et indicators are different. The optimal combinations for generator
1. 37675081 volume, iron mass, and SC wire length, are located in the
poalee middle, left side and top right corner of the figures respectively.

. 1896e-B81
. BB38e-BE1

[ The following relationship is always established: the preferable
e pagte oot pole number which can maximize the SC utilization < the pole
] sasge-aal number which can maximize the generator volume < the pole
-1.B577e+000 number which can maximize the generator mass.
Iigg;g:ggg The price of the 2G HTS material used in this paper is
~100€/m, which is expensive in comparison to MgB2 HTS
e = ) il wire. However it is expected that in the future this price will fall
(a) Flux lines and perpendicular flux desity in i@ ®il below 15€/m This represents a huge price reduction which
could bring some changes to the distribution of optimal
combinations of stator outer diameter and pole number for total
cost. The torque per active material total cost with different SC
material quotations are showi} in FIg|(d)-(f). As the price of
SC material reduces, the influence of iron becomes larger
comparatively. Consequently, the optimal pole number for total
cost tends to be bigger, since a larger pole humber leads to a
e reduction in iron cost. Furthermore, the final determination of
N aane oo D and 2p, which should be determined from a view of
I 5 2aaue-eal compromise with a range of performance indicators, could be
1.1352e-603 different. Overall, a larger stator outer diameter and pole
_ ~ (b) Flux density in the iron number are preferable, as the SC material price reduces.
:izége.slgn’\(ljoplgi)degg?cE?;’Sfli?(ddgl:]);i(tjye;s;tr]yedlssct:”(t();;m;(aezzilt)y |3n2 irgg)irf(l)unx. The |_nvest|gat|on of D and 2p_ |r_1vol_v es a huge amount of
computing work, because the optimization should be conducted

3
y

Bl teslal

2. 5764 e+20a
Z. 4154 e+E00
2. 2545e+200
2. 8935 +000

1. 9326e+200
1. 7716e+200
1. 6167 e+E00
1. 4497 e+860
- 1. 26080 +000
1. 1275e+E200

9. 6685e-Ea1




IEEE Transactions on Applied Superconductivity, VOL. X, 2016 8

€& Torque per generator volume (MNm/m3) | 12 g €= Torque per irom mass (MNm/t) 12

Stator outer diameter (m)

Stator outer diameter (m)

T
2
G -
= °
G
>
NN
2,
Gl
N
Stator outer diameter (m)
w4 o o o

6 6 6F :
o /
5 s L L L L 5 L L L L L L L 5 7 L L L L L L L
8 16 24 32 40 48 56 64 72 80 88 96 104 112 8 16 24 32 40 48 56 64 72 80 88 96 104 112 8 16 24 32 40 48 56 64 72 80 88 96 104 112
Pole number Pole number Pole number
@) (b) ©
12 7 ———————— 71— &> Torque per total cos((MNm/mil]ion€)‘ 12 | €& Torque per total cost (MNm/milli T
= [ & Torque per total cost (MNm/million €) | R A© N _

~ 11 = 1 — ~ 11 o 1
£ 1 £ p z °
5 10 1 8 5 10 ’
3 2 o © 4 3
£ ] g g ER
s S N S
2 SWlffs @ ] H S £
5 i S o A 5]
g7 K/\“" AV 1 g 52 g7
= 5] =
2 | 7] L_/ @ 6

B JE S

8 16 24 32 40 48 56 64 72 80 88 96 104 112 8 16 24 32 40 48 56 64 72 80 88 96 104 112 8 16 24 32 40 48 56 64 72 80 88 96 104 112

Pole number Pole number Pole number

(d) (e)
Fig. 12. Contours of (a) torque per generator volume,dfgjue per iron mass, (c) torque per SC wire lengtofque per totadost, SC=100€/m, (e) torque
per total cost, SC=60€/m, (f) torque per total cost, SC=20€/m.

for each electrical machine with specific D and 2p. Thereforthan that with a lower pole number. As the pole number
some practical components are not considered, such as iti@eases, the quantity of iron decreases, which can be seen in
design of cooling systems and supporting structures, to m. Consequently, the influence of iron saturation reduces,
the investigation less computationally-intensive. Thand the curve becomes less bended.

complexity of cooling systems for SC coils varies with pole 800

ber, since the number of SC coils varies. Furth thes — Critical J5 -, 30K
number, since the number o coils varies. Furthermore, the & 70 —— JBL, 30K (with 25% safety margin)
weight, power (the power of the cooling system is related to the E 600 b O operation point
generator efficiency) and cost of the cooling system changes 3500 |
with pole number. 2
2 400 |
% 300 | Ssc=100mm
V. INFLUENCE OFAREA OF THESCCoIL £ 200
o . . 2200 f
For the optimization in section Ill, the area of SC coil per 3 2000
pole is fixed to be 200mMmin this section, the influence of SC 100
0 1 1 1 1

coil area on performance is investigated. For each area of SC . ) 3 4 5
coil, the generator is re-optimized. The optimization method is Perpendicular flux density (T)
the same as that detailed in section Il. It should be noted that Hge13. Critical current densityflux density characteristics of the SC material.

operating current densities of the SC coil are not fixed. In t@"ge operating current density and maximum self-induceith Bre SC coil for
) esigns with a range of SC coil area per pole arenstas operation points.

optimization in this section, a 25% safety margin, with respegtsm, 2p=32.
to the critical current, is maintained. For the design with D=7m ~ >
2p=32, the operating current density and maximum 218 | "

perpendicular flux density in the SC coil are shown in Eg}. £16
The area of the SC coil appreciably affects the critical current. & 4
As the area of the SC coil decreases, the operation currentg 1'f
density of the SC coil reduces. g 0.8
Six optimized generators in section I, with D=5m 2p=8, 24
D=5m 2p=48, D=7m 2p=32, D=7m 2p=80, D=12m 2p=8, &5o4 —6—D=5m, 2p=8 —»—D=5m, 2p=48
D=12m 2p=80, are utilized respectively to investigate the '90-3 i . 331%2332 igii?ﬁnggzgo

influence of SC coil area on torque capability. The variations of 5 00 1000 1500 2000 550

torque per stack length with the SC coil area are shofvn ir] Fig. SC area per pole (mm2)

The torque increases with the SC coil area, however, thg. 14. variation of torque per stack length with the SQ eoéa per pole of

increase tends to saturate beyond a certain point, due to ghkeerators with a range of stator outer diameter ate@number. Base values:
: ; ; ; ; Nm (D=5m 2p=8), 7MNm (D=5m 2p=48), 15MNm (D=7m 2pF32MNm

magnetic saturation in the iron. For each stator outer diametg, ;- 2p=80). SMNm (D=12m 2p=8). 30MNm (D=12m 2p=80)

the curve for a design with a bigger pole number is less bended
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