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QUALITY CONTROL OF HIGH TEMPERATURE SUPER-
CONDUCTING BULK MATERIAL BY NONDESTRUCTIVE
METHODS

R. Palka, H. May, W.-R. Canders

1 APPLICATION OF HTSC'S IN ELECTRICAL MACHINES

The use of HTSC material to improve the performanteslectrical machines has been
described in many papers [1,2,4,5]. For the exottatoils of direct-current (DC) and
synchronous (SM) machines as well as for the anmmatundings of all types of electrical
machines the use of HTSC-conductors (strands) iboidr to the reduction of the machine
losses. Using their field trapping capability HT®Gks can be considered for the
improvement of the excitation of DC-machines and<Sds well. Furthermore HTSC-clusters
arrangements are of favourable utilisation for ésestis and mixed-u reluctance motors [5].
The excellent data of all types of these “Superoeatidg Machines” have been achieved by
assuming ideal states of the HTSC'’s with infinifs 3urrounding the surface of the HTSC-
block in form of a current sheet (Meissner phasdjapping the excitation field perfectly [1].
Under the conditions of real applications of HTS@s energy converters, they are exposed
high counter flux densities resulting in field degent finite Js (Shubnikov phase).
Furthermore the processing of the HTSC bulks ssifierm the achievable sizes (cross section
and thickness) and their in-homogeneity (multi-domep Thus it has been of a great
importance to develop methods and calculation codagable to identify all these
imperfections of today’'s manufactured HTSC-blockkis is necessary for the development
of the proposed energy converters with improvedoperances.

Following figures illustrate different application$ HTSC-bulks in electrical machines as for
excitation (trapped field) or for parasitic fieldduction (magnetic screen§jg. 1 shows the
classical rotating switched reluctance machine usedhigh speed applications e.g. To
achieve remarkable force densities, this machipe tyas to be operated at very high flux
densities (1.8-2.0T). A portion of this flux peragtrs into the slot region (stray-flux) thus
considerably reducing the force output. If an idd&ISC is placed in the rotor sldtif. 2),
the screening effect will expel the field complgtélom this region and thus increasing the
force and power.
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a) Rotor without HTSC screens b) Rotor with HTSC sosee

Fig. 1. Magnetic field distribution of a switched reluctanmachine

The flux concentrating arrangement showrFig. 2 is known as a further superconducting
permanent magnet (SPM) excited SM design. The amit system generates a horizontal
directed flux, which is collected by the iron polagjacent on both sides of the SPM and
guided to the air gap of the machiiég. 2a shows the field plot of a SPM in the Meissner
state (loaded case, one pole pitch). As a furtherovement feasibility a HTSC bulk is
placed as a magnetic screen in the centre of ¢tinepiole thus reducing the armature reaction.
This simple measure leads to a remarkable incrgamsdr outputig. 2b).

)

a) SPMin the Meissner state b) SPM in the satdr&taubnikov state
(additional HTSC-screens)

Fig. 2. Comparison of SM’s with HTSC's in a flux conceningtarrangement
(one pole-pitch, linear representation)
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If a SPM in the trapped flux state is used as itbld £xcitation for a synchronous machine in
a gap oriented arrangemefid. 3), the effects of the saturation state (Shubnikbase) on
the field distribution influence the performancetloé converter drastically. Furthermore it has
to be noticed that only three dimensional fieldcakdtions are able to take the effects of the
inhomogeneous flux distribution in the air-gap (@aA) into accountKig. 4). Only in the
Meissner state the excitation field distributiorfagly constant within the machine width (x-
direction) and can thus be determined by a 2-[@ feallculation code [1] in plane B Bfg. 3.

Fig. 3. 3D-Calculation model for a HTSC-excited SM (lineepresentation, one pole-pitch).
Gap oriented excitation by “Superconducting PermaMagnets”

The results of the field calculation for two diéet HTSC arrangements are showifiig. 4.
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a) HTSC in the Shubnikov state b) HTSC in the Shubnikov state
(one single HTSC block per pole) (cluster arrangement)

Fig. 4. Flux density distribution in plane A &ig. 3 (normal component)
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Finally it may be concluded, that manufacturerdH3iSC-bulk material are faced with two
major demands. At first for SPM applications thiaal current has to be increased as high as
possible so that surfaces of adjacent HTSC-bulké wurrents in an opposite direction
compensate each other with the effect of a mordess homogenous excitation field
distribution (neglecting slotting effects). A sedotemand on the HTSC-quality is related to
the producible block-size without internal sub-damsa With respect to the total flux -that
means the power of a machine- an increased blaekvath reduced current densities may be
replaced by a cluster of several high quality SHMks of minor size. The knowledge of the
material parameters e.g. domain sizes and critcatent densities are of a maximum
importance for the design of above mentioned mashin

2 PROPERTIES OF REAL HTSC-BULKS

In large volumesnanufactured HTSC-bulk’s may exhibit a more or leegs-homogeneous
internal structure with unknown’s (distribution and value) and with unknown pasits and
orientations of superconducting sub-domains. Totrobrthe quality the HTSC's will be
inserted into the warm bore of a high field magvfeteveral Tesla and then cooled below the
critical temperature I Thus magnetically saturated (Shubnikov state)nlagnetic flux will

be trapped within the HTSC by internal currenterafhe switch-off of the external field. To
scan the trapped field distribution in the proxyrof the HTSC surface, the measurement set-
up shown inFig. 5with a 3D-Hall probe has been applied. The vabfedl three flux density
components will be used for the determination efdts (distribution and value) and thus for
the quality control of the HTSC-bulks.

Fig. 5. Magnetic field measurement set up (3D-co-orditaitée) with a 3D-Hall probe
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a) HTSC-bulk composed of several sub- b) Single grain HTSC-bulk
domains
Fig. 6. Distribution of the magnetic field (normal compahat 2 mm above the surface)
trapped by HTSC-bulks of different quality in thetwrated Shubnikov state

The two field distributions shown iRigs. 6a and bdiffer markedly as the left HTSC-bulk

consists of several small sub-domains whereasigie one exhibits the trapped field of a
perfect single domain high quality HTSC. Only thésaks can react on external magnetic
fields in such a way as it is shownFkigs. 7a and bfor an inherently stable magnetic bearing

for high speed applications.

JLZ

Fig. 7a. Interaction between a multi-pole  Fig. 7b. Current density distribution within
permanent magnet and a perfect the HTSC fromFig. 7a (approach
single domain HTSC-bulk and retreat movement)
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The goal of the proposed quality control is toidpish the manufactured HTSC-bulks with
respect to an increased reaction on external fidltls property is required by the optimal
design of electrical machines (excitation magnetsnagnetic screenkigs. 1-9, levitation
systems (attractive or repulsive) and inherentiplst contact-free magnetic bearings for high
speed rotating shatfts.

3 QUALITY ESTIMATION AS AN INVERSE FIELD
PROBLEM

As mentioned before, the internal structure of carmally available superconducting bulk
samples is strongly related with the manufactupnacess (top-seeded melting), implicating
that the orientation of the crystallographic a-bngs can not be ensured for arbitrarily large
pellets. At a certain distance from the seed, thegs may loose their orientations and the
material solidifies in disoriented directions oétbriginal a-b-planes. As mentioned above the
identification of the positions, dimensions andeatations of the superconducting domains
together with the values of their interngkJs of a great importance. By the use of all ¢hre
components of the external field in the close nedyithood of the HTSC known from
scanning measuremenfaid. 6), the current distribution within the sample canityentified.
Such procedure constitutes a typical inverse probbnd belongs to the class of the
improperly posed tasks. That is, its solution may Ime unique nor continuous to the input
data thus the standard numerical field calculaticas not be applied directly to the
identification of the current density distributiamthin HTSC's.
To solve this problem the fundamental finite elemequation set has to be extended by
equation’s describing the magnetic field in regiohsneasurements$-{g. 8). This leads to the
following over-determined, linear and ill-conditiesh set of equations with two unknowns: the
vector potential values in the whole region and twerent density values within the
superconductor (in matrix representation):

MA =U. (1)
Since the coefficient matrikl is of the size mn (with m>n), the solution of the equation set
exists in the sense of the least squares:

A, =minU-MA|*. 2)
This solution can be written as
A,=RU, (3)

whereR denotes the Moore-Penrose pseudo-inverse [3,BlelmatrixM is of the rank n, the
least squares solution of Eq. 1 can be obtainedidirygy the modified Gramm-Schmidt or
Householder method. On the other hand, under thditon of rankM<n, a least squares
solution exists, but it is not unique. In this afion it is possible to obtain the minimal least
squares solution, i.e. the vector of minimum Euedid length which minimises Eq. 2. This
can be computed by the singular values decomposfiM that enables the calculation of the
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appropriate Moore-Penrose pseudo-inverse. The mietbasists of two steps: at first the
sparse matriM is reduced to the tri-diagonal form by the aid_ahczos transformations. In
the second step the singular values of this matexcomputed by the use of the QR algorithm
[3]. This enables to determine the mafixn the Eq. 3 and the minimal least squares salutio
Ao of the problem. It should be noted here, that abee of the possible numerical
instabilities- the implementation of the above alhpon is very difficult. Therefore it is
necessary do define several accuracy criterion rewgmt convergence to solutions with
unacceptable values. Additionally the mathk should bescaled with the effect that the
relative errors in its elements are all of complradize. Such a scaling procedure helps to
prevent the least squares problem from being umssacdy sensitive to both measurement and
numerical calculation inaccuracies.

At first —for testing of the proposed method- abpiteary 1 distribution within the HTSC has
been assumed and the external magnetic field has lsalculated.Fig. 8 shows the
magnetised HTSC (radius 30 mm, height 15 mm) utiterconsideration, that the external
flux densities can be measured (area of measursrgnindicated inFig. 8). Using these
field values the current density distribution withthe HTSC has been identified and
compared with the assumed one. The number of nodés whole area (equal to the number
of unknown vector potentials) has been equal tdb34The discretisation of the HTSC into
small rings with square cross-sections (0.25 x Or2b) leads to additional 3600 unknown
current density values. To obtain an over-deterthimguation set with advantageously much
more equations than unknowns, it is necessarnkmitdo account extended regions where all
components of the magnetic field have to be medsure

The real superconductor is usually composed by ssofiedomains which can carry the
current of high magnitude and others with decayeggrties with respect to their interngbkJ
(drastically shown irFig. 6a). As the knowledge of the continuousdistribution is not so
essential for the force determination, thus from pinactical point of view it is necessary to
define the average current density values for sbigger sub-regions of the HTSC only. This
simplifies the calculation process and gives tlgired information about the distribution of
superconducting domains within the HTSC togethéh wie individual d Thus, according to
the required accuracy, the superconducting regambieen artificially divided into more or
less separated parts (rings) with identical cressiens and the individual meagpuilue for
each individual part has been determined. By thg@ach the number of unknowgpualues
has been advantageously reduced to a small numlgerl@, 25 or 36). This cuts down at the
same time the extension of the measurement aréadefinally to much smaller equation sets
and stabilising the calculation process. The idieation of the g distribution within the
HTSC of Fig. 8 has been performed for different sizes, positiand dimensions of the
measurement regiofs,. For the above example the mathk has finally the following
dimensions: the number of equations m =48969 amgbemntling on the partitioning of the
HTSC- the number of unknowns n=14169, 14178 or 94#&8pectively. The following error
function p acts as the convergence criterion for the calicuiat

p=u-MA|<to[M[TIA] @
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wheretol denotes the required tolerance.
Additionally the difference between the defined &swed)A;, and calculated vector
potentialsA in the measurement ar€g was estimated:

szﬂ(Aﬂ—A)dzdr. 5)
Gy

Typical values of the accuracy parameter for thevalexample have been: tol=£0p=10%,
€=10" Vsm It has been necessary to perform about of 7500@84amiteration steps in order
to obtain the above postulated accuracy. The fiédd in the region under investigation is
shown inFig. 8 and the J distributions in the cross section of the HTSC shewn in
Figs. 9a, b and aespectively for different fragmentations.
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Fig. 8. Field distribution of a cylindrical Fig. 9a.ldentified current density within one
HTSC (HTSC subdivided intox<4 half of the HTSC ring. (Jdistri-
rngs) bution in case of ¥4 subdivisions)
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Fig. 9b. J. distribution in case of*&% Fig. 9c. X distribution in case of &%
subdivisions subdivisions

As can be deduced from thgdistributions shown above, the proposed algorithmables a
stable and physically correct solution of the asedlinverse problem (determination of the
current density distribution within the HTSC), thiisan be applied for the detection of flaws
eventually existing within the HTSC’s (regions wigimall J values). The solution of the
problem differs strongly according to the numberassumed subdivisions of the HTSC
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region. For practical applications it is sufficietd examine the mean distribution in
maximum 36 HTSC rings.

The mean value of the determingdnJeach sub-region can be called the “enginearimgent
density”, as only this value is responsible for thiee interaction between the HTSC and any
external magnetic field. The final solution depefdshermore on the size and position of the
measurement regions. It can be stated, that thesurezaents have to be performed at the
points where the magnetic field possesses highegaund gradients.

For the application of HTSC’s as field excitatiomits within electrical machines the
knowledge of the mean value of thaslonly necessary in a reduced number of sub-dwnai
whereas for screening applications (reluctance mash magnetic bearings) the current
density distribution has to be determined more ipe#¢. It should be noted here that the
different current density distributions within thEFSC (ig. 9) generate practically the same
field distribution in the measurement areg Ghis non-uniqueness of the obtained solutions
is very typical for such inverse problems.

CONCLUSION

A non-destructive quality control of HTSC-bulks bdson measurements of the field

distribution trapped by the HTSC has been developbd proposed method is based on the
determination of the current density within the HCISThis identification code has been

validated by many experiences and thus may senee ren-destructive quality evaluation

algorithm for single HTSC bulk pieces and clustased for magnetic bearings and the
excitation of electrical machines e.g.
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